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 Foreword     

lasting 10 years, we realized that we were running up against 
a brick wall. Luckily, the work was not entirely wasted, 
because we found a series of compounds that lower the 
oxygen affi nity of hemoglobin and we realized that this 
might be clinically useful. One of those compounds, designed 
by DJ Abraham at the University of Virginia in Richmond, 
is now entering phase 3 clinical trials. On the other hand, 
our failure to fi nd a drug against sickle cell anemia, even 
when its cause was known in atomic detail, made me realize 
the extreme diffi culty of fi nding drugs to correct a malfunc-
tion of a protein that is caused by a single amino acid sub-
stitution. Most thalassemias are due not to amino acid 
substitutions, but to either complete or partial failure to 
synthesize  α  -  or  β  - globin chains. Weatherall ’ s chapter shows 
that, at the genetic level, there may be literally hundreds of 
different genetic lesions responsible for that failure. 
Correction of such lesions is now the subject of intensive 
work in many laboratories. 

 Early in the next century, the human genome will be 
complete. It will reveal the amino acid sequences of all the 
100   000 or so different proteins of which we are made. Many 
of these proteins are still unknown. To discover their func-
tions, the next project now under discussion is a billion 
dollar effort to determine the structures of all the thousands 
of unknown proteins within 10 years. By then we shall know 
the identity of the proteins responsible for most of the 
several thousand different genetic diseases. Will this lead to 
effective treatment or will medical geneticists be in the same 
position as doctors were early in this century when the 
famous physician Sir William Osler confi ned their task to 
the establishment of diagnoses? Shall we know the cause of 
every genetic disease without a cure? 

 Our only hope lies in somatic gene therapy. The chapter 
on Molecular Therapeutics describes the many ingenious 
methods now under development. So far, none of these 
has produced lasting effects, apparently because the trans-
ferred genes are not integrated into the mammalian 
genome, but a large literature already grown up bears testi-
mony to the great efforts now underway to overcome this 
problem. My much - loved teacher William Lawrence Bragg 

  In 1968, after a quest lasting 30 years, X - ray analysis of crys-
talline horse hemoglobin at last reached the stage when I 
could build a model of its atomic structure. The amino acid 
sequences of human globin are largely homologous to those 
of horse globin, which made me confi dent that their struc-
tures are the same. By then, the amino acid substitutions 
responsible for many abnormal human hemoglobins had 
been determined. The world authority on them was the late 
Hermann Lehmann, Professor of Clinical Biochemistry at 
the University of Cambridge, who worked in the hospital just 
across the road from our Laboratory of Molecular Biology. I 
asked him to come over to see if there was any correlation 
between the symptoms caused by the different amino acids 
substituted in the abnormal hemoglobin and their positions 
in the atomic model. The day we spent going through them 
proved one of the most exciting in our scientifi c lives. We 
found hemoglobin to be insensitive to replacements of most 
amino acid residues on its surface, with the notable exception 
of sickle cell hemoglobin. On the other hand, we found the 
molecule to be extremely sensitive to even quite small altera-
tions of internal non - polar contacts, especially those near the 
hemes. Replacements at the contact between the  α  and  β  
subunits affected respiratory function. 

 In sickle cell hemoglobin an external glutamate was 
replaced by a valine. We wrote:  “  A non - polar instead at a 
polar residue at a surface position would suffi ce to make each 
molecule adhere to a complementary site at a neighbouring 
one, that site being created by the conformational change from 
oxy to deoxy haemoglobin . ”  This was soon proved to be 
correct. We published our fi ndings under the title:  “ The 
Molecular Pathology of Human Haemoglobin. ”  Our paper 
marked a turning point because it was the fi rst time that the 
symptoms of diseases could be interpreted in terms of 
changes in the atomic structure of the affected protein. In 
the years that followed, the structure of the contact between 
the valine of one molecule of sickle cell hemoglobin and that 
of the complementary site of its neighbor became known in 
some detail. At a meeting at Arden House near Washington 
in 1980, several colleagues and I decided to use this knowl-
edge for the design of anti - sickling drugs, but after an effort 
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used to say  “  If you go on hammering away at a problem, 
eventually it seems to get tired, lies down and lets you catch it.  ”  
Let us hope that somatic gene therapy will soon get tired.  

   M.F. Perutz 
  Cambridge  

       

      Perutz   MF  ,   Lehmann   H  . ( 1968 )  Molecular pathology of human hae-
moglobin .  Nature ,  219 ,  902  –  909 .  

    Perutz   MF  ,   Muirhead   H  ,   Cox   JM  ,   Goaman   LCG  . ( 1968 )  Three -
 dimensional Fourier synthesis of horse oxyhaemoglobin at 2.8    Å  
resolution: the atomic model .  Nature ,  219 ,  131  –  139 .  



 Preface to the  t hird  e dition     

 We hope that by adding new topics to the book with each 
edition we have covered the most important topics in 
modern hematology. Doubtless there are subjects we have 
omitted and for this we apologize. We are, as always; open 
to suggestions from readers for topics we have not included. 
We will try to commission these for future editions. 

 Completing this book has been a lengthy but worthwhile 
task and we hope readers enjoy the fi nal result. Perhaps if 
we can stimulate trainee hematologists they may be more 
tempted to become involved in the science of hematology 
and later contribute to the body of knowledge, as 
researchers. 

  Acknowledgments 

 As ever, the team at Wiley - Blackwell have been incredibly 
patient with us and we are hugely indebted to Maria Khan, 
Associate Publishing Director, Medicine, Rebecca Huxley, 
Senior Production Editor, Jennifer Seward, Development 
Editor, and Alice Nelson, Project Manager. Let ’ s hope the 
fourth edition does not try their patience quite as much.  

   Drew Provan ( a.b.provan@qmul.ac.uk ) 
 John Gribben ( j.gribben@qmul.ac.uk ) 

 February 2010 
       

  In the fi ve years since the second edition of  Molecular 
Hematology , the specialty continues to move forward apace, 
both in terms of the management of blood diseases and also 
in the basic science underpinning modern hematology. With 
each edition we have intentionally expanded the book, and 
this third edition sees six new chapters. For example, we now 
have a chapter dealing with the  History and Development of 
Molecular Biology , written by Paul Moss, which will be of 
value to those less familiar with molecular biology.  “ Big 
pharma ”  is using pharmacogenomics in drug development 
and we felt that we should include a chapter by Leo Kager 
and William Evans, outlining exactly what  Pharmacogenomics  
is, and how it is of value in drug discovery. One often -
 neglected area of non - malignant hematology is  Anemia of 
Chronic Disease . At long last we have seen some good basic 
science in this area and a chapter dealing with this common 
anemia was much needed. Tomas Ganz is a recognized 
expert in this fi eld and has written a chapter on this topic. 
Malaria and its interactions with the red cell is poorly appre-
ciated but our understanding of the processes involved in 
malaria infection has improved hence the inclusion of a 
chapter on the  Molecular Pathology of Malaria  by David 
Roberts on this topic. Transplantation and stem cell biology 
has seen major advances and we have two new chapters 
dealing with these topics, namely the  Molecular Basis of 
Transplantation  by Francesco Dazzi and  Cancer Stem Cells  
by David Taussig with Dominic Bonnet. 

 The original chapters remain, and have been thoroughly 
updated. Many of these have been taken over by new authors 
and have been completely rewritten. 

xii



        Abbreviations 

 CFU     colony - forming unit 
 CFU - E     colony - forming units  –  erythroid 
 CFU - S     colony - forming units  –  spleen 
 CGH     comparative genomic hybridization 
 CH     heavy - chain constant region 
 CHOP     cyclophosphamide, doxorubicin, vincris-

tine, prednisone (regimen) 
 CHR     complete hematological response 
 CIDR     cysteine - rich interdomain region 
 CLL     chronic lymphocytic leukemia 
 CLP     common lymphoid progenitor 
 CML     chronic myeloid leukemia 
 CMML     chronic myelomonocytic leukemia 
 CMR     complete molecular response 
 CNL     chronic neutrophilic leukemia 
 CNSHA     chronic non - spherocytic hemolytic anemia 
 CNV     copy number variation 
 CP     chronic phase (CML) 
 CR     complete response 
 CSC     cancer stem cell 
 CSF     colony - stimulating factor 
 CSP     circumsporozoite protein 
 CTLA     cytotoxic T - lymphocyte antigen 
 CVS     chorionic villus sampling 
 DBA     Diamond – Blackfan anemia 
 DC     dyskeratosis congenita 
 DLBL     diffuse large B - cell lymphoma 
 DLI     donor lymphocyte infusion 
 2,3 - DPG     2,3 - diphosphoglycerate 
 EBA     erythrocyte binding antigen 
 EBMT     European Group for Blood and Marrow 

Transplantation 
 EBP     erythrocyte - binding protein 
 ECOG     Eastern Cooperative Oncology Group 
 EEC     endogenous erythroid colony 
 EFS     event - free survival 
 EGF     epidermal growth factor 
 EPO     erythropoietin 
 EPOR     erythropoietin receptor 
 ERT     enzyme replacement therapy 

 AAV     adeno - associated virus 
 ADA     adenosine deaminase 
 ADR     adverse drug reaction 
 AE1     anion exchanger protein 1 
 AGM     aorta – gonad – mesonephros (region) 
 ALAS      δ  - aminolevulinate synthase 
 ALCL     anaplastic large cell lymphoma 
 ALG     antilymphocyte globulin 
 ALK     anaplastic lymphoma kinase 
 ALL     acute lymphoblastic leukemia 
 AMA     apical merozoite antigen 
 AML     acute myeloid leukemia (Chapters  2 ,  4 ,  8 ,  9 , 

 12 ) 
 AML     acute myelogenous leukemia (Chapters  5 ,  6 ) 
 AP     accelerated phase (CML) 
 APC     activated protein C; antigen - presenting cell 
 APL     acute promyelocytic leukemia 
 ASCT     autologous stem cell transplantation 
 AT     antithrombin 
 ATRA     all -  trans  - retinoic acid 
 B - CLL     B - cell chronic lymphocytic leukemia 
 BCR     breakpoint cluster region 
 BFU - E     burst - forming units, erythroid 
 BMF     bone marrow failure 
 BMPR     bone morphogenetic protein receptor 
 BMT     bone marrow transplantation 
 BP     blast phase (CML) 
 BSS     Bernard – Soulier syndrome 
 CAFC     cobblestone area - forming cell 
 CBF     core - binding factor 
 Cbl     cobalamin 
 CCR     complete cytogenetic response 
 CDA     congenital dyserythropoietic anemia 
 CDAE1     N - terminal cytoplasmic domain of anion 

exchanger protein 1 
 CDKI     cyclin - dependent kinase inhibitor 
 CDR     complementarity - determining region; 

common deleted region 
 CEL     chronic eosinophilic leukemia 
 CFC     colony - forming cell 
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 ESA     erythropoiesis - stimulating agent 
 EST     expressed sequence tag 
 ET     essential thrombocythemia 
 FA     Fanconi anemia 
 FAB     French – American – British (classifi cation of 

myelodysplastic syndromes) 
 FACS     fl uorescence - activated cell sorter 
 FcR     Fc receptor 
 FDA     Food and Drug Administration 
 FGFR     fi broblast growth factor receptor 
 FISH     fl uorescence  in situ  hybridization 
 FPD     familial platelet disorder 
 G6PD     glucose 6 - phosphate dehydrogenase 
 G - CSF     granulocyte colony - stimulating factor 
 Ge     Gerbich erythrocyte antigen 
 GEP     gene expression profi ling 
 GM - CSF     granulocyte macrophage colony - stimulating 

factor 
 GP     glycoprotein 
 GPC, GPD     glycophorin C, glycophorin D 
 GPI     glycosylphosphatidylinositol 
 GT     Glanzmann thrombasthenia 
 GVH     graft - versus - host 
 GVHD     graft - versus - host disease 
 GVL     graft - versus - leukemia 
 HCL     hairy cell leukemia 
 HDAC     histone deacetylase 
 HDN     hemolytic disease of the newborn 
 HES     hypereosinophilic syndrome 
 HGF     hematopoietic growth factor 
 HLA     human leukocyte antigen 
 HMCL     human multiple myeloma cell line 
 HNA     human neutrophil antigens 
 HPA     human platelet antigen 
 HPFH     hereditary persistence of fetal hemoglobin 
 HPP - CFC     high proliferative potential colony - forming 

cell 
 HRD     hyperdiploid 
 HSC     hematopoietic stem cell 
 HSCT     hematopoietic stem cell transplantation 
 HSV     herpes simplex virus 
 IAA     idiopathic aplastic anemia 
 IBMTR     International Bone Marrow Transplant 

Registry 
 ICAM     intercellular adhesion molecule 
 ICL     inter -  and intra - strand DNA cross - links 
 IFN     interferon 
 Ig     immunoglobulin 
 IL     interleukin 
 IMF     idiopathic myelofi brosis 
 INR     International Normalized Ratio 
 IOV     inside - out vesicle (of red cell) 

 IPI     International Prognostic Index 
 IPPS     International Prognostic Scoring System 
 ISC     irreversibly sickled cell 
 ITD     internal tandem duplication 
 ITP     idiopathic thrombocytopenic purpura 
 IVIg     intravenous immunoglobulin 
 IVS     intervening sequence 
 kb     kilobase pair (1000 base pairs) 
 KSS     Kearns – Sayre syndrome 
 KTLS     c - kit pos Thy - 1.1 low Lin neg Sca - 1 pos  cellular 

phenotype 
 LCR     locus control region 
 LD     linkage disequilibrium 
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  Historical  b ackground 

 Linus Pauling fi rst used the term  “ molecular disease ”  in 
1949, after the discovery that the structure of sickle cell 
hemoglobin differed from that of normal hemoglobin. 
Indeed, it was this seminal observation that led to the concept 
of  molecular medicine , the description of disease mechanisms 
at the level of cells and molecules. However, until the devel-
opment of recombinant DNA technology in the mid - 1970s, 
knowledge of events inside the cell nucleus, notably how 
genes function, could only be the subject of guesswork based 
on the structure and function of their protein products. 
However, as soon as it became possible to isolate human 
genes and to study their properties, the picture changed 
dramatically. 

 Progress over the last 30 years has been driven by techno-
logical advances in molecular biology. At fi rst it was possible 
only to obtain indirect information about the structure and 
function of genes by DNA/DNA and DNA/RNA hybridiza-
tion; that is, by probing the quantity or structure of RNA or 
DNA by annealing reactions with molecular probes. The 
next major advance was the ability to fractionate DNA into 
pieces of predictable size with bacterial restriction enzymes. 
This led to the invention of a technique that played a central 
role in the early development of human molecular genetics, 
called  Southern blotting  after the name of its developer, 
Edwin Southern. This method allowed the structure and 
organization of genes to be studied directly for the fi rst time 
and led to the defi nition of a number of different forms of 
molecular pathology. 

 Once it was possible to fractionate DNA, it soon became 
feasible to insert the pieces into vectors able to divide within 
bacteria. The steady improvement in the properties of 
cloning vectors made it possible to generate libraries of 
human DNA growing in bacterial cultures. Ingenious 
approaches were developed to scan the libraries to detect 
genes of interest; once pinpointed, the appropriate bacterial 
colonies could be grown to generate larger quantities of 
DNA carrying a particular gene. Later it became possible to 
sequence these genes, persuade them to synthesize their 
products in microorganisms, cultured cells or even other 
species, and hence to defi ne their key regulatory regions. 

 The early work in the fi eld of human molecular genetics 
focused on diseases in which there was some knowledge 
of the genetic defect at the protein or biochemical level. 
However, once linkage maps of the human genome became 
available, following the identifi cation of highly polymorphic 
regions of DNA, it was possible to search for any gene for a 
disease, even where the cause was completely unknown. This 
approach, fi rst called  reverse genetics  and later rechristened 
 positional cloning , led to the discovery of genes for many 
important diseases. 

 As methods for sequencing were improved and auto-
mated, thoughts turned to the next major goal in this fi eld, 
which was to determine the complete sequence of the bases 
that constitute our genes and all that lies between them: the 
Human Genome Project. This remarkable endeavor was 
fi nally completed in 2006. The further understanding of the 
functions and regulation of our genes will require multidis-
ciplinary research encompassing many different fi elds. The 
next stage in the Human Genome Project, called  genome 
annotation , entails analyzing the raw DNA sequence in order 
to determine its biological signifi cance. One of the main 
ventures in the era of functional genomics will be in what is 
termed  proteomics , the large - scale analysis of the protein 
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  The  s tructure,  g enetic  c ontrol and 
 s ynthesis of  n ormal  h emoglobin 

  Structure and  f unction 

 The varying oxygen requirements during embryonic, fetal 
and adult life are refl ected in the synthesis of different struc-
tural hemoglobins at each stage of human development. 
However, they all have the same general tetrameric struc-
ture, consisting of two different pairs of globin chains, each 
attached to one heme molecule. Adult and fetal hemoglobins 
have  α  chains combined with  β  chains (Hb A,  α  2  β  2 ),  δ  chains 
(Hb A 2 ,  α  2  δ  2 ) and  γ  chains (Hb F,  α  2  γ  2 ). In embryos,  α  - like 
chains called  ζ  chains combine with  γ  chains to produce Hb 
Portland ( ζ  2  γ  2 ), or with  ε  chains to make Hb Gower 1 ( ζ  2  ε  2 ), 
while  α  and  ε  chains form Hb Gower 2 ( α  2  ε  2 ). Fetal hemo-
globin is heterogeneous; there are two varieties of  γ  chain 
that differ only in their amino acid composition at position 
136, which may be occupied by either glycine or alanine;  γ  
chains containing glycine at this position are called  G  γ  chains, 
those with alanine  A  γ  chains (Figure  1.1 ).   

 The synthesis of hemoglobin tetramers consisting of two 
unlike pairs of globin chains is absolutely essential for the 
effective function of hemoglobin as an oxygen carrier. The 
classical sigmoid shape of the oxygen dissociation curve, 
which refl ects the allosteric properties of the hemoglobin 
molecule, ensures that, at high oxygen tensions in the lungs, 
oxygen is readily taken up and later released effectively at the 
lower tensions encountered in the tissues. The shape of the 
curve is quite different to that of myoglobin, a molecule that 
consists of a single globin chain with heme attached to it, 
which, like abnormal hemoglobins that consist of homote-
tramers of like chains, has a hyperbolic oxygen dissociation 
curve. 

 The transition from a hyperbolic to a sigmoid oxygen 
dissociation curve, which is absolutely critical for normal 
oxygen delivery, refl ects cooperativity between the four 
heme molecules and their globin subunits. When one of 
them takes on oxygen, the affi nity of the remaining three 
increases markedly; this happens because hemoglobin can 
exist in two confi gurations, deoxy(T) and oxy(R), where 
T and R represent the tight and relaxed states, respectively. 
The T confi guration has a lower affi nity than the R for 
ligands such as oxygen. At some point during the addition 
of oxygen to the hemes, the transition from the T to the R 
confi guration occurs and the oxygen affi nity of the partially 
liganded molecule increases dramatically. These allosteric 
changes result from interactions between the iron of the 
heme groups and various bonds within the hemoglobin 
tetramer, which lead to subtle spatial changes as oxygen is 
taken on or given up. 

products of genes. The ultimate goal will be to try to defi ne 
the protein complement, or proteome, of cells and how the 
many different proteins interact with one another. To this 
end, large - scale facilities are being established for isolating 
and purifying the protein products of genes that have been 
expressed in bacteria. Their structure can then be studied by 
a variety of different techniques, notably X - ray crystallogra-
phy and nuclear magnetic resonance spectroscopy. The crys-
tallographic analysis of proteins is being greatly facilitated by 
the use of X - ray beams from a synchrotron radiation source. 

 In the last few years both the utility and extreme complex-
ity of the fruits of the genome project have become apparent. 
The existence of thousands of single - nucleotide polymor-
phisms (SNPs) has made it possible to search for genes of 
biological or medical signifi cance. The discovery of families 
of regulatory RNAs and proteins is starting to shed light on 
how the functions of the genome are controlled, and studies 
of acquired changes in its structure,  epigenetics , promise to 
provide similar information. However, a full understanding 
of the interactions of these complex regulatory systems, pre-
sumably by major advances in systems biology, is still a long 
way in the future. 

 During this remarkable period of technical advance, con-
siderable progress has been made toward an understanding 
of the pathology of disease at the molecular level. This has 
had a particular impact on hematology, leading to advances 
in the understanding of gene function and disease mecha-
nisms in almost every aspect of the fi eld. 

 The inherited disorders of hemoglobin  –  the thalassemias 
and structural hemoglobin variants, the commonest human 
monogenic diseases  –  were the fi rst to be studied systemati-
cally at the molecular level and a great deal is known about 
their genotype – phenotype relationships. This fi eld led the 
way to molecular hematology and, indeed, to the develop-
ment of molecular medicine. Thus, even though the genetics 
of hemoglobin is complicated by the fact that different varie-
ties are produced at particular stages of human develop-
ment, the molecular pathology of the hemoglobinopathies 
provides an excellent model system for understanding any 
monogenic disease and the complex interactions between 
genotype and environment that underlie many multigenic 
disorders. 

 In this chapter I consider the structure, synthesis and 
genetic control of the human hemoglobins, describe the 
molecular pathology of the thalassemias, and discuss briefl y 
how the complex interactions of their different genotypes 
produce a remarkably diverse family of clinical phenotypes; 
the structural hemoglobin variants are discussed in more 
detail in  Chapter 15 . Readers who wish to learn more about 
the methods of molecular genetics, particularly as applied to 
the study of hemoglobin disorders, are referred to the reviews 
cited at the end of this chapter.  
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between the different heme molecules, the effects of CO 2  and 
differential affi nities for 2,3 - DPG. These changes, together 
with more general mechanisms involving the cardiorespira-
tory system, provide the main basis for physiological adapta-
tion to anemia.  

  Genetic  c ontrol of  h emoglobin 

 The  α  -  and  β  - like globin chains are the products of two dif-
ferent gene families which are found on different chromo-
somes (Figure  1.1 ). The  β  - like globin genes form a linked 
cluster on chromosome 11, spread over approximately 60   kb 
(kilobase or 1000 nucleotide bases). The different genes that 
form this cluster are arranged in the order 5 ′  –  ε  –  G  γ  –  A  γ  –  ψ  β  –
  δ  –  β  – 3 ′ . The  α  - like genes also form a linked cluster, in this 
case on chromosome 16, in the order 5 ′  –  ζ  –  ψ  ζ  –  ψ  α 1 –  α 2 –
  α 1 – 3 ′ . The  ψ  β ,  ψ  ζ  and  ψ  α  genes are pseudogenes; that is, 
they have strong sequence homology with the  β ,  ζ  and  α  
genes but contain a number of differences that prevent them 
from directing the synthesis of any products. They may 
refl ect remnants of genes that were functional at an earlier 
stage of human evolution. 

 The structure of the human globin genes is, in essence, 
similar to that of all mammalian genes. They consist of long 
strings of nucleotides that are divided into coding regions, 
or exons, and non - coding inserts called  intervening sequences  
(IVS) or introns. The  β  - like globin genes contain two 
introns, one of 122 – 130 base pairs between codons 30 and 
31 and one of 850 – 900 base pairs between codons 104 and 
105 (the exon codons are numbered sequentially from the 
5 ′  to the 3 ′  end of the gene, i.e., from left to right). Similar, 
though smaller, introns are found in the  α  and  ζ  globin 
genes. These introns and exons, together with short non -
 coding sequences at the 5 ′  and 3 ′  ends of the genes, represent 

 The precise tetrameric structures of the different human 
hemoglobins, which refl ect the primary amino acid sequences 
of their individual globin chains, are also vital for the various 
adaptive changes that are required to ensure adequate tissue 
oxygenation. The position of the oxygen dissociation curve 
can be modifi ed in several ways. For example, oxygen affi nity 
decreases with increasing CO 2  tension (the Bohr effect). This 
facilitates oxygen loading to the tissues, where a drop in pH 
due to CO 2  infl ux lowers oxygen affi nity; the opposite effect 
occurs in the lungs. Oxygen affi nity is also modifi ed by the 
level of 2,3 - diphosphoglycerate (2,3 - DPG) in the red cell. 
Increasing concentrations shift the oxygen dissociation 
curve to the right (i.e., they reduce oxygen affi nity), while 
diminishing concentrations have the opposite effect. 2,3 -
 DPG fi ts into the gap between the two  β  chains when it 
widens during deoxygenation, and interacts with several spe-
cifi c binding sites in the central cavity of the molecule. In 
the deoxy confi guration the gap between the two  β  chains 
narrows and the molecule cannot be accommodated. With 
increasing concentrations of 2,3 - DPG, which are found in 
various hypoxic and anemic states, more hemoglobin mol-
ecules tend to be held in the deoxy confi guration and the 
oxygen dissociation curve is therefore shifted to the right, 
with more effective release of oxygen. 

 Fetal red cells have greater oxygen affi nity than adult red 
cells, although, interestingly, purifi ed fetal hemoglobin has 
an oxygen dissociation curve similar to that of adult hemo-
globin. These differences, which are adapted to the oxygen 
requirements of fetal life, refl ect the relative inability of Hb 
F to interact with 2,3 - DPG compared with Hb A. This is 
because the  γ  chains of Hb F lack specifi c binding sites for 
2,3 - DPG. 

 In short, oxygen transport can be modifi ed by a variety of 
adaptive features in the red cell that include interactions 
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     Fig. 1.1      The genetic control of human hemoglobin production in embryonic, fetal and adult life   
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     Fig. 1.2      The mechanisms of globin gene 
transcription and translation   

increase gene expression despite being located at a consider-
able distance from the genes) and  “ master ”  regulatory 
sequences called, in the case of the  β  globin gene cluster, the 
 locus control region  (LCR), and, in the case of the  α  genes, 
HS40 (a nuclease - hypersensitive site in DNA 40   kb from the 
 α  globin genes). Each of these sequences has a modular 
structure made up of an array of short motifs that represent 
the binding sites for transcriptional activators or 
repressors.  

  Gene  a ction and  g lobin  s ynthesis 

 The fl ow of information between DNA and protein is sum-
marized in Figure  1.2 . When a globin gene is transcribed, 
messenger RNA (mRNA) is synthesized from one of its 
strands, a process which begins with the formation of a 
transcription complex consisting of a variety of regulatory 
proteins together with an enzyme called RNA polymerase 
( see below ). The primary transcript is a large mRNA precur-
sor which contains both intron and exon sequences. While 
in the nucleus, this molecule undergoes a variety of modifi -
cations. First, the introns are removed and the exons are 
spliced together. The intron/exon junctions always have the 
same sequence: GT at their 5 ′  end, and AG at their 3 ′  end. 
This appears to be essential for accurate splicing; if there is 

the major functional regions of the particular genes. 
However, there are also extremely important regulatory 
sequences which subserve these functions that lie outside the 
genes themselves. 

 At the 5 ′  non - coding (fl anking) regions of the globin 
genes, as in all mammalian genes, there are blocks of nucle-
otide homology. The fi rst, the ATA box, is about 30 bases 
upstream (to the left) of the initiation codon; that is, the start 
word for the beginning of protein synthesis ( see below ). The 
second, the CCAAT box, is about 70 base pairs upstream 
from the 5 ′  end of the genes. About 80 – 100 bases further 
upstream there is the sequence GGGGTG, or CACCC, which 
may be inverted or duplicated. These three highly conserved 
DNA sequences, called  promoter elements , are involved in the 
initiation of transcription of the individual genes. Finally, in 
the 3 ′  non - coding region of all the globin genes there is the 
sequence AATAAA, which is the signal for cleavage and 
polyA addition to RNA transcripts ( see section Gene action 
and globin synthesis ). 

 The globin gene clusters also contain several sequences 
that constitute regulatory elements, which interact to 
promote erythroid - specifi c gene expression and coordina-
tion of the changes in globin gene activity during develop-
ment. These include the globin genes themselves and their 
promoter elements: enhancers (regulatory sequences that 
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held tightly packaged in a compact, chemically modifi ed 
form that is inaccessible to transcription factors and polymer-
ases and which is heavily methylated. Activation of a particu-
lar gene is refl ected by changes in the structure of the 
surrounding chromatin, which can be identifi ed by enhanced 
sensitivity to nucleases. Erythroid lineage - specifi c nuclease -
 hypersensitive sites are found at several locations in the  β  
globin gene cluster. Four are distributed over 20   kb upstream 
from the  ε  globin gene in the region of the  β  globin LCR 
(Figure  1.3 ). This vital regulatory region is able to establish 
a transcriptionally active domain spanning the entire  β  
globin gene cluster. Several enhancer sequences have been 
identifi ed in this cluster. A variety of regulatory proteins 
bind to the LCR, and to the promoter regions of the globin 
genes and to the enhancer sequences. It is thought that the 
LCR and other enhancer regions become opposed to the 
promoters to increase the rate of transcription of the genes 
to which they are related.   

 These regulatory regions contain sequence motifs for 
various ubiquitous and erythroid - restricted transcription 
factors. Binding sites for these factors have been identifi ed in 
each of the globin gene promoters and at the hypersensitive -
 site regions of the various regulatory elements. A number 
of the factors which bind to these areas are found in all 
cell types. They include Sp1, Yy1 and Usf. In contrast, a 
number of transcription factors have been identifi ed, 
including GATA - 1, EKLF and NF - E2, which are restricted 
in their distribution to erythroid cells and, in some cases, 
megakaryocytes and mast cells. The overlapping of eryth-
roid - specifi c and ubiquitous - factor binding sites in several 
cases suggests that competitive binding may play an impor-
tant part in the regulation of erythroid - specifi c genes. 
Another binding factor, SSP, the stage selector protein, 
appears to interact specifi cally with  ε  and  γ  genes. Several 
elements involving the chromatin and histone acetylation 
required for access of these regulatory proteins have been 
identifi ed. 

 The binding of hematopoietic - specifi c factors activates 
the LCR, which renders the entire  β  globin gene cluster 
transcriptionally active. These factors also bind to the 
enhancer and promoter sequences, which work in tandem 
to regulate the expression of the individual genes in the 
clusters. It is likely that some of the transcriptional factors 
are developmental stage - specifi c, and hence may be respon-
sible for the differential expression of the embryonic, fetal 
and adult globin genes. The  α  globin gene cluster also con-
tains an element, HS40, which has some structural features 
in common with the  β  LCR, although it is different in aspects 
of its structure. A number of enhancer - like sequences have 
also been identifi ed, although it is becoming clear that there 
are fundamental differences in the pattern of regulation of 
the two globin gene clusters. 

a mutation at these sites this process does not occur. Splicing 
refl ects a complex series of intermediary stages and the inter-
action of a number of different nuclear proteins. After the 
exons are joined, the mRNAs are modifi ed and stabilized; at 
their 5 ′  end a complex CAP structure is formed, while at 
their 3 ′  end a string of adenylic acid residues (polyA) is 
added. The mRNA processed in this way moves into the 
cytoplasm, where it acts as a template for globin chain pro-
duction. Because of the rules of base pairing, i.e., cytosine 
always pairs with thymine, and guanine with adenine, the 
structure of the mRNA refl ects a faithful copy of the DNA 
codons from which it is synthesized; the only difference is 
that, in RNA, uracil (U) replaces thymine (T).   

 Amino acids are transported to the mRNA template on 
carriers called transfer RNAs (tRNAs); there are specifi c 
tRNAs for each amino acid. Furthermore, because the 
genetic code is redundant (i.e., more than one codon can 
encode a particular amino acid), for some of the amino 
acids there are several different individual tRNAs. Their 
order in the globin chain is determined by the order of 
codons in the mRNA. The tRNAs contain three bases, 
which together constitute an anticodon; these anticodons 
are complementary to mRNA codons for particular amino 
acids. They carry amino acids to the template, where they 
fi nd the appropriate positioning by codon – anticodon base -
 pairing. When the fi rst tRNA is in position, an initiation 
complex is formed between several protein initiation factors 
together with the two subunits that constitute the ribos-
omes. A second tRNA moves in alongside and the two 
amino acids that they are carrying form a peptide bond 
between them; the globin chain is now two amino acid 
residues long. This process is continued along the mRNA 
from left to right, and the growing peptide chain is trans-
ferred from one incoming tRNA to the next; that is, the 
mRNA is translated from 5 ′  to 3 ′ . During this time the 
tRNAs are held in appropriate steric confi guration with 
the mRNA by the two ribosomal subunits. There are specifi c 
initiation (AUG) and termination (UAA, UAG and UGA) 
codons. When the ribosomes reach the termination codon, 
translation ceases, the completed globin chains are released, 
and the ribosomal subunits are recycled. Individual globin 
chains combine with heme, which has been synthesized 
through a separate pathway, and then interact with one 
like chain and two unlike chains to form a complete hemo-
globin tetramer.  

  Regulation of  h emoglobin  s ynthesis 

 The regulation of globin gene expression is mediated mainly 
at the transcriptional level, with some fi ne tuning during 
translation and post - translational modifi cation of the gene 
products. DNA that is not involved in transcription is 
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     Fig. 1.3      The positions of the major regulatory regions in the  β  and  α  globin gene clusters  
 The arrows indicate the position of the erythroid lineage - specifi c nuclease - hypersensitive sites. HS, hypersensitive.  

gene to another during development. Work from a variety 
of different sources suggests that there may be specifi c 
regions in the  α  and  β  globin gene clusters that are respon-
sive to the action of transcription factors, some of which may 
be developmental - stage - specifi c. However, proteins of 
this type have not yet been isolated, and nothing is known 
about their regulation and how it is mediated during 
development.   

  The  m olecular  p athology 
of  h emoglobin 

 As is the case for most monogenic diseases, the inherited 
disorders of hemoglobin fall into two major classes. First, 
there are those that result from reduced output of one or 
other globin genes, the  thalassemias . Second, there is a wide 
range of conditions that result from the production of  struc-
turally abnormal globin chains ; the type of disease depends 
on how the particular alteration in protein structure inter-
feres with its stability or function. Of course, no biological 
classifi cation is entirely satisfactory and those which attempt 
to defi ne the hemoglobin disorders are no exception. There 
are some structural hemoglobin variants which happen to 
be synthesized at a reduced rate and hence are associated 
with a clinical picture similar to thalassemia. And there are 
other classes of mutations which simply interfere with the 
normal transition from fetal to adult hemoglobin synthesis, 

 In addition to the different regulatory sequences outlined 
above, there are also sequences which may be involved 
specifi cally with  “ silencing ”  of genes, notably those for the 
embryonic hemoglobins, during development. 

 Some degree of regulation is also mediated by differences 
in the rates of initiation and translation of the different 
mRNAs, and at the post - transcriptional level by differential 
affi nity for different protein subunits. However, this kind of 
post - transcriptional fi ne tuning probably plays a relatively 
small role in determining the overall output of the globin 
gene products.  

  Regulation of  d evelopmental  c hanges in 
 g lobin  g ene  e xpression 

 During development, the site of red cell production moves 
from the yolk sac to the fetal liver and spleen, and thence to 
bone marrow in the adult. Embryonic, fetal and adult hemo-
globin synthesis is approximately related in time to these 
changes in the site of erythropoiesis, although it is quite clear 
that the various switches, between embryonic and fetal and 
between fetal and adult hemoglobin synthesis, are beauti-
fully synchronized throughout these different sites. Fetal 
hemoglobin synthesis declines during the later months of 
gestation and Hb F is replaced by Hb A and Hb A 2  by the 
end of the fi rst year of life. 

 Despite a great deal of research, very little is known about 
the regulation of these different switches from one globin 



Beginnings: the molecular pathology of hemoglobin 7

  The  β   t halassemias 

 There are two main classes of  β  thalassemia,  β  0  thalassemia, 
in which there is an absence of  β  globin chain production, 
and  β   +   thalassemia, in which there is variable reduction in 
the output of  β  globin chains. As shown in Figure  1.4 , muta-
tions of the  β  globin genes may cause a reduced output of 
gene product at the level of transcription or mRNA process-
ing, translation, or through the stability of the globin gene 
product.   

  Defective  β   g lobin  g ene  t ranscription 

 There are a variety of mechanisms that interfere with normal 
transcription of the  β  globin genes. First, the genes may be 
either completely or partially deleted. Overall, deletions of 
the  β  globin genes are not commonly found in patients with 
 β  thalassemia, with one exception: a 619 - bp deletion involv-
ing the 3 ′  end of the gene is found frequently in the Sind 
populations of India and Pakistan, where it constitutes 
about 30% of the  β  thalassemia alleles. Other deletions are 
extremely rare. 

 A much more common group of mutations, which results 
in a moderate decrease in the rate of transcription of the  β  
globin genes, involves single nucleotide substitutions in or 
near the TATA box at about  − 30 nucleotides (nt) from the 
transcription start site, or in the proximal or distal promoter 
elements at  − 90   nt and  − 105   nt. These mutations result in 
decreased  β  globin mRNA production, ranging from 10 to 
25% of the normal output. Thus, they are usually associated 
with the mild forms of  β   +   thalassemia. They are particularly 
common in African populations, an observation which 
explains the unusual mildness of  β  thalassemia in this racial 

  Table 1.1  The thalassemias and related disorders. 

    α  Thalassemia   
   α  0   
   α   +    
     Deletion ( −  α )  
     Non - deletion ( α  T )  

    β  Thalassemia   
   β  0   
   β   +    
  Normal Hb A 2   
   “ Silent ”   

    δ  β  Thalassemia   
  ( δ  β )  +    
  ( δ  β ) 0   
  ( A  γ  δ  β ) 0   

    γ  Thalassemia   

    δ  Thalassemia   

    ε  γ  δ  β  Thalassemia   

   Hereditary persistence of 
fetal hemoglobin   
  Deletion  
     ( δ  β ) 0   
  Non - deletion  
     Linked to  β  globin genes  
      G  γ  β   +    
      A  γ  β   +    
     Unlinked to  β  globin genes  

Deletions

IVS 2IVSI

PR C I FS
NS

SPL SPL FS
NS

SPL SPL FS
NS

Poly A

100 bp

32I

Point mutations

     Fig. 1.4      The mutations of the  β  globin gene that underlie  β  thalassemia  
 The heavy black lines indicate the length of the deletions. The point mutations are designated as follows: PR, promoter; C, CAP site; I, initiation 
codon; FS, frameshift and nonsense mutations; SPL, splice mutations; Poly A, poly A addition site mutations.  

a family of conditions given the general title  hereditary per-
sistence of fetal hemoglobin . Furthermore, because these 
diseases are all so common and occur together in particular 
populations, it is not uncommon for an individual to inherit 
a gene for one or other form of thalassemia and a structural 
hemoglobin variant. The heterogeneous group of conditions 
that results from these different mutations and interactions 
is summarized in Table  1.1 .   

 Over recent years, determination of the molecular pathol-
ogy of the two common forms of thalassemia,  α  and  β , has 
provided a remarkable picture of the repertoire of mutations 
that can underlie human monogenic disease. In the sections 
that follow I describe, in outline, the different forms of 
molecular pathology that underlie these conditions. 
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these variants are associated with a mild  β   +   thalassemia - like 
phenotype. These mutations illustrate how sequence changes 
in coding rather than intervening sequences infl uence RNA 
processing, and underline the importance of competition 
between potential splice site sequences in generating both 
normal and abnormal varieties of  β  globin mRNA. 

 Cryptic splice sites in introns may also carry mutations 
that activate them even though the normal splice sites remain 
intact. A common mutation of this kind in Mediterranean 
populations involves a base substitution at position 110 in 
IVS - 1. This region contains a sequence similar to a 3 ′  accep-
tor site, though it lacks the invariant AG dinucleotide. The 
change of the G to A at position 110 creates this dinucle-
otide. The result is that about 90% of the RNA transcript 
splices to this particular site and only 10% to the normal site, 
again producing the phenotype of severe  β   +   thalassemia 
(Figure  1.5 ). Several other  β  thalassemia mutations have 
been described which generate new donor sites within IVS - 2 
of the  β  globin gene.   

 Another family of mutations that interferes with  β  globin 
gene processing involves the sequence AAUAAA in the 3 ′  
untranslated regions, which is the signal for cleavage and 
polyadenylation of the  β  globin gene transcript. Somehow, 
these mutations destabilize the transcript. For example, a 
T → C substitution in this sequence leads to only one - tenth 
of the normal amount of  β  globin mRNA transcript and 
hence to the phenotype of a moderately severe  β   +   tha-
lassemia. Another example of a mutation which probably 
leads to defective processing of function of  β  globin mRNA 
is the single - base substitution A → C in the CAP site. It is not 
yet understood how this mutation causes a reduced rate of 
transcription of the  β  globin gene. 

 There is another small subset of rare mutations that 
involve the 3 ′  untranslated region of the  β  globin gene and 
these are associated with relatively mild forms of  β  tha-
lassemia. It is thought that these interfere in some way with 
transcription but the mechanism is unknown.  

  Mutations that  r esult in  a bnormal  t ranslation of  β  
 g lobin  m  RNA  

 There are three main classes of mutations of this kind. Base 
substitutions that change an amino acid codon to a chain 
termination codon prevent the translation of  β  globin 
mRNA and result in the phenotype of  β  0  thalassemia. Several 
mutations of this kind have been described; the commonest, 
involving codon 17, occurs widely throughout Southeast 
Asia. Similarly, a codon 39 mutation is encountered fre-
quently in the Mediterranean region. 

 The second class involves the insertion or deletion of one, 
two or four nucleotides in the coding region of the  β  globin 
gene. These disrupt the normal reading frame, cause a 

group. One particular mutation, C → T at position  − 101   nt 
to the  β  globin gene, causes an extremely mild defi cit of  β  
globin mRNA. Indeed, this allele is so mild that it is com-
pletely silent in carriers and can only be identifi ed by its 
interaction with more severe  β  thalassemia alleles in com-
pound heterozygotes.  

  Mutations that  c ause  a bnormal  p rocessing of  m  RNA  

 As mentioned earlier, the boundaries between exons and 
introns are marked by the invariant dinucleotides GT at the 
donor (5 ′ ) site and AG at the acceptor (3 ′ ) site. Mutations 
that affect either of these sites completely abolish normal 
splicing and produce the phenotype of  β  0  thalassemia. The 
transcription of genes carrying these mutations appears to 
be normal, but there is complete inactivation of splicing at 
the altered junction. 

 Another family of mutations involves what are called 
 splice site consensus sequences . Although only the GT dinu-
cleotide is invariant at the donor splice site, there is conser-
vation of adjacent nucleotides and a common, or consensus, 
sequence of these regions can be identifi ed. Mutations 
within this sequence can reduce the effi ciency of splicing to 
varying degrees because they lead to alternate splicing at the 
surrounding cryptic sites. For example, mutations of the 
nucleotide at position 5 of IVS - 1 (the fi rst intervening 
sequence), G → C or T, result in a marked reduction of  β  
chain production and in the phenotype of severe  β   +   tha-
lassemia. On the other hand, the substitution of C for T at 
position 6 in IVS - 1 leads to only a mild reduction in the 
output of  β  chains. 

 Another mechanism that leads to abnormal splicing 
involves  cryptic splice sites . These are regions of DNA which, 
if mutated, assume the function of a splice site at an inap-
propriate region of the mRNA precursor. For example, a 
variety of mutations activate a cryptic site which spans 
codons 24 – 27 of exon 1 of the  β  globin gene. This site con-
tains a GT dinucleotide, and adjacent substitutions that alter 
it so that it more closely resembles the consensus donor 
splice site result in its activation, even though the normal 
splice site is intact. A mutation at codon 24 GGT → GGA, 
though it does not alter the amino acid which is normally 
found in this position in the  β  globin chain (glycine), allows 
some splicing to occur at this site instead of the exon – intron 
boundary. This results in the production of both normal and 
abnormally spliced  β  globin mRNA and hence in the clinical 
phenotype of severe  β  thalassemia. Interestingly, mutations 
at codons 19, 26 and 27 result in both reduced production 
of normal mRNA (due to abnormal splicing) and an amino 
acid substitution when the mRNA which is spliced normally 
is translated into protein. The abnormal hemoglobins pro-
duced are Hb Malay, Hb E and Hb Knossos, respectively. All 
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template for the production of truncated gene products. 
However, in the case of exon III mutations, apparently 
because this process requires the presence of an intact 
upstream exon, the abnormal mRNA is transported into the 
cytoplasm and hence can act as a template for the produc-
tion of unstable  β  globin chains. The latter precipitate in the 
red cell precursors together with excess  α  chains to form 
large inclusion bodies, and hence there is enough globin 
chain imbalance in heterozygotes to produce a moderately 
severe degree of anemia.   

  The  α   t halassemias 

 The molecular pathology of the  α  thalassemias is more com-
plicated than that of the  β  thalassemias, simply because there 
are two  α  globin genes per haploid genome. Thus, the 
normal  α  globin genotype can be written  α  α / α  α . As in the 
case of  β  thalassemia, there are two major varieties of  α  
thalassemia,  α   +   and  α  0  thalassemia. In  α   +   thalassemia one of 
the linked  α  globin genes is lost, either by deletion ( – ) or 
mutation (T); the heterozygous genotype can be written 
 –  α / α  α  or  α  T  α / α  α . In  α  0  thalassemia the loss of both  α  
globin genes nearly always results from a deletion; the het-
erozygous genotype is therefore written  −     − / α  α . In popula-
tions where specifi c deletions are particularly common, 
Southeast Asia (SEA) or the Mediterranean region (MED), 
it is useful to add the appropriate superscript as follows: 
 –     –  SEA / α  α  or  –     –  MED / α  α . It follows that when we speak of an 
 “  α  thalassemia gene ”  what we are really referring to is a 
haplotype; that is, the state and function of both of the linked 
 α  globin genes. 

frameshift, and hence interfere with the translation of  β  
globin mRNA. The end result is the insertion of anomalous 
amino acids after the frameshift until a termination codon 
is reached in the new reading frame. This type of mutation 
always leads to the phenotype of  β  0  thalassemia. 

 Finally, there are several mutations which involve the  β  
globin gene initiation codon and which, presumably, reduce 
the effi ciency of translation.  

  Unstable  β   g lobin  c hain  v ariants 

 Some forms of  β  thalassemia result from the synthesis of 
highly unstable  β  globin chains that are incapable of forming 
hemoglobin tetramers, and which are rapidly degraded, 
leading to the phenotype of  β  0  thalassemia. Indeed, in many 
of these conditions no abnormal globin chain product can 
be demonstrated by protein analysis and the molecular 
pathology has to be interpreted simply on the basis of a 
derived sequence of the variant  β  chain obtained by DNA 
analysis. 

 Recent studies have provided some interesting insights 
into how complex clinical phenotypes may result from the 
synthesis of unstable  β  globin products. For example, there 
is a spectrum of disorders that result from mutations in exon 
3 which give rise to a moderately severe form of  β  tha-
lassemia in heterozygotes. It has been found that nonsense 
or frameshift mutations in exons I and II are associated with 
the absence of mRNA from the cytoplasm of red cell precur-
sors. This appears to be an adaptive mechanism, called  non-
sense - mediated decay , whereby abnormal mRNA of this type 
is not transported to the cytoplasm, where it would act as a 

Normal splicing

β gene

β+ thalassemia

90%

10%

A

TTGGTCT

GT IVS1 AG GT IVS2 AG

     Fig. 1.5      The generation of a new splice 
site in an intron as the mechanism for a 
form of  β  +  thalassemia  
  For details see text.   
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   α  0  Thalassemia 

 Three main molecular pathologies, all involving deletions, 
have been found to underlie the  α  0  thalassemia phenotype. 
The majority of cases result from deletions that remove both 
 α  globin genes and a varying length of the  α  globin gene 
cluster (Figure  1.6 ). Occasionally, however, the  α  globin 
gene cluster is intact but is inactivated by a deletion which 
involves the major regulatory region HS40, 40   kb upstream 
from the  α  globin genes, or the  α  globin genes may be lost 
as part of a truncation of the tip of the short arm of chromo-
some 16.   

 As well as providing us with an understanding of the 
molecular basis for  α  0  thalassemia, detailed studies of these 
deletions have yielded more general information about the 
mechanisms that underlie this form of molecular pathology. 
For example, it has been found that the 5 ′  breakpoints of a 
number of deletions of the  α  globin gene cluster are located 
approximately the same distance apart and in the same order 
along the chromosome as their respective 3 ′  breakpoints; 
similar fi ndings have been observed in deletions of the  β  
globin gene cluster. These deletions seem to have resulted 
from illegitimate recombination events which have led to the 
deletion of an integral number of chromatin loops as they 
pass through their nuclear attachment points during chro-
mosomal replication. Another long deletion has been 
characterized in which a new piece of DNA bridges the two 
breakpoints in the  α  globin gene cluster. The inserted 
sequence originates upstream from the  α  globin gene cluster, 
where normally it is found in an inverted orientation with 
respect to that found between the breakpoints of the dele-
tion. Thus it appears to have been incorporated into the 
junction in a way that refl ects its close proximity to the dele-
tion breakpoint region during replication. Other deletions 
seem to be related to the family of Alu - repeats, simple repeat 

ψα2ψζ1 ψα1ζ2

Inter-ζHVR

α2 α1 θ1

3'HVR

30–50 –10 0 10 20

     Fig. 1.6      Some of the deletions that 
underlie  α  0  and  α  +  thalassemia  
 The colored rectangles beneath the  α  globin 
gene cluster indicate the lengths of the 
deletions. The unshaded regions indicate 
uncertainty about the precise breakpoints. The 
three small deletions at the bottom of the 
fi gure represent the common  α  +  thalassemia 
deletions. HVR, highly variable regions.  

sequences that are widely dispersed throughout the genome; 
one deletion appears to have resulted from a simple homolo-
gous recombination between two repeats of this kind that 
are usually 62   kb apart. 

 A number of forms of  α  0  thalassemia result from terminal 
truncations of the short arm of chromosome 16 to a site 
about 50   kb distal to the  α  globin genes. The telomeric con-
sensus sequence TTAGGG  n   has been added directly to the 
site of the break. Since these mutations are stably inherited, 
it appears that telomeric DNA alone is suffi cient to stabilize 
the ends of broken chromosomes. 

 Quite recently, two other molecular mechanisms have 
been identifi ed as the cause of  α  0  thalassemia which, though 
rare, may have important implications for an understanding 
of the molecular pathology of other genetic diseases. In one 
case, a deletion in the  α  globin gene cluster resulted in a 
widely expressed gene ( LUC7L ) becoming juxtaposed to 
a structurally normal  α  globin gene. Although the latter 
retained all its important regulatory elements, its expression 
was silenced. It was found in a transgenic mouse model that 
transcription of antisense RNA mediated the silencing of the 
 α  globin gene region, fi ndings that provide a completely new 
mechanism for genetic disease. In another case of  α  0  tha-
lassemia, in which no molecular defects could be detected in 
the  α  globin gene cluster, a gain - of - function regulatory poly-
morphism was found in the region between the  α  globin 
genes and their upstream regulatory elements. This altera-
tion creates a new promoter - like element that interferes with 
the normal activation of all downstream  α  - like globin genes. 

 In short, detailed analysis of the molecular pathology of 
the  α  0  thalassemias has provided valuable evidence not only 
about how large deletions of gene clusters are caused, but 
also about some of the complex mechanisms that may 
underlie cases in which the  α  gene clusters remain intact but 
in which their function is completely suppressed.  
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  Non -  d eletion  t ypes of  α  +   t halassemia     These disorders result 
from single or oligonucleotide mutations of the particular  α  
globin gene. Most of them involve the  α 2 gene but, since the 
output from this locus is two to three times greater than that 
from the  α 1 gene, this may simply refl ect ascertainment bias 
due to the greater phenotypic effect and, possibly, a greater 
selective advantage. 

 Overall, these mutations interfere with  α  globin gene 
function in a similar way to those that affect the  β  globin 
genes. They affect the transcription, translation or post -
 translational stability of the gene product. Since the princi-
ples are the same as for  β  thalassemia, we do not need to 
describe them in detail with one exception, a mutation 
which has not been observed in the  β  globin gene cluster. It 
turns out that there is a family of mutations that involves the 
 α 2 globin gene termination codon, TAA. Each specifi cally 
changes this codon so that an amino acid is inserted instead 
of the chain terminating. This is followed by  “ read - through ”  
of  α  globin mRNA, which is not normally translated until 
another in - phase termination codon is reached. The result 
is an elongated  α  chain with 31 additional residues at the 
C - terminal end. Five hemoglobin variants of this type have 
been identifi ed. The commonest, Hb Constant Spring, 
occurs at a high frequency in many parts of Southeast Asia. 
It is not absolutely clear why the read - through of normally 
untranslated mRNAs leads to a reduced output from the  α 2 
gene, although there is considerable evidence that it in some 
way destabilizes the mRNA.   

   α   +   Thalassemia 

 As mentioned earlier, the  α   +   thalassemias result from the 
inactivation of one of the duplicated  α  globin genes, either 
by deletion or point mutation. 

   α   +  Thalassemia  d ue to  g ene  d eletions     There are two common 
forms of  α   +   thalassemia that are due to loss of one or other 
of the duplicated  α  globin genes,  −  α  3.7  and  −  α  4.2 , where 3.7 
and 4.2 indicate the size of the deletions. The way in which 
these deletions have been generated refl ects the underlying 
structure of the  α  globin gene complex (Figure  1.7 ). Each  α  
gene lies within a boundary of homology, approximately 
4   kb long, probably generated by an ancient duplication 
event. The homologous regions, which are divided by small 
inserts, are designated X, Y and Z. The duplicated Z boxes 
are 3.7   kb apart and the X boxes are 4.2   kb apart. As the result 
of misalignment and reciprocal crossover between these seg-
ments at meiosis, a chromosome is produced with either a 
single ( –  α ) or triplicated ( α  α  α )  α  globin gene. As shown in 
Figure  1.7 , if a crossover occurs between homologous Z 
boxes 3.7   kb of DNA are lost, an event which is described as 
a rightward deletion,  −  α  3.7 . A similar crossover between the 
two X boxes deletes 4.2   kb, the leftward deletion  −  α  4.2 . The 
corresponding triplicated  α  gene arrangements are called 
 α  α  α  anti   3.7  and  α  α  α  anti   4.2 . A variety of different points of 
crossing over within the Z boxes give rise to different length 
deletions, still involving 3.7   kb.    

ψα1

ψα1

ψα1

ψα1

ψα1

α2

α2

α2

α2

α2

α1
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α1

α1

α1

(a)
X Y Z X Y Z

(b)  Rightward crossover

αααanti3.7

–α
3.7

αααanti4.2

–α
4.2

(c)  Leftward crossover

     Fig. 1.7      Mechanisms of the generation 
of the common deletion forms of  α  +  
thalassemia  
 (a) The normal arrangement of the  α  globin 
genes, with the regions of homology X, Y and 
Z. (b) The crossover that generates the  –  α  3 7  
deletion. (c) The crossover that generates the 
 –  α  4 2  deletion.  
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ship of these mutations to the associated myelodysplasia 
remains to be determined.   

  Rarer  f orms of  t halassemia and 
 r elated  d isorders 

 There are a variety of other conditions that involve the  β  
globin gene cluster which, although less common than the 
 β  thalassemias, provide some important information about 
mechanisms of molecular pathology and therefore should be 
mentioned briefl y. 

  The  δ  β   t halassemias 

 Like the  β  thalassemias, the  δ  β  thalassemias, which result 
from defective  δ  and  β  chain synthesis, are subdivided into 
the ( δ  β )  +   and ( δ  β ) 0  forms. 

 The ( δ  β )  +   thalassemias result from unequal crossover 
between the  δ  and  β  globin gene loci at meiosis with the 
production of  δ  β  fusion genes. The resulting  δ  β  fusion chain 
products combine with  α  chains to form a family of hemo-
globin variants called the hemoglobin Lepores, after the 
family name of the fi rst patient of this kind to be discovered. 
Because the synthesis of these variants is directed by genes 
with the 5 ′  sequences of the  δ  globin genes, which have 
defective promoters, they are synthesized at a reduced rate 
and result in the phenotype of a moderately severe form of 
 δ  β  thalassemia. 

 The ( δ  β ) 0  thalassemias nearly all result from long dele-
tions involving the  β  globin gene complex. Sometimes they 
involve the  A  γ  globin chains and hence the only active locus 
remaining is the  G  γ  locus. In other cases the  G  γ  and  A  γ  loci 
are left intact and the deletion simply removes the  δ  and  β  
globin genes; in these cases both the  G  γ  and the  A  γ  globin 
gene remains functional. For some reason, these long dele-
tions allow persistent synthesis of the  γ  globin genes at a 
relatively high level during adult life, which helps to com-
pensate for the absence of  β  and  δ  globin chain production. 
They are classifi ed according to the kind of fetal hemoglobin 
that is produced, and hence into two varieties,  G  γ ( A  γ  δ  β ) 0  and 
 G  γ  A  γ ( δ  β ) 0  thalassemia; in line with other forms of tha-
lassemia, they are best described by what is not produced: 
( A  γ  δ  β ) 0  and ( δ  β ) 0  thalassemia, respectively. Homozygotes 
produce only fetal hemoglobin, while heterozygotes have a 
thalassemic blood picture together with about 5 – 15% Hb F.  

  Hereditary  p ersistence of  f etal  h emoglobin 

 Genetically determined persistent fetal hemoglobin synthe-
sis in adult life is of no clinical importance except that its 
genetic determinants can interact with the  β  thalassemias or 

   α  Thalassemia/ m ental  r etardation  s yndromes 

 There is a family of mild forms of  α  thalassemia which is 
quite different to that described in the previous section 
and which is associated with varying degrees of mental retar-
dation. Recent studies indicate that there are two quite 
different varieties of this condition, one encoded on chro-
mosome 16 (ATR - 16) and the other on the X chromosome 
(ATR - X). 

 The ATR - 16 syndrome is characterized by relatively mild 
mental handicap with a variable constellation of facial and 
skeletal dysmorphisms. These individuals have long dele-
tions involving the  α  globin gene cluster, but removing at 
least 1 – 2   Mb. This condition can arise in several ways, 
including unbalanced translocation involving chromosome 
16, truncation of the tip of chromosome 16, and the loss of 
the  α  globin gene cluster and parts of its fl anking regions by 
other mechanisms. 

 The ATR - X syndrome results from mutations in a gene 
on the X chromosome, Xq13.1 – q21.1. The product of this 
gene is one of a family of proteins involved in chromatin -
 mediated transcriptional regulation. It is expressed ubiqui-
tously during development and at interphase it is found 
entirely within the nucleus in association with pericentro-
meric heterochromatin. In metaphase, it is similarly found 
close to the centromeres of many chromosomes but, in addi-
tion, occurs at the stalks of acrocentric chromosomes, where 
the sequences for ribosomal RNA are located. These loca-
tions provide important clues to the potential role of this 
protein in the establishment and/or maintenance of meth-
ylation of the genome. Although it is clear that  ATR - X  is 
involved in  α  globin transcription, it also must be an impor-
tant player in early fetal development, particularly of the 
urogenital system and brain. Many different mutations of 
this gene have been discovered in association with the wide-
spread morphological and developmental abnormalities 
which characterize the ATR - X syndrome.  

   α  Thalassemia and the  m yelodysplastic  s yndrome 

 Since the fi rst description of Hb H ( see later section ) in the 
red cells of a patient with leukemia, many examples of this 
association have been reported. The condition usually is 
refl ected in a mild form of Hb H disease, with typical Hb 
H inclusions in a proportion of the red cells and varying 
amounts of Hb H demonstrable by hemoglobin electro-
phoresis. The hematological fi ndings are usually those of one 
or other form of the myelodysplastic syndrome. The condi-
tion occurs predominantly in males in older age groups. 
Very recently it has been found that some patients with this 
condition have mutations involving  ATR - X . The relation-
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structural hemoglobin variants; the resulting high level of 
Hb F production often ameliorates these conditions. The 
different forms of hereditary persistence of fetal hemoglobin 
(HPFH) result from either long deletions involving the  δ  β  
globin gene cluster, similar to those that cause ( δ  β ) 0  tha-
lassemia, or from point mutations that involve the promot-
ers of the  G  γ  or  A  γ  globin gene. In the former case there is 
no  β  globin chain synthesis and therefore these conditions 
are classifi ed as ( δ  β ) 0  HPFH. In cases in which there are 
promoter mutations involving the  γ  globin genes, there is 
increased  γ  globin chain production in adult life associated 
with some  β  and  δ  chain synthesis in  cis  (i.e., directed by the 
same chromosome) to the HPFH mutations. Thus, depend-
ing on whether the point mutations involve the promoter of 
the  G  γ  or  A  γ  globin gene, these conditions are called  G  γ   β   +   
HPFH and  A  γ   β   +   HPFH, respectively. 

 There is another family of HPFH - like disorders in which 
the genetic determinant is not encoded in the  β  chain cluster. 
In one case the determinant encodes on chromosome 6, 
although its nature has not yet been determined. 

 It should be pointed out that all these conditions are very 
heterogeneous and that many different deletions or point 
mutations have been discovered that produce the rather 
similar phenotypes of ( δ  β ) 0  or  G  γ  or  A  γ   β   +   HPFH.    

  Genotype –  p henotype  r elationships in 
the  t halassemias 

 It is now necessary briefl y to relate the remarkably diverse 
molecular pathology described in the previous sections to 
the phenotypes observed in patients with these diseases. It is 
not possible to describe all these complex issues here. Rather 
we shall focus on those aspects that illustrate the more 
general principles of how abnormal gene action is refl ected 
in a particular clinical picture. Perhaps the most important 
question that we will address is why patients with apparently 
identical genetic lesions have widely differing disorders, a 
problem that still bedevils the whole fi eld of medical genet-
ics, even in the molecular era. 

  The  β   t halassemias 

 As we have seen, the basic defect that results from the 200 
or more different mutations that underlie these conditions 
is reduced  β  globin chain production. Synthesis of the  α  
globin chain proceeds normally and hence there is imbal-
anced globin chain output with an excess of  α  chains (Figure 
 1.8 ). Unpaired  α  chains precipitate in both red cell precur-
sors and their progeny with the production of inclusion 
bodies. These interfere with normal red cell maturation and 

survival in a variety of complex ways. Their attachment to 
the red cell membrane causes alterations in its structure, and 
their degradation products, notably heme, hemin (oxidized 
heme) and iron, result in oxidative damage to the red cell 
contents and membrane. These interactions result in 
intramedullary destruction of red cell precursors and in 
shortened survival of such cells as they reach the peripheral 
blood. The end result is an anemia of varying severity. This, 
in turn, causes tissue hypoxia and the production of rela-
tively large amounts of erythropoietin; this leads to a massive 
expansion of the ineffective bone marrow, resulting in bone 
deformity, a hypermetabolic state with wasting and malaise, 
and bone fragility.   

 A large proportion of hemoglobin in the blood of  β  tha-
lassemics is of the fetal variety. Normal individuals produce 
about 1% of Hb F, unevenly distributed among their red 
cells. In the bone marrow of  β  thalassemics, any red cell 
precursors that synthesize  γ  chains come under strong selec-
tion because they combine with  α  chains to produce fetal 
hemoglobin and therefore the degree of globin chain imbal-
ance is reduced. Furthermore, the likelihood of  γ  chain pro-
duction seems to be increased in a highly stimulated erythroid 
bone marrow. It seems likely that these two factors combine 
to increase the relative output of Hb F in this disorder. 
However, it has a higher oxygen affi nity than Hb A and 
hence patients with  β  thalassemia are not able to adapt to 
low hemoglobin levels as well as those who have adult 
hemoglobin. 

 The greatly expanded, ineffective erythron leads to an 
increased rate of iron absorption; this, combined with iron 
received by blood transfusion, leads to progressive iron 
loading of the tissues, with subsequent liver, cardiac and 
endocrine damage. 

 The constant bombardment of the spleen with abnormal 
red cells leads to its hypertrophy. Hence there is progressive 
splenomegaly with an increased plasma volume and trap-
ping of part of the circulating red cell mass in the spleen. 
This leads to worsening of the anemia. All these pathophysi-
ological mechanisms, except for iron loading, can be reversed 
by regular blood transfusion which, in effect, shuts off the 
ineffective bone marrow and its consequences. 

 Thus it is possible to relate nearly all the important fea-
tures of the severe forms of  β  thalassemia to the primary 
defect in globin gene action. However, can we also explain 
their remarkable clinical diversity? 

  Phenotypic  d iversity 

 Although the bulk of patients who are homozygous for  β  
thalassemia mutations or compound heterozygotes for two 
different mutations have a severe transfusion - dependent 
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     Fig. 1.8      The pathophysiology of  β  
thalassemia   

thalassemia major to one of such mildness that patients grow 
and develop quite normally and never require transfusion. 

 Over recent years a great deal has been learnt about some 
of the mechanisms involved in this remarkable phenotypic 
variability. In short, it refl ects both the action of modifying 
genes and variability in adaptation to anemia and, almost 
certainly, the effects of the environment. Given the complex-
ity of these interactions, it is helpful to divide the genetic 
modifi ers of the  β  thalassemia phenotype into primary, sec-
ondary and tertiary classes (Table  1.2 ).   

 The primary modifi ers are the different  β  thalassemia 
alleles that can interact together. For example, compound 
heterozygotes for a severe  β  0  thalassemia mutation and a 
milder one may have an intermediate form of  β  thalassemia 

phenotype, there are many exceptions. Some patients of this 
type have a milder course, requiring few or even no transfu-
sions, a condition called  β  thalassemia intermedia. A par-
ticularly important example of this condition is illustrated 
by the clinical fi ndings in those who inherit  β  thalassemia 
from one parent and Hb E from the other, a disorder called 
Hb E/ β  thalassemia. Because the mutation that produces Hb 
E also opens up an alternative splice site in the fi rst exon of 
the  β  globin gene, it is synthesized at a reduced rate and 
therefore behaves like a mild form of  β  thalassemia. It is the 
commonest hemoglobin variant globally and Hb E/ β  tha-
lassemia is the commonest form of severe thalassemia in 
many Asian countries. It has an extraordinarily variable phe-
notype, ranging from a condition indistinguishable from  β  
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ticularly strong association has been found with  BCL11A , a 
transcription factor known to be involved in hematopoiesis. 
The exact mechanism for the associated increase in Hb F 
in  β  thalassemia and in sickle cell anemia remains to be 
determined. 

 The tertiary modifi ers are those that have no effect on 
hemoglobin synthesis but which modify the many different 
complications of the  β  thalassemias, including osteoporosis, 
iron absorption, jaundice, and susceptibility to infection. 

 Although neglected until recently, it is also becoming 
apparent that variation in adaptation to anemia and the 
environment may also play a role in phenotypic modifi ca-
tion of the  β  thalassemias. For example, patients with Hb 
E/ β  thalassemia have relatively low levels of Hb F and hence 
their oxygen dissociation curves are more right - shifted than 
patients with other forms of  β  thalassemia intermedia with 
signifi cantly higher levels of Hb F. Very recent studies also 
suggest that the erythropoietin response to severe anemia 
for a given hemoglobin level varies considerably with age; 
patients during the fi rst years of life have signifi cantly higher 
responses to the same hemoglobin level than those who are 
older. This observation may go some way to explaining the 
variation in phenotype at different ages that has been 
observed in children with Hb E/ β  thalassemia. Finally, it is 
clear that further studies are required to dissociate the effects 
on the phenotype of genetic modifi ers and environmental 
factors. 

 Thus the phenotypic variability of the  β  thalassemias 
refl ects several layers of complex interactions involving 
genetic modifi ers together with variation in adaptation and, 
almost certainly, the environment. These complex interac-
tions are summarized in Table  1.2 .   

  The  α   t halassemias 

 The pathophysiology of the  α  thalassemias differs from that 
of the  β  thalassemias mainly because of the properties of the 
excess globin chains that are produced as a result of defective 
 α  chain synthesis. While the excess  α  chains produced in  β  
thalassemia are unstable and precipitate, this is not the case 
in the  α  thalassemias, in which excess  γ  chains or  β  chains 
are able to form the soluble homotetramers  γ  4  (Hb Bart ’ s) 
and  β  4  (Hb H) (Figure  1.9 ). Although these variants, particu-
larly Hb H, are unstable and precipitate in older red cell 
populations, they remain soluble suffi ciently long for the red 
cells to mature and develop relatively normally. Hence there 
is far less ineffective erythropoiesis in the  α  thalassemias and 
the main cause of the anemia is hemolysis associated with 
the precipitation of Hb H in older red cells. In addition, of 
course, there is a reduction in normal hemoglobin synthesis, 
which results in hypochromic, microcytic erythrocytes. 
Another important factor in the pathophysiology of the  α  

of varying severity depending on the degree of reduction in 
 β  globin synthesis under the action of the milder allele. This 
is undoubtedly one mechanism for the varying severity of 
Hb E/ β  thalassemia; it simply refl ects the variable action of 
the  β  thalassemia mutation that is inherited together with 
Hb E. However, this explanation is not relevant in cases in 
which patients with identical  β  thalassemia mutations have 
widely disparate phenotypes. 

 The secondary modifi ers are those which directly affect 
the degree of globin chain imbalance. Patients with  β  tha-
lassemia who also inherit one or other form of  α  thalassemia 
tend to have a milder phenotype because of the reduction in 
the excess of  α  globin genes caused by the coexistent  α  tha-
lassemia allele. Similarly, patients with severe forms of tha-
lassemia who inherit more  α  genes than normal because 
their parents have triplicated or quadruplicated  α  gene 
arrangements tend to have more severe phenotypes. Other 
patients with severe thalassemia alleles appear to run a 
milder course because of a genetically determined ability to 
produce more  γ  globin chains and hence fetal hemoglobin, 
a mechanism that also results in a reduced degree of globin 
chain imbalance. It is now clear that several gene loci are 
involved in this mechanism; the best characterized is a poly-
morphism in the promoter region of the  G  γ  globin gene that 
appears to increase the output from this locus under condi-
tions of hemopoietic stress. However, there are clearly other 
genes involved in increasing the output of Hb F. Recent 
genome - wide linkage studies have shown clear evidence that 
there are determinants on chromosomes 6 and 8 and a par-

  Table 1.2  Mechanisms for the phenotypic diversity of the  β  
thalassemias. 

   Genetic modifi ers   
  Primary: alleles of varying severity  
  Secondary: modifi ers of globin chain imbalance  
      α  Thalassemia  
     Increased  α  globin genes:  α  α  α  or  α  α  α  α   
     Genes involved in unusually high Hb   F response  
  Tertiary: modifi ers of complications  
     Iron absorption, bone disease, jaundice, infection  

   Adaptation to anemia    *     
  Variation in oxygen affi nity ( P  50 ) of hemoglobin  
  Variation in erythropoietin response to anemia  

   Environmental   
  Nutrition  
  Infection  
  Others  

    *    There may be genetic variation in the adaptive mechanisms.   
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cells, and hepatosplenomegaly with persistent hematopoiesis 
in the liver and spleen.   

  Structural  h emoglobin  v ariants 

 The structural hemoglobin variants are described in detail 
in  Chapter 15 . Here, their molecular pathology and geno-
type – phenotype relationships are briefl y outlined. 

  Molecular  p athology 

 The molecular pathology of the structural hemoglobin vari-
ants is much less complex than that of the thalassemias. The 

thalassemias is the fact that Hb Bart ’ s and Hb H are useless 
oxygen carriers, having an oxygen dissociation curve similar 
to that of myoglobin. Hence the circulating hemoglobin 
level may give a false impression of the oxygen - delivering 
capacity of the blood and patients may be symptomatic at 
relatively high hemoglobin levels.   

 The different clinical phenotypes of the  α  thalassemias are 
an elegant example of the effects of gene dosage (Figure 
 1.10 ). The heterozygous state for  α   +   thalassemia is associated 
with minimal hematological changes. That for  α  0  thalassemia 
(the loss of two  α  globin genes) is characterized by moderate 
hypochromia and microcytosis, similar to that of the  β  tha-
lassemia trait. It does not matter whether the  α  genes are lost 
on the same chromosome or on opposite pairs of homolo-
gous chromosomes. Hence the homozygous state for  α   +   
thalassemia,  –     α / –     α , has a similar phenotype to the hetero-
zygous state for  α  0  thalassemia ( –     – / α  α ).   

 The loss of three  α  globin genes, which usually results 
from the compound heterozygous states for  α  0  and  α   +   tha-
lassemia, is associated with a moderately severe anemia with 
the production of varying levels of Hb H. This condition, 
hemoglobin H disease, is characterized by varying anemia 
and splenomegaly with a marked shortening of red cell 
survival. 

 Finally, the homozygous state for  α  0  thalassemia ( –     – / –     – ) 
is characterized by death  in utero  or just after birth, with the 
clinical picture of hydrops fetalis. These babies produce no 
 α  chains and their hemoglobin consists mainly of Hb Bart ’ s 
with variable persistence of embryonic hemoglobin. This is 
refl ected in gross intrauterine hypoxia; although these babies 
may have hemoglobin values as high as 8 – 9   g/dL, most of it 
is unable to release its oxygen. This is refl ected in the 
hydropic changes, a massive outpouring of nucleated red 
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     Fig. 1.9      The pathophysiology of  α  thalassemia   
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is now a wealth of evidence that abnormal interactions 
between sickled cells and the vascular endothelium play a 
major role in the pathophysiology of the sickling disorders. 
Recently it has been demonstrated that nitric oxide may also 
play a role in some of the vascular complications of this 
disease. It has been found that nitric oxide reacts much more 
rapidly with free hemoglobin than with hemoglobin in 
erythrocytes and therefore it is possible that such decom-
partmentalization of hemoglobin into plasma, as occurs in 
sickle cell disease and other hemolytic anemias, diverts nitric 
oxide from its homeostatic vascular function.  

  Unstable  h emoglobin  v ariants 

 There is a variety of different mechanisms underlying hemo-
globin stability resulting from amino acid substitutions in 
different parts of the molecule. The fi rst is typifi ed by amino 
acid substitutions in the vicinity of the heme pocket, all of 
which lead to a decrease in stability of the binding of heme 
to globin. A second group of unstable variants results from 
amino acids that simply disrupt the secondary structure of 
the globin chains. About 75% of globin is in the form of  α  
helix, in which proline cannot participate except as part of 
one of the initial three residues. At least 11 unstable hemo-
globin variants have been described that result from the 
substitution of proline for leucine, fi ve that are caused by the 
substitution of alanine by proline, and three in which proline 
is substituted for histidine. Another group of variants that 
causes disruption of the normal confi guration of the hemo-
globin molecule involves internal substitutions that somehow 
interfere with its stabilization by hydrophobic interactions. 
Finally, there are two groups of unstable hemoglobins that 
result from gross structural abnormalities of the globin sub-
units; many are due to deletions involving regions at or near 
interhelical corners. A few of the elongated globin chain 
variants are also unstable.  

  Abnormal  o xygen  t ransport 

 There is a family of hemoglobin variants associated with 
high oxygen affi nity and hereditary polycythemia. Most 
result from amino acid substitutions that affect the equili-
brium between the R and T states ( see section Structure and 
function ). Thus, many of them result from amino acid sub-
stitutions at the  α  1  –  β  2  interface, the C - terminal end of the  β  
chain, and at the 2,3 - DPG binding sites.  

  Congenital  c yanosis  d ue to  h emoglobin  v ariants 

 There is a family of structural hemoglobin variants that is 
designated Hb M, to indicate congenital methemoglobine-
mia, and is further defi ned by their place of discovery. The 

majority result from missense mutations  –  base substitu-
tions that produce a codon change which encodes a different 
amino acid in the affected globin chain. Rarely, these vari-
ants result from more subtle alterations in the structure of 
the  α / β  globin chains. For example, shortened chains may 
result from internal deletions of their particular genes, while 
elongated chains result from either duplications within 
genes or frameshift mutations which allow the chain termi-
nation codon to be read through and in which additional 
amino acids are added to the C - terminal end. The majority 
of the 700 or more structural hemoglobin variants are of no 
clinical signifi cance but a few, because they interfere with the 
stability or functions of the hemoglobin molecule, are asso-
ciated with a clinical phenotype of varying severity.  

  Genotype –  p henotype  r elationships 

  The  s ickling  d isorders 

 The sickling disorders represent the homozygous state for 
the sickle cell gene, sickle cell anemia, and the compound 
heterozygous state for the sickle cell gene and various struc-
tural hemoglobin variants, or  β  thalassemia. The chronic 
hemolysis and episodes of vascular occlusion and red cell 
sequestration that characterize sickle cell anemia can all be 
related to the replacement of the normal  β 6 glutamic acid 
by valine in Hb S. This causes a hydrophobic interaction 
with another hemoglobin molecule, triggering aggregation 
into large polymers. It is this change that causes the sickling 
distortion of the red blood cell and hence a marked decrease 
in its deformability. The resulting rigidity of the red cells is 
responsible for the vaso - occlusive changes that lead to many 
of the most serious aspects of all the sickling disorders. 

 The different conformations of sickle cells (banana -
 shaped or resembling a holly leaf) refl ect different orienta-
tions of bundles of fi bers along the long axis of the cell, the 
three - dimensional structure of which is constituted by a 
rope - like polymer composed of 14 strands. The rate and 
extent of polymer formation depend on the degree of oxy-
genation, the cellular hemoglobin concentration, and the 
presence or absence of Hb F. The latter inhibits polymeriza-
tion and hence tends to ameliorate sickling. Polymerization 
of Hb S causes damage to the red cell membrane, the result 
of which is an irreversibly sickled cell. Probably the most 
important mechanism is cellular dehydration resulting from 
abnormalities of potassium/chloride cotransport and Ca 2 +   -
 activated potassium effl ux. This is suffi cient to trigger the 
Ca 2 +   - dependent (Gardos) potassium channel, providing a 
mechanism for the loss of potassium and water and leading 
to cellular dehydration. 

 However, the vascular pathology of the sickling disorders 
is not entirely related to the rigidity of sickled red cells. There 
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of the basis for how monogenic diseases due to the same 
mutation may vary widely in their clinical expression.  
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iron atom of heme is normally linked to the imidazole group 
of the proximal histidine residue of the  α  and  β  chains. 
There is another histidine residue on the opposite side, near 
the sixth coordination position of the heme iron; this, the 
so - called distal histidine residue, is the normal site of binding 
of oxygen. Several M hemoglobins result from the substitu-
tion of a tyrosine for either the proximal or distal histidine 
residue in the  α  or  β  chain.    

  Postscript 

 In this short account of the molecular pathology of hemo-
globin we have considered how mutations at or close to the 
 α  or  β  globin genes result in a diverse family of clinical dis-
orders due to the defective synthesis of hemoglobin or its 
abnormal structure. Work in this fi eld over the last 30 years 
has given us a fairly good idea of the repertoire of different 
mutations that underlie single - gene disorders and how these 
are expressed as discrete clinical phenotypes. Perhaps more 
importantly, however, the globin fi eld has taught us how the 
interaction of a limited number of genes can produce a 
remarkably diverse series of clinical pictures, and something 
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  Introduction 

 The use of cytogenetics and molecular cytogenetic analysis 
in hematology has both increased and improved over the last 
decade. Fluorescence  in situ  hybridization (FISH) has been 
incorporated into most diagnostic laboratories to comple-
ment chromosome analysis and further improve its accu-
racy. In the era of risk - adapted and mutation - directed 
therapy, accurate assessment of genetic status is of para-
mount importance. In many current studies, patients are 
stratifi ed on the basis of their cytogenetic or molecular rear-
rangements, since numerous disease -  or subtype - specifi c 
abnormalities have independent prognostic outcomes. Such 
is the specifi city of certain chromosomal rearrangements 
that molecular cytogenetic information can provide an 
unequivocal diagnosis of the type of malignancy. In national 
treatment trials for acute myeloid leukemia (AML) and 
acute lymphoblastic leukemia (ALL), cytogenetic informa-
tion is vital to treatment stratifi cation, and in other diseases, 
such as chronic lymphoblastic leukemia and myeloma, the 
impact of chromosomal abnormalities is now recognized. 

 Chromosomal analysis of metaphase cells provides a 
global assessment of karyotype and still plays a major role in 
modern tumor cytogenetics. FISH is used as a rapid sensitive 
test to complement G - band analysis, allowing the detection 
of cryptic or subtle changes. In addition, FISH can be used 
to screen non - dividing cell populations, such as bone 
marrow smears, tumor imprints and paraffi n - embedded 
tissue sections (PETS). A vast array of FISH probes is cur-
rently available, aimed at detecting fusion genes, numerical 

abnormalities, chromosomal imbalance, chromosomal 
rearrangement and complex events. FISH has been further 
developed to allow the global detection of tumor - associated 
gain and loss using tumor DNA as a FISH probe against 
normal metaphase chromosomes. This technique is known 
as comparative genomic hybridization (CGH). 

 The recent introduction of high - resolution array - based 
techniques promises to further revolutionize the analysis of 
chromosomal aberrations in cancer. Oligonucleotide - based 
arrays can provide high - resolution analysis of copy number 
alterations. A variation of this approach is the single - 
nucleotide polymorphism (SNP) genotype array, which can 
provide both copy number and allelotype information. Gene 
expression profi ling also offers exciting prospects in hema-
tology and, coupled with the molecular cytogenetic and 
cytogenetic information, accurate diagnostic genetic analysis 
looks set to revolutionize patient management.  

   FISH  on  m etaphase  c hromosomes 

 The production of metaphase chromosomes from malignant 
cells plays a fundamental role in genetic analysis, allowing 
both G - banded chromosome analysis and subsequent FISH 
analysis. The chromosome offers a more versatile target than 
interphase cells since many types of FISH probes can be 
applied. In leukemia and lymphoma, gene fusions are rela-
tively frequent and well characterized at the molecular level. 
These novel disease - associated fusion events arise through 
chromosomal translocations, inversions or insertions and 
are usually visible by routine karyotype analysis, although 
subtle abnormalities do exist and some of the recurrent 
rearrangements can be cryptic. FISH probes mapping to the 
unique sequences involved in these fusions are readily avail-
able and detect their respective abnormalities by one of two 



20 Molecular Hematology

chromosome number. Hyperdiploidy is a frequent pheno-
menon in ALL and is associated with a common pattern of 
gain, namely chromosomes 4, 6, 10, 14, 17, 18, 21 and X. 
Using a selected cocktail of alpha satellite probes mapping 
to these chromosomes, hyperdiploidy can be detected in 
both metaphase and interphase cells (Plate  2.6 ). Metaphase 
cells derived from leukemic blasts of patients with ALL can 
often have poor morphology and be diffi cult to fully char-
acterize. In such situations FISH can be of particular value 
since it may help elucidate chromosomal gains and losses. 

 Whole - chromosome painting probes (WCPs), consisting 
of pools of DNA sequences mapping along the full length of 
a particular chromosome and labeled with a fl uorochrome, 
can be used individually or in combination to characterize 
abnormalities whose origin is uncertain by G - banding. In 
simple karyotypes, requiring confi rmation of a suspected 
rearrangement, two - color chromosome painting might be 
the most useful option (Plate  2.7 ). In more complex karyo-
types, such as those associated with therapy - related leuke-
mia, a mixture of WCPs mapping to all 24 human 
chromosomes (24 - color karyotyping) is probably the most 
informative. Multiplex (M) - FISH/spectral karyotyping 
(SKY) is not used routinely for diagnostic purposes but has 
revealed cryptic rearrangements in several studies. M - FISH/
SKY uses a combinatorial labeling approach such that each 
individual chromosome paint is labeled with a unique 
combination of not more than fi ve fl uorochromes. The 24 
differentially labeled paints are then applied in a single 
hybridization assay and visualization is achieved using one 
of two strategies. M - FISH uses a series of optical fi lters to 
collect the images from the different fl uorochromes, which 
are then merged into a composite image; a pseudocolor is 
then assigned to each chromosome on the basis of its fl uoro-
chrome combination (Plate  2.8 ). SKY uses an interferometer 
with Fourier transformation to determine the spectral 
characteristics of each pixel in the image, and assigns a 
pseudocolor.  

   FISH  on  n uclei 

 The non - dividing cell population can be examined using 
FISH probes to yield both diagnostic and prognostic mole-
cular cytogenetic information. Interphase cells from the 
sample sent for cytogenetic analysis (peripheral blood, bone 
marrow, lymph node, etc.), tumor touch imprints, PETS 
and bone marrow smears can be used as the target for FISH. 
In these instances screening for a specifi c chromosomal 
abnormality is performed, thereby allowing detection or 
exclusion of a single event per FISH assay. Techniques that 
involve the use of whole or chromosome - specifi c probes 
cannot readily be applied to interphase cells. PETS are some-

methods. In the fi rst strategy, probes mapping to the two 
genes involved are labeled in two distinct colors; as an 
example, the  BCR – ABL  (breakpoint cluster region – Abelson) 
fusion associated with the t(9;22)(q34;q11.2) is illustrated in 
Plate  2.1 .  BCR  is represented by the green fl uorescence and 
 ABL  by the red signal. The t(9;22) translocation results in 
both  BCR – ABL  and  ABL – BCR  fusions, and since the probe 
extends beyond the breakpoint for both genes, two fusion 
signals (red and green juxtaposed) are generated (dual fusion 
probes), one on the der(9), the other on the der(22). A 
normal 9 and a normal 22 (single red and green signal) will 
also exist. To further complicate the analysis, however, devi-
ations from this pattern may exist since some patients carry 
deletions around the breakpoint and some harbor cryptic 
insertions of part of one gene, thereby generating only one 
of the fusion sequences (Plate  2.2 ). An alternative approach 
is to use four fl uorescent probes to enhance the sensitivity 
and specifi city to simultaneously detect translocations and 
deletions around the breakpoint, which may confer inde-
pendent prognostic value. Plate  2.3  shows a cryptic insertion 
of part of the  RARA  gene (chromosome 17) into the  PML  
locus (chromosome 15) in a patient with acute promyelo-
cytic leukemia. The t(15;17)(q21;q11) translocation is the 
hallmark of acute promyelocytic leukemia and is cytogeneti-
cally visible in 90% of patients. 

 The second common type of FISH strategy is the  “ break 
apart ”  probe, specifi cally designed to detect abnormalities 
affecting one specifi c gene which rearranges with multiple 
partner loci, such as  MLL  (11q23). Over 60 different  MLL  
gene translocations have been cytogenetically reported, and 
the FISH probe used most often for diagnosis consists of a 
probe mapping above the breakpoint labeled with one color 
and a second probe mapping below the breakpoint in 
another color. Translocations involving  MLL  therefore result 
in the separation of one set of probes (Plate  2.4 ) and the 
displaced  MLL  signal will map to the partner chromosome. 
Single - color probes extending across the breakpoints can 
also be used, resulting in a split signal. 

 Unique sequence probes can also be used to screen for 
copy number changes, particularly in cases with evidence of 
additional genetic material, by karyotyping such as double 
minute chromosomes, homogeneously staining regions or 
additional pieces of chromosomes. Double minute chromo-
somes and homogeneously staining regions are manifesta-
tions of gene amplifi cation and in certain malignant diseases, 
particularly solid tumors, are well - recognized mechanisms 
for oncogene activation. FISH probes mapping to the genes 
commonly associated with amplifi cation can very quickly 
confi rm the presence of multiple copies of genes; an example 
is N -  myc  in neuroblastoma. Plate  2.5  shows a bone marrow 
aspirate infi ltrated by neuroblastoma and multiple copies of 
N -  myc . Alpha satellite probes are often used to determine 
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times the only tumor sample available for analysis since the 
paraffi n treatment preserves the morphology of the tumor, 
thereby enabling histological diagnosis. However, if histol-
ogy is equivocal, FISH for a tumor - associated chromosomal 
abnormality can be extremely valuable for diagnostic pur-
poses. FISH on PETS does have inherent technical problems 
not found with FISH on other sample types; for example, 
probe accessibility is reduced, the thickness of the section 
means that the resulting FISH signals may not all be visible 
in the same focal plane, and the cells may be very tightly 
packed, making analysis more diffi cult. Interphase cells can 
be used to assess the copy number of unique sequences/
alpha satellites or to look for chimeric fusion genes. Plate  2.9  
illustrates two PETS screened for the presence of the  EWS/
FLI1  rearrangement associated with Ewing ’ s sarcoma/primi-
tive neuroectodermal tumor.  

  Comparative  g enomic  h ybridization 
and  SNP   a rray  a nalysis 

 CGH provides a global assessment of copy number changes, 
revealing regions of the chromosome that are either gained 
or lost in the tumor sample. A key feature of this technique 
is that dividing tumor cells are not required. DNA is extracted 
from the tumor, labeled (usually) with a green fl uorochrome 
and compared with DNA from a normal reference labeled 
with a red fl uorochrome. Labeled test and reference DNA 
are combined and hybridized to normal chromosomes 
and the resulting ratio of the two signals along the length of 
the chromosomes refl ects the differences in copy number 
between the tumor and reference DNA samples (Plate  2.10 ). 
Regions of gain in the tumor DNA are represented by an 
increased green/red ratio whereas deletions are indicated 
by a reduced ratio. CGH requires 50% abnormal cells to be 
present within the tumor sample for reliable detection of 
genomic imbalance and will not easily detect regions involv-
ing less than 10   Mb of DNA unless it involves high - level 
amplifi cation. Nevertheless, CGH is particularly applicable 
to the analysis of solid tumors since DNA can be readily 
extracted from them and the karyotype frequently involves 
loss or gain of whole or partial chromosomes. 

 The use of genomic DNA arrays as the hybridization 
target allows much higher resolution for the detection of 
copy number changes. Currently the highest resolution is 
provided by commercial oligonucleotide arrays. Array CGH 
has the potential to provide a highly sensitive and unbiased 
global assessment of gene copy number. Additionally such 
arrays can detect small focal deletions which are well below 
the level of detection of conventional cytogenetics. 
Oligonucleotide arrays have been developed that are directed 
against known SNPs. Several million SNPs have been defi ned 
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     Fig. 2.1     High - resolution SNP analysis (SNP6) reveals a microdeletion 
of the  CDKN2A  locus on chromosome 9p in an acute lymphoblastic 
leukemia.  

in the human genome and the highest resolution arrays 
encode approximately 900   000 SNPs. Such arrays can be 
used to provide high - resolution genotype and copy number 
information for the entire genome of the cancer cell. They 
have been particularly useful in the detection of loss of 
heterozygosity (LOH) in leukemias. The application of SNP 
arrays to a series of AML samples has uncovered large - scale 
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It could offer many advantages over conventional classifi ca-
tion methods, including the possibility of deducing chromo-
somal data from non - dividing cells. 

 Three basic steps for effi cient and effective data analysis 
are necessary: data normalization, data fi ltering, and pattern 
identifi cation. To compare expression values directly, it is 
necessary to apply some sort of normalization strategy to the 
data, either between paired samples or across a set of experi-
ments. To  “ normalize ”  in the context of DNA microarrays 
means to standardize the data so as to be able to differentiate 
between real (biological) variations in gene expression levels 
and variations due to the measurement process. Gene 
expression data can then be subjected to a variation fi lter, 
which excludes uninformative genes (i.e., genes showing 
minimal variation across the samples) and genes expressed 
below or above a user - defi ned threshold. This step facilitates 
the search for partners and groups in the data that can be 
used to assign biological meaning to the expression profi les, 
leading to the production of straightforward lists of increas-
ing or decreasing genes or of more complex associations 
with the help of sophisticated clustering and visualization 
programs. Hierarchical clustering is used traditionally in 
phylogenetic analysis for the classifi cation of organisms into 
trees; in the microarray context it is applied to genes and 
samples. Organisms sharing properties tend to be clustered 
together. The length of a branch containing two organisms 
can be considered a measure of how different the organisms 
are. It is possible to classify genes in a similar manner, gath-
ering those whose expression patterns are similar into clus-
ters in the tree. Such mock - phylogenetic trees are often 
referred to as dendrograms. Genes can also be grouped on 
the basis of their expression patterns using  k - means cluster-
ing . The goal is to produce groups of genes with a high 
degree of similarity within each group and a low degree of 
similarity between groups. The self - organizing map is a clus-
tering technique similar to k - means clustering, but in addi-
tion illustrates the relationship between groups by arranging 
them in a two - dimensional map. Self - organizing maps are 
useful for visualizing the number of distinct expression pat-
terns in the data. A complex dataset can also be reduced to 
a few specifi ed dimensions by applying multidimensional 
scaling, so that the relationships between groups can be 
more effectively visualized. 

 The fi rst classifi cation of cancer on the basis of gene 
expression showed that it was possible to distinguish between 
myeloid and lymphoid acute leukemias by the use of arrays 
with approximately 6800 human genes. Since then, the cov-
erage of gene expression arrays has been expanded to include 
most known genes and more recently to include the exons 
of known genes. This approach has been applied successfully 
to the classifi cation of hematological malignancies and a 
large variety of solid tumors. Acute lymphoid leukemias 

regions of LOH that were not associated with copy number 
changes. These regions are the consequence of mitotic 
recombination and have been termed  acquired uniparental 
disomy . It has been further shown that these events appear 
to render the cell homozygous for a pre - existing mutation 
in genes such  FLT3 ,  WT1 ,  CEBPA  and  RUNX1 . 

 The application of SNP arrays to a series of ALL samples 
has detected a high frequency of small focal deletions in 
certain genes. This appears to be much more frequent than 
in a similar series of AML samples and may be characteristic 
of ALL. An example of such a deletion affecting the  CDKN2A  
gene on chromosome 9p is illustrated in Figure  2.1 .    

  Gene  e xpression  p rofi ling 

 The introduction of microarrays for gene expression profi l-
ing now offers a new approach to molecular cytogenetics. 
Measurement of the expression of all the genes in a range of 
tissues or cell types allows the determination of the tran-
scriptional status of the cell, identifying which genes are 
active and which are silent. Microarrays for expression pro-
fi ling consist of systematic arrays of cDNA or oligonucle-
otides of known sequence that are spotted or synthesized at 
discrete loci on a glass or silicon surface. They allow the 
simultaneous analysis of a large number of genes at high 
resolution following the hybridization of labeled cDNA or 
cRNA derived from the samples to be examined. Microarray 
output is represented by a large number of individual data 
points that must be analyzed by a data - mining program in 
order to correlate the data, and to group them together in a 
meaningful manner. In recent years, the use of DNA micro-
arrays has been largely devoted to the genetic profi ling of 
tumor subtypes, with the aims of defi ning new classes with 
prognostic and diagnostic relevance and of increasing our 
knowledge of the mechanisms underlying the biology of 
these diseases. The pathological diagnosis and classifi cation 
of human neoplasia is based on well - defi ned morphological, 
cytochemical, immunophenotypic and clinical criteria. For 
leukemia and lymphoma, the relevance of cytogenetics as 
one of the most valuable prognostic determinants at diag-
nosis has come from analysis of the leukemia karyotype. This 
has identifi ed non - random somatically acquired transloca-
tions, inversions and deletions, which are often associated 
with specifi c morphological subtypes. However, leukemias 
with apparently normal karyotypes do exist and constitute 
the largest single subgroup (up to 40% of cases). Thus, the 
application of microarray analysis may improve the classifi -
cation of leukemias and offer clues to the underlying etiol-
ogy. A molecular classifi cation would have the potential to 
defi ne new subgroups with more prognostic and therapeutic 
signifi cance, linking the expression profi le to the outcome. 
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with rearrangements of the  MLL  gene were shown to have 
expression patterns that could allow them to be distin-
guished from ALLs and AMLs without the  MLL  transloca-
tions. Further microarray analysis of AML cases with a 
favorable outcome  –  AML M2 with t(8;21), AML M3 or M3v 
with t(15;17) and AML M4eo with inv(16)  –  has shown a 
specifi c pattern of predictor genes associated with the three 
subclasses. In a subsequent microarray study, AML samples 
were specifi cally chosen to represent the spectrum of known 
karyotypes common in AML and included examples with 
AML - FAB phenotypes from M1 to M5. Hierarchical cluster-
ing sorted the profi les into separate groups, each represent-
ing one of the major cytogenetic classes in AML [i.e., t(8;21), 
t(15;17), inv(16), 11q23] and a normal karyotype, as shown 
in Plate  2.11 . Statistical analysis identifi ed genes whose 
expression was strongly correlated with these chromosomal 
classes. Importantly in this study, the AMLs with a normal 
karyotype were characterized by distinctive upregulation of 
certain members of the class I homeobox A and B gene 
families, implying a common underlying genetic lesion. 
These data reveal novel diagnostic and therapeutic targets 
and demonstrate the potential of microarray - based dissec-
tion of AML. The cluster analysis presented here illustrates 
the potential of expression profi ling to distinguish the major 
subclasses. An important conclusion of expression profi ling 
studies is that the major cytogenetic events in AML have 
associated expression signatures. This could form the basis 
of customized DNA arrays designed to classify leukemia.  
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  Introduction 

 The generation of suffi cient numbers of blood cells to main-
tain homeostasis requires sustained production of mature 
cells. This process, called  hematopoiesis , yields approximately 
10 10  blood cells daily, with capability for dramatic increases 
in the number and subsets of cells in response to physio-
logical stress. Hematopoiesis is therefore a highly dynamic 
process dependent upon numerous modulating factors. Its 
prodigious production capability derives from the sustained 
presence of a cell type which is generally quiescent, but the 
descendants of which proliferate vigorously. This cell is the 
hematopoietic stem cell (HSC).  

  Stem  c ell  d efi nitions and  d istinctions 

 Stem cells derive their name from their ability to produce 
daughter cells of different types. Stem cells are defi ned by a 
combination of the traits of self - maintenance and the ability 
to produce multiple, varied offspring. Putting this in more 
biological terms, stem cells have the unique and defi ning 
characteristics of  self - renewal  and of  differentiation into mul-
tiple cell types . Thus, with each cell division there is an inher-
ent asymmetry in stem cells that is generally not found with 
other cell types. 

 While their name implies that stem cells have specifi c 
intrinsic characteristics, there are multiple different types of 
stem cells, each defi ned by their production ability.  Totipotent  
stem cells are capable of generating any type of cell in the 

body, including those of the extra - embryonic tissues, such 
as the placental tissues (Figure  3.1 ).  Pluripotent  stem cells 
may give rise to any type of cell found in the body except 
those of the extra - embryonic membranes. They can produce 
ectoderm, mesoderm or endoderm cells. Recently, it has also 
become possible to create pluripotent cell by  “ reprogram-
ming ”  mature cells. Pluripotent stem cells include embry-
onic stem cells, isolated from the inner cell mass of the 
blastocyst, embryonic germ cells, isolated from embryonic 
gonad precursors, and embryonic carcinoma cells, isolated 
from teratocarcinomas. Pluripotent stem cells may be main-
tained indefi nitely in culture under specialized conditions 
that prevent differentiation. In particular, embryonic stem 
cells have been used to generate  “ knockout ”  mice, animals 
harboring targeted gene disruptions via homologous recom-
bination that permit the  in vivo  study of individual gene 
function. Lastly,  multipotent  stem cells, such as the HSCs of 
the bone marrow, are capable of giving rise to multiple 
mature cell types, but only those of a particular tissue, such 
as blood. Multipotent stem cells are found in adults, perhaps 
in all tissue, and function to replace dead or damaged tissue. 
Such stem cells are commonly referred to as  “ adult ”  stem 
cells.    

  Hematopoietic  s tem  c ell  c oncepts 
and  t heir  o rigin 

  The  c ellular  c ompartment  m odel 

 The short - lived nature of most blood cells was fi rst deduced 
in the 1960s using thymidine labeling of reinfused blood. 
These studies demonstrated that the maintenance of normal 
numbers of blood cells in the adult requires a process with 
the capacity to briskly generate large numbers of mature cells 
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     Fig. 3.1      Sources and types of stem cells  
  Adapted with gratitude from the National Institutes of Health Stem Cell Information website.   

describes at least two groups of precursor cells. One group, 
arising from committed progenitors with little capacity for 
self - renewal, gives rise to colonies that peak in size by day 8, 
while a second, arising from a more primitive cell that is 
capable of self - renewal, yields colonies that peak in size at 
day 12. To further highlight the complexity of the hemat-
opoietic hierarchy, a rarer population of hematopoietic cells 
provides longer - term repopulation of an irradiated host 
than CFU - S. These long - term repopulating cells have the 
capacity for sustained self - renewal and were considered 
the true adult stem cells. The presence of stromal cells in 
the cultures is important for the long - term culture of CFU - S 
and repopulating cells. Cells capable of long - term survival 
in culture on stroma were termed  long - term culture - initiat-
ing cells  (LTC - ICs) and  cobblestone area - forming cells  
(CAFCs). These multipotential cell types were considered 
more primitive than lineage - committed progenitor cells but 
more mature than long - term repopulating cells. 

 Thus, a more complex version of the compartmental 
model has emerged. This provides a model with two popula-
tions of stem cells, the most immature group consisting of 
long - term repopulating cells and a more mature group of 
short - term repopulating cells. An intermediate group con-
sisting of preprogenitor cells (blast colony - forming cells) 
follows, leading to a larger population of lineage - committed 
progenitor cells. This large group of committed progenitors 
is stratifi ed on the basis of the number of progeny they are 
able to generate. The immediate progeny of progenitor cells, 
cluster - forming cells, have less proliferative capacity. 
Subsequent progenitors (CFCs) have the capacity to give rise 
to colonies of clonal origin in semisolid media containing 

along multiple blood lineages. The early history of HSC 
research was largely shaped by cellular biology and animal 
transplantation experiments. It was advanced by experi-
ments in the early 1960s demonstrating that injection of 
marrow cells could generate large hematopoietic colonies in 
the spleen of irradiated mice. Such colonies were the clonal 
progeny of single initiating cells, termed  colony - forming 
units, spleen  (CFU - S), and contained hematopoietic popula-
tions of multiple lineages. CFU - S were further transplanta-
ble, demonstrating the self - renewing nature of CFU - S. HSCs 
are a minor component of marrow cells, able both to gener-
ate large numbers of progeny differentiated along multiple 
lines and to renew themselves. 

 The fi eld was further advanced by the use of  in vitro  cell 
culture techniques; in particular, solid - state cultures of 
marrow and spleen cells furthered understanding of the 
colony - forming capacity of individual hematopoietic cells. 
The original technique demonstrated clonal colonies of 
granulocytes and/or macrophages, termed  in vitro colony -
 forming cells  (CFCs), which are now considered lineage -
 committed progenitor cells. These cells could be separated 
from whole marrow cells and from CFU - S, were more 
numerous than CFU - S, and could be detected in splenic 
colonies as the progeny of CFU - S. These observations gave 
rise to the concept of the  three - compartment model of hemat-
opoiesis , the compartments being stem cells, progenitor cells, 
and dividing mature cells in increasing numbers; each com-
partment consists of the amplifi ed progeny of cells in the 
preceding compartment. 

 Subsequent analyses have added further complexity to 
the compartment model of hematopoiesis. The term CFU - S 
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     Fig. 3.2      Schematic view of 
hematopoiesis  
 See text for defi nition of abbreviations. 
 Modifi ed from Figure  12.1  in  Hematology: 
Basic Principles and Practice , 3rd edn (ed. R. 
Hoffman), 2000, with permission from 
Elsevier.   

  Models of  l ineage  c ommitment 

 Several theories have emerged to describe the manner by 
which HSCs undergo lineage commitment and differentiate. 
Some studies support a  deterministic theory  whereby the 
stem cell compartment encompasses a series of closely 
related cells maturing in a stepwise process. Other studies 
suggest that hematopoiesis is a random,  stochastic  process. 
The stochastic theory is based on  in vitro  observations that 
multilineage colonies develop variable combinations of line-
ages and that such lineage choices occur independently of 
external infl uences. 

 Similar controversy exists regarding the role of cytokines 
in cell lineage determination. An  instructive  model suggests 
that cytokine signaling forces the commitment of primitive 
cells along a particular lineage. Ectopic expression of the 
granulocyte macrophage colony - stimulating factor (GM -
 CSF) receptor in a common lymphoid progenitor (CLP) 
population was capable of converting the cells from a lym-
phoid to a myeloid lineage. The infl uence of the GM - CSF 
receptor was suffi ciently dominant to change the entire 
differentiation program of cells, but only the CLP stage of 
development. A  permissive  model postulates that decisions 
about cell fate occur independently of extracellular signals. 
This model suggests that cytokines serve only to allow certain 
lineages to survive and proliferate. Evidence supporting this 
model is provided by the ectopic expression of growth recep-
tors in progenitor cells. Expression of the erythropoietin 
receptor in a macrophage progenitor results in macrophage 

fully mature cells, permitting their analysis. A more mature 
set of precursor cells constitutes the bulk of bone marrow 
cells and has unique, identifi able features by light micro-
scopy. Rapid division of precursor cells culminates in the 
production of mature cells. Although hematopoiesis pro-
ceeds according to this orderly scheme (Figure  3.2 ), special 
consideration must be given to the development of T and B 
lymphocytes. These cells are generated in the thymus and 
bone marrow, respectively, by a similar hierarchical process. 
Mature T and B lymphocytes enter peripheral lymphoid 
organs, where they encounter relevant antigens, leading to 
the production of new cells from reactivated mature cells. 
This process amplifi es the  de novo  bone marrow formation 
of T and B lymphocytes. In addition, some members of this 
type of cell, memory T or B lymphocytes, are capable of 
sustained self - renewal. Their inability to produce multiple 
different types of daughter cells distinguishes them from 
stem cells.   

 In summary, the compartment model has given rise to 
terms that are generally applied to cells of hematopoietic 
origin.  Stem cells  are those that are multipotent and self -
 renewing.  Progenitor cells  have limited ability to self - renew 
and are likely to be unipotential or of very limited multipo-
tential.  Precursor cells  are restricted to a single lineage, such 
as neutrophil precursors, and are the immediate precursors 
of the  mature cells  found in the blood. The mature cells are 
generally short - lived and preprogrammed to be highly 
responsive to cytokines, while the stem cells are long - lived, 
cytokine - resistant and generally quiescent.  



Stem cells 29

  Cell -  i ntrinsic  r egulators of  h ematopoiesis 

  Cell  c ycle  c ontrol 

 The quiescent nature of HSCs is supported by their low level 
of staining with DNA and RNA nucleic acid dyes, which is 
consistent with low metabolic activity. These studies have 
indicated a heterogeneity among stem cells with a subgroup 
that is deeply quiescent. Various studies have sought to 
determine the cell - intrinsic regulators of hematopoiesis 
involved in HSC cycle control. 

 Single - cell reverse transcriptase polymerase chain reac-
tion (RT - PCR) has been used to profi le pertinent transcrip-
tion factors and other molecules in HSCs induced to 
differentiate along various lineages by the application of 
cytokines. This technique has demonstrated the presence 
of elevated levels of cyclin - dependent kinase inhibitors 
(CDKIs), suggesting that CDKIs present in HSCs function 
to exert a dominant inhibitory tone on HSC cell cycling. The 
bone marrow of some mouse strains defi cient in CDKI 
p21 cip1/waf1  or p18 INK4a  have increased HSC cell cycling, sug-
gesting that these CDKIs function as a dominant negative 
regulators of HSC proliferation. Other CDKIs, such as p27 kip , 
may serve as negative regulators of hematopoietic progeni-
tor cells.  

  Self -  r enewal,  c ommitment, and  l ineage  d etermination 

 Experimental results involving transcription factors have 
demonstrated cell - intrinsic roles in both global and lineage -
 specifi c hematopoietic development. Loss - of - function 
studies involving the transcription factors c - Myb, AML1 
(CBF2), SCL (tal - 1), LMO2 (Rbtn2), GATA - 2 and TEL/
ETV6 have demonstrated global effects on all hematopoietic 
lineages. Stem cells in animals defi cient in these molecules 
fail to establish defi nitive hematopoiesis. To test the role of 
these genes in established hematopoiesis, a method of alter-
ing gene expression in the adult animal is required. A molec-
ular technique to address this involves generating conditional 
knockouts. In these systems, transgenic animals are gener-
ated by swapping the wild - type gene of interest with a gene 
fl anked at both ends with lox - p sites, target sites for Cre -
 recombinase. Such animals can then be mated with 
transgenic animals expressing the Cre - recombinase driven 
by different gene promotors. The Cre - recombinase can then 
be used to specifi cally excise the gene of interest in a global - , 
tissue -  or developmental - specifi c manner, depending on 
the promoter driving the expression of the  Cre  gene. This 
approach is technically somewhat limited by the absence of 
stem cell - specifi c promoters thus far. However, this approach 
has aided the identifi cation of critical roles for genes such as 
Notch - 1, which are required for T - cell lineage induction, as 

colony formation, whereas expression of the macrophage 
colony - stimulating factor (M - CSF) receptor in an erythroid 
progenitor results in erythroid rather than macrophage 
colony formation. Replacing the thrombopoietin receptor 
(c - mpl) with a chimeric receptor consisting of the extracel-
lular domain of c - mpl with the cytoplasmic domain of the 
granulocyte colony - stimulating factor (G - CSF) receptor 
results in normal platelet counts in homozygous  “ knock - in ”  
mice. Therefore, the instructive and permissive models may 
both be correct, but at different stages of hematopoietic 
differentiation. Cells at earlier points in the differentiation 
cascade may be more plastic and susceptible to fate - altering 
stimuli, while more committed cells may be irreversibly 
determined, with only proliferation, cell death or the rate of 
differentiation susceptible to infl uence by external signals.  

  Stem  c ell  p lasticity 
and  t ransdifferentiation 

  Plasticity  refers to the concept that HSC development is not 
limited to hematopoietic cells but may also include cells of 
other tissue types. Studies have suggested that bone marrow -
 derived cells may develop into other cell types such as neural 
cells. The possibility that HSCs have undergone  transdiffer-
entiation  serves as one explanation for these phenomena. 
However, it has been shown that hematopoietic cells may 
fuse with somatic cells and this is more likely. The possibility 
that cells may convert from one cell type to another by 
reprogramming has now been well shown. However, such 
events are observed after genetic manipulation and it is not 
clear that this occurs in the body.   

  Molecular  r egulation 
of  h ematopoiesis 

 The molecular nature of stem cell regulatory pathways has 
been determined using a variety of genetic approaches, 
including genetic loss - of - function and gain - of - function 
studies. These have provided several important concepts 
regarding the molecular control of hematopoiesis. First, 
some genes have binary functions and are either on or off in 
various biological states, while other genes function in a 
continuum and have different effects at different levels. 
Secondly, while perturbations in single genes may have dra-
matic cellular effects, cell cycle and lineage effects result from 
the combinatorial interplay of multiple genes and require 
coordinated expression of genes with both stimulatory and 
inhibitory functions. Finally, signal integration often 
depends on the assembly of large signaling complexes and 
the spatial proximity of molecules to facilitate interaction is 
therefore important. 
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at which specifi c transcription factors play a role are illus-
trated in Figure  3.3 .     

  Cell -  e xtrinsic  r egulators 

 Ultimately, hematopoietic stem and progenitor cell deci-
sions are regulated by the coordinated action of transcrip-
tion factors as modifi ed by extracellular signals. Extracellular 
signals in the form of hematopoietic growth factors are 
mediated via cell surface hematopoietic growth factor recep-
tors. Hematopoietic growth factors exert specifi c effects 
when acting alone and may have different effects when com-
bined with other cytokines. There are at least six receptor 
superfamilies, and most growth factors are members of 
the type I cytokine receptor family. The effects of various 
cytokines during myelopoiesis are illustrated in Figure  3.4 .   

  Type  I   c ytokine  r eceptors 

 Type I receptors do not possess intrinsic kinase activity but 
lead to phosphorylation of cellular substrates by serving as 
docking sites for adapter molecules with kinase activity. 
Examples of receptors in this family include leukemia inhibi-
tory factor (LIF), interleukin (IL) - 1, IL - 2, IL - 3, IL - 4, IL - 5, 
IL - 6, IL - 7, IL - 9, IL - 13, IL - 18, GM - CSF, G - CSF, erythropoi-
etin, prolactin, growth hormone, ciliary neurotrophic factor 
and c - mpl. These receptors share several features, including 
enhanced binding and/or signal transduction when expressed 
as heterodimers or homodimers, four cysteine residues and 
fi bronectin type III domains in the extracellular domain, 
WSXWS ligand - binding sequence in the extracellular 
cytokine receptor domains, and lack of a known catalytic 
domain in the cytoplasmic portion. Another shared feature 
of receptors in this family is the ability to transduce signals 
that prevent programmed cell death (apoptosis). 

 Several exceptions to this family with intrinsic kinase 
activity are the hematopoietic growth factor receptors plate-
let - derived growth factor receptor (PDGFR), fl t - 3 receptor 
and c - fms, which are the ligands for steel factor (SF), Flt -
 ligand (FL) and M - CSF, respectively (Table  3.1 ).    

  Type  II   c ytokine  r eceptors 

 This class includes the receptors for tissue factor, IL - 10 and 
interferon (IFN) -  γ . This family contains a type III fi bronec-
tin domain in the extracellular domain, like the type I family.  

  Protein  s erine –  t hreonine  k inase  r eceptors 

 This family includes the 30 members of the transforming 
growth factor (TGF) -  β  superfamily, which bind to their 

Notch - 1 - defi cient mice die during embryogenesis because of 
a requirement for the protein in other tissues. An interferon -
 inducible promoter (Mx - Cre) can also be used to turn on 
Cre - recombinase at specifi c times by injecting animals with 
nucleotides, a means of inducing endogenous interferon. 
This approach has been useful in defi ning a very different 
role for SCL in maintaining hematopoiesis in the adult than 
in establishing it in the developing fetus. This gene product 
is absolutely required for establishing HSCs. Unexpectedly, 
there is not a requirement for SCL once the stem cell pool 
is present in the adult. Rather, SCL is required only for 
erythroid and megakaryocytic homeostasis. Therefore, tran-
scription factor regulation of the stem cell compartment is 
highly dependent on the stage of development of the organ-
ism. Lineage - specifi c effects of transcription factors may also 
be stage - dependent. 

 Loss - of - function studies have also proved useful in iden-
tifying lineage - specifi c transcription factors. Mice genetically 
defi cient in the transcription factor Ikaros lack T and B 
lymphocytes and natural killer cells, but maintain erythro-
poiesis and myelopoiesis. Mice lacking the ets - family tran-
scription factor PU.1 demonstrate embryonic lethality. 
However, mutant embryos produce normal numbers of 
megakaryocytes and erythroid progenitors but have impaired 
erythroblast maturation and defective generation of pro-
genitors for B and T lymphocytes, monocytes and granulo-
cytes. While the outcome of such genetic lesions can be 
assessed, it remains unclear whether such lesions result in 
failure to establish a commitment program or the execution 
of an established program. 

 Gain - of - function studies have been used similarly to 
assess the roles of various global and lineage - specifi c tran-
scription factors. Enforced expression of the  HoxB4  home-
obox gene in HSCs confers heightened capacity for  in vivo  
stem cell function. Similarly, ectopic expression of  HoxB4  in 
embryonic stem cells combined with  in vitro  culture on 
stroma induces a switch to the defi nitive hematopoiesis phe-
notype that is transplantable into adult recipients. Mice defi -
cient in the Pax - 5 transcription factor suffer from severe 
impairment of the B - lymphoid lineage. This phenotype may 
be rescued by reintroduction of wild - type Pax - 5. 

 In alternative model systems, lineage reprogramming may 
be achieved by ectopic expression of transcription factors. 
Introduction of the erythrocytic lineage transcription factor 
GATA - 1 reprograms avian myeloblast cells down eosi-
nophilic and thromboblastic lineages. Introduction of the 
dominant negative retinoic acid receptor - alpha (RAR α ) into 
murine stem cells permits the establishment of permanent 
cell lines that grow in response to stem cell factor (SCF) and 
maintain the ability to differentiate along myeloid, erythroid 
and B - lineage lines. The points in the hematopoietic cascade 
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     Fig. 3.3      Transcription factors active at various stages of hematopoiesis  
 CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte monocyte progenitor; MEP, megakaryocyte 
erythrocyte progenitor; NK, natural killer.  Redrawn from Akashi K, Traver D, Miyamoto T, Weissman IL. (2000) A clonogenic common myeloid 
progenitor that gives rise to all myeloid lineages.  Nature , 404, 193 – 197, with permission .  

The TGF -  β  receptor family and its downstream mediators 
act as braking factors for a number of cell types and are 
frequently inactivated by somatic mutation in a number of 
cancers.  

  Chemokine  r eceptors 

 This family comprises seven transmembrane - spanning 
G - protein - coupled receptors that infl uence both cell cycle 
and cellular movement, or chemotaxis. These receptors are 
divided into three families,  α  or CXC,  β  or CC, and  γ  or C, 
on the basis of variability in cysteine residues. The best char-
acterized is CXCR4, which mediates homing and engraft-
ment of HSCs in bone marrow and is critical to hematopoietic 
development. IL - 8 and macrophage infl ammatory protein 
(MIP) - 1 α  act as inhibitors of progenitor cell proliferation. 

receptors as homodimers. Members of this family include 
the three TGF -  β  receptors: type I (TbRI, 53   kDa), type II 
(TbRII, 75   kDa) and type III (TbRIII, 200   kDa). Members of 
this family have a profound inhibitory effect on the growth 
and differentiation of hematopoietic cells and on auxiliary 
hematopoietic cells. Binding of TFG -  β  requires TbRII. After 
binding, signal transduction occurs via activation of serine –
 threonine kinase cytoplasmic domains of the receptor 
chains, which results in the phosphorylation of Smad mol-
ecules on serines. Phosphorylated Smad complexes translo-
cate to the nucleus, where they induce or repress gene 
transcription. TGF -  β  is the best - characterized negative regu-
lator of hematopoiesis. It inhibits mitosis by inducing cell 
cycle inhibitors such as p21 cip1/waf1 , p27 kip1  and p16 INK4a , inhi-
biting the cyclin - dependent kinases Cdk4 and Cdk6, and 
inducing phosphorylation of the retinoblastoma protein. 
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     Fig. 3.4      Cytokines active at various stages of hematopoiesis  
 See text for defi nition of abbreviations.  Modifi ed from Figure  16.3  in  Hematology: Basic Principles and Practice , 3rd edn (ed. R. Hoffman), 
2000, with permission from Elsevier.   

NF -  κ B activation. Members of this family include TNFR1, 
TNFR2, fas, CD40, nerve growth factor (NGF) receptor, 
CD27, CD30 and OX40, each with at least one distinct bio-
logical effect.   

  Components of the  h ematopoietic 
 m icroenvironmental  n iche 

 While soluble factors infl uence stem cell fate, these factors 
are seen by the cell in the context of the cell – cell contact 
among heterologous cell types and cell – matrix contact that 
comprise the three - dimensional setting of the bone marrow. 

Members of this receptor family have also been implicated 
in cancer metastasis and the entry of HIV - 1 into cells.  

  Tumor  n ecrosis  f actor  r eceptor  f amily 

 Members of the tumor necrosis factor receptor (TNFR) 
family have varied effects, some having the ability to 
induce programmed cell death and others stimulating 
mesenchymal cells to secrete hematopoietic growth factors. 
These receptors contain Cys - rich extracellular domains and 
80 - amino acid cytoplasmic  “ death domains, ”  which are 
required for transducing the apoptotic signal and inducing 
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  Table 3.1  Factors affecting hematopoietic control. 

   Growth factor  

   Growth 
factor 
receptor     Produced by     Bioactivity     Defi cient states  

   Erythropoiesis   
  EPO (erythropoietin)    EPO - R    Adult kidney 

 Liver during 
development  

  Stimulates clonal growth of CFU - E and BFU - E subsets 
 Suppresses erythroid progenitor cell apoptosis 
 Induces bone marrow release of reticulocytes 
 Induces erythroid globin synthesis  

  Anemia  

  SF (steel factor), kit 
ligand, mast cell 
growth factor  

  c - kit 
(CD117)  

  Fibroblasts 
 Endothelial cells 
 Bone marrow stroma  

  Promotes proliferation and differentiation of pre - CFC 
cells 

 Acts synergistically with IL - 3, GM - CSF and TPO to 
support growth of CFU - GEMM, BFU - E, and 
CFU - Mk 

 Expansion of committed progenitor cells  in vivo  
 Stimulates mast cell hyperplasia, degranulation, and 

IgE - dependent mediator release  

  Anemia 
 Mast cell defi ciency  

  IGF - 1 (insulin - like 
growth factor, 
somatomedin C)  

  IGF - 1R    Liver    Induces DNA synthesis and has anti - apoptotic effects 
in erythroid progenitors 

 Simulates erythroid colony growth in the absence of 
EPO at high doses  

  Growth retardation, 
neurological defects, 
homozygous 
defi ciency lethal  

   Granulopoiesis   
  G - CSF (granulocyte 

colony - stimulating 
factor)  

  G - CSFR    Monocytes, 
macrophages, 
endothelial cells, 
fi broblasts  

  Stimulates growth of progenitors committed to 
neutrophil differentiation 

 Activates neutrophil phagocytosis 
 Stimulates quiescent HPCs to enter G 1 /S 
 Stimulates mobilization of HSCs and HPCs from bone 

marrow to periphery  

  Neutropenia, failure to 
develop neutrophilic 
leukocytosis in 
response to 
infection  

  GM - CSF 
(granulocyte 
macrophage 
colony - stimulating 
factor)  

  GM - CSFR    Mast cells, T 
lymphocytes, 
endothelial cells, 
fi broblasts, thymic 
epithelial cells  

  Stimulates multilineage hematopoietic progenitor cells 
 Stimulates BFU - E and granulocyte, macrophage, and 

eosinophil colony growth  

  Susceptibility to 
infections caused by 
obligate intracellular 
organisms  

  M - CSF (macrophage 
colony - stimulating 
factor)  

  c - fms    Monocytes, 
macrophages, 
fi broblasts, epithelial 
cells, vascular 
endothelium, 
osteoblasts  

  Induces monocyte/macrophage growth and 
differentiation and activation  

  Macrophage and 
osteoclast 
defi ciency, 
hematopoietic 
failure  

  Thrombopoietin    c - mpl    Bone marrow stroma, 
spleen, renal tubule, 
liver, muscle, brain  

  Stimulates  in vitro  growth of CFU - Mk, 
megakaryocytes and platelets 

 Stimulates clonal growth of individual 
CD34 + CD38  −   cells 

 Synergizes with SF, IL - 3 and FL 
 Primes response to platelet activators ADP, 

epinephrine and thrombin but no effect on 
aggregation  

  Thrombocytopenia  

  IL - 5    IL - 5R    T lymphocytes    Stimulates eosinophil production and activation 
 Activates cytotoxic T cells 
 Induces immunoglobulin secretion  

  Inability to mount 
eosinophilic 
response  

  IL - 11    IL - 11R    Fibroblasts, bone 
marrow stroma  

  Acts synergistically with IL - 3 or SF to stimulate the 
clonal growth of erythroid (BFU - E and CFU - E) and 
primitive megakaryocytic (BFU - Mk) progenitors 

 Shortens duration of G 0  of HPCs 
 Quickens hematopoietic recovery after chemotherapy 

and radiation  

  No hematological 
defect  
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   Growth factor  

   Growth 
factor 
receptor     Produced by     Bioactivity     Defi cient states  

   Lymphopoiesis   
  IL - 7    IL - 7R    Bone marrow stroma, 

spleen, thymus  
  Induces clonal growth of pre - B cells 
 Induces growth of pre - T cells  

  B -  and T - cell 
lymphopenia  

  IL - 2    IL - 2R    T lymphocytes    Induces proliferation and activation of T cells, B cells 
and NK cells  

  Fatal 
immunoproliferative 
disorder, loss of 
self - tolerance  

  IL - 15    IL - 15R    Monocytes, 
macrophages, 
epithelial cells, 
skeletal muscle cells, 
bone marrow and 
thymic stroma  

  Induces proliferation and activation of T cells, B cells 
and NK cells  

    

  IL - 4    IL - 4R    T lymphocytes    Induces proliferation of activated B cells 
 Inhibits IL - 2 - stimulated proliferation of B cells 
 Induces T - cell proliferation  

  Defective T helper cell 
responses  

  IL - 10            Inhibits monocyte/macrophage - dependent synthesis of 
Th1 -  and Th2 - derived cytokines  

    

   Early - acting factors   
  IL - 3    IL - 3R    T lymphocytes, mast 

cells  
  Stimulates multilineage colony growth and growth of 

primitive cell lines with multilineage potential 
 Stimulates BFU - E proliferation  

  No hematopoietic 
defect in steady 
state, defi cient 
delayed - type 
hypersensitivity  

  FLT3 - ligand (FL)    FLT - 3R, 
fl k2  

  Most tissues, including 
spleen, lung, 
stromal cells, 
peripheral blood 
mononuclear cells  

  Weak colony - stimulating activity alone but synergizes 
with IL - 3, GM - CSF, SF, IL - 11, IL - 6, G - CSF, IL - 7, and 
others 

 Augments retroviral transduction of HSCs when 
added to cytokine cocktails 

 Mobilizes HSCs to periphery weakly alone but adds 
greatly to G - CSF  

  Reduction in pro - B 
cells, pre - B cells, 
B - cell colony -
 forming potential, 
reduced 
repopulating 
capacity of stem 
cells  

  IL - 9 (T - cell growth 
factor)  

  IL - 9R    T lymphocytes    Stimulates growth of BFU - E when combined with EPO 
 Stimulates clonal growth of fetal CFU - Mix and 

CFU - GM  

    

  IL - 6    IL - 6R    Macrophages, 
endothelial cells, 
fi broblasts, T 
lymphocytes  

  Synergistic with IL - 3 for CFU - GEMM colony growth 
 Synergistic with IL - 4 in inducing T - cell proliferation 

and colony growth 
 Synergistic with M - CSF in macrophage colony growth 
 Synergistic with GM - CSF in granulocyte colony 

growth 
 Co - induces differentiation of B cells  

  Reduced HSC and 
progenitor cell 
survival, reduced 
T - cell numbers, 
reduced 
proliferation and 
maturation of 
erythroid and 
myeloid cells  

   BFU - E, burst - forming unit, erythroid; CFU - mix, colony - forming unit, mix; CFU - Mk, colony - forming unit, megakaryocyte; CFU - GM, colony -
 forming unit, granulocyte/macrophage; CFU - GEMM, colony - forming unit, granulocyte, erythroid, monocyte, megakaryocyte.   

Table 3.1 Continued
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What actually constitutes the critical microenvironment for 
hematopoiesis is surprisingly poorly defi ned. The ability of 
primitive cells to mature  in vitro  in complex stromal cultures 
suggests that at least some elements of the regulatory milieu 
of the bone marrow can be recapitulated  ex vivo . Studies 
based solely on  ex vivo  systems are suspect, however, as no 
fully satisfactory re - creation of stem cell expansion or self -
 renewal has been defi ned. Recognizing this limitation, it has 
been determined that mesodermal cells of multiple types are 
needed to enable hematopoietic support. These include adi-
pocytes, fi broblastic cells and endothelium. Recently,  in vivo  
studies have indicated that osteoblast lineage cells may 
perform a key regulatory role in stem cell self - renewal, and 
the activation of such cells can affect the number of stem 
cells. For example, expression of angiopoietin - 1 by osteob-
lastic cells has been shown to modulate cell cycling.   

  Traffi cking of  p rimitive 
 h ematopoietic  c ells 

 The migratory behavior characteristic of primitive hemat-
opoietic cells is an area of intense research because of its 
relationship to bone marrow transplantation. Traffi cking of 
HSCs can be divided into the components of homing, reten-
tion and engraftment.  Homing  describes the tendency of 
cells to arrive at a particular environment, while  retention  is 
their ability to remain in such an environment after arrival. 
Lastly,  engraftment  refl ects the ability of cells to divide and 
form functional progeny in a given microenvironment. 
Much has been learned about traffi cking from the ontogeny 
of mouse and human HSCs. 

  Hematopoietic  o ntogeny 

 In both humans and mice, hematopoiesis occurs sequen-
tially in distinct anatomical locations during development. 
These shifts in location are accompanied by changes in the 
functional status of the stem cells and refl ect the changing 
needs of the developing organism. These are relevant for 
adult hematopoiesis since they offer insight into how the 
blood production process can be located in different places 
with distinct regulation. 

 There are essentially fi ve sites of blood cell formation rec-
ognized in mammalian development, and these are best 
defi ned in the mouse. At about embryonic day 7.5 (E7.5), 
blood and endothelial progenitors emerge in the extra -
 embryonic yolk sac blood islands. The yolk sac supports the 
generation of primitive hematopoietic cells, which are pri-
marily composed of nucleated erythrocytes. More sustained 
or defi nitive hematopoiesis may derive from the yolk sac, 
but this remains controversial. However, the aorta – gonad –

 mesonephros (AGM) region has been clearly identifi ed as 
the fi rst site of defi nitive hematopoiesis in both the mouse 
(E8.5) and the human. It is not clear if the yolk sac seeds the 
AGM region or if the hematopoietic cells arise there  de novo . 
The placenta also appears to be a site of  de novo  HSC genera-
tion. By E10 in the mouse the fetal liver assumes the primary 
role of cell production. By E14 in the mouse and the second 
trimester of human gestation, the bone marrow becomes 
populated with HSCs and it takes over blood cell produc-
tion, along with the spleen and thymus. The spleen remains 
a more active hematopoietic organ in the mouse than in the 
human. 

 The transition in the location of hematopoiesis is roughly 
associated with changes in HSC function. Primitive hemat-
opoiesis and defi nitive hematopoiesis in the AGM region is 
dominated by the production of red blood cells and stem 
cells. As the organism and its vascular supply become more, 
platelet increases and, by late gestation, a full spectrum of 
innate and adaptive immune system cells are part of the 
production repertoire. Stem cell proliferation decreases and 
eventually reaches a state of relative quiescence shortly after 
gestation.  

  Homing and  e ngraftment of  HSC  s  
 f ollowing  i nfusion 

 Despite the use of HSC transplantation for over three 
decades, the exact mechanisms whereby bone marrow cells 
home to the bone marrow are not fully understood. Other 
than lectins, no adhesion receptors have been identifi ed 
that are exclusively present on HSCs. Furthermore, no 
adhesion ligands, other than hemonectin, have been identi-
fi ed that are exclusively present in the bone marrow 
microenvironment. 

 When fi rst infused, HSCs lodge in the microvasculature 
of the lung and liver; they then colonize the bone marrow, 
fi rst passing through marrow sinusoids, migrating through 
the extracellular space of the bone marrow, and ultimately 
settle in the stem cell niches. Passage through endothelial 
barriers at fi rst requires tethering, through endothelium -
 expressed addressins that bind hematopoietic cell selectins, 
and this is followed by fi rm attachment mediated by integrins. 

 Selectins are receptors expressed on hematopoietic cells 
(L -  and P - selectins) and endothelium (E -  and P - selectins). 
They have long extracellular domains containing an amino -
 terminal Ca 2+  - binding domain, an epidermal growth factor 
domain, and a series of consensus repeats similar to those 
present in complement regulatory molecules. Ligands for 
selectins are sialylated fucosylglucoconjugates present on 
endothelium, termed  addressins . L - selectin is present on 
CD34 +  hematopoietic progenitors while L - selectin and 
P - selectin are present on more mature myeloid and lym-
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for the colonization of hematopoietic organs. Pre - incubation 
of HSCs with  α 4 integrin antibodies prior to transplantation 
results in decreased bone marrow and increased peripheral 
recovery of cells, while the continued presence of  α 4 anti-
bodies prevents engraftment. Evidence for selectin involve-
ment has been demonstrated in animals defi cient for single 
selectins or combinations of selectins. Endothelial P - selectin 
mediates leukocyte rolling in the absence of infl ammation, 
while L - , P -  and E - selectins contribute to leukocyte rolling 
in the setting of infl ammation. L - selectin is important in 
lymphocyte homing. Transplantation studies performed in 
animals defi cient in P -  and E - selectins demonstrate severely 
decreased engraftment due to impaired homing, an effect 
that is further compromised by blocking vascular cell adhe-
sion molecule (VCAM) - 1. 

 Mature hematopoietic cells are thought to migrate from 
the marrow to the blood by similar mechanisms, though 
these are not well defi ned. One purported mechanism is a 
shift in expression from molecules thought to interact with 
stromal proteins to those that interact with endothelium. 
For example, myeloid progenitors express functional  α 4 β 1 
and  α 5 β 1 integrins that act to ensure that these progenitors 
are retained in the bone marrow through interactions with 
VCAM and fi bronectin. Mature neutrophils, in contrast, 
express  β 2 integrins that permit interaction with ligands, 
such as intercellular adhesion molecule, expressed by 
endothelial cells. Mature neutrophils also express  β 1 
integrins that permit interaction with collagen and laminin 
present in basal membranes, perhaps regulating a progres-
sive shift in cell affi nities for specifi c microenvironmental 
determinants that ultimately results in cell egress into the 
blood. Mobilization of murine HSCs induced by cyclophos-
phamide or G - CSF is accompanied by changes in integrin 
expression levels and functional changes in homing, thus 
linking cellular localization with adhesion molecule receptor 
expression.   

  Manipulating  h ematopoietic  s tem 
 c ells for  c linical  u se 

  Mobilization of  HSC  s  

 Mobilization of HSCs in response to chemotherapy or 
cytokines was fi rst documented in the 1970s and 1980s. This 
process may be induced by a variety of molecules, including 
cytokines such as G - CSF, GM - CSF, IL - 7, IL - 3, IL - 12, SCF 
and fl t - 3 ligand; and chemokines such as IL - 8, MIP - 1 α , 
Gro -  β  and SDF - 1. The one that is most often used clinically 
is G - CSF, which may be combined with chemotherapeutic 
agents for added benefi t. This mobilizing capability has 
resulted in a dramatic change in the manner by which HSCs 

phoid cells. Tethering by selectins allows integrin - mediated 
adhesion to the endothelium. Integrins, a family of glyco-
proteins composed of  α  and  β  chains responsible for cell –
 extracellular matrix and cell – cell adhesion, provide not only 
fi rm attachment but also allow migration of hematopoietic 
cells through the endothelium and bone marrow extracel-
lular space. The functional state of integrins is only loosely 
tied to their expression level and depends on ligand affi nity 
modulation regulated by the  β  subunit in response to 
cytokines and other stimuli. 

 The process of migration depends on the establishment of 
adhesion at the leading edge of the cell and simultaneous 
release at the trailing edge. The rate of migration depends 
on dynamic changes in the strength of the cell – ligand inter-
actions, which is dictated by the number of receptors and 
their affi nity state and the strength of the adhesion receptor –
 cytoskeleton interactions. Cell – ligand interaction strength 
may also be modulated by cytokines. Thus, successful 
engraftment relies not only on the presence of several differ-
ent adhesion receptors but also on their functional state and 
ability to facilitate both migration and adhesion.  

  Egress of  HSC  s  from  b one  m arrow under 
 p hysiological  c onditions 

 The majority of primitive HSCs are resident within the bone 
marrow space under steady - state physiological conditions. 
However, a population of CD34 +  cells capable of forming 
CFCs and LTC - ICs and capable of long - term repopulation 
may be found circulating in the peripheral blood and these 
may increase after physiological stressors such as exercise, 
stress and infection. Recent studies have suggested that a 
relatively large number of bone marrow - derived stem cells 
circulates during the course of a day and that these cells 
periodically transit back into an engraftable niche to estab-
lish hematopoiesis. Defi ning the processes involved is 
important in guiding new approaches to peripheral blood 
stem cell mobilization for transplantation. 

 Examining mice in which specifi c adhesion molecules 
have been deleted has revealed several key molecular deter-
minants of stem cell localization in the bone marrow. Among 
these, the chemokine receptor CXCR4 has perhaps the most 
striking phenotype. In the absence of this receptor, stem cells 
fail to traffi c from the fetal liver to the bone marrow. Partly 
because of these studies, others have defi ned that CXCR4 is 
relevant for the engraftment of transplanted stem cells and 
that the modulation of CXCR4 signaling can affect adult 
stem cell localization in the bone marrow versus peripheral 
blood. As described, the integrin and selectin families are 
also important molecular participants in stem cell location. 
For example, HSCs from animals that are heterozygous -
 defi cient for  β 1 integrin cannot compete with wild - type cells 
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  Markers of  p rimitive  HSC  s      A variety of strategies have been 
used to identify potential HSC markers. CFU - S in rat bone 
marrow, fetal liver and neonatal spleen express Thy - 1 antigen 
at high levels, and this was the fi rst important HSC marker 
discovered. Pluripotent stem cells could be enriched from 
the bone marrow 150 - fold on the basis of combination of 
size and Thy - 1 expression. Negative selection of cells using 
soybean agglutination resulted in enrichment in the colony -
 forming unit culture assay (CFU - C). In addition, a fl uores-
cence - activated cell sorter (FACS) - based negative selection 
strategy that involves labeling hematopoietic cells with a 
cocktail of antibodies directed against mature hematopoietic 
cell antigens has been developed. These lineage - directed 
antibodies include B220 (directed against mature B lym-
phocytes), CD8 (directed against T cells), Mac - 1 (directed 
against macrophages), and Gr - 1 (directed against granulo-
cytes). When this negative selection protocol (Lin neg ) was 
combined with a positive selection protocol to enrich for 
cells that expressed low levels of Thy - 1 (Thy - 1 low ), 200 - fold 
enrichment of day - 10 CFU - S could be achieved. 

 Using a magnetic bead selection strategy to enrich for 
Thy - 1 - expressing cells followed by a FACS - based strategy to 
deplete cells expressing lineage markers, murine cells were 
isolated that were found to express a newly defi ned stem cell 
antigen, Sca - 1. These Lin neg Thy - 1 low Sca - 1 pos  cells represented 
1 in 1000 bone marrow cells and had heightened stem cell 
activity compared with whole bone marrow in the CFU - S 
assay. This highly selected cell population produced day - 13 
CFU - S at 1 colony per 10 cells and day - 8 CFU - S at 1 per 100 
cells. Also, these cells were 1000 – 2000 - fold enriched in their 
ability to rescue irradiated animals and could give rise to all 
blood cell lineages. Self - renewal capability was demonstrated 
by the ability of these cells to rescue lethally irradiated 
animals upon secondary transplantation. Interestingly, the 
Sca - 1 neg  population had similar CFU - S activity but could not 
produce T cells or confer radioprotection. 

 More recently, the receptor for SCF, c - kit, was demon-
strated to be present on HSCs. Populations expressing this 
phenotype (c - kit pos Thy - 1.1 low Lin neg Sca - 1 pos ), also known as 
KTLS, are 2000 - fold enriched in HSC activity compared 
with unfractionated bone marrow. Thus, KTLS has come to 
be regarded by many as a profi le that represents, but is not 
specifi c for, HSCs in the mouse. The presence of CD10 and 
absence of CD48 on KLS cells has also been shown to greatly 
enrich for HSCs. Equivalent markers are not as well defi ned 
in the human, though it is apparent that cells expressing kit 
ligand without lineage markers (including the CD38 antigen) 
are enriched in stem cells. The antigen CD34 has long been 
regarded as a marker for a stem cell population, but it is now 
clear that the vast majority of CD34 +  cells are progenitors, 
and stem cells may or may not express CD34. CD133 is a 
marker more recently shown to be expressed on primitive 

are harvested for transplantation. Up to 25% of candidates 
for autologous transplantation are unable to mobilize suf-
fi cient cells to enable the procedure to be safely performed. 
The study of mobilization and its counterpart, engraftment, 
has implications of great signifi cance for patient care. 
The ability of G - CSF to mobilize bone marrow HSCs 
has several apparent mechanisms. The fi rst is reported to be 
the activation of neutrophils, causing the release of neu-
trophil elastases capable of cleaving CXCR4 on HSCs, thus 
reducing HSC – bone marrow interaction. Other receptors 
that undergo cleavage are VCAM - 1 and c - kit. A second 
mechanism of G - CSF - induced mobilization is via CD26, an 
extracellular dipeptidase present on primitive HSCs that is 
able to cleave SDF - 1 to an inactive form. Other proposed 
options for improving mobilization include coadministra-
tion of G - CSF and kit ligand, antibodies directed against 
VLA - 4, and infusion of IL - 8. The inhibition of the CXCR4 
receptor by a small molecule has been shown to effectively 
mobilize HSCs into the blood of patients, including those 
with poor G - CSF - induced mobilization. This compound 
may be added to the available drugs for clinical HSC 
harvesting.  

  Isolating  s tem  c ells for  m anipulation 

  Characteristics of  HSC  s   u sed for  i solation 

  Physical     Early attempts to isolate HSCs were based on cell 
size and density. In order to clarify whether the heterogene-
ity of CFU - S was due to differences in the input cells used, 
velocity sedimentation was performed to separate cells by 
size, demonstrating that smaller cells were more likely to 
produce secondary CFU - S than larger cells. HSCs are similar 
in size to mature lymphocytes and, when fl ow cytometry is 
performed, overlap the lymphocyte region on plots of 
forward and side scatter.  

  Using  c ell -  c ycle -  a ctive  d rugs     Because HSCs are largely in a 
quiescent portion of the cell cycle (G 0  or G 1 ), investigators 
have used cell - cycle - active drugs to deplete bone marrow 
populations of cycling cells and thereby enrich for primitive 
HSCs. Treatment of mice with nitrogen mustard resulted in 
a 30 - fold enrichment in CFU - S. HSCs may be isolated by 
 in vitro  treatment with 5 - fl uorouracil, and this remains the 
most commonly used agent. In addition, HSC populations 
may be further enriched by fi rst stimulating cells to enter the 
cell cycle with the early - acting cytokines c - kit ligand and 
IL - 3 before forcing them to metabolic death. This strategy is 
useful for human cells but not murine cells, probably because 
of different cycling characteristics. It should be noted that 
these techniques might result in a decrease in the quality of 
HSCs obtained.  
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lyzed using techniques of molecular and cellular biology. 
Sorting is both expensive and labor - intensive as it requires 
costly machines, a high degree of expertise, and time to sort 
samples consisting of single - cell suspensions. Many FACS 
machines are now available with high - speed sorting. This 
was once a technique available to only a few laboratories, but 
many centers are developing  “ core ”  laboratories to provide 
cell analysis and sorting services for investigators. FACS may 
be used to isolate HSCs using both positive and negative 
selection strategies with fl uorescence - labeled antibodies 
directed against primitive hematopoietic cell antigens, as 
described above.  

  Magnetic  b ead  c olumns     Large - volume isolation of HSC 
subsets has been facilitated by the use of magnetic bead 
columns. Using this system, cells are incubated with anti-
bodies directed against primitive hematopoietic cells. These 
antibodies are typically coupled to a hapten. A second - step 
incubation is then performed using a magnetic microbead 
conjugated to a hapten that is able to bind the fi rst - step 
hapten. The effect is to label HSCs with a magnetic bead. 
Cells are then passed through a column mounted adjacent 
to a magnet. Labeled cells are retained within the column 
and unbound cells can be washed through. Then, the column 
is removed from the magnet and the desired cells may be 
eluted. 

 Alternatively, negative selection may be performed by 
capturing only the cells that pass through the column. For 
example, a sample may be depleted of mature cells by labe-
ling with antibodies directed against mature blood cell 
antigens (Lin pos ). Cells can then be passed over a column in 
which the mature cells adhere and immature cells pass 
through and may be isolated. 

 Systems of these types permit rapid isolation of large 
numbers of primitive cells of relatively high purity.    

   Ex  v ivo   e xpansion 

 Given the possible clinical applications of HSCs for such uses 
as bone marrow transplantation, there is increasing interest 
in strategies that both result in an increase in the quantity of 
HSCs and the ability to manipulate HSCs  ex vivo . Thus,  ex 
vivo  expansion of HSCs represents a highly prioritized goal 
of clinically oriented HSC research. 

 The fi rst benefi t of expanding HSCs is to provide suffi -
cient cells for transplantation when insuffi cient numbers 
exist. For example, cord blood represents a rich source of 
primitive CD34 +  cells that are less immunocompetent and 
are therefore transplantable across partial HLA disparity 
barriers. However, the absolute quantity of HSCs within a 
single cord blood is low and transplantation is followed by 
periods of aplasia.  Ex vivo  expansion would thereby facilitate 

human hematopoietic cells. A summary of proposed HSC 
markers for the mouse and human is presented in Table  3.2 .    

  Supravital  s tains     Since HSCs are inherently quiescent, spend 
most of their time in inactive portions of the cell cycle and 
are resistant to toxins, exclusion of dyes has been used as a 
method of isolation. The DNA dye Hoechst 33342 was fi rst 
used to separate quiescent cells from the bone marrow. Cells 
with low - intensity staining were enriched for high prolifera-
tive potential (HPP) - CFC and day - 12 CFU - S. The red and 
blue emissions from this dye have been recently used to 
defi ne a small subset of bone marrow cells known as the side 
population (SP). SP cells have extremely low fl uorescence 
emission in these channels, resulting from effl ux of Hoechst 
33342 by multidrug resistance pumps that are highly 
expressed on HSCs. SP cells constitute approximately 0.1% 
of the bone marrow and are highly enriched in reconstitu-
tion potential. 

 The mitochondrial dye rhodamine - 123 (Rh - 123) has also 
been used to subdivide primitive stem cells. Mitochondria 
in quiescent cells bind low levels of Rh - 123 and FACS can 
be used to separate Rh - 123 low  cells. These cells were enriched 
for day - 13 CFU - S and multilineage reconstituting 
potential. 

 The combination of supravital stains with fl uorescent 
antibodies against cell surface markers provides the ability 
to enrich for highly primitive HSCs such that fewer than 10 
cells are required to reconstitute hematopoiesis.   

  Methods of  i solation of  HSC  s  

   FACS      While the fl ow cytometer may be used for analysis of 
cells, the apparatus may also physically sort cells of desired 
fl uorescence or fl uorescence pattern, size and granularity 
characteristics. Using a magnetic fi eld, these cells may be 
diverted to a collection tube during analysis and later ana-

  Table 3.2  Proposed surface markers of primitive hematopoietic 
stem cells. 

   Mouse     Human  

  CD34 low/ −      CD34 +   
  Sca - 1 +     CD59 +   
  Thy1 +/low     Thy1 +   
  CD38 +     CD38 low/ −    
  C - kit +     C - kit  − /low   
  lin  −      lin  −    
  CD150 +       
  CD48  −        
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ing multiple lineages. Another type of primitive cell, known 
as the HPP - CFC, which possesses a high degree of prolifera-
tive and multilineage potential, may be detected in this 
culture system. Formation of HPP - CFC colonies, character-
ized by size greater than 0.5   mm and multilineage composi-
tion, requires the use of multiple cytokines in order to 
proliferate. 

 The LTC - IC assay correlates more closely to HSCs. Here, 
hematopoietic cells are plated on top of stromal cell lines or 
irradiated primary bone marrow stroma. Primitive HSCs are 
able to initiate growth and to generate progeny  in vitro  for 
up to 12 weeks. Progenitor cells and mature myeloid cells 
are removed weekly to prevent overgrowth. Ultimately, 
HSCs, characterized by high proliferative and self - renewal 
capabilities, are able to sustain long - term culture and may 
be enumerated at the conclusion of the assay. 

 The CAFC assay represents a type of LTC - IC that similarly 
measures the ability of cells to initiate growth and generate 
progeny  in vitro  for up to 12 weeks. However, the readout is 
slightly different. Hematopoietic cells are plated at limiting 
dilution on top of a monolayer consisting of irradiated bone 
marrow stroma or a stromal cell line. The growth of colonies 
consisting of at least fi ve small non - refractile cells reminis-
cent of cobblestones, found underneath the stromal layer, 
are counted. Such cultures are maintained using weekly half -
 media changes until up to 5 weeks after seeding. In this assay, 
more primitive cells appear later, and day - 35 CAFCs repre-
sent a close correlate of a cell with  in vivo  long - term multi-
lineage repopulating potential. LTC - ICs may be enumerated 
after day 35 by completely removing the CAFC medium, 
overlaying methylcellulose and counting the number of 
colonies produced after 8 – 10 days.  

   In  v ivo   a ssays     The CFU - S assay, fi rst developed by Till and 
McCulloch in 1961, is described earlier in this chapter ( see 
section Hematopoietic stem cell concepts and their origin ). 
Bone marrow or spleen cells are transplanted to irradiated 
recipients and animals are killed after 8 or 12 days for analy-
sis of spleen colonies, termed CFU - S 8  and CFU - S 12 , respec-
tively. Cells that give rise to CFU - S 8  are predominantly 
unipotential and produce erythroid colonies. CFU - S 12  colo-
nies consist of several types of myeloid cells, including 
erythrocytes, megakaryocytes, macrophages and granulo-
cytes. Cells giving rise to CFU - S 12  represent a more primitive 
population of multipotent cells than those that result in 
CFU - S 8 . 

 The long - term repopulation assay is a more accurate 
measure of HSC activity. Whole collections of hematopoi-
etic cells or fractionated subpopulations are transplanted to 
lethally irradiated syngeneic mice, typically by tail vein injec-
tion. Recipients are screened for ongoing hematopoiesis 
8 – 10 weeks after transplantation. By this time, hematopoi-

cord blood transplantation. Similarly, selective expansion of 
HSC subsets would permit the extension of tumor - free cells 
from patients with limited quantities of normal bone marrow 
due to bone marrow - infi ltrating diseases, such as leukemia, 
for the purpose of autologous transplantation. 

 The second benefi t of  ex vivo  manipulation is that HSCs 
have a relative growth advantage over other cell types, such 
as tumor cells. Therefore,  ex vivo  growth provides a purging 
effect. Furthermore, specifi c tumor cell purging may be 
achieved via the application of certain cytokines (IL - 2, 
IFN -  γ ), antitumor agents such as 5 - fl uorouracil or cyclo-
phosphamide, tumor - specifi c antibodies combined with 
complement - mediated lysis, and oncogene - specifi c tyrosine 
kinase inhibitors, in addition to other targeted therapies, 
such as antisense oligonucleotides, prior to use of the graft. 

 The third benefi t is the support of gene transfer into HSCs 
for the purpose of gene therapy. A variety of gene - transfer 
mechanisms, including retroviral infection, are conveyed 
during mitosis. Thus, the  ex vivo  stimulation of cells using 
cytokines results in heightened transfer of exogenous genes 
to HSCs. 

 Strategies to expand HSCs  ex vivo  have used cytokine 
cocktails such as IL - 11, fl t3 - ligand and SF, stimulation with 
the purifi ed WNT - 3a glycoprotein, neutralizing antibodies 
of TGF -  β  alone or in combination with inhibition of CDKI 
p27, inhibition of the CDKI p21, and stimulation with Notch 
ligands. Others have reported that angiopoietin - like factor 2 
can be a potent HSC expansion stimulus in combination 
with other cytokines. While these efforts have resulted in 
encouraging laboratory results, none to date has translated 
into accepted clinical practice. Testing regarding these 
methods continues with intensity and relies heavily on spe-
cifi c functional analyses. 

  Functional  a nalysis of  HSC  s  

 Functional assays for HSCs do not actually measure the 
activity of HSCs but instead assess more differentiated 
progeny, such as progenitor and precursor cells. Whereas 
 in vitro  assays measure mature populations,  in vivo  assays 
detect the activity of primitive cells capable of homing and 
engrafting in the proper microenvironment to produce 
functional hematopoietic progeny. 

   In  v itro   a ssays     The CFU - C measures hematopoietic pro-
genitor function and is performed by plating cells in semi-
solid media containing methylcellulose and one or more 
cytokines. After 5 – 14 days, colonies comprising mature cell 
populations committed to either myeloid or lymphoid line-
ages may be observed. While most colonies obtained using 
this assay are composed of cells of a single lineage, less fre-
quently multipotent progenitors can yield colonies contain-
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demonstrate at least 1% donor derivations. The percentage 
of reconstituted animals in each group may be plotted 
against the number of input cells to determine a limiting -
 dilution estimate of the frequency of HSCs within the donor 
population. This assay is termed a  competitive repopulation 
assay , as transplanted HSCs compete with the host ’ s HSCs 
that survive irradiation - induced death, in addition to host 
cells transplanted with the graft. The HSCs detected are 
termed  competitive repopulation units . The competitive 
repopulation assay using congenic mouse strains is depicted 
in Figure  3.5 .       

  Summary 

 Investigation of HSCs has been facilitated by the develop-
ment of  in vitro  and  in vivo  assays of hematopoietic cell 
function followed by the identifi cation of molecular cell 
surface markers that permit the isolation of purifi ed subsets 
of cells with defi ned characteristics. Studies in this fi eld have 
contributed greatly to the understanding of both general 
stem cell biology and hematopoiesis. Further investigation 
of cell - intrinsic and cell - extrinsic regulators of hematopoi-
esis will enable rational manipulation of HSCs and thereby 
extend the current uses of stem cells in clinical practice.  
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esis is fi rmly established and donor - derived blood is pro-
duced by transplanted HSCs. This assay requires that cells 
fulfi ll the two central features of HSCs: multilineage recon-
stitution, consistent with multipotentiality, and indefi nite 
hematopoiesis, indicative of self - renewal. 

 Tracking of transplanted cells was originally conducted 
using radiation - induced chromosomal abnormalities or by 
retrovirally marking donor cells. However, a major advance 
in the ability to track transplanted cells has been the develop-
ment of congenic mice with minor allelic differences in the 
leukocyte common antigen Ly5, which is expressed on all 
nucleated blood cells. The C57/BL6 ( “ black - 6 ” ) strain con-
tains the Ly5.2 antigen, while the BL6/SJL strain contains a 
separate allele, Ly5.1. However, these syngeneic strains 
may be transplanted interchangeably. Both antibodies are 
available with distinct fl uorescent labels. FACS analysis using 
these antibodies permits measurement of donor - derived 
reconstitution of the nucleated blood lineages. However, 
erythrocytes and platelets do not express the Ly5 antigen and 
cannot be tracked using this technique. Instead, investiga-
tors use congenic strains with allelic variants of hemoglobin 
and glucose phosphate isomerase to track erythroid and 
platelet engraftment, respectively. 

 A modifi cation of this assay permits quantitation of HSCs 
within the graft. Here, HSCs are quantifi ed by transplanting 
limiting - dilution numbers of bone marrow into lethally irra-
diated recipients. Each recipient also receives 1    ×    10 5  cells of 
the host ’ s marrow to ensure survival during the period of 
pancytopenia immediately after irradiation. At 10 – 12 weeks, 
host peripheral blood is assessed to determine whether 
donor - derived reconstitution has occurred. Donor cells 
must constitute at least 1% of the peripheral blood to 
contend that at least one HSC was present in the donor 
population. Also, both lymphoid and myeloid lineages must 
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  Introduction 

 Acute myeloid leukemia (AML) is a heterogeneous disease 
with respect to clinical features and acquired genetic aberra-
tions. AML patients are generally divided into three broad 
risk groups based on cytogenetic abnormalities, favorable, 
intermediate and adverse, with each having different cure 
rates. After age, these abnormalities are the most important 
predictors of outcome in AML. Unfortunately, even the 
favorable risk group has a high risk of relapse after conven-
tional chemotherapy and the overall outcomes in AML are 
poor, with most patients succumbing to their disease. 
Outcomes are particularly poor for older adults ( > 60 years) 
who form the majority of AML cases. 

 Since the publication of the World Health Organization 
(WHO) classifi cation of AML in 2001, signifi cant progress 
has been made through the discovery of recurrent genetic 
aberrations that are not detectable by conventional cytoge-
netics. These  “ molecular markers ”  include mutations in 
specifi c genes as well as altered gene expression and/or 
methylation status of genes. Several of these new molecular 
markers have prognostic implications and can aid in the 
risk stratifi cation of patients. The importance of these new 
molecular markers is manifest in the 2008 update of the 
WHO classifi cation. In the 2001 classifi cation, about 25% of 
newly diagnosed patients would be classifi ed in the category 
of  “ AML with recurrent genetic abnormalities ”  while 70 –
 75% will now be included in the same category in the 2008 
update, which encompasses the newly defi ned molecular 

aberrations. These recent insights have led to recommenda-
tions for complex risk - adapted strategies, aiming to improve 
treatment outcomes and minimize toxicity. Although these 
new insights are set to revolutionize treatment approaches 
in AML, none has yet had an effect on the routine manage-
ment of AML as it stands today. 

 This chapter reviews the prognostically important recur-
rent genetic aberrations observed in AML. As most currently 
available data on the impact of genetic abnormalities in AML 
are derived from large trials enrolling younger patients ( < 60 
years), the implications for older adults remain unclear.  

   AML  with  r ecurrent 
 c ytogenetic  a bnormalities 

 Cytogenetic abnormalities in AML have long been known to 
have prognostic relevance. Several recurrent translocations 
are associated with a favorable prognosis when treated with 
appropriate therapeutic agents, while particular numeric 
chromosomal abnormalities, such as monosomies of chro-
mosomes 5 and/or 7, are associated with a poor prognosis. 
Advances in molecular genetic research have enabled a better 
understanding of the mechanisms by which these transloca-
tions cause leukemia. Importantly, these studies have dem-
onstrated that the pathogenesis of AML is one of a sequential 
acquisition of genetic aberrations, with a single aberration 
being insuffi cient alone to cause overt leukemia. 

  Core -  b inding  f actor  l eukemias 

 The core - binding factor (CBF) is a key regulator of hemat-
opoiesis and the most frequent target of chromosomal trans-
locations associated with leukemia. This transcription factor 
is composed of two subunits, the  α  subunit encoded by 
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extensively studied.  PML  –  RAR α   expression is associated 
with a block in differentiation due to aberrant recruitment 
of the nuclear co - repressor complex, similar to observations 
in the context of the RUNX1 – RUNX1T1 and CBF β  – MYH11 
fusions. 

 APL has a particular sensitivity to all -  trans  - retinoic acid 
(ATRA), a ligand for RAR α , which has proven to be very 
effective therapy for this subtype of AML, when given in 
combination with induction chemotherapy containing 
anthracyclines with or without cytosine arabinoside. The 
effi cacy of ATRA in the treatment of APL is related to 
the ability of ATRA to bind to the fusion protein, with result-
ant dissociation of the nuclear co - repressor complex. 
Promyelocytes are then able to engage normal hematop-
oietic differentiation programs that ultimately result in 
apoptotic cell death. However, many of the variant  RAR α   
translocations are not sensitive to ATRA, suggesting 
they have different functional effects to the  PML  –  RAR α   
translocation. 

 Similar to the CBF leukemias, expression of  PML  –  RAR α   
is not suffi cient to induce AML. There are several lines of 
evidence supporting this assertion, including transgenic 
murine models of  PML  –  RAR α   - induced AML. In this 
model, although the fusion gene is present in the germline 
and is expressed during embryonic and adult development, 
the animals do not develop AML until 3 – 6 months after 
birth, and even then with a modest penetrance of only 15 –
 30%, and often with acquisition of secondary cytogenetic 
abnormalities.  

  Mixed  l ineage  l eukemia  g ene 
 r earrangements (11q23) 

 Abnormalities of 11q23 (containing the mixed lineage leuke-
mia,  MLL , gene) are found in 5 – 6% of AMLs. These abnor-
malities can occur at any age but are particularly common 
in children and after treatment with DNA topoisomerase II 
inhibitors. The  MLL  gene is the most promiscuous of genes 
involved in translocations in AML and has been reported 
fused with more than 30 partner genes. These translocations 
lead to fusion genes containing the N - terminus of  MLL  
fused in - frame to the partner gene, most of which have 
subsequently been noted to have roles in normal hematopoi-
esis. Molecular studies have also shown that  MLL  is fre-
quently rearranged by cryptic translocations that are not 
detectable by conventional cytogenetics. 

 The  MLL  gene is a transcription factor important for 
embryonic development and regulation of hematopoietic 
differentiation. Similar to  RUNX1  and  CBFB , homozygous 
disruption of  MLL  in mice is lethal to the embryos because 
of disordered hematopoiesis. MLL is thought to function 
as both a transcriptional activator and a transcriptional 

 RUNX1  (also called  AML1 ) and the  β  subunit encoded by 
 CBFB.  Homozygous loss of function of either RUNX1 or 
CBFB in genetically engineered mice results in a complete 
lack of defi nitive hematopoiesis, indicating that both com-
ponents of CBF are necessary for normal hematopoietic 
development. CBF AML is a relatively frequent subtype of 
adult AML, classifi ed in the favorable risk category. Between 
7 and 12% of  de novo  AML patients present with t(8;21) in 
which the  RUNX1  gene is fused to  RUNX1T1  ( ETO ), while 
another 10 – 12% of patients present with inv(16)/t(16;16) 
in which  CBFB  is fused to  MYH11 . The CBF partner gene 
in each case has constitutive activity leading to persistent 
expression of the RUNX1 – RUNX1T1 (AML - ETO) or 
CBF β  – MYH11 fusion protein, causing recruitment of co -
 repressor complex and underexpression of genes regulated 
by the CBF complex. 

 Recent data from  in vitro  studies and transgenic animal 
models suggest a dominant - negative role for these fusion 
genes. RUNX1 – RUNX1T1 acts as a dominant - negative 
inhibitor of the wild - type CBF with the fusion transcript 
retaining RUNX1 ’ s DNA binding and heterodimerization 
domains but lacking the C - terminal transcription activation 
domain. The mechanism of dominant - negative activity is 
less clear for CBF β  – MYH11 but both prevent transactiva-
tion of CBF targets. Despite this understanding, the precise 
mechanism by which these fusion proteins exert their leuke-
mogenic effect remains to be elucidated. However, it is clear 
that the translocations alone are not suffi cient to result in 
overt leukemia. For example, conditional alleles of RUNX1 –
 RUNX1T1 expressed in adult hematopoietic progenitors are 
not suffi cient to cause AML but result instead in a myelo-
proliferative phenotype. In these mouse models, it is neces-
sary to treat animals with chemical mutagens to induce overt 
AML.  

  Acute  p romyelocytic  l eukemia 

 As with the CBF genes, there are also multiple chromosomal 
translocations that involve the retinoic acid receptor  RAR α   
locus on chromosome 17. The subgrouping of patients with 
 RAR α   translocations is particularly important because of the 
distinctly better prognosis that these individuals exhibit 
compared with other subtypes of AML. In t(15;17), the 
 RAR α   gene fuses with a nuclear regulatory factor called 
the promyelocytic leukemia gene ( PML ), giving rise to the 
PML – RAR α  gene fusion product. Several less - frequent 
variant translocations with  RAR α   also occur involving the 
 PLZF ,  NPM1 ,  NuMA ,  STAT5B  or  PRKAR1A  genes. Each of 
these is associated with an acute promyelocytic leukemia 
(APL) characterized by a block in differentiation at the pro-
myelocyte stage of hematopoietic development. The t(15;17) 
is the most frequent translocation causing APL and has been 
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     Fig. 4.1     Frequencies and distributions of  NPM1 ,  CEBPA ,  RUNX1 ,  MLL -  PTD and  FLT3  - ITD mutations in normal - karyotype AML  

 encoding gene  RPS14  as the causative gene defect in the 
5q –  syndrome. The region of loss on chromosome 5 in AML 
is more centromeric to that in MDS with 5q – ; however, 
many patients lose both regions, suggesting that deletion of 
 RPS14  may be a necessary  “ second hit ”  in some cases of 
AML. 

 Monosomy 7 is also interesting because it is the most 
commonly acquired abnormality in children with syndromes 
that predispose to AML, such as Fanconi anemia and other 
bone marrow failure syndromes. This suggests that mono-
somy 7 is a secondary genetic aberration and likely requires 
the presence of other mutations to cause AML.   

  Molecular  g enetic  a berrations 
 n ot  d etectable by 
 c onventional  c ytogenetics 

 New molecular tests have rapidly advanced the fi eld of AML 
genetics in the last several years and have revealed numerous 
novel leukemogenic mutations that can act in concert to 
cause AML. Analysis of the catalog of mutations that have 
been cloned in human acute leukemias has suggested that 
disease alleles can be broadly divided into two categories: 
those that confer a proliferative and/or survival advantage 
on hematopoietic progenitors and those that impair hemat-
opoietic differentiation. This forms the basis of the theory of 
the multistep development of leukemia in which one muta-
tion alone is not suffi cient to transform a normal cell into a 
leukemic blast. 

 A summary of the recently discovered mutations in AML 
is presented below, focusing on gene mutations associated 
with a prognostic impact in patients with AML (Figures  4.1  
and  4.2 ).   

repressor, using different domains within the protein. 
Importantly, the repression domain is more N - terminal to 
the activation domain such that oncogenic MLL fusion pro-
teins are thought to retain their repression, while losing their 
transcriptional activation capability. 

 The prognostic impact of  MLL  translocations appears to 
be variable and may be determined by the partner gene. 
However, in general, 11q23 abnormalities confer an inter-
mediate to poor prognosis.  

  Numeric  c hromosomal  a bnormalities 

 In addition to translocations, numeric chromosomal abnor-
malities are noted on karyotyping of many AML cases. These 
numeric aberrations are non - random, with particular chro-
mosomes being more likely to exhibit losses or gains. 
Acquired trisomy of chromosome 8 or 21 is frequently seen 
and is associated with an intermediate prognosis. More 
importantly, partial or complete loss of chromosome 5 and/
or 7 confers a very poor prognosis. Abnormalities of chro-
mosome 7, usually in the form of monosomy or partial 
deletion of the long arm, constitute the second most fre-
quent numeric chromosomal abnormality in  de novo  AML, 
after trisomy 8. 

 Many investigators have attempted to narrow the region 
of interest on chromosomes 5 and 7 in order to determine 
the deleted genes that result in leukemia; however, no single 
culprit gene has been conclusively identifi ed. Two potential 
gene targets,  CTNNA1  and  EGR1 , have been reported on 
chromosome 5 but these require confi rmation. However, 
recent investigations in myelodysplastic syndromes (MDS) 
involving deletion of the long arm of chromosome 5 (5q – ) 
were successful. A novel investigational technique using 
RNA interference identifi ed loss of the ribosomal subunit -
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3 to 400 nucleotides, with the resultant transcripts always 
being in - frame and adding to the length of the protein.  FLT3  
is normally expressed in myeloid and lymphoid progenitor 
cells and expression is lost as hematopoietic cells differenti-
ate. In comparison, ITDs of  FLT3  result in constitutive 
activation of the tyrosine kinase. This results in subsequent 
activation of downstream signaling targets, including the 
phosphatidylinositol 3 - kinase (PI3K)/AKT, Ras/MAPK and 
JAK2/STAT pathways. Mutations in  FLT3  also occur in the 
activation loop of the tyrosine kinase domain (TKD) in 
about 5 – 10% of AML cases. These also result in constitutive 
kinase activation but there is increasing evidence that the 

  Mutations that  c onfer a  p roliferative  a nd/
or  s urvival  a dvantage 

    FLT 3  

  FLT3  (FMS - like tyrosine kinase 3) encodes a membrane -
 bound receptor tyrosine kinase with important roles in 
hematopoietic stem/progenitor cell survival, differentiation 
and proliferation.  FLT3  is constitutively activated by acquired 
mutation in approximately 30 – 35% of cases of AML. In 
20 – 25% of cases, internal tandem duplications (ITDs) are 
noted in the juxtamembrane domain, ranging in size from 



46 Molecular Hematology

vated tyrosine kinases associated with myeloproliferative 
phenotypes in humans, including BCR - ABL, TEL - PDGF β R, 
TEL - ABL and TEL - JAK2. Taken together, these data indi-
cate that constitutive activation of tyrosine kinases is suffi -
cient to induce a myeloproliferative phenotype, but not 
AML.  

  c -   KIT   

 The c  - KIT  gene encodes c - KIT, a member of the type III 
receptor tyrosine kinase family, the same family as  FLT3 . 
c - KIT ’ s ligand, stem cell factor (SCF), promotes c - KIT 
dimerization and phosphorylation, activating downstream 
signaling pathways important for proliferation, differentia-
tion and migration of hematopoietic stem cells. Gain - of -
 function mutations in c  - KIT  occur at various sites within the 
tyrosine kinase causing constitutive kinase activation. The 
overall frequency of c -  KIT  mutations in AML is 5 – 10%. 
However, a much higher frequency of 12 – 45% is observed 
in the CBF leukemias. Interestingly, c -  KIT  mutations are 
not seen in APL. Thus, a signifi cant functional redundancy 
is noted between c  - KIT  and  FLT3  mutations, with c  - KIT  
mutations arising in CBF leukemias in which  FLT3  aberra-
tions are absent and  FLT3  mutations arising in APL in which 
c -  KIT  mutations are absent. Occurrence of c  - KIT  and  FLT3  
mutations within the same patient are also very rare. Like 
 FLT3  - ITD in normal - karyotype AML, certain c  - KIT  muta-
tions confer a higher risk of relapse in CBF leukemias. 
Confl icting evidence has been reported on the impact of 
c -  KIT  mutations on survival in these cases, such that con-
fi rmatory studies are necessary to be confi dent of their 
adverse impact on survival.   

  Mutations that  a ffect 
 h ematopoietic  d ifferentiation 

    NPM 1  

 Nucleophosmin ( NPM1 ) mutations were fi rst reported in 
2005 by Falini and colleagues as the most frequent genetic 
alteration in patients with normal - karyotype AML. NPM1 
is a nucleolar phosphoprotein that continuously shuttles 
between the nucleus and the cytoplasm but with predomi-
nant nucleolar localization. NPM1 acts as a molecular chap-
erone in the nucleolus and is also involved in cell cycle 
progression and regulation of the alternate reading frame 
(ARF)/TP53 tumor - suppressor pathway. Mutations in 
 NPM1  occur in exon 12, with more than 95% consisting of 
a 4 - bp insertion at position 960. This 4 - bp insertion results 
in a frameshift within the C - terminal region of the NPM1 
protein, resulting in loss of nucleolar localization and gain 
of a nuclear export signal. The mutant NPM1 protein (called 

downstream signaling events are different in the setting of 
TKD versus ITD, such that their clinical implications are not 
equivalent. 

 AML with  FLT3  - ITD constitutes an important subset of 
AML cases that has a poor prognosis in most studies of 
children and adults. The clinical implications of TKD muta-
tions remain controversial and larger studies are required to 
defi ne if these also confer a poor prognosis. The frequency 
of  FLT3  mutations varies considerably in different cytoge-
netic subgroups of AML, with a particularly high frequency 
of 30 – 35% in normal - karyotype and t(15;17) AML cases. 
The poor prognosis of  FLT3  - ITD in normal - karyotype AML 
is conferred via increased relapse rates with subsequent 
reduced event - free survival (EFS) and overall survival (OS). 
The complete remission rate is not affected but several 
studies have shown that the duration of complete remission 
is signifi cantly reduced in these patients. The signifi cance of 
 FLT3  - ITD in t(15;17) cases is unclear but it does not appear 
to be an independent prognostic factor in APL patients. 

 The dosage of  FLT3  - ITD is another important complica-
tion. Most  FLT3  - ITDs are found in the heterozygous state 
but some cases are noted to have homozygous  FLT3  - ITD 
with complete loss of the wild - type allele. The homozygous 
 FLT3  mutation is thought to arise as a consequence of 
mitotic recombination resulting in segmental uniparental 
disomy. Prognosis appears to be worse for these patients and 
for other patients with high expression ratios of the mutated 
to wild - type  FLT3 . The presence of uniparental disomy in 
AML has been linked to homozygous mutations in several 
genes, which are known mutational targets in AML. This 
suggests that the mutation (such as  FLT3  - ITD) precedes 
mitotic recombination, which then acts as a  “ second hit ”  
responsible for removal of the remaining wild - type allele. A 
similar mechanism was recently demonstrated for the  JAK2  
gene in myeloproliferative disorders. Finally, the size of the 
duplicated segment may also affect EFS, with a suggestion 
that longer ITDs result in worsened outcomes. 

 The relatively high frequency of  FLT3  - ITD initially stimu-
lated interest for its use as a marker of minimal residual 
disease (MRD). However, studies have shown that the muta-
tional status of  FLT3  may change between diagnosis and 
relapse, with about 9% of patients losing their  FLT3  - ITD 
status. The length of the  FLT3  - ITD has also been noted to 
vary between diagnosis and relapse. This discordance 
between diagnosis and relapse suggests that  FLT3  mutations 
are not suffi cient for the development of overt AML but may 
be secondary events in leukemogenesis. This is further dem-
onstrated by murine bone marrow transplantation and 
 “ knock - in ”  models in which  FLT3  - ITD induces a myelopro-
liferative disease, but does not cause AML. The  FLT3  - ITD 
phenotype is similar to that reported in the murine bone 
marrow transplantation assay for other constitutively acti-
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large range in age of presentation of MDS/AML (age 6 – 75 
years). This latency suggests that secondary mutations are 
necessary to trigger MDS/AML and that a heterozygous 
 RUNX1  mutation is insuffi cient alone. 

 Secondary mutations are also required for overt leukemia 
development in  RUNX1  - mutated  de novo  MDS/AML. AML 
M0 cases frequently demonstrate biallelic  RUNX1  mutations 
and MDS cases demonstrate additional karyotypic abnor-
malities.  RUNX1  mutations are also frequently associated 
with acquired trisomy 21 in non - M0 MDS/AML, with two 
of the three  RUNX1  alleles carrying the mutation. Finally, 
 RUNX1  mutations are also strongly associated with trisomy 
13. As  FLT3  resides on chromosome 13, trisomy 13 leads to 
increased expression of  FLT3  acting as the necessary second-
ary mutation.  

    CEBPA   

 C/EBP α  is a transcription factor that regulates genes involved 
in myeloid differentiation, particularly by inducing granulo-
cytic development of bipotential myeloid progenitors. The 
protein consists of N - terminal transactivating domains, 
a DNA - binding domain and a C - terminal leucine - zipper 
region (bZIP), necessary for dimerization. The gene contains 
two translational start sites, yielding a 42 - kDa and a smaller 
30 - kDa isoform. Somatic  CEBPA  mutations are noted in 
about 9% of AML cases and 70% of these mutations are 
detected in patients with normal - karyotype AML. The mor-
phological features of the disease are distinctive, with a pre-
dominance of M1 and M2 subtypes. Mutations are usually 
N - terminal and out - of - frame and abolish the production 
of the full - length 42 - kDa protein with upregulation of the 
truncated 30 - kDa isoform. The 30 - kDa C/EBP α  isoform 
lacks the fi rst transactivating domain but retains the bZIP 
region required for dimerization and is thus able to dimerize 
with the wild - type 42 - kDa protein, and is thought to inhibit 
its function in a dominant - negative manner.  CEBPA  muta-
tions in normal - karyotype AML patients are noted to confer 
a favorable prognosis, similar to the outcomes for patients 
with CBF leukemia, although most recent studies suggest 
that such favorable outcomes are associated with biallelic 
inactivation of the gene. 

 Similar to  RUNX1 ,  CEBPA  mutations have been observed 
in very rare pedigrees with familial AML. The reported pedi-
grees were all noted to exhibit germline mutations in the 
N - terminal region of  CEBPA . The nature and timing of 
 CEBPA  mutations in familial AML provides further insight 
into the sequence of molecular events in the development 
of leukemia. This insight comes particularly from second 
mutations targeting the remaining wild - type allele, which 
are commonly observed in familial and sporadic  CEBPA  -
 associated AML. Second mutations are usually C - terminal 

NPM1c+) therefore acquires aberrant cytoplasmic localiza-
tion, which is readily detected by immunohistochemistry. 
This cytoplasmic localization is thought to be necessary for 
the leukemogenic activity of NPM1c+, although details of 
the exact mechanism are not yet known. 

  NPM1  mutations occur predominantly in the normal -
 karyotype AML subgroup, with about 50% of this group 
affected. Mutations are very rarely observed in the favorable 
or adverse risk groups. These mutations are signifi cantly 
associated with aberrations in  FLT3  (both ITD and TKD), 
with 60% of patients with  NPM1  mutations also carrying a 
 FLT3  - ITD. The prognostic relevance of  NPM1  mutations 
has been clarifi ed in several large studies, with clear evidence 
that patients with NPM1c+/wild - type FLT3 have an 
improved prognosis over other normal - karyotype AML 
patients. These individuals have an EFS and OS with con-
ventional chemotherapy which is similar to those with CBF 
leukemias. In most studies, the favorable outcome predicted 
by  NPM1  mutations is restricted to patients who lack the 
 FLT3 -  ITD. Interestingly, initial studies suggest that  NPM1  
mutations are very stable between diagnosis and relapse and 
thus are likely to constitute a primary event in leukemogen-
esis. Subsequent acquisition of  FLT3  or other secondary 
mutations is thought to be necessary to trigger overt AML 
development. The stability of  NPM1  mutations and their 
high frequency has stimulated interest in the use of this 
molecular marker as a target for MRD monitoring, which 
will hopefully be useful for the management of individual 
patients in the coming years.  

    RUNX 1  

  RUNX1  is commonly dysregulated in AML, by transloca-
tions in t(8;21) CBF leukemia and by point mutations in 
intermediate - risk patients. Although point mutations occur 
in only 6 – 10% of  de novo  AMLs, they are much more fre-
quent in specifi c subgroups, arising in about 20% of FAB M0 
(undifferentiated) AML and about 25% of AML associated 
with myelodysplasia (MDS), including refractory anemia 
with excess blasts, AML with multilineage dysplasia and 
AML following MDS. These point mutations are yet more 
frequent in therapy - related MDS/AML and in radiation -
 associated MDS/AML (tested in survivors of the atomic 
bomb in Hiroshima). 

 Further evidence of RUNX1 ’ s involvement in the patho-
genesis of AML has come from the analysis of pedigrees with 
an inherited predisposition to MDS/AML. Familial platelet 
disorder with propensity to develop myeloid malignancy 
(FPD/AML syndrome) is an autosomal dominant disorder 
caused by germline mutations in the  RUNX1  gene. 
Individuals with FPD/AML have a variable risk of develop-
ing overt MDS/AML (20 – 60% in different pedigrees) and a 
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because the presence of a heterozygous  MLL  - PTD has been 
associated with silencing of the wild - type allele in AML 
blasts. The mechanism for this silencing appears to involve 
epigenetic modifi cations (DNA methylation and histone 
modifi cations) rather than direct mutational effects. This 
suggests that epigenetic events may be suffi cient to serve as 
secondary events in leukemogenesis. This mechanistic 
understanding is also important in identifying a new avenue 
for molecularly targeted therapy in AML through the use of 
hypomethylating agents and histone deacetylase inhibitors.   

  Genes  a ltered by  o verexpression 

 Several studies have suggested that overexpression of par-
ticular genes is also associated with poor outcomes in AML. 
The fi rst of these,  BAALC  (brain and acute leukemia, cyto-
plasmic gene), has been demonstrated to be an independent 
adverse prognostic indicator in AML. High  BAALC  expres-
sion predicts worsened survival and resistance to induction 
chemotherapy. The mechanism of action for  BAALC  over-
expression and its effects are not known. Similar results have 
been suggested for overexpression of  ERG  (ETS - related 
gene) and  MN1  (meningioma 1 gene), which have also been 
reported as new molecular markers conferring poor progno-
sis. Further studies are necessary to confi rm these fi ndings.   

   AML   t herapies  t argeted by  g enetics 

 Traditional cytotoxic chemotherapy is effective in a minority 
of patients with AML. The majority of younger patients 
initially respond to treatment by achieving a complete remis-
sion, but most relapse and subsequently die of their disease. 
Current advances in molecular technologies in AML have 
provided numerous new targets for directed therapies in 
AML. The best example of targeted therapy in AML is the 
use of ATRA in APL in which ATRA overcomes the  PML –
 RAR α   - induced differentiation block, leading to maturation 
of the malignant myeloblasts and promyelocytes. 

 Most recent work in targeted therapies for AML has been 
directed toward exploiting aberrantly regulated signal trans-
duction pathways, including those constitutively activated 
by  FLT3 , c -  KIT  and  RAS  mutations. This approach of target-
ing constitutively activated kinases with selective small - 
molecule inhibitors has been validated by Druker and 
colleagues by demonstration of the effi cacy of the ABL kinase 
inhibitor imatinib in  BCR - ABL  - positive chronic myeloge-
nous leukemia. While signal transduction inhibitors appear 
promising in AML, no agent has yet demonstrated obvious 
clinical benefi t when used as monotherapy. 

  FLT3  mutations, being among the most common muta-
tions in AML, are an attractive target for therapeutic inter-

and are in - frame insertions or deletions, which result in 
interference with dimerization and subsequent loss of C/
EBP α  function. These appear necessary to cause overt leuke-
mia in familial  CEBPA  - associated AML. Interestingly, one 
individual with a germline N - terminal  CEBPA  mutation was 
noted to relapse several years after his original diagnosis, but 
with a distinctive somatic C - terminal mutation different 
from that observed in his original AML. This implies that, 
rather than a true relapse, this individual developed two 
discrete secondary events and two unrelated episodes of 
AML. As with FPD/AML, the age of presentation of disease 
is extremely variable in familial  CEBPA  - associated AML, 
ranging from 4 to 39 years. However, the disease appears to 
have near - complete penetrance, suggesting that  CEBPA  
mutations are primary leukemogenic events. 

 More recently, a series of patients with presumed sporadic 
 CEBPA  - mutated AML were investigated and 10% had evi-
dence of a germline  CEBPA  mutation, suggesting that inher-
ited  CEBPA  mutations account for 1% of all AMLs, a much 
higher frequency than previously appreciated.  

    WT 1  

 Mutations in Wilms tumor 1 ( WT1 ) gene are observed in 
10% of normal - karyotype AMLs. The precise role of  WT1  in 
normal and malignant hematopoiesis remains controversial 
but it has been implicated in the regulation of cell survival, 
proliferation and differentiation. Mutation in  WT1  has 
recently been observed to act as an independent negative 
prognostic indicator in AML by reducing the likelihood of 
achieving a complete remission and/or increasing relapse 
rates.  WT1  is also highly expressed in the majority of AMLs 
such that it can be used as a marker for MRD monitoring. 
Mutations are noted in heterozygous and homozygous states 
and show some association with  FLT3  - ITD, though larger 
studies are required to confi rm this. Germline mutations in 
 WT1  are associated with the development of Wilms tumor 
and other nephrologic syndromes but not with the develop-
ment of AML, again suggesting that isolated  WT1  mutations 
are insuffi cient to cause AML.  

    MLL   

 As with  RUNX1 , the  MLL  gene was fi rst noted to be aber-
rantly regulated in AML through translocations. 
Subsequently,  MLL  partial tandem duplications (PTDs) 
were reported in about 8% of normal - karyotype AML 
patients. These mutations are restricted to AML patients 
with normal karyotype or with trisomy 11.  MLL  - PTD was 
the fi rst gene mutation shown to negatively affect prognosis 
in normal - karyotype AML patients, with most large studies 
confi rming these initial fi ndings.  MLL  - PTDs are interesting 
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aging. Confi rmation of these results and other trials are 
awaited. 

 The newest line of investigation in signal transduction 
inhibition is via the PI3K pathway and its downstream effec-
tors AKT and mTOR. Constitutive activation of this pathway 
is also frequently noted in AML, prompting investigation of 
several AKT and mTOR inhibitors. Most data are available 
for mTOR inhibitors, including sirolimus (rapamycin, 
Rapamune), temsirolimus (CCI - 779, Torisel) and everolimus 
(RAD - 001, Certican). Sirolimus and temsirolimus are 
already available as marketed agents for use as immunosup-
pressants. Several years of clinical experience with these 
agents as immunosuppressants has provided safety data that 
has enabled more rapid investigation in AML. Early  in vitro  
studies have again been encouraging and trials in humans 
have begun and are eagerly awaited.  

  Summary 

 Recurrent cytogenetic abnormalities are frequent in AML 
and many new molecular aberrations have also been discov-
ered that are undetectable by conventional karyotyping. 
Studies suggest that at least two, and probably many more, 
mutations are required for the development of AML. 
Genotypic analysis of known leukemia oncogenes indicates 
that there are at least two broad complementation groups of 
mutations. One class of mutations, exemplifi ed by  FLT3  -
 ITD or c -  KIT  mutations, confers a proliferative and/or sur-
vival advantage on hematopoietic progenitors. The second 
group of mutations, resulting in loss of function of hemat-
opoietic transcription factors, result in a block in differentia-
tion in hematopoietic development. It is thought that 
coexpression of a mutation that confers a proliferative and/
or survival advantage and a mutation than impairs hemat-
opoietic differentiation results in AML. 

 Many of these newly discovered genetic aberrations have 
prognostic implications and may be used to help risk - stratify 
patients for therapy. Currently, AML patients who are at 
high risk of relapse are recommended for allogeneic stem cell 
transplantation, a treatment with a relatively high morbidity 
and mortality. The decision of whether to proceed to trans-
plantation is a diffi cult one for both the patient and the 
physician. As new molecular markers are detected which 
help us better risk - stratify individual patients, these treat-
ment decisions will become clearer. New molecular discov-
eries are also helping to direct research toward novel targeted 
therapies. In the future, it may be possible to use combina-
tions of molecularly targeted therapies, in selected clinical 
contexts, to improve outcomes and/or to reduce toxicity. 

 The future of molecular genetics in AML appears bright, 
with the rapid development of sensitive high - throughput 

vention. Several FLT3 - selective inhibitors are in use in 
clinical trials in humans. These include lestaurtinib (CEP -
 701), midostaurin (PKC412), tandutinib (MLN518), 
sunitinib (SU11248, Sutent) and sorafenib (BAY 043 - 9006, 
Nexavar). None of these agents are specifi c for FLT3 but all 
have FLT3 - inhibitory activity  in vitro  and some also show 
activity against wild - type FLT3 AML samples, suggesting 
that the drugs may also work in part by FLT3 - independent 
mechanisms. Many have cross - reactivity against other tyro-
sine kinases that are known to be dysregulated in AML. For 
example, MLN518 is also a potent inhibitor of KIT and 
platelet - derived growth factor receptor (PDGFR); CEP - 701 
also inhibits transforming tyrosine kinase protein (TRKA); 
PKC412 inhibits KIT, PDGFR and protein kinase C; and 
sunitinib also inhibits KIT and PDGFR. 

 Results of several phase I studies of FLT3 inhibitors have 
demonstrated rapid clearance of peripheral blood blasts but 
less substantial reductions in bone marrow blasts. Complete 
remissions have only rarely been seen with any of these 
agents as monotherapy. Clinical responses were noted to 
be brief and usually measured in weeks. For this reason, 
the test for FLT3 inhibitors will be with their effi cacy 
when combined with traditional chemotherapy or other 
targeted agents.  In vitro  data have shown additive or 
synergistic interactions between FLT3 inhibitors and chem-
otherapy and several trials are underway to see if this 
approach may improve outcomes for AML patients. A few 
small studies have been reported with some encouraging 
results but larger ongoing trials are required to determine 
whether FLT3 inhibitors will provide benefi t to AML 
patients. 

 Several other small - molecule inhibitors are also being 
investigated in AML. The growth - stimulating ras/raf/MAPK 
pathway is frequently constitutively activated in AML by 
 RAS  mutations or by other events. (Despite being frequent 
in AML,  RAS  mutations have not been discussed in this 
chapter because they have not demonstrated prognostic 
impact in AML.) RAS activation is dependent on the post -
 translational addition of a prenyl group by farnesyltrans-
ferase. Small molecules targeting RAS itself have proven 
diffi cult to produce; thus current attempts have focused on 
inhibition of RAS prenylation. Several small - molecule 
inhibitors of farnesyltransferase have been developed includ-
ing two that have moved to human studies, tipifarnib 
(R115777, Zarnestra) and lonafarnib (SCH66336, Sarasar). 
Early tipifarnib studies were encouraging but, similar to 
FLT3 inhibitors, the responses were brief. Early results from 
a large Phase III trial of monotherapy with tipifarnib versus 
best supportive care in elderly patients over age 70 years 
suggest no benefi t to the drug. Additionally, results from a 
large Phase I/II trial of tipifarnib plus cytotoxic chemother-
apy in younger patients with AML and MDS are less encour-
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investigational techniques leading to further discoveries of 
novel gene mutations such as the recent detection of muta-
tions in the  TET2  (ten eleven translocation 2) and  ASXL1  
(additional sex comb like 1) genes. Studies of aberrant gene 
expression and altered methylation may also provide new 
avenues for targeted therapies. Given the dismal prognosis 
for most patients with AML, these recent discoveries have 
brought new excitement to the fi eld of leukemia research 
and have identifi ed new avenues for the treatment of patients.  
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  Introduction 

 A major complication of chemotherapy and radiotherapy 
for the treatment of cancer is the subsequent development 
of therapy - related myelodysplastic syndromes and second-
ary acute myelogenous leukemia (t - MDS/AML). Although 
devastating in their impact, t - MDS/AML allow the opportu-
nity to study the development of malignancy since many 
such patients have serial blood and bone marrow samples 
available from the time of initial therapy to their subsequent 
diagnosis with leukemia. There is abundant evidence that 
t - MDS/AML are clonal disorders that are the consequence 
of acquired somatic mutations and confer a proliferative 
and/or survival advantage on hematopoietic progenitors. No 
single mutation or gene rearrangement appears to be suffi -
cient for the development of tMDS/AML. Indeed, the iden-
tifi cation of a single gene rearrangement or point mutation 
may not necessarily be predictive of its subsequent develop-
ment. Methods for assessing risk are based on the presence 
of clonal abnormalities in hematopoietic cells, including 
standard cytogenetics, interphase fl uorescence  in situ  
hybridization (FISH), analysis for loss of heterozygosity 
(LOH), polymerase chain reaction (PCR) for point muta-
tions, and X - inactivation - based clonality assays. Each of 
these approaches has strengths and weaknesses, and they are 
discussed in more detail below. 

 The actuarial risk of developing therapy - related leukemia 
(t - MDS/AML) varies with the therapy used to treat the 
cancer. Although some agents are associated with particu-

larly increased risk, in general the more intensive the therapy, 
the higher the risk. The risk of the development of t - MDS/
AML after high - dose chemoradiotherapy and autologous 
stem cell transplantation (ASCT) for lymphoma is substan-
tial, ranging from 3% to as many as 24% of patients. In our 
own series of patients with non - Hodgkin lymphoma who 
have undergone high - dose therapy and ASCT at the Dana -
 Farber Cancer Institute, development of t - MDS/AML has 
emerged as the second most common cause of death, after 
relapse of disease, in these patients. On review of these cases, 
it became clear that strict criteria were required to make the 
diagnosis of secondary MDS. A number of patients have 
relative pancytopenia after ASCT and many patients have 
dysplastic features and cytogenetic abnormalities, but only 
30% of these patients develop secondary MDS. The criteria 
that we use to defi ne t - MDS are shown in Table  5.1 . On the 
basis of these criteria, some patients initially reported to have 
developed t - MDS in the original report from this center have 
now been excluded, and it is of note that none of these 
patients has progressed to t - MDS or AML. The median time 
from high - dose therapy to the development of t - MDS was 
47 months, with a range of 12 – 129 months after ASCT. The 
actuarial risk of development of t - MDS in these patients is 
shown in Figure  5.1 . The prognosis of these patients remains 
dismal and they have a median survival after diagnosis of less 
than 1 year.      

  Risk  f actors for  t  -  MDS / AML   a fter 
 a utologous  s tem  c ell  t ransplantation 

 Because t - MDS/AML is frequently a fatal complication, 
there is a need to better understand the risk factors and to 
identify individuals at risk prior to ASCT. There are three 
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included patients with 11q23 and 21q22 chromosomal 
abnormalities. 

 The use of total body irradiation (TBI) in the conditioning 
regimen is associated with an increased risk of t - MDS/AML 
after ASCT, although a randomized trial to determine the 
contribution of TBI to the risk of t - MDS/AML has not been 
done. Only one study has compared patients who did and 
did not receive TBI at a single institution, and this did not 
demonstrate increased incidence in patients who received a 
TBI - containing regimen.  

  Therapy -  r elated  AML   i s a  c lonal 
 d isorder 

 There is abundant evidence that t - MDS and AML are clonal 
disorders. Multiple cytogenetic abnormalities, including 
deletions (5q, 7q, 20q), numerical abnormalities (trisomy 8, 
deletion 7), translocations [11q23, t(3;21), t(15;17)] and 
clonal point mutations of  RAS ,  FLT3  and  AML1 , have been 
identifi ed in t - MDS/AML. Population - based analysis of 
clonality using X - inactivation assays in females has convinc-
ingly demonstrated that t - MDS/AML is a clonal disease. 
Thus, t - MDS/AML is a clonal disease that is the consequence 
of an acquired somatic mutation that confers a proliferative 
and/or survival advantage on hematopoietic progenitors.  

  More  t han  o ne  m utation  i s  n ecessary 
to  c ause  AML  

 It is plausible to determine risk through the analysis of 
molecular markers of disease. However, no single mutation 
or gene rearrangement appears to be suffi cient for the devel-
opment of therapy - related AML. 

 Several lines of evidence support the requirement for 
second mutations in leukemias associated with mutations of 
core - binding factor ( CBF ), including analysis of the herita-
ble FPD/AML syndrome (familial platelet disorder with 
propensity to develop AML), the  TEL/AML1  leukemias in 
syngeneic twins, and murine models of  AML1/ETO  and 
 CBF β /MYH11  leukemias. In addition, point mutations that 
cause loss of function of AML1 have been identifi ed in both 
inherited and sporadic leukemias.  CBF  is a heterodimeric 
transcription factor comprising  AML1  (also known as 
 RUNX1 ) and  CBF β   subunits. It is a common target of gene 
rearrangements as a consequence of chromosomal translo-
cations, giving rise to the  AML1/ETO ,  CBF β /MYH11  and 
 TEL/AML1  fusions. FPD/AML syndrome is an autosomal 
dominant trait characterized by a qualitative and quantita-
tive platelet defect, progressive pancytopenia and dysplasia 
with age, and progression to AML associated with acquisi-
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     Fig. 5.1      Actuarial probability of development of t - MDS/AML 
after ASCT   

  Table 5.1    Criteria used to defi ne  t  -  MDS  after  ASCT  at Dana - Farber 
Cancer Institute. 

      •      Signifi cant marrow dysplasia in at least two cell lineages  
   •      Peripheral cytopenia without alternative explanation  
   •      Blast counts in marrow defi ned by FAB classifi cation     

contributors to the risk of t - MDS/AML in this context that 
have been identifi ed: pretransplant therapy, the method of 
stem cell mobilization, and the transplant conditioning 
regimens. 

 The data implicating pretransplant therapy as a risk factor 
include the demonstration that patients who do not undergo 
ASCT have a risk of developing t - MDS/AML, although there 
is a relatively longer latency of development of t - MDS/AML 
in patients who have undergone ASCT. In patients who have 
undergone ASCT, there is increased risk with increased 
cumulative exposure to alkylating agents and with prior 
external beam irradiation. Specifi c cytogenetic abnormalities 
and clonal hematopoiesis have been identifi ed at the time of 
stem cell harvest in patients who subsequently develop 
t - MDS/AML. 

 The method of stem cell collection may infl uence the risk 
of developing t - MDS/AML. For example, patients undergo-
ing ASCT using peripheral blood stem cells (PBSC) have a 
higher risk of developing t - MDS/AML than those receiving 
bone marrow stem cells. There may be several explanations 
for this observation, including the possibility that previously 
only those patients who had inadequate marrow harvests 
had PBSC collected. It has also been reported that patients 
primed by receiving etoposide as part of their mobilization 
regimen had a higher risk of developing t - MDS/AML; this 
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tion of secondary mutations. FPD/AML is caused by loss - of -
 function mutations in the  AML1  gene, demonstrating that 
mutations in the  AML1  component of  CBF  are not suffi cient 
to cause leukemia, but require second mutations during the 
lifetime of affected individuals to cause leukemia.  TEL/
AML1  leukemias have been studied in syngeneic twins, each 
of whom harbored the same clone of cells containing the 
TEL/AML1 gene rearrangement at the time of birth, pre-
sumably as a result of intrauterine transmission of a  TEL/
AML1  - positive clone. However, despite the syngeneic host 
background and the carriage of an identical  TEL/AML1  
clone, the twins developed leukemia at widely different ages, 
indicating the need for additional mutations to cause 
leukemia. 

 Murine models of leukemia also provide convincing evi-
dence for  “ multiple - hit ”  pathogenesis of disease. Expression 
of either AML1/ETO or CBF β /MYH11 fusion proteins alone 
in hematopoietic cells is not suffi cient to cause leukemia, 
and chemical - induced mutagenesis must be added to gener-
ate a leukemia phenotype. Similar data emerge for  PML/
RAR α   - mediated leukemias in transgenic murine models. 
 PML/RAR α   is expressed in promyelocytes in the germline of 
transgenic animals under the control of the cathepsin G 
promoter. However, despite germline expression, animals 
require 4 – 6 months to develop leukemia and have karyo-
typically evident second mutations. Similarly, in  MLL/AF9  
 “ knock - in ”  mice there is a long latency required for the 
development of leukemia, and MLL/CBP leukemias in a 
murine bone marrow transplant model require long laten-
cies, indicative of the need for second mutations. 

 Furthermore, leukemogenic fusions have been detected 
using sensitive PCR - based assays in normal individuals. 
Examples include  IgH/BCL2 ,  BCR/ABL ,  MLL  tandem dupli-
cation and the  TEL/AML1  fusion. The frequency of these 
rearrangements is much higher in the general population 
than the risk of developing the respective leukemias. These 
data indicate that carriage of even a known leukemogenic 
fusion gene does not provide useful information about the 
likelihood of progression to leukemia. Indeed, there are cur-
rently no data demonstrating that PCR - detectable fusions 
are a risk factor for the eventual development of leukemia. 
Collectively, these data indicate that the identifi cation of a 
single gene rearrangement or point mutation may not neces-
sarily be predictive of the development of therapy - related 
AML in the post - ASCT setting.  

  Methods for  a ssessing the  r isk of 
 t herapy -  r elated  l eukemia 

 Methods for assessing risk are based on the presence of 
clonal abnormalities in hematopoietic cells. These methods 

  Table 5.2    Methods for assessing the risk of  t  -  MDS / AML  before 
and after  ASCT . 

      •      Standard cytogenetics  
   •      Interphase FISH  
   •      Loss of heterozygosity  
   •      PCR for point mutations  
   •      X - inactivation - based clonality     

are shown in Table  5.2  and include standard cytogenetics, 
interphase FISH, analysis for LOH, PCR for point muta-
tions, and X - inactivation - based clonality assays. Each of 
these approaches has strengths and weaknesses in this 
context.   

  Standard cytogenetics  analyzes a limited number of cells 
that must be capable of mitosis and therefore lacks sensitiv-
ity and specifi city. Most patients who develop t - MDS/AML 
after ASCT may have normal cytogenetics at the time of stem 
cell harvest, whereas some patients who have characteristic 
cytogenetic abnormalities will not develop t - MDS/AML. 

  Interphase FISH  (Figure  5.2 ) circumvents some of the 
frailties of conventional cytogenetics. For example, abnor-
mal clones (5q – ,  − 7, +8,  − 11) were detectable in pre - ASCT 
specimens from 9 of 12 patients who developed t - MDS/
AML. An advantage of interphase FISH is that hundreds of 
non - mitotic cells can be analyzed. However, the technique 
is locus - specifi c and requires prior selection of markers for 
analysis, such as 5q – , 7q –  and +8. In addition, interphase 
FISH is not sensitive below the level of approximately 5 – 10% 
of cells. However, the identifi cation of clonal abnormalities 
in a high percentage of cells may indicate a proliferative 
advantage for these cells, and may be more predictive of the 
development of t - MDS/AML. The specifi city of interphase 
FISH is also unknown, since we do not know how many 
patients who do not develop t - MDS/AML have interphase 
FISH abnormalities at the time of stem cell harvest. The test 
has been validated only in retrospective studies, and it is 
time -  and labor - intensive as a screening test.   

  LOH analysis  is based on the loss of one allele at a particu-
lar locus, usually by PCR analysis. This strategy can be used 
to identify LOH and to defi ne the excursion of large dele-
tions (Figures  5.3  and  5.4 ). It is a population - based assay and 
requires prior selection of loci to be analyzed. It lacks sensi-
tivity and is probably unable to detect fewer than 20% of 
cells with LOH at a given locus. However, it is more likely 
to be specifi c, in that a positive test indicates clonal expan-
sion of cells with LOH. It is amenable to high - throughput 
strategies, but has not yet been validated as a predictor of 
post - ASCT t - MDS/AML in prospective studies, although 
such studies are underway.   
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defi nition locus - specifi c, and there are relatively few markers 
known to date. It is highly sensitive and capable of detecting 
only a few cells. However, as noted above, since some normal 
individuals harbor PCR - detectable rearrangements, the spe-
cifi city of the assay remains to be determined in this context. 
The test is probably most informative when performed using 
quantitative techniques, such as the TaqMan PCR, and is 
amenable to high - throughput analysis, but has not yet been 
validated as a predictor of t - MDS/AML. 

  X - inactivation - based clonality assays  require no locus -
 specifi c information, or indeed any information about the 
nature of the mutation that causes t - MDS/AML (Figure  5.5 ). 
It detects only clonal populations of cells that have a prolif-
erative advantage over normal polyclonal cells. It uses DNA, 
is PCR - based and is readily amenable to high - throughput 
analysis, but is only applicable to female patients. There are 
several potential pitfalls of this test, including false - positive 
results due to germline or acquired skewing of the pattern 
of X - inactivation. This problem can be overcome in part by 
the appropriate use of related tissue controls. However, the 

     Fig. 5.2      Applications of interphase FISH to detect trisomy, monosomy or chromosomal deletions   

Expansion repeat

(allele deleted)

PCR of germline tissue PCR of MDS cells      Fig. 5.3      Schematic representation of the use 
of LOH in MDS  
 In the presence of two alleles, two bands will be 
apparent after PCR amplifi cation, whereas a 
single band will be seen if there is allelic deletion.  

•  The deletion is bordered by
    markers 1 and 3

Marker 1

Marker 2

Marker 3

     Fig. 5.4      Schematic representation of the use of LOH to map 
deletions   

  PCR for point mutations or chromosomal translocations  is 
emerging as a potentially useful predictor of t - MDS/AML as 
we learn more about the molecular genetics of the disease. 
Markers that may be useful include mutations in  RAS ,  FLT3 , 
 AML1  and  MLL . In addition, PCR can be used to identify 
fusion transcripts, including  AML1/EVI1 ,  PML/RAR α   and 
11q23 gene rearrangements. The PCR approach is also by 
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        Fig. 5.5      Human androgen receptor assay 
(HUMARA)  
 (a) Schema of the assay, which uses the 
variable - length CAG repeat pattern to 
distinguish the maternal and paternal X 
chromosomes. (b) Two bands will be seen 
after PCR amplifi cation in polyclonal cells 
where there is random inactivation. (c) A 
single band will be seen in a clonal 
population. (d) Results from patients studied, 
showing polyclonal, oligoclonal and clonal 
populations.  
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mutations and gene rearrangements, and the assessment of 
global expression patterns to identify signatures predictive 
of t - MDS/AML.  
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test may be diffi cult to interpret in cases with severe skewing 
of the X - inactivation pattern. This technique has been vali-
dated in retrospective studies and prospective studies are 
ongoing.    

  Approaches for  m inimizing the  r isk 
of  t  -  MDS / AML  

 It may be appropriate to minimize, where possible, agents 
that are particularly associated with the greatest risk, includ-
ing alkylating agents, external beam irradiation and topoi-
somerase inhibitors. This can be accomplished in part by the 
identifi cation of high - risk individuals who are likely to 
require ASCT as part of their therapy. Recent innovations in 
the application both of standard prognostic indicators and 
of global expression arrays may help in the identifi cation of 
such patients, and efforts to assess risk using molecular 
markers should be further explored and validated. It seems 
advisable to avoid TBI as part of the conditioning regimen, 
although it may be best to directly determine the risk – benefi t 
ratio of using TBI in a randomized trial. If standard cytoge-
netics are abnormal, allogeneic rather than autologous stem 
cell transplantation may be indicated. Selected FISH loci, 
such as 5q, 7q, +8, 20q and  − 11, should be explored pro-
spectively as predictors of outcome, as should X - inactivation -
 based clonality assays. Effort should be devoted to pilot 
retrospective studies to evaluate the role and validity of 
genome - wide LOH screens, quantitative PCR for specifi c 
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  Introduction 

 Despite advances in the treatment of human hematological 
malignancies, a signifi cant proportion of patients relapse, 
usually with the same malignant clone found at diagnosis. 
Detection of residual leukemia or lymphoma cells in marrow, 
blood or lymph nodes has relied on light microscopy and 
immunophenotyping. However, these techniques are not 
sensitive for the detection of small numbers of malignant 
cells. Other, more sensitive, methods are now available to 
assess whether early detection of residual tumor might allow 
intervention and prevent relapse of disease. Multiparameter 
fl ow cytometric analysis and molecular techniques, using 
polymerase chain reaction (PCR), offer highly sensitive 
detection of residual disease, and these techniques have been 
applied to a wide variety of diseases. 

 Many studies have now been carried out in a variety of 
disorders, and whilst it is true for many hematological 
cancers that persistence of residual detectable disease pre-
dicts which patients will do less well, this does not hold true 
for all diseases studied. It appears that patients with some 
malignancies may harbor residual tumor cells for many 
years without ever showing any evidence of clinical relapse. 
This is discussed in detail later in this chapter. 

 This chapter outlines the methods available, with particu-
lar emphasis on PCR amplifi cation, and their clinical appli-
cation to a variety of hematological malignancies, including 
lymphomas and leukemias. The molecular basis of leukemia 
and lymphoma is discussed in detail in Chapters  4  and  10 .  

  What  i s  m inimal  r esidual  d isease? 

 Minimal residual disease (MRD) describes the  lowest level of 
disease detectable using available methods . Previously, light 
microscopy, cytogenetic analysis and fl ow cytometry were 
standard techniques used for the detection of residual malig-
nant cells in the blood and marrow of patients after treat-
ment. However, the sensitivities of these methods do not 
allow identifi cation of low levels of disease, nor do they allow 
accurate quantitation of malignant cell numbers. Since these 
residual malignant cells may be the source of ultimate 
relapse, there has been great interest in developing molecular 
techniques for the detection of residual tumor. For many 
years Southern blot hybridization was the gold standard for 
the detection of DNA sequence alterations at specifi c genetic 
loci, but it has now been superseded by PCR amplifi cation 
of DNA sequences. Because of the power of PCR technology, 
we are now able to detect one residual malignant cell in a 
background of up to 1 million normal cells. Molecular 
targets for PCR - based approaches include chromosomal 
translocations and antigen receptor (immunoglobulin and 
T - cell receptor) gene rearrangements. 

  Methods  a vailable for the  d etection of 
 r esidual  d isease 

 Several methods have been used to determine the presence 
of residual neoplastic cells in blood, bone marrow or other 
tissue following therapy (Figure  6.1 ). The ideal assay system 
for the detection of small numbers of malignant cells in a 
marrow or blood sample should fulfi ll the following criteria: 
be applicable in most cases of the disease under investiga-
tion; be specifi c for the neoplastic cell type; be sensitive; and 
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     Fig. 6.1      Methods of detection of marrow 
infi ltration in non - Hodgkin lymphoma 
showing the sensitivity of each   
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patients with acute lymphoblastic leukemia (ALL) and 50% 
of patients with chronic lymphocytic leukemia (CLL). 
However, karyotypic analysis is of limited value following 
therapy, with a sensitivity of around 5%, making it little 
better than standard morphological analysis. In addition, 
cytogenetics relies on obtaining adequate numbers of suit-
able metaphases for analysis, which is diffi cult in some 
malignancies.  

  Fluorescence   in   situ    h ybridization 

 FISH can detect smaller chromosomal abnormalities than 
standard karyotyping and allows analysis of interphase 
nuclei (cf. metaphase preparations in standard karyotyping). 
The method involves the binding of a nucleic acid probe to 
a specifi c chromosomal region. Preparations are counter-
stained with fl uorescent dye, allowing the chromosomal 
region of interest to be detected. The technique is useful in 
the diagnosis of trisomies and monosomies and has been 
particularly useful in identifying deletions that have prog-
nostic signifi cance in CLL. The sensitivity of the technique 
is around 1%, making it considerably more useful than 
standard karyotyping for follow - up marrows in patients 
with leukemias or lymphomas, but is still of limited value 
for MRD detection.  

  Flow  c ytometry and  i mmunophenotyping 

 Immunophenotypic analysis using single monoclonal anti-
bodies to cell membrane or cytoplasmic proteins lacks abso-
lute specifi city for leukemia or lymphoma cells and is 
therefore of limited value. Combining monoclonal antibod-
ies allows the more specifi c detection of residual disease and 
quantitation is possible, although the tumor cell burden may 
be underestimated. The technique is further hampered by 
the lack of true  “ specifi c – specifi c ”  surface determinants and 
tumor - associated antigens are normal differentiation anti-
gens present on developing hematopoietic progenitor cells. 
Using combinations of monoclonal antibodies and multi-
color fl ow cytometric analysis, the sensitivity of this tech-
nique can be greatly enhanced. Except in the most expert 
hands, this technique is generally limited to a sensitivity of 
around 10  − 4  (i.e., 1 malignant cell in 10   000 normal cells).  

  Molecular  t echniques: Southern  b lot  h ybridization 

 Initially described by its inventor, Professor Ed Southern, in 
the 1970s, Southern blotting involves the digestion of chro-
mosomal DNA using bacterial restriction enzymes, with size 
separation of the DNA fragments using electric current and 
gel electrophoresis before transferring these to a nylon 
support membrane. A labeled probe for the gene of interest 

  Table 6.1    Sensitivity of methods for  MRD  detection. 

  Standard morphology    1 – 5%  
  Cytogenetics    5%  
  Fluorescence  in situ  hybridization    0.3 – 5%  
  Immunophenotyping    10  − 4   
  Translocations      
     PCR    10  − 6   
  Gene rearrangements      
     Southern blotting    1 – 5%  
     PCR    10  − 4  to 10  − 6   

be quantitative for prognostic purposes. Such methods 
include: 
   •      morphology;  
   •      cell culture assays;  
   •      karyotypic analysis;  
   •      fl uorescence  in situ  hybridization (FISH) techniques;  
   •      fl ow cytometry and immunophenotypic analyses;  
   •      molecular analyses, including Southern blotting and PCR.      

  Morphology 

 In acute leukemia, remission is the term used to describe a 
bone marrow containing fewer than 5% blast (i.e., leukemic) 
cells using conventional light microscopy, but this may still 
represent a considerable tumor burden since, at diagnosis, 
the leukemic cell number may be 10 12  and, following therapy, 
the neoplastic cell number may drop only by 2 logs to 10 10  
even in the presence of fewer than 5% marrow blasts. 
Standard morphology alone is not a sensitive method for 
determining low levels of disease and is a poor indicator to 
attempt to predict impending relapse (Table  6.1 ).    

  Cell  c ulture  a ssays 

 These involve growing T - cell - depleted marrow in culture 
after the patient has undergone treatment, followed by sub-
sequent morphological, immunophenotypic and karyotypic 
analyses on the colonies produced. Due to the variability of 
culture techniques between and within laboratories, this 
method has proved unreliable and insensitive for detecting 
persisting blasts. In addition, culture techniques do not 
provide any estimate of cell number and hence provide little 
information about tumor cell burden.  

  Karyotypic  a nalysis 

 Detection of non - random chromosomal translocations is of 
great value in the diagnosis of leukemias and lymphomas. 
Chromosomal abnormalities are present in at least 70% of 
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     Fig. 6.2      Principle of Southern blotting  
 Genomic DNA is digested using a restriction 
enzyme, after which the fragments are 
separated on the basis of size using agarose 
gel electrophoresis, and are fi nally transferred 
to a nylon membrane. Radiolabeled probe for 
the gene of interest is hybridized to the DNA 
on the membrane and, after removal of the 
non - specifi cally hybridized probe, the location 
and size of the fragment are determined using 
autoradiography.  

gene exceed 1 in 100 normal cells. The disadvantage of 
Southern blotting is that the technique is not suffi ciently 
sensitive for the detection of small numbers of malignant 
cells persisting after therapy and giving rise to disease relapse. 
For this reason, Southern blotting has been replaced by PCR 
for the detection of MRD.  

   PCR   a mplifi cation of  DNA  

 As described above, Southern blotting is a useful technique 
for assessing whether there is a clone of abnormal cells in 

is applied, which binds to its complementary sequence on 
the membrane and visualization of the gene is by autoradi-
ography (Figure  6.2 ).   

 Southern blotting is useful for the initial diagnosis of 
leukemia and lymphoma using probes specifi c for transloca-
tions or gene rearrangements. With Southern blotting, a 
non - germline or rearranged gene pattern may be seen in 
DNA from a population of cells where more than 1% of the 
total population is made up by a clone of malignant lym-
phoid cells. In other words, Southern blotting will detect a 
rearranged gene provided the cells containing the rearranged 
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blood, marrow or other tissue but is not useful if these cells 
are present in only very small amounts. In this case, tech-
niques that involve amplifi cation of specifi c DNA sequences 
are required. PCR has fi lled the void in this respect and has 
found a place in diagnostic laboratories investigating onco-
genes, hematological malignancies, single - gene disorders 
and infectious diseases. Part of the attraction of a PCR - based 
approach is its extreme simplicity and the speed with which 
results are obtained.    

  What  i s  PCR   a mplifi cation? 

 In the PCR reaction, two short oligonucleotide DNA primers 
are synthesized that are complementary to the DNA sequence 
on either side of the translocation or gene of interest. The 
region between the primers is fi lled in using a heat - stable 
bacterial DNA polymerase ( Taq ) from the hot - spring bacte-

rium  Thermus aquaticus . After a single round of amplifi ca-
tion has been performed, the whole process is repeated 
(Figure  6.3 ). This takes place 30 times (i.e., through 30 cycles 
of amplifi cation) and leads to a million - fold increase in the 
amount of specifi c sequence. When the 30 cycles are com-
plete, a sample of the PCR is electrophoresed on agarose or 
polyacrylamide gel. Information about the presence or 
absence of the region or mutation of interest is obtained by 
assessing the sizes and numbers of different PCR products 
obtained after 30 cycles of amplifi cation.   

 The specifi city of PCR can be further increased by the use 
of nested PCR, which involves reamplifi cation of a small 
amount of the amplifi ed product (obtained using outside, 
external, primers) using internal oligonucleotide primers. 

 PCR has the advantage that very little tissue sample is 
required for analysis and the technique can be applied to a 
variety of different sample types, for example fresh, unfi xed, 
cryopreserved and formalin - fi xed paraffi n - embedded tissue 

Target sequence Unamplified DNA

Cycle 1

Cycle 2

Denature and anneal primers

Start primer extension

Complete primer extension

Denature and anneal primers

Repeat x 30
Oligonucleotide
primer

     Fig. 6.3      Simplifi ed PCR schema  
 Double - stranded DNA is denatured to allow 
binding of specifi c oligonucleotides on either 
side of the region of interest.  Taq  DNA 
polymerase extends the oligonucleotides 
before the double - stranded molecules are 
denatured and the process is repeated.  
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as well as hematoxylin and eosin - stained and formalin - fi xed 
tissue. 

 PCR may be used to detect the presence of chromosomal 
translocations. The most commonly investigated rearrange-
ments include the t(9;22) translocation in chronic myeloid 
leukemia (CML), t(15;17) in acute promyelocytic leukemia 
(APL), t(1;19) in a subset of pre - B - cell ALL, t(14;18) found 
in 85% of follicular and 15% of diffuse large cell lymphomas, 
and several others. Alternatively, in the lymphoid malignan-
cies, if the tumor being investigated does not carry a trans-
location marker, PCR may be used to amplify rearranged 
antigen receptor [immunoglobulin or T - cell receptor (TCR)] 
genes.  

  Molecular  t argets 

  Chromosomal  t ranslocations 

 Translocations, which involve the transfer of DNA between 
chromosomes, are found in many of the hematological 
malignancies. Other chromosomal abnormalities include 
chromosomal deletions and inversions. Table  6.2  shows 
some of the translocations described in myeloid and lym-
phoid malignancies. As a result of chromosomal transloca-
tion, a gene from one chromosome ends up adjacent to a 
gene on the chromosome to which the DNA has been 
translocated, and this may have important consequences 
for the cell (and the patient). If a potentially cancerous 
gene (proto - oncogene), which is generally not transcription-
ally active, abuts onto a gene that is being actively tran-
scribed, this may result in upregulation of expression of 
that proto - oncogene. This is exactly the situation in many 
translocations described to date. In some cases, such as the 
translocation between chromosomes 14 and 18 found in 
many cases of follicular lymphoma, the  BCL - 2  gene is moved 
to chromosome 14 and comes under the transcriptional 
control of the immunoglobulin heavy chain (IgH) gene, 
which is transcribed actively. The increase in BCL - 2 protein 
prevents apoptosis (programmed cell death) and this 
may explain, in part, the underlying pathogenesis of some 
lymphomas.   

 The fi rst non - random chromosome translocation 
described was the Philadelphia chromosome, in which recip-
rocal translocation of DNA between chromosomes 9 and 22 
takes place. In t(9;22), the distal ends of chromosomes 9 and 
22 are exchanged in a so - called reciprocal translocation; that 
is, there is no overall net loss or gain of genetic material. The 
C -  ABL  proto - oncogene from chromosome 9 becomes joined 
to  BCR  (breakpoint cluster region) on chromosome 22, 
resulting in a chimeric fusion protein that has tyrosine 

  Table 6.2     PCR  - amplifi able chromosomal translocations and gene 
rearrangements in human hematological disorders. 

   Disease     Translocation     Genes involved  

   Acute myeloid leukemia   
  M2    t(8;21)     ETO/AML1   
  M2 or M4    t(6;9)     DEK/CAN   
  M3    t(15;17)     PML/RAR α    
  M4    inv(16)     CBF β /MYH11   

   Acute lymphoblastic leukemia   
  B - lineage    t(9;22)     BCR/ABL   

  t(1;19)     E2A/PBX1   
  t(17;19)     HLF/E2A   
  t(12;21)     TEL/AML1   
  t(4;11)     AF4/MLL   
  t(8;14)     MYC/IgH   

  T - lineage    TAL interstitial 
deletion  

   TAL   

  t(1;14)     TAL1/TCR δ    
  t(10;14)     HOX11/TCR α    
  t(11;14)     11p13/TCR δ    

   Lymphomas   
  Follicular and diffuse NHL    t(14;18)     BCL - 2/IgH   
  Mantle cell lymphoma    t(11;14)     BCL - 1/IgH   
  Burkitt lymphoma    t(8;14)     MYC/IgH   
  Anaplastic lymphoma    t(2;5)     ALK/NPM   

   Gene rearrangements   
  Immunoglobulin heavy chain    B - cell lymphoma/leukemia  
  T - cell receptors    T - cell lymphoma/leukemia  

   NHL, non - Hodgkin lymphoma.   

kinase properties, and through some unknown mechanism 
leads to the typical CML phenotype ( discussed in detail in 
Chapter    7  ).  

  Detecting the  p resence of  t ranslocations  
(Table  6.3 )      

  Some  t ranslocations  a re  d isease -  s pecifi c 

 Follicular lymphoma is characterized by t(14;18), which is 
found in almost 90% of cases. However, this translocation 
is found in other types of non - Hodgkin lymphoma (NHL), 
so that t(14;18) is not, in itself, diagnostic of one particular 
malignancy. APL is characterized by a reciprocal transloca-
tion between chromosomes 15 and 17. This is found in the 
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  Antigen  r eceptor  g ene 
 r earrangements:  i mmunoglobulin 
and  TCR   g enes  a s  m olecular  m arkers 

 Many hematopoietic malignancies have no detectable trans-
location suitable for PCR amplifi cation, and in these cases 
an alternative strategy is required. In the lymphoid malig-
nancies there is rearrangement of the antigen receptor at the 
immunoglobulin H (IgH) or TCR genes. The Ig and TCR 
molecules belong to a group of related proteins termed the 
immunoglobulin superfamily. Other members include CD8, 
the neural cell adhesion molecule (N - CAM) and the major 
histocompatibility complex (MHC). The Ig and TCR mol-
ecules have many similarities and have been shown to share 
common amino acid motifs. It is estimated that the immune 
system requires in excess of 10 10  specifi c antibodies to 
respond to antigenic determinants encountered in the envi-
ronment. If each Ig molecule were encoded separately in the 
germline, most of our genome would consist simply of Ig 
genes. Elegant work by Tonegawa demonstrated that Ig and 
TCR genes exist in the germline state as non - contiguous 
DNA segments that are rearranged during lymphocyte 
development (Table  6.4 ). Gene rearrangement involves 
recombination of germline gene segments that results in a 
permanently altered non - germline confi guration (Figure 
 6.4 ). The process of Ig and TCR gene assembly ensures 
almost limitless variation of Ig and TCR molecules using 
only a limited amount of chromosomal DNA. Other 
features that ensure Ig and TCR variability include imprecise 
joining of individual V, D and J segments, duplication and 
inversion of segments, and somatic mutation (in Ig genes) 
of V, D and J.     

  The  i mmunoglobulin  h eavy  c hain  l ocus 

 During normal lymphoid development, both B and T lym-
phocytes undergo rearrangement of their antigen receptor 
genes (i.e., Ig genes in B cells and TCR genes in T cells), and 
their clonal progeny bear this identical antigen receptor rear-
rangement. B - cell neoplasms, including NHL, ALL, myeloma 
and CLL, undergo irreversible somatic rearrangement of the 
IgH locus, providing a useful marker of clonality and the 
stage of differentiation in these tumors. Until recently, the 
lineage of Hodgkin lymphoma cells was unclear. PCR ampli-
fi cation of Ig genes has demonstrated that the vast majority 
of cases of Hodgkin disease are of B - cell lineage. 

 The human IGH locus at 14q32.33 spans 1250   kb. Unlike 
the light chain (IgL) locus, IgH contains diversity segments 
in addition to V, J and C segments. It consists of 123 – 129 
IGHV genes, depending on the haplotypes, 27 IGHD 

  Table 6.3    Detecting the presence of translocations. 

   Standard cytogenetics   
  If the translocation alters the appearance of banded 

chromosomes using standard cytogenetic analysis  

   Fluorescence   in situ   hybridization   
  Using metaphase or interphase techniques  

   Polymerase chain reaction   
  Requires the DNA on either side of the breakpoint to be 

sequenced to allow oligonucleotide primers to be constructed  

majority of cases but, unlike t(14;18), t(15;17) is not found 
in any other neoplasm or in health and so serves as a diag-
nostic marker for this disease (although its absence does not 
exclude the diagnosis). Although t(9;22) is characteristic of 
CML, it is important to detect this in cases in which blastic 
transformation has occurred. In addition, t(9;22) occurs in 
a subset of patients with ALL and in these cases is associated 
with a particularly poor prognosis. It is therefore important 
to identify these patients at diagnosis since their prognosis 
and treatment differ from those for other cases of ALL. 

 More recently a number of chromosomal translocations 
that were thought to be leukemia -  or lymphoma - specifi c 
have been found in the blood of normal individuals when 
assessed by PCR amplifi cation, including t(14;18), t(8;14), 
t(2;5), t(9;22), t(4;11), t(15;17) and t(12;21). The implica-
tion of this fi nding is that these rearrangements are not 
themselves suffi cient for malignant transformation of cells, 
in keeping with the  “ multiple - hit ”  hypothesis for tumor 
development.  

  Translocations  m ay  b e  u sed for  d etecting  r esidual  d isease 

 Translocations serve as useful diagnostic disease markers at 
presentation for a variety of leukemias and lymphomas. For 
the detection of MRD, standard cytogenetic analysis for the 
detection of translocations is not suffi ciently sensitive for 
follow - up but other techniques can be applied, including 
FISH and PCR. FISH techniques are constantly being 
improved ( see Chapter    2  ) and may be of value for MRD 
detection. However, more sensitive MRD detection is pos-
sible using PCR in cases where the translocations are well 
characterized and DNA on either side of the breakpoints has 
been sequenced. MRD using the chromosomal transloca-
tions t(14;18) and t(9;22) and other translocations are 
described later.    
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     Fig. 6.4      VDJ rearrangement  
 Rearrangement of non - contiguous germline V - , 
D -  and J - region segments generates a 
complete V – D – J complex, which serves as a 
useful marker of malignancy. FR1, FR2 and FR3 
refer to framework regions 1, 2 and 3, 
respectively; N, random N nucleotides; Jcon, JH 
consensus primer. The sizes of the various PCR 
products are shown (FR1   +   Jcon generates a 
fragment of 300 – 350   bp, and so on).  

  Table 6.4    Immunoglobulin and  T  - cell receptor diversity is achieved through rearrangement of separate germline segments. 

        Diversity of immunoglobulin and TCR genes  

   Immunoglobulin     T - cell receptor  

   H      κ       λ       α       β       γ       δ   

  V segments    250    100    100    60    80    8    6  
  D segments    15    0    0    0    2    0    3  
  J segments    6    5    4    50    13    5    3  
  VDJ recombination    104    500    400    3000    2000    40    18  
  N regions    2    0    0    1    2    1    4  
  N region additions    V – D, D – J    None    None    V – J    V – D, D – J    V – J    V – D1, D1 – D2, D1 – J  
  V domains    10 10     10 4     10 4     10 6     10 9     10 4     10 13   
  V domain pairs    10 14     10 15     10 17   

segments belonging to seven subgroups, nine IGHJ seg-
ments, and 11 IGHC genes; 82 – 88 IGHV genes belong to 
seven subgroups, whereas 41 pseudogenes, representing 
ancestral gene remnants (denoted by  ψ ), which are too 
divergent to be assigned to subgroups, have been assigned to 
four clans. Seven non - mapped IGHV genes have been 
described as insertion/deletion polymorphisms but have not 
yet been precisely located. The VH elements fall into seven 
families (VH1, VH2, VH3, VH4a, VH4b, VH5 and VH6). 
Unlike the TCR and IgL loci, the IgH locus contains multiple 
heavy - chain constant region (CH) segments (Figure  6.5 ), 
some 11 in total, including two pseudogenes (C μ , C δ , C γ 3, 
C γ 1, C ψ  ε , C α 1, C ψ  γ , C γ 2, C γ 4, C ε  and C α 2). Each C 
segment contains multiple exons corresponding to the func-
tional domains in the heavy - chain protein (CH1, CH2, CH3, 
etc.). The multiple C elements correspond to the different 
classes of heavy chain encountered during class switching. 
C μ  generates IgM, C α  generates IgA, and so on. This mecha-

nism ensures that although the heavy chains are of varying 
class, they will all bear identical V – D – J sequences.    

  Third  c omplementarity -  d etermining  r egion 

 The third complementarity - determining region (CDR3) 
region of the IgH gene is generated early in B - cell develop-
ment and is the result of rearrangement of germline sequences 
on chromosome 14. One diversity segment is joined to a 
joining region (D → J). The resulting D – J segment then joins 
one variable - region sequence (V → DJ), producing a V – D – J 
complex (Figure  6.4 ). The enzyme terminal deoxynucleoti-
dyltransferase (TdT) inserts random nucleotides at two sites: 
the V – D and D – J junctions. At the same time random deoxy-
nucleotides are removed by exonucleases. Antibody diversity 
is further increased by somatic mutation, a process that is not 
found in TCR genes. The fi nal V – N – D – N – J sequence (CDR3) 
is unique to that cell, and if the cell multiplies to form a clone 
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IgH
14q32 ~100–200 VH ~20 DH JH 1–6 CH

Cμ Cδ Cγ3 Cγ1 Cψε Cα1 Cψγ Cγ2 Cγ4 Cε Cα2     Fig. 6.5      Genetic map of region 14q32  
 The CH segments are shown toward the 3 ′  
end of the region.  

this region will act as a unique marker for that malignant 
clone. The V(D)J product corresponds to part of the variable 
region of the antibody molecule.  

   TCR   g enes  u ndergo a  s imilar  p rocess of 
 r earranging  t heir  g ermline  s egments to 
 p roduce  c omplete  TCR   g enes 

  Junctional  r egion  d iversity 

 Imprecise recombination involving V(D)J region DNA 
enhances the number of possible different antibody mole-
cule polypeptides due to loss or gain of additional nucle-
otides during the recombination event. The resulting V(D)
J product may be functional (i.e., generates antibody mole-
cules) or, if the reading frame is lost, non - functional. 
Whether functional or not, the CDR3 remains a unique 
marker for the malignant clone.  

   T  d  T   i nserts  N   r egion  n ucleotides into the  CDR 3 

 N region nucleotide insertion is seen at the boundary of V, 
D or J coding segments and is template - independent. These 
N regions contain 1 – 12 nucleotides and are more often 
guanine or cytosine than adenine or thymidine, refl ecting 
the role played by the enzyme TdT in this process.  

  Combinatorial  a ssociation 

 The TCR molecules are dimeric proteins, usually  α  plus  β  
(TCR  α : β ), although 5% of circulating T cells bear the  γ : δ  
TCR. The random combination of subunits in the TCR 
dimers further enhances the generation of diversity. The 
recombination events on one chromosome leading to the 
production of a functional molecule, such as TCR  α : β , result 
in the inhibition of recombination at that locus on the other 
chromosome. This so - called allelic exclusion ensures that 
any given lymphocyte will express only one type of receptor 
molecule.  

  Somatic  h ypermutation 

 This describes the random introduction of mutations within 
the V, D and J segments and is well documented in Ig genes 
but does not contribute to diversity in the TCR genes. 
Rearranged V - region sequences in B cells have been analyzed 
and found to differ from those of the germline V sequences 
from which they were generated. Most of these mutated V 
regions are found in the secondary immune response on 
rechallenge of B cells with antigen. During this process the 
antibody of the primary response (IgM) is switched to IgG 
or IgA. The somatic mutation rate has been estimated to be 
as high as 10  − 3  per base pair per cell generation, and the 
process occurs predominantly in variable regions of the mol-
ecule. The presence of somatic mutation can be useful in 
determining the stage of lineage in B - cell malignancies. In 
CLL it has been shown that cells either do or do not have 
mutated Ig genes. This has important prognostic signifi -
cance since those patients who have undergone somatic 
hypermutation have a better prognosis than those who have 
no mutations.   

  The  c linical  u tility of the  CDR 3  DNA  
 s equence 

 The description of V – D – J recombination may appear 
arcane, with no obvious relevance in clinical terms, but it is 
the formation of this unique recombination product that 
generates a powerful specifi c – specifi c marker that we can use 
for the detection of malignant clones and MRD. The DNA 
sequence within the V – D – J is determined by sequencing, 
following which the individual V, D and J segments are 
delineated. This allows accurate identifi cation of the N 
region nucleotides (which are generated randomly by the 
enzyme TdT) that form the basis of the unique clone - specifi c 
(patient - specifi c) probe (Figure  6.6 ).   

 There are two sites available for design of the customized 
probe: the DNA of the V – N – D sequence and that of the 
D – N – J sequence. Does it matter which one we use to make 
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     Fig. 6.6      Semi - nested PCR of IgH region in 
patient with B - cell tumor  
 V -  and J - region primers are used to generate 
the initial PCR product. Using DNA sequence 
information, an allele - specifi c oligonucleotide 
(ASO) primer unique to that patient is 
constructed and used with the V primer to 
amplify an aliquot of the fi rst - round PCR 
product.  

tate the tumor cell burden in those diseases where RNA is 
the nucleic acid used for the PCR assays. Diseases in which 
reverse transcriptase PCR (RT - PCR) is possible, with quan-
titation of the tumor burden, include CML [with t(9;22)], 
APL [t(15;17)] and acute myelogenous leukemia (AML) - M2 
[t(8;21)]. 

 DNA templates are more diffi cult to quantitate, although 
competitive PCR templates may be of value here also. 
Recent technologies such as the TaqMan real - time PCR 
machine may allow true quantitation using DNA as starting 
material. This system uses an internal oligonucleotide probe 
with added reporter and quenching activities (Figure  6.7 ). 
After primer and probe annealing, the reporter dye is 
cleaved off by the 5 ′  – 3 ′  nuclease activity of  Taq  DNA 
polymerase during primer extension (Figure  6.8 ). This 
cleavage of the probe separates the reporter from quencher 
dye, greatly increasing the reporter dye signal. The sequence 
detector is able to detect the fl uorescent signal during 
thermal cycling. The advantages of this system are the elimi-
nation of post - PCR processing and the ability to examine 
the entire PCR process, not simply the end point of ampli-
fi cation. Moreover, since the probe is designed to be 
sequence - specifi c, non - specifi c amplifi cation products are 
not detected.    

  Use of  PCR  for  d etection of  MRD  in 
 n on - Hodgkin  l ymphoma 

 The standard technique used for the diagnosis of NHL is 
light microscopy of stained sections of lymph node or other 
tissue. This allows accurate classifi cation of lymphoma 
subtype. In terms of detecting MRD, this technique has the 
limitation of detecting lymphoma cells only when they con-
stitute approximately 5% or more of all cells (i.e., 1 malig-
nant cell in 20 normal cells). Application of fl ow cytometric 
analysis for the detection of NHL has been hampered by the 
lack of lymphoma - specifi c monoclonal antibodies since all 
the cell surface antigens identifi ed to date on the surface of 
lymphoma cells are also present on normal B cells or B - cell 
precursor cells (Table  6.5 ).   

the probes? The V – N – D sequence generally has a larger N 
region with more random nucleotides inserted, but the 
D – N – J site appears preferable for use as a clone - specifi c 
probe since there is less base deletion of the 3 ′  end of the 
framework region 3 (FR3) than of the 5 ′  end of the J region. 
In addition, the D – J segments appear to be inherently more 
stable than V – D segments. Finally, where there is V → V 
switching, as happens in some diseases such as ALL, the D – J 
segment remains unchanged and the probe will still detect 
the clone even if the V regions alter. The consensus view at 
present is that the D – N – J is probably the best DNA sequence 
to use to make probes for MRD detection.   

  Quantitation of  n eoplastic  c ells 
 u sing  PCR  

 Until fairly recently, PCR amplifi cation simply confi rmed 
the presence (+) or absence ( − ) of tumor DNA sequences 
with little scope for quantifying the tumor bulk, particularly 
when using DNA as the PCR template. A band on agarose 
gel may represent the DNA from one cell, or many millions 
of cells. Clearly, this is of clinical importance if the informa-
tion obtained is to be of value in determining the need for 
further chemotherapy, which is the main rationale for 
attempting to detect MRD in the fi rst place. 

 In the early years of PCR detection of MRD the starting 
template was usually DNA, but more recently PCR amplifi -
cation of reverse - transcribed mRNA (termed  “ complemen-
tary DNA ”  or cDNA) has been used. This refi nement in PCR 
amplifi cation has evolved where analysis of translocations 
such as t(9;22) or t(15;17) is impossible using a DNA tem-
plate, simply because of the enormous size of the target being 
amplifi ed. In these translocations the primer binding sites 
are so far apart on the DNA template that amplifi cation is 
virtually impossible. However, the mRNA transcribed from 
these translocations undergoes considerable modifi cation, 
with excision of introns making the mRNA counterpart of 
the translocation much smaller than the DNA. 

 Quantitation using competitive PCR templates has been 
possible for RNA - based PCR, and so we are able to quanti-
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     Fig. 6.7      Real - time PCR amplifi cation  
 See text for details.  

0 1 2 3 4 5 6 7 98 11 13 15 17 19 21 23 25 27 29 31 33 35 37

1.600

1.400

1.200

1.000

0.800

0.600

0.400

0.200

0.000
–0.200

Fl
uo

re
sc

en
ce

 (
ΔR

n)
 

(a)

(b)

Cycle

107

106

105

104

103

102

101

1

10810710610510410310210

40.00

35.00

30.00

25.00

20.00

15.00

10.00

0.00

–5.00

Starting quantity

Th
re

sh
ol

d 
cy

cl
e 

(C
t) 

Unknowns

Standards

Slope:           –2.959
Y-Intercept:  34.644
Correlation   0.995
Coeff:

     Fig. 6.8      Standard curves generated for accurate 
quantitation of leukemic cell burden  
 Quantitation by real - time PCR requires generation of a 
standard curve. A known amount of template DNA is 
diluted into genomic DNA and amplifi ed by PCR. The 
threshold cycle is the cycle number at which reported 
fl uorescence is fi rst detected above background and is 
proportional to the amount of starting template DNA. The 
threshold cycle number is then plotted against the known 
amounts and a standard curve can be generated. The 
threshold cycle of the unknown samples can then be 
quantifi ed by reading off the standard curve.  
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breakpoint region (MBR) within the 3 ′  untranslated region 
of the  BCL - 2  gene, and the minor breakpoint cluster region 
(m - BCR) located 20   kb downstream. Juxtaposition of the 
transcriptionally active IgH with the  BCL - 2  gene results in 
upregulation of the  BCL - 2  gene product and subsequent 
resistance to programmed cell death by apoptosis.   

 The clustering of the breakpoints at these two main 
regions at the  BCL - 2  gene and the availability of consensus 
regions of the IgH joining (J) regions make this an ideal 
candidate for PCR amplifi cation to detect lymphoma cells 
containing the t(14;18) translocation. A major advantage in 
the detection of lymphoma cells bearing the  BCL - 2 /IgH 
translocation is that DNA rather than RNA can be used to 
detect the translocation. In addition, since there is variation 
at the site of the breakpoint at the  BCL - 2  gene, the PCR 
products for individual patients differ in size and have 
unique sequences. The size of the PCR product can be 
assessed by gel electrophoresis and used as confi rmation that 
the expected size fragment is amplifi ed from a specifi c 
patient.  

  Other  t ranslocations in  n on -  H odgkin  l ymphoma 

 The t(11;14)(q13;q32) is associated with a number of B - cell 
malignancies, particularly mantle cell lymphomas. In this 
translocation the proto - oncogene  BCL - 1  (also called  PRAD -
 1 ) on chromosome 11 is juxtaposed to the IgH chain locus 
on chromosome 14. 

 One - third of anaplastic lymphomas express the chromo-
somal translocation t(2;5)(p23;q35), which involves a novel 
protein tyrosine kinase and nucleophosmin, resulting in a 
p80 fusion protein. This translocation is detected by RT - PCR 

  Table 6.5    Clinical utility of  PCR  - based studies in patients with 
leukemia and lymphoma. 

      •      Detection of bone marrow infi ltration as part of staging 
procedure  

   •      Detection of circulating lymphoma cells in peripheral blood  
   •      Detection of minimal residual disease following therapy  
   •      Assessing contribution of reinfused lymphoma cells to relapse 

in patients undergoing autologous bone marrow 
transplantation  

   •      Assessing ability of purging techniques to eradicate residual 
malignant cells in marrow     

3' untranslated Intron3' exon

bcl-2

18q21 14q32

bcl-2

MBR

MBR
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     Fig. 6.9      t(14;18) translocation  
 In t(14;18) the  BCL - 2  locus on chromosome 
18 is juxtaposed to the IgH locus on 
chromosome 14. The breakpoints on 
chromosome 18 cluster at two main regions: 
the major breakpoint region (MBR) in the 5 ′  
untranslated region of the  BCL - 2  gene, and 
the minor cluster region (mcr) downstream in 
the intron. The chimeric gene product 
provides a unique tumor marker that can be 
PCR - amplifi ed using primers upstream of the 
MBR or mcr region with consensus primers 
within the J region of the IgH gene.  

  Chromosomal  t ranslocations 

 As shown in Table  6.2 , a number of chromosomal transloca-
tions and gene rearrangements associated with NHL have 
been identifi ed; the breakpoints have been sequenced and 
are applicable for PCR amplifi cation. 

   t (14;18) 

 The most widely studied non - random chromosomal trans-
locations in NHL is t(14;18), occurring in 85% of patients 
with follicular lymphoma and 30% of patients with diffuse 
large cell lymphoma. In t(14;18) the  BCL - 2  proto - oncogene 
on chromosome 18 is juxtaposed with the IgH locus on 
chromosome 14 (Figure  6.9 ). The breakpoints have been 
cloned and sequenced, and have been shown to cluster at 
two main regions 3 ′  to the  BCL - 2  coding region: the major 
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   PCR   d etection of  MRD   f ollowing  c hemotherapy 

 In follicular lymphoma, long - term analysis of patients after 
completion of conventional chemotherapy has shown that 
conventional - dose chemotherapy does not eradicate PCR -
 detectable disease, but this may not be associated with poor 
outcome. One study has shown no association between the 
presence or absence of PCR - detectable lymphoma cells and 
clinical outcome. Moreover, this confi rms the previous 
observation that some patients can indeed remain in long -
 term continuous complete remission despite the presence of 
PCR - detectable lymphoma cells, strongly suggesting that the 
detection of residual lymphoma cells has no prognostic sig-
nifi cance. Thus cells containing t(14;18) might not always 
represent residual lymphoma cells, but simply cells without 
the additional necessary cellular changes required for malig-
nant transformation. However, an alternative explanation is 
that conventional chemotherapy might not cure any patients 
with advanced stage follicular lymphoma and that all patients 
with persistent lymphoma cells are destined to relapse. The 
long - term remission status of these small numbers of 
patients might therefore represent merely the very long 
duration of their disease course. 

 These studies suggest that conventional - dose chemother-
apy did not result in molecular remission. More novel treat-
ment approaches, including more aggressive induction 
therapy and combinations of monoclonal antibody therapy 
with chemotherapy and the use of stem cell transplantation, 
have all been reported to be capable of eradicating PCR -
 detectable disease, achieving so - called molecular complete 
remission. In all these circumstances, eradication of PCR -
 detectable disease has been shown to be associated with 
improved outcome in follicular lymphoma, strongly sug-
gesting that eradication of MRD may be required for cure. 
With longer follow - up this question should be answered.  

  Detection of  c irculating  l ymphoma  c ells in  p eripheral  b lood 

 Blood is less frequently involved than marrow at presenta-
tion, but becomes more frequent as disease progresses. 
Studies at the time of initial presentation have suggested a 
high level of concordance between the detection of lym-
phoma cells in the peripheral blood and bone marrow when 
assessed by PCR. However, other studies have found that the 
bone marrow is more likely than peripheral blood to contain 
infi ltrating lymphoma cells in previously untreated patients. 
The presence of residual lymphoma in the bone marrow but 
not in the peripheral blood argues strongly that the marrow 
is indeed infi ltrated with lymphoma in these patients and 
does not simply represent contamination from the periph-
eral blood. The fi ndings of peripheral blood contamination 
with NHL when assessed by PCR are likely to have profound 

where the mRNA sequence is converted into cDNA before 
PCR amplifi cation.    

  Use of  m olecular  t echniques for 
 d etection of  MRD  in  l ymphoma 

 Detection of MRD has clearly illustrated that patients in 
clinical complete remission often harbor malignant cells in 
low numbers. The clinical signifi cance of the detection of 
such MRD is still being evaluated and remains unclear. The 
results of these studies will likely have great impact on the 
clinical management of patients as we understand more 
about the contribution of minimal disease to subsequent 
relapse. The prognostic signifi cance of the achievement of 
molecular complete remission remains elusive, and few 
studies to date have demonstrated the importance of eradi-
cating MRD in the patient to achieve cure. The majority of 
studies have been performed using as a target the t(14;18) 
in follicular lymphoma, but more recent studies have exam-
ined other translocations as well as Ig or TCR rearrange-
ments and have been reporting similar results. These studies 
have suggested that the goal of therapy should be to eradicate 
the malignant clone and achieve molecular complete 
remission. 

      PCR   d etection of  b one  m arrow  i nfi ltration  a s 
a  s taging  p rocedure 

 Lymphomas generally originate in lymphoid tissue, but as 
the disease progresses there may be spread to other sites, 
such as bone marrow and blood. At initial presentation all 
patients undergo staging investigations to determine the 
extent of disease as a means of planning treatment. A number 
of studies have examined the use of PCR detection of t(14;18) 
as a staging procedure to detect lymphoma cells in the bone 
marrow and peripheral blood at the time of initial presenta-
tion. However, PCR analysis cannot replace morphological 
assessment of bone marrow since not all patients have trans-
locations detectable by PCR, and these techniques are essen-
tially complementary. These PCR studies have all detected 
lymphoma cells in the bone marrow in a number of patients 
who had no overt evidence of marrow infi ltration by mor-
phology. Of great interest are those studies that have evalu-
ated the clinical utility of MRD detection in those patients 
presenting with localized disease. Although patient numbers 
are small, a signifi cant number can be found who would be 
upstaged from early - stage to advanced - stage disease by the 
results of PCR analysis. Whether PCR detection of minimal 
marrow infi ltration will eventually lead to modifi cations in 
therapy in those patients currently treated with localized 
radiotherapy remains to be determined.  
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shown itself to be a highly sensitive and effi cient method for 
determining the effi cacy of purging residual lymphoma cells. 
The effi cacy of purging varies between the cell lines studied, 
making it likely that there would also be variability between 
patient samples. 

 PCR amplifi cations of the t(14;18), t(11;14) and IgH rear-
rangements have all been used to detect residual lymphoma 
cells in the bone marrow before and after purging in patients 
undergoing autologous bone marrow transplantation (BMT) 
to assess whether the effi ciency of purging had any impact 
on disease - free survival. In one study, 114 patients with 
B - cell NHL and the  BCL - 2  translocation were studied. 
Residual lymphoma cells were detected by PCR analysis in 
the harvested autologous bone marrow of all patients. 
Following three cycles of immunological purging using anti -
 B - cell monoclonal antibodies and complement - mediated 
lysis, PCR amplifi cation detected residual lymphoma cells in 
50% of these patients. The incidence of relapse was signifi -
cantly increased in the patients who had residual detectable 
lymphoma cells compared with those in whom no lym-
phoma cells were detectable after purging.  

  Detection of  r esidual  l ymphoma  c ells in the  m arrow  a fter 
 t ransplantation  i s  a ssociated with  i ncreased  i ncidence of 
 s ubsequent  r elapse 

 Since PCR analysis detected residual lymphoma cells after 
conventional - dose chemotherapy in the majority of patients 
studied, it is not surprising that it has not been possible 
to determine any prognostic signifi cance for the persistence 
of PCR - detectable lymphoma cells. At the Dana - Farber 
Cancer Institute, PCR analysis was performed on serial bone 
marrow samples obtained after ASCT to assess whether 
high - dose therapy might be capable of depleting PCR -
 detectable lymphoma cells. The persistence or reappearance 
of residual detectable lymphoma cells had a great adverse 
infl uence on the disease - free survival of patients in this 
study after high - dose therapy. In contrast to previous 
fi ndings that all patients had bone marrow infi ltration fol-
lowing conventional - dose therapy, no PCR - detectable lym-
phoma cells could be found in the most recent bone marrow 
sample obtained from more than 50% of patients following 
high - dose chemoradiotherapy and ASCT. A number of 
studies have now demonstrated that persistent detection of 
MRD by PCR following ASCT in patients with lymphoma 
identifi es those patients who require additional treatment 
for cure, and also suggest that our therapeutic goal should 
be to eradicate all PCR - detectable lymphoma cells. In addi-
tion, quantitative PCR analysis has further shown that 
a rising tumor burden is a particularly poor prognostic 
feature.    

implications since there is now increasing interest in the use 
of peripheral blood stem cells, rather than bone marrow, as 
a source of hematopoietic progenitors. A number of studies 
have demonstrated that peripheral blood stem cell collec-
tions may also be contaminated with lymphoma cells when 
assessed by PCR techniques. In addition, much work is being 
performed to monitor the effects of chemotherapy and the 
growth factors that are used to mobilize hematopoietic pro-
genitor cells, to ensure that these agents do not also mobilize 
lymphoma cells.  

  Contribution of  r einfused  l ymphoma  c ells to  r elapse  a fter 
 a utologous  s tem  c ell  t ransplantation 

 In low - grade NHL there has been increasing interest in the 
use of high - dose therapy as salvage therapy for patients who 
have failed conventional - dose chemotherapy regimens. The 
resulting ablation of a patient ’ s marrow after high - dose 
therapy can be rescued by infusion of allogeneic or autolo-
gous stem cells. Autologous stem cell transplantation (ASCT) 
has several potential advantages over allogeneic stem cell 
transplantation for marrow rescue: there is no need for a 
histocompatible donor and there is no risk of graft - versus -
 host disease. ASCT can therefore be performed more safely, 
and in older patients, and has become a major treatment 
option for an increasing number of patients with hemato-
logical malignancies. 

 The major obstacle to the use of ASCT is that the infusion 
of occult tumor cells harbored within the stem cell collection 
may result in more rapid relapse of disease. To minimize the 
effects of the infusion of signifi cant numbers of malignant 
cells, stem cells are collected when the patient either is in 
complete remission or has no evidence of lymphoma in the 
blood. In addition, a variety of methods have been developed 
to purge malignant cells from the stem cell collection in an 
attempt to eliminate any contaminating malignant cells and 
leave intact the hematopoietic stem cells that are necessary 
for engraftment. The development of purging techniques 
has led to a number of studies of ASCT in patients with 
either a previous history of bone marrow infi ltration or even 
overt marrow infi ltration at the time of bone marrow harvest. 
Because of their specifi city, monoclonal antibodies are ideal 
agents for the selective elimination of malignant cells. 
Clinical studies have demonstrated that immunological 
purging can deplete malignant cells  in vitro  without signifi -
cantly impairing hematological engraftment.  

  Assessing  p urging  e ffi cacy by  PCR  

 PCR has been used to assess the effectiveness of immuno-
logical purging in models using lymphoma cell lines and has 
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the  PML/RAR  α  fusion gene: long and short. Patients who 
possess the short isoform have a poorer clinical outcome 
than those in whom the long isoform is found, but the exact 
mechanism involved is unclear at present.   

 The resultant fusion protein (PML/RAR α ) contains func-
tional domains in both PML and RAR α , and binds all -  trans  
retinoic acid (ATRA), to which the leukemic cells in APL are 
exquisitely sensitive. In fact ATRA, which induces differen-
tiation of the leukemic cells, may alone achieve remission in 
80% of  de novo  cases of APL. Two classes of retinoic acid 
receptor mediate the effects of retinoids: RAR and RXR, 
both of which are members of a superfamily of related lig-
and - inducible transcriptional regulatory factors. RAR ( α ,  β  
and  γ ) is activated by ATRA and 9 -  cis  - retinoic acid. RXR ( α , 
 β  and  γ ) is activated by 9 -  cis  - retinoic acid only. 

 Patients with APL and t(15;17) who achieve remission are 
now regarded as good - risk patients, with a 60% chance of 
achieving long - term remission. The presence of the fusion 
gene may be inferred from cytogenetic analysis (i.e., the 
presence of typical translocation) or, more recently, by an 
RT - PCR method. In this, the  PML/RAR  α  mRNA is reverse -
 transcribed into cDNA, which is then used for PCR detec-
tion of the abnormal transcript. The RT - PCR assay has been 
used to quantitate residual leukemic cells in patients with 
APL undergoing chemotherapy. 

 Trial data suggest that persistence of t(15;17) determined 
by the PCR approach predicts outcome: those patients who 
fail to become PCR - negative or who become PCR - positive 
following a period of PCR negativity subsequently suffer 
overt clinical relapse. Quantitative PCR monitoring of  PML/
RAR  α  can identify patients at high risk of relapse, suggesting 
that clinically practical monitoring at more frequent inter-
vals may improve predictive accuracy for relapse or continu-
ing complete remission in many patients with persistent, 
fl uctuating MRD levels.  

  Acute  m yelogenous  l eukemia 

 MRD monitoring in all AML treatment phases using real -
 time quantitative PCR for fusion transcripts ( CBFB/MYH11 ; 
 RUNX1/RUNX1T1  fusion transcripts of  MLL  gene) and for 
the Wilms tumor ( WT1 ) gene has demonstrated clinical 
utility in predicting relapse. 

   t (8;21) 

 The non - random chromosomal translocation t(8;21) occurs 
in up to 10% of  de novo  AML cases. It is more common in 
AML with features of maturation. This gene fuses the  AML  
gene on 21q22 with the  ETO  gene on 8q22. The breakpoints 
in this translocation invariably occur within defi ned regions 

  Use of  PCR  for  d etection of  MRD  in 
 a cute  l eukemias 

  Acute  l ymphoblastic  l eukemia 

 The treatment of childhood ALL has been one of the great 
success stories of modern chemotherapy and cure rates 
approaching 80% have been achieved in recently reported 
series. ALL cells usually rearrange either the IgH or TCR 
genes or both, and these provide markers that can be used 
to assess the clinical signifi cance of MRD detection in a 
disease with such a high likelihood of cure. It is now clear 
that early eradication of MRD is a powerful prognostic 
marker in childhood ALL. Most studies have suggested that 
modern aggressive induction regimens are often associated 
with rapid elimination of PCR - detectable disease and many 
studies are ongoing where treatment is intensifi ed in chil-
dren with higher levels of residual disease early in their treat-
ment. Most studies have also demonstrated that a quantitative 
increase in tumor burden is almost invariably associated 
with impending relapse. The impact of MRD on outcome 
has been studied less extensively in adult ALL, but most 
studies have also suggested that failure to eradicate MRD has 
important prognostic signifi cance and should infl uence 
future clinical management. 

   t (12;21) 

 The  TEL/AML - 1  gene rearrangement results from the cryptic 
reciprocal translocation t(12;21). This is the most common 
gene rearrangement found in childhood ALL and accounts 
for 25% of pre - B - cell ALL in children, but is rarely found in 
adult ALL. Most data are suggestive that the presence of this 
rearrangement is associated with a good prognosis. However, 
qualitative and quantitative PCR analysis studies have sug-
gested that the persistence of residual leukemia cells or a 
slower rate of eradication of the leukemic cells is associated 
with poor prognosis.   

  Acute  p romyelocytic  l eukemia 

 APL is associated with a balanced translocation between 
chromosomes 15 and 17, resulting in t(15;17)(q22;q21) and 
leading to rearrangement of the  RAR  α  gene (also termed 
 RARA ) on chromosome 17 and  PML  on chromosome 15 
(Figure  6.10 ). With rearrangement of DNA, the chromo-
somal translocation produces two novel fusion genes involv-
ing  PML  and  RAR  α , namely  PML/RAR  α  and  RAR  α  /PML . 
It is believed that  PML/RAR  α  is responsible for the develop-
ment of aberrant hematopoiesis. There are two isoforms of 
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     Fig. 6.10      t(15;17)(q22;q21) translocation  
 A balanced translocation involving the  RAR  α  
gene (at 17q21) and the  PML  gene (15q22) 
found in AML M3 (APL) in  > 90% of cases. 
The chimeric PML/RAR α  protein plays a role in 
the differentiation block characteristic of APL.  

in the vast majority of patients with CML and in up to 20% 
of adult patients with ALL. The CML cells transcribe an 8.5 -
 kb chimeric mRNA that is translated into a 210 - kDa protein 
(p210) with tyrosine kinase activity. The breakpoints at the 
 ABL  gene can occur at any point up to 200   kb upstream in 
the intron and therefore cannot easily be amplifi ed by PCR 
using genomic DNA as described earlier in this chapter. In 
contrast, the chimeric mRNA will usually be of two possible 
types:  BCR  between exons 13 and 14 is fused 5 ′  of exon 2 of 
 ABL , generating the b2a2 product; an alternative product, 
b3a2, is generated when the breakpoint is located between 
exons 14 and 15 of  BCR . It is therefore possible to amplify 
the chimeric mRNA by fi rst reverse - transcribing to cDNA. 
Using this technique, it is possible to detect one leukemic 
cell in up to 10 6  normal cells ( see Chapter    7  ).  

   MRD   m onitoring in  t yrosine  k inase  i nhibitor  t herapy 
in  CML  

 Imatinib induces complete cytogenetic response in most 
patients with CML, but MRD remains detectable by RT - PCR 
in many cases. These cells retain full leukemogenic potential 
since disease recurrence occurs after discontinuation of 
imatinib, an indication that the residual  BCR/ABL  - positive 

in the  AML  and  ETO  genes, resulting in a fairly uniform 
fusion product. Early studies of this translocation suggested 
that there was persistence of this transcript in almost all cases 
studied, even in patients in long - term remission. This sug-
gests that the  AML1/ETO  translocation may be necessary, 
but in itself insuffi cient, for leukemic transformation. PCR 
analysis suggests that a quantitative increase in the fusion 
transcript is predictive of subsequent relapse.    

  Use of  PCR  for  d etection of  MRD  in 
 c hronic  l eukemias 

  Chronic  m yeloid  l eukemia 

  Detection of  t (9;22) by  PCR   a mplifi cation 

 The translocation t(9;22), termed the Philadelphia chromo-
some, was described in 1960 by Nowell and Hungerford, and 
represented the fi rst non - random chromosomal abnormal-
ity shown to be associated with a specifi c neoplasm, namely 
CML (although it is found in other disorders). The t(9;22) 
is formed by the fusion of the  BCR  gene on chromosome 22 
with the  ABL  proto - oncogene on chromosome 9 and occurs 
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malities include trisomy 12 and deletions or translocations 
of chromosomes 11 and 13. Since these tumors are of B - cell 
origin, rearranged IgH genes may be used to confi rm clonal-
ity and to detect residual tumor following chemotherapy 
and, in younger poor - risk patients, BMT. Most studies in 
CLL have suggested that eradication of MRD predicts for 
improved outcome. The variety of MRD techniques and the 
lack of standardization have made it diffi cult to interpret and 
compare different clinical trials. Two techniques are widely 
used to assess MRD in CLL: PCR detection of IGVH rear-
rangements and multiparameter fl ow cytometric analysis. 
An international standardized approach has been adopted 
for fl ow cytometric analysis of MRD in CLL and compared 
with real - time quantitative PCR. Assessment of 50 CLL -
 specifi c monoclonal antibody combinations identifi ed three 
(CD5/CD19 with CD20/CD38, CD81/CD22 and CD79b/
CD43) that had low interlaboratory variation and low false -
 positive results. There was close correlation between four -
 color fl ow cytometry and PCR when levels of disease were 
above 0.01%. Allele - specifi c oligonucleotide PCR appears to 
be approximately 1 log more sensitive than four - color fl ow 
cytometric assessment, which has the advantage of being 
more applicable and does not require sequencing of the 
IGVH rearrangement. 

 BMT is generally precluded in most patients with CLL due 
to the advanced age of the patients affected. However, recent 
studies of younger patients with aggressive disease who have 
undergone either autologous or reduced intensity condi-
tioning allogeneic BMT have shown that PCR - detectable 
disease is often present at, or shortly after, transplantation, 
but this does not predict relapse. In the largest single - center 
study, the methods used for the analysis involved PCR 
amplifi cation of the IgH locus with sequencing of the CDR3 
products, before constructing patient - specifi c oligonucle-
otide probes, which were then used to probe the PCR prod-
ucts from marrow or blood samples taken after 
transplantation. Data suggest that patients who remain 
PCR - positive in the months following transplantation or 
who become PCR - positive, having been PCR - negative ini-
tially, tend to relapse. Those who remain PCR - negative or 
become negative remain in clinical and morphological 
remission (Figure  6.11 ). Obviously, with an indolent, slow -
 growing disease like CLL, we must wait some years before 
the data can be interpreted fully, since it may be that ulti-
mately all patients will relapse.     

  Problems with  PCR   a nalysis for 
 d etection of  MRD  

 The major concern with PCR - based disease detection will 
always be the fear of false - positive results because of the 

cells retain full leukemogenic potential. Whereas most 
patients who fail to respond or relapse after initial response 
harbor mutations in the kinase domain of BCR/ABL that 
impair drug binding, the mechanisms responsible for persist-
ence of MRD in responding patients are not well understood. 
Continuous monitoring using quantitative assessment of 
MRD during continuous drug therapy allows assessment of 
initial response, can predict relapse, even in cases achieving 
complete cytogenetic remission, and is an independent prog-
nostic factor for progression - free survival.  

  Detection of  MRD   a fter  b one  m arrow  t ransplantation 
in  CML  

 Before the widespread use of tyrosine kinase inhibitors in 
CML, allogeneic BMT was treatment of choice for suitable 
patients. However, 20% of patients transplanted in the 
chronic phase and more than 50% of patients transplanted 
in the accelerated phase or blast crisis relapse. Considerable 
effort has been made to establish whether persistence of 
MRD after allogeneic BMT is predictive of relapse. Early 
studies yielded confl icting results about the clinical implica-
tions of persistence of PCR - detectable disease. However, a 
recent large study from Seattle, including analysis of data 
from 346 patients, showed a clear association between the 
relapse and persistence of PCR - detectable disease. Detection 
of MRD early after BMT does not necessarily suggest a poor 
prognosis, and a PCR - positive sample 3 months after BMT 
was not informative for the clinical outcome. In contrast, a 
PCR - positive bone marrow or peripheral blood sample at or 
after 6 months post - BMT was closely associated with subse-
quent relapse. Statistical analysis of the data revealed that the 
PCR assay for the  BCR/ABL  fusion transcript 6 – 12 months 
after BMT is an independent predictor of subsequent relapse. 
In contrast, no clear prediction of clinical outcome could be 
made in patients who tested PCR - positive more than 3 years 
after BMT. This study and others have clearly demonstrated 
that most patients are PCR - positive 3 months after BMT, 
indicating that BMT preparative regimens alone do not 
eradicate CML cells effectively. Nevertheless, since this treat-
ment leads to cure in more than 50% of patients, other 
mechanisms (e.g., immunological mechanisms) must be 
responsible for tumor eradication.   

  Chronic  l ymphocytic  l eukemia 

 This is the commonest leukemia in adults and predomi-
nantly affects the elderly. A full description of CLL and its 
molecular abnormalities is provided in  Chapter    10  . Most are 
B - cell neoplasms (95%) which demonstrate a variety of 
cytogenetic abnormalities that are of value for molecular 
diagnosis and residual disease detection. Karyotypic abnor-
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increased likelihood of relapse. In lymphomas that do not 
express t(14;18), it is not yet clear whether failure to detect 
MRD in peripheral blood and bone marrow will predict 
which patients will relapse since other subtypes of lym-
phoma may relapse in nodal sites without detectable lym-
phoma cells in the circulation. 

 From the available data, there are clearly diseases in which 
the persistence of PCR - detectable disease following treat-
ment predicts relapse and others in which it does not. The 
full relevance of these fi ndings will become clearer as we 
understand more about the biology of the diseases and addi-
tional data are generated as part of ongoing major clinical 
trials.  
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ability of the technique to amplify even minute amounts of 
contaminating DNA. Unlike cell culture assays, it is not pos-
sible to determine whether cells detected by PCR are clono-
genic (i.e., capable of division and causing relapse). Cells 
bearing a translocation may be committed progenitors inca-
pable of further proliferation, or might have been suffi ciently 
damaged by previous exposure to chemotherapy or radio-
therapy to be already dead but still detectable by PCR analy-
sis. A potential problem with the use of PCR of the  BCL - 2 /
IgH translocation is that this translocation may not be spe-
cifi c for lymphoma cells. Cells bearing the translocation have 
been detected in hyperplastic lymphoid tissue in healthy 
individuals with no evidence of lymphoma, and more 
recently have been shown to occur rarely in normal B cells.  

  Conclusions 

 Methodologies have been developed for the sensitive detec-
tion of MRD in lymphoma and leukemia that are applicable 
to many patients. The question that now remains to be 
answered is the clinical utility of these techniques and devel-
opment of standardized approaches that lead to reproduci-
bility between laboratories. In childhood ALL, MRD 
monitoring of response is standard and results lead to altera-
tion of treatment. MRD monitoring has become standard in 
assessment of response in CML and APL. In NHL, studies 
are most advanced in patients with t(14;18). In these patients, 
conventional - dose chemotherapy does not appear to be 
capable of depleting PCR - detectable lymphoma cells, 
although lymphoma cells were detectable in peripheral 
blood in only half of the patients studied. Following ASCT, 
the persistence or reappearance of PCR - detectable lym-
phoma cells in the bone marrow is associated with an 

     Fig. 6.11      Detection of relapse of CLL in a patient undergoing 
autologous bone marrow transplantation using PCR  
 In the samples before (pre) and after (post) purging of the patient ’ s 
marrow, PCR positivity is clearly seen. Six months after autologous 
bone marrow transplantation no PCR - detectable signal is seen. 
However, 15, 27 and 32 months after the transplant, PCR positivity 
is easily detected. These fi ndings were confi rmed clinically and using 
standard morphological examination of the patient ’ s bone marrow.  
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  Introduction 

 Chronic myeloid leukemia (CML) is a clonal myeloprolif-
erative neoplasm that arises from a pluripotent stem cell. 
The Philadelphia (Ph) chromosome, which results from a 
reciprocal translocation between chromosomes 9 and 22, 
constitutes the cytogenetic hallmark of CML and can be 
detected in myeloid, erythroid, megakaryocytic, B, and 
sometimes T, lymphoid cells, but not in marrow fi broblasts. 
A critical milestone in CML research was the demonstration 
that this translocation involved the  ABL1  (v - abl Abelson 
murine leukemia viral oncogene homolog 1) gene on chro-
mosome 9 and the  BCR  (breakpoint cluster region) gene on 
chromosome 22 and resulted in the formation of the chi-
meric  BCR - ABL1  fusion transcript that encodes the consti-
tutively active BCR - ABL1 tyrosine kinase. The discovery that 
BCR - ABL1 plays a pivotal role in the pathogenesis of CML 
set the stage for the development of therapeutic strategies 
aimed specifi cally at inhibiting this kinase. In this chapter, 
we summarize the current knowledge regarding the molecu-
lar biology of CML, the most relevant treatment modalities, 
including novel BCR - ABL1 kinase inhibitors, and the mech-
anisms of resistance to these targeted agents.  

  Epidemiology 

 CML is a rare disease worldwide, with an annual incidence 
of 1.6 per 100   000 adults, being slightly more frequently 
diagnosed in male patients (male to female ratio 1.4   :   1). 

CML represents approximately 14% of all leukemias and 
accounts for up to 20% of all cases of adult leukemia in 
Western societies. The median age of onset of CML is 65 
years and the incidence increases with age. In the majority 
of patients with CML a clear etiology is absent and therefore 
the disease is neither preventable nor inherited. However, it 
is well documented that ionizing radiation is leukemogenic 
and CML has been observed in individuals exposed to the 
radiation emitted by the atomic bomb explosions in Japan 
in 1945. In these patients, the incidence of CML was 50 - fold 
higher than that of non - exposed subjects and it peaked 
approximately 10 years after the explosion, although patients 
younger than 15 years of age developed CML earlier than 
those 30 years of age or older. Nonetheless, in most cases of 
CML no antecedent radiation exposure is discernible.  

  Clinical  p resentation and  n atural 
 h istory of  CML  

 CML evolves typically in three phases. Approximately 90% 
of patients with CML are diagnosed in chronic phase (CP), 
characterized by overproduction of immature myeloid cells 
and mature granulocytes in the bone marrow and peripheral 
blood. At this stage, the leukemic burden is approximately 
10 12  cells, which replace the normal hematopoietic tissue in 
the bone marrow. Patients in CP are typically asymptomatic, 
but if symptoms are present these usually relate to the pres-
ence of splenomegaly (e.g., abdominal fullness, early satiety, 
pain). Other signs and symptoms that may occur are ano-
rexia, weight loss, fever, fatigue, or anemia, which is usually 
normochromic and normocytic. Leukocytosis, frequently 
with white blood cell counts exceeding 100    ×    10 9 /L, is a 
common fi nding at this stage but only occasionally leads to 
signs and symptoms of hyperviscosity (priapism, cerebrov-
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 The transition from CP to AP is usually subclinical and 
laboratory monitoring is necessary for detection of disease 
progression. A variety of classifi cation schemas have been 
use to defi ne AP based on a series of hematological and 
cytogenetic parameters. One classifi cation, proposed by 
investigators at the M.D. Anderson Cancer Center, defi nes 
AP as the presence of any of the following features: cytoge-
netic clonal evolution, 15% or more blasts, 30% or more 
blasts plus promyelocytes, 20% or more basophils, or plate-
lets lower than 100    ×    10 9 /L unrelated to therapy (Table  7.1 ). 
Although other classifi cation systems have been proposed 
for defi ning AP and BP, they have not been clinically vali-
dated. Patients in AP may be symptomatic and present with 
fever, night sweats, weight loss, or bleeding associated with 
thrombocytopenia. The average survival of patients in AP 
was 1 – 2 years.   

 Historically, the estimated risk of transformation to BP 
was 5 – 10% per year during the fi rst 2 years after diagnosis 
but increased to 20 – 25% per year thereafter. A diagnosis of 
BP CML requires the demonstration of at least 30% blasts 
in the peripheral blood and/or the bone marrow, or the 
presence of extramedullary blastic foci. The World Health 
Organization (WHO) classifi cation has proposed that the 
blast percentage that defi nes BP be changed from  ≥ 30% to 
 ≥ 20%. Immunophenotypically, BP CML can display either 
myeloid or lymphoid features. In rare instances, blast cells 
can be biphenotypic and exhibit a mixed lymphoblastic –
 myeloblastic lineage. BP with a lymphoid phenotype occurs 
in 20 – 30% of patients, whereas 50% exhibit a myeloid phe-
notype, and in the remaining 25% of patients the phenotype 
is undifferentiated. Cells from patients with lymphoid BP 
CML exhibit high levels of the enzyme terminal deoxynucle-

ascular accidents, dizziness, confusion) or retinal hemor-
rhage. In CP, CML cells retain their ability to differentiate 
and produce morphologically normal blood elements, 
capable of carrying out the physiological functions of normal 
counterparts. In up to 50% of cases, CP CML is diagnosed 
after a routine blood test done for unrelated reasons. The 
peripheral blood smear of patients in CP is characterized by 
the presence of the full spectrum of myeloid cells with blasts 
comprising less than 5% of the white blood cell differential. 
Basophilia is almost invariably present and the leukocyte 
alkaline phosphatase activity is reduced, both in intensity 
and in the number of neutrophil band forms that stain posi-
tive for this enzyme. The bone marrow aspirate and biopsy 
are hypercellular and demonstrate granulocytic and meg-
akaryocytic hyperplasia, basophilia, and a blast percentage 
of 5% or less. Historically, the median survival of patients 
with CP CML was 4 – 5 years. Left untreated, most patients 
in CP progress to blast phase (BP), characterized by a periph-
eral blood or bone marrow blast percentage of 30% or more, 
frequently preceded by an accelerated phase (AP). The esti-
mated risk of transformation from CP to BP was approxi-
mately 3 – 4% per year. Both AP and BP are characterized by 
increasing arrest of maturation. Moreover, as CML evolves 
into AP or BP, dysplastic changes become more apparent 
and consist mainly of hypersegmention, hyposegmentation, 
or abnormal lobulation of polymorphonuclear leukocytes, 
the presence of both eosinophilic and basophilic granules in 
the same cell, Pelger - like leukocytes, karyorrhexis of the 
erythroblasts, and microforms of the megakaryocytes. In 
addition, structural studies have demonstrated that myeloid 
maturation is faulty, with the cytoplasm generally maturing 
more rapidly than the nucleus. 

  Table 7.1    Diagnostic criteria of accelerated phase according to  M . D . Anderson Cancer Center ( MDACC ), International Bone Marrow Transplant 
Registry ( IBMTR ), and the World Health Organization ( WHO ). 

        MDACC     IBMTR     WHO  

  Blasts    15 – 29%    10 – 29%    10 – 19%  *    
  Blasts   +   promyelocytes     ≥ 30%     ≥ 20%    NA  
  Basophils     ≥ 20%     ≥ 20%  †       ≥ 20%  
  Platelets ( × 10 9 /L)     < 100    Unresponsively high or persistently low     < 100 or  > 1000 Unresponsive  
  Cytogenetics    CE    CE    CE not at diagnosis  
  WBC    NA    Diffi cult to control, or doubling    <    5 days    NA  
  Anemia    NA    Unresponsive    NA  
  Splenomegaly    NA    Increasing    NA  
  Other    NA    Chloromas, myelofi brosis    Megakaryocyte proliferation, fi brosis  

    *    In the WHO criteria, blast phase is defi ned as a blast percentage of 20% or higher. For MDACC and IBMTR a defi nition of blast phase 
requires the presence of at least 30% blasts.  
   †    Basophils plus eosinophils.  
  CE, clonal evolution; NA, not applicable; WBC, white blood cell count.   
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CML capable of segregating genetically defi ned subgroups 
with an adverse prognosis.  

  Molecular  b iology of  CML  

    BCR  -  ABL 1   o ncogene 

 The fusion of the  ABL1  and the  BCR  genes resulting from 
the reciprocal translocation t(9;22)(q34;q11) gives rise to the 
 BCR - ABL1  oncogene that encodes for the constitutively 
active BCR - ABL1 protein kinase. Several experimental 
models, such as  BCR - ABL1  - expressing CD34 +  cells in culture 
or retrovirally transduced  BCR - ABL1  - positive mouse cells, 
have established a causal relationship between  BCR - ABL1  
and human leukemia. Notably,  BCR - ABL1  can transform 
hematopoietic stem cells, but not committed progenitors 
lacking self - renewal capacity. 

 Different breakpoints within  ABL1  at 9q34 have been 
described, located either upstream of exon Ib, downstream 
of exon Ia, or more frequently between the two (Figure  7.1 ). 
Breakpoints within  BCR  localize to three main breakpoint 
cluster regions ( bcr ). In most patients with CML and in one -
 third of those with Ph - positive acute lymphoblastic leuke-
mia (ALL), the breakpoint maps to the major breakpoint 
cluster region (M -  bcr ), which spans  BCR  exons 12 – 16 (for-
merly called b1 – b5), giving rise to a fusion transcript with 
either b2a2 or b3a2 junctions that translates into a 210 - kDa 
protein (p210  BCR - ABL1  ). In two - thirds of patients with Ph -
 positive ALL and rarely in CML, the breakpoints within  BCR  
localize to an area of 54.4   kb between exons e2 ′  and e2, 
termed the minor breakpoint cluster region (m -  bcr ), which 
translates to a 190 - kDa protein (p190  BCR - ABL1  ). A third break-
point cluster region ( μ  -  bcr ) has been identifi ed giving rise to 
a 230 - kDa fusion protein (p230  BCR - ABL1  ) associated with some 
cases of chronic neutrophilic leukemia.    

   BCR  -  ABL 1  k inase  s ignaling  p athways 

 BCR - ABL1 signals through an intricate network of molecu-
lar pathways to promote inhibition of growth - factor/adhe-
sion dependence, decreased apoptosis, and enhanced 
proliferation (Figure  7.2 ). Phosphorylation of BCR Tyr177 
provides a high - affi nity docking site for the SH2 domain of 
growth factor receptor - bound protein 2 (GRB2), which in 
turn recruits SOS (a guanine - nucleotide exchanger of  RAS ), 
thus activating RAS and the adapter GRB2 - associated 
binding protein 2 (GAB2). BCR - ABL1 - induced GAB2 phos-
phorylation activates the phosphatidylinositol 3 - kinase 
(PI3K)/AKT and the RAS/ERK pathways. BCR - ABL1 also 
phosphorylates the SRC family kinases (SFKs) HCK, LYN, 
and FGR, which is conducive to activation of STAT5 (signal 

otidyltransferase (TdT), which catalyzes the polymerization 
of deoxynucleoside triphosphates. TdT is found mainly in 
poorly differentiated normal and malignant lymphoid cells 
of T - cell and B - cell origin and its expression progressively 
diminishes as lymphocytes differentiate. Most cases of lym-
phoid BP arise from progenitors of the B - cell lineage, and 
express CD10, CD19, and CD22. T - cell BP CML has been 
rarely described. The phenotype of myeloid BP cells resem-
bles that of acute myeloid leukemia cells, with blasts staining 
with myeloperoxidase and expressing CD13, CD33, and 
CD117. Clinically, BP CML is characterized by prominent 
hypercatabolic symptoms, related to increasing tumor 
burden, and a remarkable resistance to conventional chemo-
therapeutic agents. The median survival of patients in BP 
prior to the introduction of imatinib therapy was 18 weeks.  

  Prognostic  t ools in  CML  

 The different CML phases predict for very different surviv-
als. However, the prognosis is highly variable even among 
patients in the same phase of the disease. Several patient 
characteristics have been found to be prognostically useful 
and have been used to generate prognostic systems. In 1984, 
Sokal and colleagues studied 813 patients with CML col-
lected from six European and American series in the 1960s 
and 1970s. The following hazard ratio function for death was 
derived from baseline patient and disease characteristics:
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 This function segregated patients into three prognostic 
groups with hazard ratios of  < 0.8, 0.8 – 1.2, and  > 1.2, and 
median survivals of 2.5, 3.5, and 4.5 years, respectively. 
Given that the Sokal prognostic score system was developed 
in the era before interferon (IFN) -  α , the Hasford score, 
which takes into account age, platelet count, peripheral blast 
count, spleen size, eosinophils and basophils, was developed 
to identify risk groups in patients with CML treated with 
IFN -  α . 

 Genome - wide analyses of gene expression profi les have 
been broadly used as prognostication tools in multiple 
malignancies. In a recent analysis, in which DNA microar-
rays were used to compare gene expression in 91 patients 
with CML in all phases of the disease, patients in CP or BP 
revealed marked differences in gene expression. Interestingly, 
there was a strong correlation in expression levels between 
AP and BP ( r    =   0.81), suggesting that the progression from 
CP to advanced phase (AP and BP) CML could be a two - step 
process rather than a triphasic process. Gene - expression 
profi ling may facilitate a comprehensive stratifi cation of 
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     Fig. 7.2      Schematic diagram of signaling pathways activated by the BCR - ABL1 kinase  
 See text for defi nition of abbreviations.  

     Fig. 7.1      Schematic representation of the   BCR   and   ABL1   genes  
 Exons are numbered.  BCR  spans 130   kb and is situated in a 5 ′  to 3 ′  orientation with the 5 ′  end closer to the centromere. The entire gene 
contains 23 exons. Exons 1 ′  and 2 ′  of  BCR  are alternative exons contained within the fi rst intron. The three main breakpoint cluster regions in 
 BCR  are shown. The  ABL1  gene contains two alternative fi rst exons (1b and 1a). Breakpoints within the  ABL1  gene are represented by the 
dashed arrows. The combination of breakpoints within  BCR  and  ABL1  genes gives rise to a series of fusion transcripts that encode for protein 
products with different molecular weight.  
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( P    =   0.00007). The 5 - year survival rates were 57% with 
IFN -  α  and 42% with chemotherapy ( P     <    0.00001). Cytarabine 
was added to IFN -  α  in an attempt to improve on the 
response rates of single - agent IFN -  α . Although associated 
with a higher incidence of gastrointestinal toxicity and mye-
losuppression, this combination resulted in improved 
cytogenetic response rates. Cytogenetic response to IFN -  α  -
 based therapy was associated with improved survival, with 
78% of patients who achieved a CCR alive at 10 years. 
Interestingly, 30% of patients in CCR had undetectable 
 BCR - ABL1  transcript levels and none of them had relapsed 
after more than 10 years of follow - up, suggesting that these 
patients might indeed be cured. These striking results are 
believed to be a consequence of the immunomodulatory 
effect of IFN -  α . This is best illustrated by the presence of 
IFN -  α  - induced cytotoxic T lymphocytes specifi c for PR1, a 
peptide derived from proteinase 3 which is overexpressed in 
CML cells. These cytotoxic T lymphocytes have been isolated 
from patients in CCR after IFN -  α  therapy and SCT but not 
in those who failed to achieve CCR or were treated with 
chemotherapy.  

  Stem  c ell  t ransplantation 

 Allogeneic SCT remains an important therapeutic modality, 
particularly for younger patients with human leukocyte 
antigen (HLA) - identical siblings. Results after allogeneic 
SCT are signifi cantly better for patients transplanted in CP 
than for those in advanced - phase CML. Despite initial 
reports of improved outcomes when allogeneic SCT was 
performed within 12 months from CML diagnosis, similar 
outcomes have been reported when SCT was performed 
during the fi rst 24 months, or even within the fi rst 36 months 
from diagnosis. The infl uence of pre - SCT therapy on out-
comes after SCT has been a subject of intense debate. It was 
initially suggested that prior IFN -  α  therapy negatively 
impacted the outcome of SCT. Subsequent studies could not 
demonstrate such effect, and recent evidence suggests that 
this might also be true for the use of imatinib prior to SCT. 
The mortality during the fi rst year post - SCT for patients 
younger than 40 years transplanted in early CP from an 
HLA - identical sibling is 10 – 20% due to regimen - related tox-
icity, graft - versus - host disease (GVHD), veno - occlusive 
disease, and infectious complications. After a follow - up of 
10 years, patients with CML undergoing allogeneic SCT have 
an overall survival of 60% and an event - free survival of 50%, 
although at 15 years these decrease to 47% and 52%, respec-
tively. The European Group for Blood and Marrow 
Transplantation (EBMT) has reported on 2628 patients who 
received transplants between 1980 and 1990. The overall 
survival rate at 20 years was 34% for all patients and 41% 
for those who received transplants in fi rst CP from an HLA -

transducer and activation of transcription 5), which upon 
dimerization translocates to the nucleus and binds to cognate 
DNA sequences to modulate gene transcription. Moreover, 
STAT5 upregulates the anti - apoptotic protein BCL XL , which 
is repressed by the tumor suppressor and negative regulator 
of granulocyte differentiation ICSBP (transcription factor 
interferon consensus sequence binding protein). Recently, 
the RAC subfamily of guanosine triphosphatases (GTPases) 
RAC1, RAC2, and RAC3 as well as the enzyme 12/15 - 
lipoxygenase (12/15 - LO) have also been identifi ed as impor-
tant elements in BCR - ABL1 downstream signaling. In spite 
of the fact that BCR - ABL1 signals through a multitude of 
downstream elements, the kinase activity of this oncogenic 
enzyme is key to the genesis and maintenance of the CML 
phenotype. This realization provides the rationale for the 
development of therapeutic strategies to abrogate the activa-
tion of BCR - ABL1.     

  Therapy for  p atients with  CML  

 In recent years, the treatment of patients with CML has 
changed dramatically. Conventional chemotherapeutic 
agents such as busulfan or hydroxycarbamide (hydroxyurea) 
are no longer used, except as a means to achieve initial 
hematological control. The emergence of imatinib mesylate 
has brought about a change in the therapeutic algorithm for 
CML, to the point that IFN -  α  has been superseded by imat-
inib as frontline therapy, and imatinib has spurred the devel-
opment of an array of tyrosine kinase inhibitors (TKIs) with 
higher potency against BCR - ABL1 kinase. Allogeneic stem 
cell transplantation (SCT) remains a curative modality and 
a valid option for patients who fail TKI therapy. 

  Interferon -  α  

 The use of recombinant IFN -  α  in CML was developed in the 
early 1980s; this agent showed signifi cant activity, particu-
larly in patients in early CP, but modest activity in advanced -
 phase CML. IFN -  α  therapy resulted in complete 
hematological response (CHR) and major cytogenetic 
response (MCR; i.e.,  < 35% Ph chromosome - positive cells) 
in 80% and 38% of patients, respectively. Furthermore, 
complete cytogenetic response (CCR; i.e., 0% Ph chromo-
some - positive cells) was reported in 30 – 35% of patients. By 
multivariate analysis, bone marrow basophilia ( P     <    0.01) 
and splenomegaly ( P     <    0.01) were identifi ed as independent 
poor prognostic factors for survival, whereas achievement of 
MCR was associated with improved survival ( P     <    0.001). In 
a meta - analysis involving seven large, prospective, rand-
omized trials, IFN -  α  produced a signifi cantly better survival 
than either hydroxycarbamide ( P    =   0.001) or busulfan 
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mens are being investigated. This approach takes advantage 
of the ability of the T cells harbored in the graft to attack the 
CML cells (graft - versus - leukemia effect) instead of relying 
entirely on an ablative regimen to obtain this effect. The 
EBMT has reported on 187 patients with a median age of 50 
years who received reduced intensity conditioning allogeneic 
SCT between 1994 and 2002, mainly from HLA - matched 
related donors. Notably, the 3 - year overall survival was 70% 
for those patients with a favorable EBMT score and 30% for 
those with the highest scores, supporting the use of this 
modality in older patients. Long - term outcomes cannot yet 
be evaluated.  

  Imatinib  m esylate (Gleevec,  f ormerly 
 STI  - 571) 

 Imatinib mesylate is an orally bioavailable 2 - phenylami-
nopyrimidine relatively selective for and moderately potent 
against the constitutively active tyrosine kinase of the BCR -
 ABL1 fusion protein (Figure  7.3 ). In addition to BCR - ABL1, 
imatinib also inhibits other kinases such as KIT, platelet -
 derived growth factor receptor (PDGFR) α  and PDGFR β , 
and ABL - related gene (ARG). Seminal work by Buchdunger 
and colleagues and Druker and colleagues demonstrated the 
selective activity of imatinib against  BCR - ABL1  - expressing 
cells lines  in vitro  and  in vivo . Based on these promising 
preclinical data, imatinib was tested in Phase I and Phase II 
trials where it demonstrated exceptional activity in patients 
with CML, particularly in CP, and a safe toxicity profi le 
when administered at a daily dose of 400   mg. It was ulti-
mately the Phase III, randomized, multinational IRIS 

 identical sibling. However, only one - third of patients have a 
suitable HLA - matched sibling and the use of stringent inclu-
sion criteria in modern transplantation protocols limits the 
applicability of this approach to a minority of patients. A 
means to overcome this hurdle is the use of matched unre-
lated donors. However, matched unrelated donor SCT is 
associated with a higher incidence of viral infections, exten-
sive chronic GVHD, and engraftment failure compared with 
HLA - matched sibling donor SCT. The long - term disease -
 free survival rate after matched unrelated donor SCT for 
young patients in early CP is 57% compared with 67% in 
patients receiving grafts from HLA - matched siblings. 
Progress in molecular DNA typing of HLA alleles has 
decreased the rate of GVHD and improved the probability 
of long - term survival in patients undergoing matched unre-
lated donor SCT. Although these outcomes are likely to be 
improved by using more stringent molecular typing proto-
cols, this will be invariably linked to a lower probability of 
fi nding suitable donors. 

 It has been shown that patients with minimal residual 
disease detected by polymerase chain reaction (PCR) 12 
months from SCT have a risk of relapse of 30 – 40%, whereas 
in those with undetectable  BCR - ABL1  transcripts it is less 
than 5%. However, overt relapse can be frequently abrogated 
by donor lymphocyte infusion in a high percentage of 
patients when this is administered at the time of molecular 
relapse. Alternatively, imatinib can also be used in the post -
 SCT relapse setting, and induces CCR in over 40% of patients 
treated in CP. 

 Since a large proportion of patients with CML are older 
than 50 years of age, reduced intensity conditioning regi-
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(International Randomized Study of IFN -  α  plus Ara - C 
versus STI571) study, comparing imatinib 400   mg orally 
daily with IFN -  α  in combination with cytarabine in newly 
diagnosed patients with CML in CP, which established 
imatinib as the standard frontline therapy for CML. In this 
study, 1106 patients were randomized between June 2000 
and January 2001, with the possibility to cross over to the 
alternate therapy if treatment failure or intolerance was 
demonstrated (Figure  7.4 ). Baseline patient and disease 
characteristics were well balanced for all features evaluated, 
including age, white blood cell count, Sokal and Hasford 
score, and time from diagnosis to imatinib therapy. Imatinib 
therapy was superior to IFN -  α  plus low - dose cytarabine 
in all aspects including hematological and cytogenetic 
responses, tolerability, and progression to advanced - phase 

CML. After a median follow - up of 60 months, the projected 
rates of CHR and CCR were 98% and 87%, respectively. 
Notably, the estimated 5 - year survival rate was approxi-
mately 90% and the rate of progression from CP to 
either AP or BP during the sixth year of therapy was 0% 
(Figure  7.5 ).   

 The prognostic implications of achieving a major molecu-
lar response (MMR; i.e., 3 - log reduction in  BCR - ABL1  tran-
script levels) have led to a reappraisal of the main goals of 
imatinib therapy for patients with CML. The depth of the 
response achieved after 12 months of imatinib therapy has 
been shown to have important implications regarding long -
 term outcome and, as a consequence, the emphasis in CML 
therapy has been placed on the achievement of not only CCR 
but also MMR or, ideally, of complete molecular response 
(CMR; i.e., undetectable  BCR - ABL1  transcripts). The impor-
tance of achieving molecular responses during imatinib 
therapy has been borne out by results from the IRIS trial, 
which demonstrated that patients who attained MMR within 
the fi rst 12 months of therapy had a transformation - free 
survival of 100%. For that reason, once CCR is obtained, 
monitoring by quantitative RT - PCR in peripheral blood 
samples at 3 – 6 month intervals is recommended during the 
fi rst 12 months of therapy and every 6 – 12 months thereafter. 
In this regard, results from Phase II studies suggest that 
imatinib at higher doses (600 – 800   mg daily) might result in 
higher rates of cytogenetic and molecular response and 
therefore improved long - term outcomes compared with the 
standard dose of 400   mg daily. Results from ongoing rand-
omized studies will determine whether high - dose imatinib 
provides higher response rates or simply hastens their 
achievement. 

 Currently, there is no evidence that patients receiving 
imatinib can safely discontinue therapy, as most patients 
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     Fig. 7.4      Design of the IRIS study  
 A total of 1106 patients were randomized to receive either imatinib 
400   mg daily or the combination of IFN -  α  and cytarabine (Ara - C). 
Crossover was allowed due to lack of response, loss of response or 
treatment intolerance. The data presented have been updated after 
6 years of follow - up. To date, 181 (33%) patients have discontinued 
imatinib therapy.  
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     Fig. 7.5      Disease progression during imatinib therapy in the IRIS 
trial after 6 years of follow - up  
 Events denote loss of complete hematological response, loss of major 
cytogenetic response, progression to accelerated or blast phase, or 
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  Table 7.2    Response to the second - generation tyrosine kinase inhibitors nilotinib and dasatinib in Phase  II  studies  *   of patients with imatinib -
 resistant or  - intolerant  CML . 

   ABL kinase 
inhibitor     CML phase  

   Number of 
patients  

   Response rate (%)  

   CHR  

   Cytogenetic  

   Complete response     Partial response  

  Nilotinib    Chronic    321    77    41    16  
  Accelerated    129    26    19    12  
  Blastic (myeloid)    22    11    29    9  
  Blastic (lymphoid)    19    13    32    16  

  Dasatinib    Chronic    387    91    53    9  

  Accelerated    174    50    33    7  
  Blastic (myeloid)    109    26    27    7  
  Blastic (lymphoid)    48    29    46    6  

   CHR, complete hematological response (normalization of peripheral blood counts and disappearance of all signs and symptoms related to 
leukemia for at least 4 weeks); partial cytogenetic response, 1 – 35% Ph - positive cells; complete cytogenetic response, 0% Ph - positive cells.  
   *    Gambacorti C, Cortes, J, Kim, D  et al . (2007) Effi cacy and safety of dasatinib in patients with chronic myeloid leukemia in blast phase whose 

disease is resistant or intolerant to imatinib: 2 - year follow - up data from the START Program.  Blood ,  110 , (abstract 472).  
  Giles F, Larson RA, Kantarjian K  et al . (2007) Nilotinib in patients (pts) with Philadelphia chromosome - positive (ph+) chronic myelogenous 

leukemia in blast crisis (CML - BC) who are resistant or intolerant to imatinib.  Blood ,  110 , (abstract 1025).  
  Guilhot F, Apperley JF, Kim D  et al . (2007) Effi cacy of dasatinib in patients with accelerated - phase chronic myelogenous leukemia with resist-

ance or intolerance to imatinib: 2 - year follow - up data from START - A (CA180 - 005).  Blood ,  110 , (abstract 470).  
  Kantarjian H, Hochhaus A, Cortes J  et al . (2007) Nilotinib is highly active and safe in chronic phase chronic myelogenous leukemia (CML - CP) 

patients with imatinib - resistance or intolerance.  Blood ,  110 , (abstract 735).  
  le Coutre P, Giles FJ, Apperley J  et al . (2007) Nilotinib is safe and effective in accelerated phase chronic myelogenous leukemia (CML - AP) 

patients with imatinib resistance or intolerance.  Blood ,  110 , (abstract 471).  
  Stone R, Kantarjian H, Baccarani M  et al . (2007) Effi cacy of dasatinib in patients with chronic - phase chronic myelogenous leukemia with 

resistance or intolerance to imatinib: 2 - year follow - up data from START - C (CA180 - 013).  Blood ,  110 , (abstract 734).   

eventually develop resistance to imatinib, several other TKIs 
are in clinical development. The common denominator of 
most of these agents is their superior potency relative to 
imatinib and their activity against a wide spectrum of imat-
inib - resistant BCR - ABL1 kinase mutations, which represent 
the most common mechanism of resistance encountered in 
patients with CML undergoing TKI therapy. Therapy with 
either nilotinib or dasatinib, the two agents furthest along in 
clinical development, has been shown to render a better 
2 - year survival than allogeneic SCT in patients in CP CML 
after imatinib failure. 

 Nilotinib (Tasigna, formerly AMN107) is a phenylami-
nopyrimidine derived from the crystal structure of imatinib 
in complex with ABL1 kinase (Figure  7.3 ). Nilotinib has 20 -  
to 30 - fold improved affi nity and inhibitory activity against 
unmutated BCR - ABL1 and inhibits the tyrosine kinase 
activity of 32 of 33  BCR - ABL1  mutants tested, the exception 
being T315I. The maximum tolerated dose of nilotinib in a 

who have withdrawn therapy have experienced rapid molec-
ular and cytogenetic relapse. Moreover, it appears that the 
most primitive quiescent leukemic progenitors are insensi-
tive to imatinib  in vitro , which suggests that this subset of 
CML cells may be responsible for CML relapse upon imat-
inib discontinuation. However, in a recent report, 12 patients 
with CML and undetectable residual molecular disease for a 
median of 32 months (range 24 – 46 months) discontinued 
imatinib therapy. Six patients had a molecular relapse 
between 1 and 5 months from imatinib interruption. In six 
(50%) other patients,  BCR - ABL1  transcripts remained 
undetectable after a median follow - up of 18 months (range 
9 – 24 months).  

  Second -  g eneration  TKI  s  

 Because only a small fraction of patients receiving imatinib 
therapy achieve CMR and because 20 – 30% of patients will 
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international multicenter trial START - C, 387 patients with 
CP CML received dasatinib 70   mg twice daily (Table  7.2 ). 
The CHR rate was 91%, whereas complete and partial 
cytogenetic response rates were 53% and 9%, respectively; 
27% of patients developed pleural effusions, being grade 
3 – 4 in 6% of cases. Responses in patients with either AP 
CML (study START - A) or BP CML (study START - B) were 
less satisfactory, with CCR in 33%, 27%, and 46% of 
patients in AP, myeloid BP, or lymphoid BP, respectively 
(Table  7.2 ). 

 Dasatinib administered at 70   mg twice daily to patients 
with CP CML resistant to imatinib 400 – 600   mg daily appears 
superior to imatinib dose escalation (800   mg daily) as shown 
in a randomized study (START - R). After a median follow -
 up of 24 months, CHR, MCR and CCR rates, as well as 
progression - free survival, signifi cantly favored dasatinib 
therapy. Notably, dasatinib 100   mg once daily is equally 
effective as 50   mg twice daily, 140   mg once daily, and 70   mg 
twice daily, but results in a signifi cantly lower rate of myelo-
suppression, pleural effusions, and dose modifi cations. 
Dasatinib is FDA - approved for the treatment of adults with 
CML in all phases with resistance or intolerance to prior 
therapy, including imatinib mesylate. The currently approved 
dose for patients in CP is 100   mg once daily whereas for 
patients in AP or BP it is 70   mg twice daily. 

 The prognosis of patients with CML post imatinib failure 
is believed to be poor but data on clinical outcomes derived 
from the different therapeutic strategies currently available 
in this setting are lacking. Preliminary data suggest that the 
prognosis of patients in CP who received therapy with either 
nilotinib or dasatinib is better than that of patients who 
underwent allogeneic SCT or other treatment modalities 
(Figure  7.6 ). Longer follow - up is required to confi rm these 
fi ndings.    

Phase I study in imatinib - resistant CML and Ph - positive 
ALL was 600   mg twice daily. In the Phase II pivotal trial, 
nilotinib was administered at 400   mg twice daily to 321 
patients with CP CML, producing a CHR rate of 77% and 
complete and partial cytogenetic response rates of 41% and 
16%, respectively (Table  7.2 ); 84% of patients maintained 
an MCR after 18 months, and the progression - free survival 
for the total population of patients was 64% at 18 months. 
The most frequent grade 3 – 4 hematological toxicity included 
thrombocytopenia (27%), neutropenia (30%), and anemia 
(9%). Asymptomatic serum lipase elevation was observed in 
15% of patients. Nilotinib can potentially prolong the QTc 
interval but in all these studies this occurrence was infre-
quent, mild, and clinically irrelevant. The activity of nilo-
tinib in patients with advanced disease was more modest and 
responses were sustained for shorter periods of time (Table 
 7.2 ). Nilotinib has been recently approved by the US Food 
and Drug Administration (FDA) for the treatment of patients 
with CML in CP or AP who have developed resistance or 
intolerance to imatinib.   

 Dasatinib (Sprycel, formerly BMS - 354825) is a sub -
 nanomolar inhibitor of BCR - ABL1 and SFKs, with potent 
activity against KIT (IC 50  13   nmol/L), PDGFR β  (IC 50  
28   nmol/L), and ephrin receptor EPHA2 (IC 50  17   nmol/L) 
tyrosine kinases (Figure  7.3 ). Like nilotinib, dasatinib inhib-
its multiple imatinib - resistant  BCR - ABL1  mutant isoforms, 
except for T315I. In a dose - fi nding study conducted in 84 
patients with CML in all phases resistant or intolerant to 
imatinib or with Ph - positive ALL, dasatinib proved very 
active across a wide spectrum of  BCR - ABL1  mutations. The 
maximum tolerated dose was not determined and no 
patient withdrew from the study as a result of toxic effects. 
However, non - malignant pleural effusion was a distinct 
side effect associated with dasatinib therapy. In the Phase II 
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clinical specimens are those that map to the P - loop region 
of the kinase domain, which serves as a docking site for 
phosphate moieties of ATP. However, mutations also fre-
quently map to the activation loop, which impair the 
achievement of the inactive conformation of the kinase to 
which imatinib binds, the catalytic domain, and the gate-
keeper T315 residue. Of particular concern is the develop-
ment of the T315I mutation, which causes steric hindrance 
to TKI binding and confers resistance to all TKIs currently 
approved for CML therapy. Moreover, some patients with 
CML failing sequential therapy with imatinib and dasatinib 
carry more than one mutation within the same  BCR - ABL1  
molecule ( “ compound ”  mutations or  “ polymutants ” ), 
which was associated with increased oncogenic potency 
compared with each single mutation.   

 It is worth emphasizing that  BCR - ABL1  mutations do not 
explain all cases of clinical resistance to TKI therapy. In 
recent years a variety of mechanisms have been investigated 
as potential causes of imatinib resistance in CML.  BCR -
 ABL1  - independent mechanisms have been found to be most 
common in patients with primary resistance. For instance, 
imatinib plasma levels have been shown to be associated 

  Other  s econd -  g eneration  TKI  s  

 Besides nilotinib and dasatinib, other second - generation 
TKIs are currently in clinical development, of which bosuti-
nib (SKI - 606) and INNO - 406 are two of the most promis-
ing. Bosutinib is a potent dual SFK and ABL1 kinase inhibitor 
with negligible activity against KIT or PDGFR, which may 
result in an improved toxicity profi le (Figure  7.3 ). In a Phase 
I/II study, bosutinib showed a remarkably benign toxicity 
profi le among 152 patients enrolled in all phases of the 
disease; a dose of 500   mg daily was selected for testing in the 
ongoing Phase II portion of the study. The CHR rate among 
115 patients in CP CML who had failed prior therapy with 
imatinib was 89%, with MCR and CCR rates of 41% and 
30%, respectively; 33% of patients had an MMR and 19% a 
CMR. A total of 37 patients had failed treatment with nilo-
tinib or dasatinib in addition to imatinib; 10 of 13 (77%) 
evaluable patients had a CHR and 2 of 10 (20%) an MCR. 
Reponses were observed in patients with and without  BCR -
 ABL1  mutations. Grade 3 – 4 adverse events were infrequent; 
thrombocytopenia was reported in 14% of patients, neutro-
penia in 9%, and diarrhea and rash in 7% each. Notably, no 
pleural effusions were noted. 

 INNO - 406 is another potent BCR - ABL1 inhibitor with 
activity against BCR - ABL1, ARG and FYN kinases, capable 
of reaching high enough concentrations in the central 
nervous system to inhibit the growth of  BCR - ABL1  - positive 
leukemic cells expressing multiple  BCR - ABL1  mutant iso-
forms. Preliminary data on 32 patients in CP CML enrolled 
in a Phase I study of INNO - 406 have been recently reported. 
A cytogenetic response was observed in 42% of patients who 
had failed prior imatinib therapy and in 38% of those who 
had failed imatinib and dasatinib therapy. The dose selected 
for ongoing Phase II studies is 240   mg twice daily.  

  Clinical  r esistance to  i matinib  t herapy 

 Imatinib resistance can be categorized as primary (also 
dubbed  “ refractoriness ” ), in which patients fail to respond 
to this TKI from the onset of therapy, and secondary (or 
 “ acquired resistance ” ), which ensues after the initial achieve-
ment of some degree of response to imatinib durable for a 
variable period of time. Mutations within the kinase domain 
of  BCR - ABL1  are regarded as the most frequent mechanism 
involved in TKI resistance in CML. The frequency of  BCR -
 ABL1  mutations in imatinib - resistant patients ranges from 
40 to 90%, depending on the defi nition of resistance, the 
methodology of detection, and CML phase. More than 100 
different  BCR - ABL1  point mutations encoding for single 
amino acid substitutions have been reported in patients with 
CML, conferring different degrees of imatinib resistance 
(Table  7.3 ). The most frequently reported mutations in 

  Table 7.3    Activity of imatinib on kinase -  and cell - based assays 
against a selection of clinically relevant   BCR  -  ABL 1 . 

    BCR - ABL1  (construct)  

   Imatinib  

   Autophosphorylation     Proliferation  

   BCR - ABL1  p210   +   IL - 3    NA     > 7700  
  WT p210    221    ±    31    678    ±    39  
  G250E    2287    ±    826    3329    ±    1488  
  G250V    489    624  
  Q252H    1080    ±    119    851    ±    436  
  Y253H     > 10   000     > 7000  
  E255K    4856    ±    482    5567  
  E255K    2455    ±    433    7161    ±    970  
  E255V    6353    ±    636    6111    ±    854  
  D276G    1284    2486  
  E292K    275    ±    81    1552  
  T315I     > 10   000     > 7000  
  F317C    1090    694  
  F317L    797    ±    92    1528    ±    227  
  F317V    544    ±    47    549    ±    173  
  M351T    593    ±    57    1682    ±    233  
  E355G    601    1149  
  F359V    1528    595  
  F486S    1238    ±    110    3050    ±    597  

   All concentrations are shown in nmol/mL. Cell - based assays were 
carried out in Ba/F3 cells.  
  IL - 3, interleukin - 3.   
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been occasionally associated with progression to myelodys-
plasia or acute myeloid leukemia, most frequently in patients 
with monosomy 7. The fact that these abnormalities cannot 
be detected by conventional fl uorescence  in situ  hybridiza-
tion or PCR analyses reinforces the importance of repeat 
bone marrow cytogenetic examinations in patients receiving 
TKI therapy.   

  Concluding  r emarks 

 CML is one of the most extensively studied diseases and the 
fi rst human cancer to be consistently associated with a 
cytogenetic abnormality, the Ph chromosome. This discov-

with cytogenetic and molecular responses to standard - dose 
imatinib. It has been proposed that excessive binding of 
imatinib to the plasma protein  α  1  - acid glycoprotein 1 
(AGP1), overexpression of the ABCB1 (MDR - 1) transmem-
brane protein, which regulates imatinib effl ux from the cell, 
polymorphisms of the human organic cation transporter 
(hOCT1), which regulates imatinib infl ux, clonal evolution, 
SFK or BCR - ABL1 overexpression, and the intrinsic low TKI 
sensitivity of quiescent CML stem cells (Lin  −  CD34 +  BCR -
 ABL1  - positive cells) account for most cases of TKI resistance 
in patients in whom  BCR - ABL1  mutations are not present. 
Each of these mechanisms of resistance suggests that differ-
ent therapeutic interventions may be necessary to overcome 
TKI resistance, whereas the resistance imposed by most 
 BCR - ABL1  mutations has been shown to be overcome 
by using high - dose imatinib (800   mg daily) or second - 
generation TKIs. Novel agents with activity against the 
highly resistant T315I mutation or with activity against qui-
escent CML stem cells are under development.  

  Monitoring of  p atients with  CML   d uring 
 i matinib  t herapy 

 Consensus statements on standardization of monitoring of 
patients with CML receiving TKI therapy, response and 
failure defi nitions at specifi c time - points during therapy, 
and alternative therapeutic approaches for patients who fail 
imatinib have been issued by the National Comprehensive 
Cancer Network and the European Leukemia Net. Both 
panels of experts recommend imatinib 400   mg daily as fi rst -
 line therapy for patients with newly diagnosed CML. 
Although most patients on imatinib achieve a cytogenetic 
response, a subset will develop acquired resistance that 
results in clinical failure. For patients who fail to obtain a 
cytogenetic response on imatinib, the current recommenda-
tions from the European Leukemia Net include the use of 
higher imatinib doses (600 or 800   mg daily), an alternative 
TKI, allogeneic SCT, or enrollment in clinical trial of an 
experimental therapy (Table  7.4 ). Patients with suboptimal 
response need close monitoring, and dose escalation from 
400 to 800   mg is also justifi ed. The effectiveness and timing 
of switching to a second - generation TKI in this setting is 
currently being assessed in ongoing trials.   

 Cytogenetic analysis is critical to defi ne failure or subop-
timal response to TKI therapy and not only provides invalu-
able information as to whether a given patient is responding 
appropriately to therapy but also detects the presence of 
clonal cytogenetic abnormalities in Ph - negative cells. It is 
estimated that 5 – 10% of patients receiving imatinib will 
develop such changes. The most frequent cytogenetic abnor-
malities encountered are trisomy 8, monosomy 5 or 7, and 
20q – . Although typically transient, these abnormalities have 

  Table 7.4    Criteria for failure and suboptimal response for patients 
with  CML  in early chronic phase receiving imatinib therapy at 
400   mg daily.   *    

   Time after 
diagnosis     Failure  

   Suboptimal 
response     Warnings  

  0 months    NA    NA    High risk, del 
der(9), ACAs 
in Ph +  cells  

  3 months    No HR (stable 
disease or 
progression)  

  Less than CHR    NA  

  6 months    Less than CHR, 
no 
cytogenetic 
response  

  Less than PCR    NA  

  12 months    Less than PCR    Less than CCR    Less than MMR  

  18 months    Less than CCR    Less than 
MMR  

  NA  

  Anytime    Loss of CHR or 
CCR, 
mutation  

  ACA in Ph +  
cells, loss of 
MMR, 
mutation  

  Rise in transcript 
level; other 
chromosomal 
abnormalities 
in Ph  −   cells  

    *    Failure suggests that imatinib therapy must be switched when-
ever available, whereas suboptimal response suggests that further 
therapeutic benefi t may still be attained with continuation of imat-
inib although long - term outcome is not likely to be optimal. 
Warnings indicate that patients must be closely monitored and may 
be eligible for other therapies. High risk is defi ned according to the 
Sokal or the Hasford scores.  
  NA, not applicable; del der(9), deletion of derivative chromosome 
9; HR, hematological response; CHR, complete hematological 
response; CCR, complete cytogenetic response; PCR, partial 
cytogenetic response; MMR, major molecular response; ACA, addi-
tional chromosomal abnormality.   
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ery led to the recognition that the BCR - ABL1 tyrosine kinase 
drives the pathogenesis of CML. In turn, this resulted in the 
development of imatinib mesylate, a targeted inhibitor of the 
activity of the BCR - ABL1 oncoprotein, whose clinical effi -
cacy in CML represents one of the greatest accomplishments 
in cancer history. Indeed, imatinib therapy has radically 
changed the natural history of CML, signifi cantly prolonging 
the survival of patients who previously survived only 5 – 6 
years from diagnosis. Not only did the development of imat-
inib validate the emerging paradigm of targeted therapy in 
cancer, but it also raised awareness of a series of potential 
shortcomings inherent to targeted agents of its kind. Issues 
such as the lack of effectiveness of imatinib against quiescent 
CML stem cells or the development of mutations within the 
kinase domain of BCR - ABL1 that impair the ability of imat-
inib to block the oncogenic signaling stemming from this 
kinase remain unsolved problems and certainly constitute 
challenges for the near future. These pitfalls notwithstand-
ing, the unprecedented results obtained with TKI therapy in 
CML have brought to the fore the importance of under-
standing the molecular and genetic events that govern the 
growth and survival of a specifi c cancer. Undoubtedly, 
future discoveries will further our understanding of the 
molecular biology of CML and will translate into even better 
therapeutics for CML with potential to further improve the 
outlook of patients with this malignancy.  
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  Introduction 

 The myelodysplastic syndromes (MDS) are a heterogeneous 
group of clonal bone marrow stem cell disorders character-
ized by ineffective dysplastic hematopoiesis with propensity 
to transformation to acute myeloid leukemia (AML). 
Clinically, it manifests as peripheral cytopenias of varying 
degree despite a hypercellular bone marrow. MDS is pre-
dominantly a disease of the elderly with a median age of 70 
years and affects approximately 1 in 500 people over the age 
of 60. The vast majority of MDS cases are primary but the 
disease may occur following exposure to radiation and/or 
chemotherapy. One of the fi rst descriptions can be traced to 
Rhoades and Barker in 1938 who described 60 cases with 
refractory anemia. Dreyfus made a seminal observation in 
the 1970s that the blast count at presentation was a key 
determinant of clinical deterioration. Van Den Berghe and 
colleagues in 1974 described, for the fi rst time, a distinct 
cytogenetic abnormality in MDS in what is now referred to 
as the 5q –  syndrome. In 1976 the French, American and 
British Cooperation Group (FAB) proposed a unifi ed diag-
nostic criteria. The initial diagnostic groups described were 
refractory anemia with excess of blasts and chronic myelo-
monocytic leukemia. The classifi cation was revised in 1982 
and three additional subtypes were added to complete the 
current FAB classifi cation. The most recent modifi cation, 
which is now widely used, is the World Health Organization 
(WHO) classifi cation that seeks to further strengthen the 
prognostic usefulness of the morphological classifi cation 
system. 

 In recent years there have been signifi cant advances in our 
understanding of the pathogenesis of MDS, leading to 
improved prognostic stratifi cation of patients and more tar-
geted therapeutic options.  

  Etiology 

 The vast majority of MDS cases are primary; that is, they 
have no known predisposing event and occur in a sporadic 
fashion. Familial MDS/AML cases are rare but may provide 
useful information for the investigation of predisposing 
mutations that underpin MDS. Two genes,  RUNX1  and 
 CEBPA , have been implicated.  RUNX1  (or  AML1  or  CBFA2 ), 
located on chromosome 21q22, encodes the  α  subunit of 
core - binding factor (CBF), a transcription factor that regu-
lates several hematopoietic genes. Germline mutation in 
 RUNX1  leads to familial platelet disorder with a propensity 
to develop MDS/AML. The  CEBPA  gene encodes the CCAAT 
enhancer binding  α  protein, a transcription factor that regu-
lates genes involved in myeloid differentiation. Germline 
mutations of  CEBPA  are implicated in the development of 
familial AML with high degree of penetrance. 

 Familial MDS/AML cases are younger than those with 
sporadic MDS and the pattern of inheritance is mostly single 
gene mutations inherited in an autosomal dominant manner. 
These mutations are most frequently associated with genetic 
syndromes such as Diamond – Blackfan anemia, severe con-
genital neutropenia, Shwachman – Diamond syndrome and 
dyskeratosis congenita. MDS/AML is also common in cases 
with defective DNA repair mechanisms such as Fanconi 
anemia, where 35 – 50% of cases develop MDS/AML by the 
age of 40 years. It must be pointed out that these genetic 
lesions in syndromic MDS/AML have not been identifi ed in 
sporadic cases, suggesting that there is a different underlying 
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purposes, although only about 50% of the cases have demon-
strable abnormalities. The various subtypes have their dis-
tinct characteristic features (Table  8.1 ). Most cases are 
elderly, although secondary MDS may present at any age 
consequent on chemotherapy or radiotherapy for a primary 
malignancy. Overall, the sex ratio of patients with MDS is 
equal; however, 5q –  syndrome has a strong female 
preponderance.    

  Classifi cation 

 The diagnosis and classifi cation of MDS are achieved chiefl y 
through the morphological examination of peripheral blood 
and bone marrow. Cytogenetics and increasingly molecular 
diagnostics provide important prognostic information. The 
application of whole - genome scanning using comparative 
genomic hybridization (CGH) arrays and single - nucleotide 
polymorphism (SNP) arrays for analysis of somatic and 
clonal unbalanced chromosomal defects is not routinely 
employed in diagnosis but may come to play an important 
role in the future. 

 The current FAB classifi cation of MDS, published in 1982, 
evolved from the initial two broad categories of  “ dysmyelo-
poietic syndrome. ”  It is based on the number of blasts in the 
peripheral blood and bone marrow, number of monocytes 
in the peripheral blood, and presence or absence of signifi -
cant sideroblastic erythropoiesis. There are fi ve subtypes, as 
determined by peripheral blood and bone marrow 
morphology: 
   •      refractory anemia (RA);  
   •      refractory anemia with ring sideroblasts (RARS);  
   •      refractory anemia with excess blasts (RAEB);  
   •      refractory anemia with excess blasts in transformation 
(RAEB - T);  
   •      chronic myelomonocytic leukemia (CMML).    

 The FAB classifi cation has allowed physicians to commu-
nicate about a very heterogeneous group of disorders and 
allow comparisons to be made of clinical trials. It also pre-
dicts survival and risk of AML transformation (Figure  8.1 ).   

 In 1999 the WHO published a revised classifi cation of 
MDS, revised again in 2001, which comprises eight subtypes 
(Table  8.1 ). The WHO abolished RAEB - T and defi ned AML 
as having 20% or more bone marrow blasts. CMML is now 
classifi ed as myelodysplastic/myeloproliferative disorder. 
The WHO group also makes a distinction between cases of 
RA and RARS with or without involvement of other hemat-
opoietic cell lineages since this has prognostic relevance. 
More importantly, cytogenetic features have been recog-
nized to have prognostic importance and this is exemplifi ed 
by the recognition of the 5q –  syndrome as a separate entity 
of MDS. 

pathophysiology. Although these familial cases present at a 
relatively young age, most overt cases present in adulthood. 
This would suggest that a long latency period is required for 
acquisition of secondary events/mutations for the full phe-
notypic expression. 

 Therapy - related (t) - MDS/AML accounts for 10 – 20% of 
sporadic/acquired cases. Two broad groups are recognized: 
alkylating agents/radiation related and topoisomerase II 
inhibitor related. In the former group MDS/AML develops 
5 – 6 years following exposure to the leukemogenic agents 
and the risk is related to the total cumulative exposure dose. 
In the latter group there is shorter latency period (12 – 130 
months), frequently associated with balanced translocations 
and frank AML with little preceding dysplastic phase. Three 
classes of mutations have been described in t - MDS/AML. 
Class 1 mutations involve genes in the tyrosine kinase RAS/
BRAF signal transduction pathway such as  FLT3 , c -  KIT , 
c -  FMS  or  JAK2 , or genes further downstream in the RAS –
 BRAF – MEK ERK signal transduction pathway, such as 
N -  RAS , K -  RAS ,  BRAF  or  PTPN11 . These class 1 mutations 
lead to constitutive activation of cell cycling and prolifera-
tion. Class 2 mutations involve inactivating mutations of 
genes of hematopoietic transcription factors such as RUNX1, 
NPM, or RARA leading to disturbed differentiation. 
Mutations involving the tumor - suppressor gene  p53  (class 
3) have been extensively studied in solid tumors and  de novo  
MDS and AML. This represents the most frequent single 
genetic mutation, detected in 20 – 30% of t - MDS/AML. 
Patients with  p53  mutation commonly present with complex 
cytogenetic abnormalities and have a distinctly poor prog-
nosis. Cooperation exists between class 1 and 2 mutations 
but not within each class. 

 High - dose therapy with autologous stem cell transplanta-
tion can induce long - term disease - free survival especially in 
lymphoma patients. However, in long - term survivors there 
is a signifi cant risk of developing therapy - related MDS or 
AML. The incidence is variable but may reach 20% at 10 
years follow - up from registry and single institution 
experiences.  

  Clinical and  l aboratory  f eatures 

 Most MDS patients present with symptoms related to cyto-
penia, most commonly macrocytic (but may be normocytic) 
anemia and less commonly neutropenia or thrombocytope-
nia. Diagnosis is made by careful inspection of the peripheral 
blood fi lm and confi rmed by bone marrow examination 
showing dysplastic features to a varying degree and fre-
quently associated with a hypercellular bone marrow. 
Conventional cytogenetics and fl uorescence  in situ  hybridi-
zation (FISH) are crucial for both diagnostic and prognostic 



  Table 8.1    World Health Organization classifi cation of  MDS . 

   Disease     Peripheral blood     Bone marrow  

  Refractory anemia (RA)    Anemia 
 No or rare blasts  

  Erythroid dysplasia only 
  < 5% blasts 
  < 15% ringed sideroblasts  

  Refractory anemia with 
ringed sideroblasts (RARS)  

  Anemia 
 No blasts  

   ≥ 15% ringed sideroblasts 
 Erythroid dysplasia only 
  < 5% blasts  

  Refractory cytopenia with 
multilineage dysplasia 
(RCMD)  

  Cytopenias (bicytopenia or pancytopenia) 
 No or rare blasts 
 No Auer rods 
  < 1    ×    10 9 /L monocytes  

  Dysplasia in  ≥ 10% of the cells of two or more myeloid cell lines 
  < 5% blasts in marrow 
 No Auer rods 
  < 15% ringed sideroblasts  

  Refractory cytopenia with 
multilineage dysplasia and 
ringed sideroblasts 
(RCMD - RS)  

  Cytopenias (bicytopenia or pancytopenia) 
 No or rare blasts 
 No Auer rods 
  < 1    ×    10 9 /L monocytes  

  Dysplasia in  ≥ 10% of the cells of two or more myeloid cell lines 
  ≥ 15% ringed sideroblasts 
  < 5% blasts in marrow 
 No Auer rods  

  Refractory anemia with 
excess blasts I (RAEB - I)  

  Cytopenia 
  < 5% blasts 
 No Auer rods 
  < 1    ×    10 9 /L monocytes  

  Unilineage or multilineage dysplasia 
 5 – 9% blasts 
 No Auer rods  

  Refractory anemia with 
excess blasts II (RAEB - II)  

  Cytopenia 
 5 – 9% blasts 
 Auer rods  ±  
  < 1    ×    10 9 /L monocytes  

  Unilineage or multilineage dysplasia 
 10 – 19% blasts 
 Auer rods  ±   

  Myelodysplastic syndrome 
unclassifi ed (MDS - U)  

  Cytopenias 
 No or rare blasts 
 No Auer rods  

  Unilineage dysplasia: one myeloid cell line 
  < 5% blasts 
 No Auer rods  

  MDS associated with 
isolated del(5q)  

  Anemia 
 Usually normal or increased platelets 

count 
  < 5% blasts  

  Normal to increased megakaryocytes with hypolobated nuclei 
  < 5% blasts 
 Isolated del(5q) cytogenetic abnormality 
 No Auer rods  

  Source :   Jaffe ES, Harris NL, Stein H, Vardiman JW (eds).  (2001)  WHO Classifi cation of Tumors, Pathology and Genetics of Tumours of 
Haematopoetic and Lymphoid Tissues . Lyon: IARC. 
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     Fig. 8.1      Survival (a) and freedom from AML evolution (b) of MDS patients related to their FAB classifi cation subgroup (Kaplan –
 Meier curves)  
 See text for defi nition of abbreviations.  From Greenberg P, Cox C, Le Beau MM  et al.   (1997)  International scoring system for evaluating 
prognosis in myelodysplastic syndromes.  Blood , 89, 2079 – 2088, with permission.  © American Society of Hematology.   
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  Table 8.2    International Prognostic Scoring System for  MDS . 

   Prognostic variable  

   Score value  

   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 or 1    2 or 3     –      –      –   

   Scores for risk groups are as follows: low, 0; intermediate - 1, 0.5 – 1.0; intermediate - 2, 1.5 – 2.0; high    >    2.5.  
   *    Karyotype: Good indicates normal,  – Y, del(5q), del(20q); Poor indicates complex (more than three abnormalities), or chromosome 7 anomalies; 
Intermediate indicates other abnormalities.  
   †    Cytopenias defi ned as hemoglobin    <    10   g/dL, absolute neutrophil count    <    1.5    ×    10 9 /L and platelet count    <    100    ×    10 9 /L.   
  Source :   Greenberg P, Cox C, Le Beau MM  et al .  (1997)  International scoring system for evaluating prognosis in myelodysplastic syndromes. 
 Blood ,  89 , 2079 – 2088, with permission.  ©  American Society of Hematology. 

of the WHO classifi cation - based prognostic scoring system 
(WPSS), which uses WHO subtype, karyotype and transfu-
sion requirement (Table  8.3 ). The WPSS is able to classify 
patients into fi ve risk groups correlating with survival 
(median survival 12 – 103 months) and probabilities of leuke-
mic evolution (Figure  8.3 ). Transfusion dependency is the 
key difference between the IPSS and WPSS. The degree of 
transfusion dependency is a good surrogate clinical marker 
for the degree of maturation defect in MDS. The negative 
impact of transfusion dependency is restricted to low - risk 
MDS patients, namely those with RA, RARS, refractory cyto-
penia with multilineage dysplasia (RCMD), refractory cyto-
penia with multilineage dysplasia and ringed sideroblasts 
(RCMD - RS) and 5q –  syndrome. Moreover, the frequency 

 The International Prognostic Scoring System (IPSS) was 
developed in 1997 using cytogenetic, morphological and 
clinical data from patients with primary MDS. IPSS is a risk -
 based classifi cation system in which scores are given for 
marrow blast percentage, cytogenetic features and number 
and degree of cytopenias (Table  8.2 ). Using these variables 
patients could be separated into four distinct subgroups 
based on risk of transformation to AML and median sur-
vival: low, int - 1, int - 2, and high (Figure  8.2 ).     

 More recently, a classifi cation system that combines the 
WHO classifi cation and transfusion requirement has 
emerged. Transfusion dependency is associated independ-
ently with decline in both overall survival and time to pro-
gression to AML. This recognition led to the development 



  Table 8.3     WHO  classifi cation - based prognostic scoring system ( WPSS ). 

   Variable     0     1     2     3  

  WHO category    RA/RARS/5q –     RCMD/RCMD - RS    RAEB - 1    RAEB - 2  
  Karyotype  *      Good    Intermediate    Poor     –   
  Transfusion requirement   †       No    Regular     –      –   

   Risk groups: very low (score 0), low (score 1), intermediate (score 2), high (score 3 – 4), very high (score 5 – 6).  
   *    Karyotype: Good indicates normal,  – Y, del(5q), del(20q); Poor indicates complex (more than three abnormalities), or chromosome 7 anomalies; 
Intermediate indicates other abnormalities.  
   †    Transfusion dependency:  ≥ 1 unit red cells in 8 weeks over a period of 4 months.   
  Source :   Malcovati L, Germing U, Kuendgen A  et al .  (2007)  Time - dependent prognostic scoring system for predicting survival and leukemic 
evolution in myelodysplastic syndromes.  Journal of Clinical Oncology ,  25 , 3503 – 3510, with permission.  ©  2008 American Society of Clinical 
Oncology. All rights reserved. 

0

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 o

f 
su

rv
iv

al

Time (months)

0.9

1.0

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0 12 24 36 48 60 72 84 96 108120 132144156168180192204 24022021612 24 36 48 60 72 84 96 108120132144156 168180192204 240220216

C
um

ul
at

iv
e 

ris
k

Time (months)

0

Time (months)
0 12 24 36 48 60 72 84 96 108120132144156168180192204 24022021612 24 36 48 60 72 84 96 108120 132144156168180192204 240220216

Time (months)

0.9

1.0

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 o

f 
su

rv
iv

al 0.9

1.0

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

C
um

ul
at

iv
e 

ris
k

0.9

1.0

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

N0 N12 N24 N48 N72 N96 N120 N0 N12 N24 N48 N72 N96 N120

99 86 73 37 22 18 7
119 97 79 36 19 7
79 62 39 16 5 1
100 68 37 9 4 1
29 15 3

99 86 73 37 21 17 7
119 95 72 33 19 7
79 61 37 14 5
100 64 30 6 3
29 7 3

Risk group
Very low
Low
Intermediate
High
Very high

Risk group
Very low
Low
Intermediate
High
Very high

Risk group
Very low
Low
Intermediate
High
Very high

Risk group
Very low
Low
Intermediate
High
Very high

Risk group
Very low
Low
Intermediate
High
Very high

Risk group
Very low
Low
Intermediate
High
Very high

(a) (b)

(c) (d)
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ence sustained for a median of 43 weeks. Cytogenetic remis-
sion was uncommon (19%). In patients with 5q –  treated on 
the MDS - 003 trial, an erythroid response was reported in 
76% of patients with 67% achieving transfusion independ-
ence. Cytogenetic response was achieved in 73% of cases and 
correlated with achievement of transfusion independence. 
Interestingly, there was no signifi cant difference between 
isolated 5q –  (71%), 5q –  and one additional chromosomal 
abnormality (65%), and 5q –  and more than one additional 
chromosomal abnormality (75%) but the numbers were 
small. The disappearance of non - 5q –  cytogenetic abnor-
malities consistently accompanied disappearance of the 
5q –  clone. 

 Lenalidomide ’ s precise mechanism of action is not fully 
understood. It possesses potent immunomodulatory and 
anti - angiogenic properties not associated with vascular 
endothelial growth factor or its receptor (KDR) downregula-
tion. It is thought to specifi cally target the 5q –  clone as 
evidenced by the complete hematological and cytogenetic 
responses seen in some patients. In responders, its well -
 known transient period of profound neutropenia and 
thrombocytopenia after initiation of treatment supports this 
theory, i.e., disruption of clonal hematopoiesis to allow 
normal residual clone to expand.  In vitro  studies have also 
shown that lenalidomide can inhibit the growth of cell lines 
with 5q – . 

 The cytogenetic - dependent lenalidomide sensitivity has 
not been fully explained. However, this is an active area of 
ongoing research. Inhibition of two candidate genes,  Cdc25C  
and  PP2A C a , located on 5q31 and which produce phos-
phatases that regulate the cell cycle, have been implicated.  

  Modifying the  e pigenome in  MDS  

 It is well recognized that classical genetics alone cannot 
explain the phenotypic variation at population level. 
Epigenetics refers to a number of heritable biochemical 
modifi cations of chromatin without DNA sequence altera-
tion and offers a partial explanation to this phenotypic vari-
ation. The main epigenetic modifi cations are DNA promoter 
hypermethylation and histone modifi cation (deacetylation 
and methylation), both of which are potentially reversible 
(Figure  8.4 ). Methylation, mediated by DNA methyltrans-
ferases, involves incorporation of a methyl group into posi-
tion 5 of the cytosine ring that precedes a guanine 
(dinucleotide CpG; the  ‘ p ’  refers to a phosphodiester bond 
between cytosine and guanine). CpG - rich regions (CpG 
islands) cluster around the 5 ′  end of the regulatory region of 
many genes and in a normal cell are usually unmethylated. 
Methylation of promoter - associated CpG islands is a way of 
silencing gene expression. This can be either physiological, 
as in genetic imprinting, or pathological, where aberrant 

and number of red cell transfusions directly correlated with 
lower overall survival and leukemia - free survival. The nega-
tive impact of iron loading with increased ferritin levels con-
tributes to the morbidity and mortality associated with 
transfusion dependency. WPSS may be a dynamic prognos-
tic scoring system that can provide an accurate prediction of 
survival and risk of leukemic transformation in MDS patients 
at any time during the course of their disease, which may be 
particularly useful in lower - risk patients.      

  Management 

 The heterogeneity of MDS suggests that no common man-
agement strategy can be adopted. Until recently the only 
available treatment option was supportive care. However, 
there has been a phenomenal increase in the number of 
agents now available to patients, including the following. 
   •      Best supportive care.  
   •      Growth factors: granulocyte colony - stimulating factor, 
erythropoietin.  
   •      Transcriptional modifi cation therapy: azacitidine, decitab-
ine, histone deacetylase inhibitors.  
   •      Immunomodulatory agents: lenalidomide, antithymocyte 
globulin, cyclosporin.  
   •      Conventional chemotherapy.  
   •      Allogeneic stem cell transplantation.    
 The goal of therapy must be defi ned at the beginning, tai-
lored to each patient. The factors that govern the choice of 
therapy include age, performance status, and the IPSS/WPSS 
score. The options range from management of cytopenias in 
low - risk MDS to altering the natural history of disease in 
higher - risk MDS by, for instance, chemotherapy and alloge-
neic stem cell transplantation. Various treatment guidelines 
exist in both the USA and UK to aid therapeutic 
decision - making. 

  Lenalidomide 

 Lenalidomide is an analog of thalidomide with a better side -
 effect profi le. The US Food and Drug Administration (FDA) 
approved its use in low to intermediate risk, transfusion -
 dependent MDS with del(5q) abnormality in December 
2005. 

 The MDS - 001 Phase I study included 43 patients with 
symptomatic anemia. Overall, 56% of patients experienced 
durable erythroid responses: 83% 5q – , 57% normal cytoge-
netics and 12% other chromosomal abnormalities. This was 
followed by two multicenter Phase II trials: MDS - 002 (non 
5q – , 214 patients) and MDS - 003 (5q – , 148 patients). In the 
MDS - 002 trial, the overall transfusion response rate was 
43%, with 26% of patients achieving transfusion independ-
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of the  CDKN2B  promoter is not only important in the 
pathogenesis of MDS but also in disease progression. 

 Histones are DNA packaging proteins that also play an 
important role in the regulation of gene expression. DNA 
methylation occurs in the context of chemical modifi cation 
of histone proteins such as lysine acetylation and methyla-
tion, arginine and serine phosphorylation (Figure  8.4 ). What 
emerges is a multitude of biochemical alterations that can be 
imposed on the histone tails, referred to as the  “ histone 
code, ”  which can have a permissive or repressive effect on 
gene expression. Histone acetylation is controlled by two sets 

methylation of promoter regions of tumor - suppressor genes 
are functionally equivalent to gene silencing by deletion, or 
inactivating mutations.   

 The pattern of CpG island hypermethylation in tumor -
 suppressor genes is specifi c to the type of malignancy. In 
MDS, the genes that are frequently hypermethylated include 
 p15 ,  RIL  (a LIM gene on 5q31) and the calcitonin gene, 
among others. Most of the studies have concentrated on 
 CDKN2B , which encodes the cyclin - dependent kinase inhib-
itor p15 INK4b , an important checkpoint protein that prevents 
quiescent cells from entering the cell cycle. Hypermethylation 
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best supportive care. Patients treated with azacitidine showed 
durable clinical and symptomatic improvements in bone 
marrow function [complete response (CR) 7%, partial 
response (PR) 16%, hematological response 37%], a reduc-
tion in the risk of leukemic transformation, and signifi cant 
improvement in the quality of life compared with best sup-
portive care. This study led to its FDA approval for all FAB 
MDS subtypes in 2004. Subsequent trials have confi rmed 

of enzymes: histone acetyltransferases and histone deacety-
lases (HDACs). HDACs are recruited to regulatory DNA 
sequences and in the process inhibit access to activating 
transcription factors to the DNA by oncogenes such as 
 AML1 - ETO ,  PML/RAR α  . Histone methylation is catalyzed 
by lysine or arginine methyltransferases. 

  Hypomethylating  a gents 

 Currently, the two hypomethylating agents approved in 
MDS are azacitidine and 5 - aza - 2 ′  - deoxycytidine (decitab-
ine) (Figure  8.5 ). Azacitidine is a pyrimidine analog where 
the ring carbon 5 is replaced by nitrogen. It incorporates into 
both RNA and DNA where it binds DNA methyltransferases 
irreversibly, thereby preventing genomic methylation 
(Figure  8.6 ). At high doses it is cytotoxic, whereas at lower 
doses it induces differentiation and demethylation. It is a 
prodrug of decitabine, which is 10 times as potent in inhibit-
ing DNA methyltransferases. In contrast, decitabine incor-
porates into DNA alone.   

 In a Phase III Cancer and Leukemia Group B (CALGB) 
9221 randomized trial with crossover design involving 191 
subjects, Silverman and colleagues compared daily azaciti-
dine 75   mg/m 2  subcutaneously for 7 days every 28 days with 
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     Fig. 8.5      Ring structure of 5 - azacytidine (azacitidine) and 
5 - aza - 2 ′  - deoxycytidine (decitabine) showing substitution of N 
at position 5  
 Azacitidine is attached to a ribose sugar whereas decitabine is 
attached to a deoxyribose sugar.  
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these fi ndings. Patients with trisomy 8 and monosomy 7, 
who have poor prognosis, tend to experience highest 
response rates. Best responses were observed between courses 
4 and 6 of therapy, with a plateau after that. Azacitidine is 
well tolerated and may be safely given to patients with cyto-
penia. In our own institution several patients have continued 
on azacitidine for over 1 year with stable disease and excel-
lent quality of life. 

 Decitabine is approved for int - 1 or higher - risk MDS based 
on the IPSS. In a Phase III randomized controlled trial of 
decitabine versus supportive care, decitabine - treated patients 
showed increased response rates (overall 35%, CR 9%, PR 
8%, hematological improvement 18%), reduced transfusion 
requirement and a trend toward a longer median time to 
AML transformation or death but no overall survival benefi t. 
However, it is important to note that a signifi cant number 
of the randomized patients in that study received less than 
two cycles of the drug. We now know that responders require 
a median of 3.3 cycles.  

  Modifying  h istone  a cetylation and  m ethylation 

 Valproic acid is the only HDAC inhibitor that has been 
extensively studied in MDS. The most frequent response is 
that of partial morphological or hematological response, 
with very small reported complete responses. Often the tox-
icity associated with doses required to achieve signifi cant 
HDAC inhibition precludes use in most patients. Several 
others have been tested as single agents in MDS or AML, 
such as phenylbutyrate, depsipeptide, MS - 275, MGCD - 0103 
and SAHA. 

 Combination epigenetic therapy such as a hypomethylat-
ing agent plus HDAC inhibitor appears to achieve better 
response rates and many such combination studies are 
ongoing.    

  Molecular  b asis of  MDS  

 Precisely what is responsible for transformation from a 
highly organized and effective hemopoiesis to a dysplastic 
and ineffective one is not entirely clear. It is likely to be a 
combination of genetic, epigenetic and receptor signaling 
abnormalities, and microenvironmental factors (Figure  8.7 ). 
Peripheral blood cytopenias arise as a consequence of abnor-
mal regulation of survival and differentiation programs 
affecting proliferation, apoptosis, and differentiation of 
hematopoietic progenitors. The homeostatic balance 
between proliferation and apoptosis shifts during disease 
progression such that apoptosis predominates in early stages 
of the disease process, whereas in patients with higher - risk 
MDS the proliferative fraction may escalate as a result of 

inhibition of apoptosis. Upregulation of molecular survival 
signals such as NF -  κ B, phospho - Akt, Bim - 1, Bcl - 2, Bcl - XL, 
and heat - shock protein chaperones are linked to suppression 
of apoptosis and consequent propagation and evolution of 
the malignant clone.   

 The identifi cation of recurrent cytogenetic/molecular 
abnormalities and, more recently, epigenetic changes are an 
important mechanistic basis for MDS. However, these 
changes are not specifi c to MDS as some can be found in 
AML and myeloproliferative disorders (MPDs). The non -
 hematopoietic milieu, which supports the MDS process, has 
been the subject of intensive research. Negative microenvi-
ronmental signals may be mediated through increased mac-
rophage function with increased production of cytokines, 
immune dysregulation (often found in aplastic anemia, 
Diamond –  Blackfan syndrome, etc.), and changes in micro-
vessel density. The importance of T - regulatory cells 
(CD4 + CD25 high Foxp3 + ) has recently been shown to be a 
feature of high - risk MDS. 

  Cytogenetic  a bnormalities 

 The importance of cytogenetic studies in MDS cannot be 
over - emphasized. The aim is to detect a clonal abnormality. 
A clone is defi ned conventionally as either (i) two cells with 
exactly the same structural abnormality or the same addi-
tional chromosome or (ii) three cells with the same missing 
chromosome. These may occur singly or as complex abnor-
malities (more than three chromosomal abnormalities). 
These clones give rise to fusion genes and unbalanced aber-
rations. In MDS the typical abnormalities are partial and 
complete chromosome loss, most commonly  − 5, 5q – ,  − 7, 
7q – , 11q – , 13q – , 20q –  and  – Y. Gain of chromosomal mate-
rial is less common and is mostly +8. The preponderance of 
chromosomal loss would suggest loss of tumor - suppressor 
genes or haploinsuffi ciency of genes necessary for normal 
hematopoiesis. Such abnormalities are present in approxi-
mately 30 – 50% of primary MDS and 80% of secondary 
MDS. Since MDS can progress to AML, all the cytogenetic 
abnormalities found in MDS are also found in AML, 
although their incidence is different. However, certain bal-
anced translocations found in AML, such as t(15;17), inv(16) 
and t(8;21), are quite rare in MDS. 

  5 q  –   s yndrome 

 Del(5q) is the most commonly reported deletion in  de novo  
MDS and is found in 10 – 15% of all patients. The 5q –  syn-
drome was fi rst described by Van den Berghe and colleagues 
in 1974. It occurs primarily in elderly women (unlike other 
MDS subtypes) and is associated with macrocytic anemia 
(usually marked), absent or mild leukopenia, a normal or 



98 Molecular Hematology

CD34+

CD34+

dysplastic

AML

Genetic factors (polymorphisms)

Early lesions:
JAK2 (RARS-T)
CXCR4/6
RAS (CMML)
C fms(CMML)
P53 del

Chromosomal abnormalities
Early and specific changes:
•5q– syndrome
•–7 in children
•+8

Epigenetic changes
P15 methylation, etc

↑apoptosis

Immune dysregulation

CD8
CTL

CD4

T reg Th17

↓ Apoptosis
↓Differentiation

Environnmental factors
Alky lating agents/radiation
Smoking and other risk factors
Ethnicity
Age/sex
?infections

     Fig. 8.7      Pathogenesis of MDS  
 The normal stem cell undergoes a series of genetic and epigenetic modifi cations in a dysregulated milieu that produces MDS and progression 
to AML.  

techniques. The current accepted CDR is mapped to a 1.5 -
 Mb interval on 5q32 using FISH. However, using high - res-
olution SNP arrays on 5q –  syndrome patients, the CDR 
extends from 5q23.3 to 5q33.1 (Figure  8.8 ). It is likely that 
the CDR is quite heterogeneous and that multiple CDRs 
exist, with several genes involved in the pathogenesis and 
progression of 5q –  syndrome. This deletion is generally 
present in pluripotent hematopoietic stem cells 
(CD34 + CD38  −  ).   

 The CDRs contains many genes and the ones that have 
attracted most attention include  SPARC ,  NPM1 ,  CTNNA1  
( α  - catenin) and  EGR1 . However, the culprit putative tumor -
 suppressor gene eluded researchers for 30 years. As a result 
the pathogenesis of this unique syndrome with a sole chro-
mosomal abnormality remained unknown. This failure to 
identify the tumor - suppressor gene appears to run contrary 
to an important cornerstone of modern cancer biology, 

elevated platelet count, and increased megakaryocytes with 
characteristic morphological abnormalities such as abnor-
mal large monolobulated megakaryocytes with eccentric 
nuclei and bone marrow blast percentage below 5%. Del(5q) 
is the sole cytogenetic abnormality and has a favorable prog-
nosis with low risk of transformation to AML. 

 However, the median survival of patients is still shorter 
than the age -  and sex - matched control population. Survival 
is further reduced in MDS patients with isolated 5q –  and 
bone marrow blast count above 5% as a result of risk of AML 
transformation. Similarly, the risk of AML transformation 
dramatically increases and median survival is shortened 
when additional chromosomal abnormalities are present. 

 The deletion in the long arm of chromosome 5 is an 
interstitial deletion of a large segment of variable size on 
5q13 – 33. However, a common deleted region (CDR) has 
been variously defi ned by different groups using different 
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     Fig. 8.8      Heterogeneity of proximal and distal breakpoints in CD34 +  cells from patients with 5q –  syndrome and those with 5q –  and 
additional cytogenetic abnormalities determined using 250K SNP arrays  
 The shaded area represents the common deleted region (CDR) using SNP arrays.  

induced a gene expression profi le that correlates with 
responsiveness to lenalidomide. Taken together, these results 
provide strong evidence that  RPS14  functions as a haploin-
suffi cient tumor - suppressor gene in the 5q –  syndrome. 

 The protein encoded by  RPS14  is an essential part of the 
33 - protein complex associated with the 18S rRNA forming 
the 40S subunit of the ribosome where protein synthesis 
occurs. The RPS14 protein is essential for effi cient RNA –
 protein complex. Several bone marrow failure syndromes 
have now been linked to a ribosomal gene mutation. Many 
ribosomal proteins, such as RPS17, RPS19, RPS24 and more 
recently Rp135A, have been implicated in Diamond –
 Blackfan anemia, functionally equivalent to the block in the 
processing of pre - ribosomal RNA in RPS14 - defi cient cells, 
thus linking the molecular pathophysiology of a congenital 
anemia with 5q –  syndrome. Similarly, defects in ribosomal 
genes have been linked with Shwachman – Diamond syn-
drome, cartilage hair hypoplasia and dyskeratosis congenita. 

Knudson ’ s two - hit hypothesis, which postulates that inacti-
vation of both copies (alleles) of a tumor - suppressor gene 
has an essential role in cancer development. However, no 
patients with the 5q –  syndrome have been reported to have 
biallelic deletions within the CDR, and no point mutations 
have been reported in the remaining allele of any of the 40 
genes in this region. A paradigm shift was required: 5q –  syn-
drome may be caused by haploinsuffi ciency (inactivation of 
a single allele). 

 Recently, the Golub laboratory used an RNA - mediated 
interference (RNA - i) - based approach to individually shut 
down each of the 40 genes on the CDR of chromosome 5q. 
The gene found to recapitulate the 5q –  phenotype was 
 RPS14 , a gene that encodes a structural protein of the 40S 
ribosomal subunit. In addition, these authors also showed 
that expressing  RPS14  in CD34 +  cells from patients with 
5q –  syndrome restores normal differentiation. Moreover, by 
reducing the  RPS14  expression of normal CD34 +  cells they 
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  Molecular  a bnormalities 

  Mutations of   RAS ,  NF 1  and   PTPN 11   g enes 

 The  RAS  gene encodes proteins that regulate signal trans-
duction by cycling between an active GTP - bound state and 
an inactive GDP - bound state. These proteins regulate cel-
lular proliferation and differentiation.  RAS  gene mutations 
(mostly N -  RAS ) are the most common molecular abnor-
malities in MDS. When mutated in codon 12, 13, or 61, the 
 RAS  genes encode a protein that remains in the active state 
and continuously transmits signals by linking tyrosine 
kinases to downstream serine and threonine kinases. This 
constitutive activation induces continuous cell growth. 
Mutation of oncogenes in the RAS family have been associ-
ated with exposure to environmental carcinogens. The 
reported incidence of  RAS  mutations in MDS has varied but 
is perhaps 10% of MDS cases overall, with a relatively high 
incidence in CMML. Often N -  RAS  mutations are found at 
diagnosis but have also been found to occur during disease 
progression. Their real signifi cance remains unknown, 
although most studies report them as unfavorable prognos-
tic markers. 

 Neurofi bromin is the protein encoded by the neurofi -
bromatosis type 1 gene ( NF1 ), a tumor - suppressor gene. It 
contains a domain with sequence homology to GTPase -
 activating proteins. The binding of neurofi bromin to RAS 
protein accelerates the conversion of RAS - GTP to RAS -
 GDP. In the majority of children with neurofi bromatosis 
type 1 and MDS, both alleles of  NF1  are inactivated.  

  Mutations of the   p 53   g ene 

 Abnormalities of  p53  are relatively uncommon in hemato-
logical malignancies compared with solid tumors. As in solid 
tumors, mutations tend to occur in exons 5 – 8 of the  p53  
gene. They are found principally in RAEB, RAEB - T and 
CMML. Interestingly, they generally occur in association 
with a deletion of the other allele. The cases harboring  p53  
mutations generally have complex karyotypic abnormalities, 
making it diffi cult to assess the contribution of  p53  abnor-
malities to MDS. These  p53  mutations are associated with 
the pseudo - Pelger – Hu ë t anomaly and vacuoles in neu-
trophils giving rise to the 17p –  syndrome.  

  Other  g ene  m utations 

 The  FLT3  internal tandem duplication is a rare mutation in 
MDS, occurring in about 5% of patients and almost always 
in patients with advanced/high - risk MDS. Similarly, muta-
tions of the  AML1  gene are rare in primary MDS. 

 The  JAK2  V617F mutation has become an important 
diagnostic tool in MPDs, where over 90% of cases of poly-

How the reduced levels of these ribosomal proteins impair 
the formation of red cells is not precisely known. The 
increased demand of hemoglobin production on erythroid 
progenitor cells places an enormous burden on the transla-
tional machinery of the cell and any impairment such as 
haploinsuffi ciency or mutation could trigger apoptosis or 
dysregulated differentiation.  

  Monosomy 7/7 q  –  

 Loss of chromosome 7 (monosomy 7) or deletion of the long 
arm (7q – ) is a recurring abnormality in myeloid malignan-
cies and is found in 5 – 10% of adult patients with  de novo  
MDS and in approximately 50% of all therapy - related cases. 
It is often found in children with juvenile myelomonocytic 
leukemia, MDS/AML arising from those with bone marrow 
failure syndromes such as Fanconi anemia, Shwachman –
 Diamond syndrome, severe congenital neutropenia, and 
familial  − 7 MDS. The loss of chromosomal material and the 
development of MDS would suggest loss of a tumor - sup-
pressor gene(s) as the underlying pathophysiology. The dele-
tion is interstitial and there are two distinct common deleted 
regions: 7q11 – 22 and 7q31 – 36. A total of 14 candidate genes 
including  MLL5 , a homolog of the  trithorax  gene of 
 Drosophila , have been localized to the common deleted 
segment on 7q22. Knockdown of the  MLL5  gene by RNA - i 
leads to cell cycle arrest. 

 Monosomy 7 is not a germline mutation but represents a 
 “ second hit ”  in the development of MDS/AML. It is usually 
associated with poor response to chemotherapy and high 
risk of transformation to AML.  

  Other  c ytogenetic  a bnormalities 

 The del(20q) abnormality is found in 3 – 5% of patients with 
primary MDS. The cytopenia generally involves the eryth-
roid and megakaryocytic lineages and may be confused with 
idiopathic thrombocytopenic purpura clinically. As a sole 
cytogenetic abnormality it carries a good prognosis. It is seen 
in all subtypes of MDS and MPD. The critical genes that are 
deleted in 20q –  are unknown but the Nimer laboratory has 
identifi ed a polycomb group gene,  L(3)MBTL1 , a human 
homolog of  Drosophila L(3)MBT  (lethal malignant brain 
tumor) on 20q12, which functions as a transcriptional 
repressor. 

 Trisomy 8 (+8) is the commonest chromosomal gain in 
MDS. Its prognostic value or indeed its contribution to the 
pathogenesis of MDS is unknown. Patients with +8 as well 
as those with  − 7 respond well to hypomethylating agents 
such as azacitidine. 

 Less common chromosomal abnormalities seen in MDS 
include isochromosome 17, der(1;7)(q10;q10), +6, +14, iso-
chromosome 14q, del(13q), inv(3) and del(11q).   
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ing these cells into irradiated recipients. They achieved 70% 
engraftment of the transduced cells but the MDS phenotype 
only developed after 7 – 8 months in the transplanted mice. 
This delay may suggest that EVI - 1 induces defects such as 
hyperproliferation and impaired differentiation due to 
decreased erythropoietin receptor and Mpl expression. 
However, at a later stage (10 – 12 months post transplant) 
additional defects developed, resulting in bone marrow 
failure leading to severe cytopenias and death. None of the 
mice developed AML. 

 Nucleophosmin (NPM) is a nuclear protein that plays an 
important role in ribosome biogenesis and the p53 pathway, 
and regulates centrosome duplication. Little wonder there-
fore that it has been implicated in cancer pathogenesis. 
Grisendi and colleagues developed the second MDS model 
by generating NPM mutant series in mice. Absence of NPM 
(NPM1  − / −  ) resulted in abnormal organogenesis and death 
between embryonic day E11.5 and E16.5. However, hetero-
zygotes (NPM +/ −  ) survived and developed features of MDS. 

 The third model is the NUP98/HoxD13 transgenic mouse 
developed by Lin and colleagues This model uses the t(2;11)
(q31;p15) associated fusion protein containing nucleoporin 
protein, which mediates transport of protein and RNA 
across the nuclear membrane fused to HoxD13 protein. The 
mice developed MDS by 4 – 7 months and by 10 months they 
either transformed to AML or developed progressive cyto-
penias and all died by 14 months. This model accurately 
recapitulates all the key features of MDS and is currently 
being used to evaluate therapeutic approaches.  

  Conclusions 

 The last few years have seen tremendous developments in 
our understanding of the molecular pathogenesis of MDS. 
Although bone marrow examination remains the pivotal 
diagnostic tool, advances in recognizing cryptic molecular 
aberrations by SNP arrays are an important advance, which 
may soon be incorporated into routine clinical practice. The 
interesting area of epigenetics will undoubtedly further our 
understanding of MDS and add to our armamentarium for 
treatment. Stem cell transplantation remains the only cura-
tive option available and the emergence of reduced intensity 
transplants has opened the door to more treatment possibili-
ties for what is essentially a disease of the elderly.  

     Further reading 

   MDS  and  i ts  e tiology 

    Bennett   JM  ,   Catovsky   D  ,   Daniel   MT    et al.  ( 1982 )  Proposals for the 
classifi cation of the myelodysplastic syndromes .  British Journal of 
Haematology ,  51 ,  189  –  199 .  

cythemia vera and 50% of primary myelofi brosis and essen-
tial thrombocythemia have been found to carry the mutation. 
The overlap between MPD and MDS is well recognized. 
Some cases of 5q –  syndrome have a signifi cant proliferative 
component, with raised platelet and leukocyte counts. In 
such patients the  JAK2  V617F mutation is common (10%). 
In RARS with thrombocytosis (RARS - T) the prevalence of 
this mutation is even higher, where about 66% of cases carry 
the mutation. The  JAK2  mutation identifi es a subgroup of 
MDS patients with a signifi cant proliferative marrow where 
it may provide a proliferative signal to the dysplastic clone.    

  Genome -  w ide  s canning 

 There is no doubt about the diagnostic and prognostic sig-
nifi cance of cytogenetic abnormalities in MDS recognized by 
both the IPSS and WPSS. However, using metaphase cytoge-
netics, chromosomal abnormalities are found in about half 
of MDS patients. Low - risk MDS accounts for at least 50% 
of all MDS patients, and up to 80% of these patients may 
have a normal karyotype. 

 Advances in microarray technology using CGH and SNP 
can be used for analysis of somatic or clonal unbalanced 
chromosomal defects. Cryptic deletions and duplications 
can be detected due to higher resolution. Moreover, this 
technology can identify loss of heterozygosity (LOH), which 
occurs without concurrent changes in gene copy number 
and might be an early event in the development of the neo-
plastic clone. However, LOH can also occur by uniparental 
disomy (UPD), where an individual acquires a duplicated 
copy of an entire or partial chromosome derived from one 
parent attributed to errors in mitotic recombination in 
somatic cells, resulting in LOH without copy number 
changes. UPD cannot be detected by metaphase cytogenetic 
techniques and FISH, as there is no net loss/gain of genetic 
material. 

 Mohamedali and colleagues studied 119 low - risk MDS 
patients using SNP microarrays to seek chromosomal 
markers not detected by conventional cytogenetics. UPD 
was found in 46%, deletions in 10% and amplifi cation in 8% 
of cases. There was a high incidence of constitutional UPD 
in these patients, which may suggest a predisposition to 
genomic instability. Other researchers have also found pre-
viously unrecognized lesions as well as UPDs. There is no 
doubt that this technology will redefi ne what is  “ normal. ”   

  Animal  m odels 

 The fi rst animal model of MDS was a mouse model devel-
oped by Buonamici and colleagues using a retrovirus to 
overexpress EVI - 1 in murine stem cells and then transplant-
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  Introduction 

 The classical myeloproliferative disorders (MPDs) comprise 
polycythemia vera (PV), essential thrombocythemia (ET) 
and idiopathic myelofi brosis (IMF). These disorders share 
many features including altered stem cell behavior, overpro-
duction of myeloid lineages and, rarely, transformation to 
acute myeloid leukemia (AML). They were originally 
grouped together by Dameshek along with chronic myeloid 
leukemia (CML) in 1951. The World Health Organization 
groups the MPDs along with CML and rarer clonal disorders 
including chronic neutrophilic leukemia (CNL), chronic 
eosinophilic leukemia (CEL) and clonal mast cell diseases 
(MCD) under the heading of myeloproliferative neoplasms. 
This chapter focuses on PV, ET and IMF but will also depict 
recent advances in our understanding of rarer myeloprolif-
erative neoplasms including CEL and MCD. 

 Evidence that the MPDs represent clonal disorders was 
derived from two sources: analysis of karyotypic abnormali-
ties and X - chromosome inactivation patterns in female 
patients. Recurrent abnormal karyotypes were reported in 
approximately one - third of PV and IMF patients. In normal 
females, X - chromosome inactivation occurs randomly so 
that approximately half of all cells carry an active maternal 
X chromosome with the remainder carrying an active pater-
nal X chromosome. In contrast, tumor cells, being clonally 
derived from a single cell, all carry either an active maternal 
X chromosome or an active paternal X chromosome. Using 
assays based on X - linked polymorphisms, the majority of PV 
and IMF patients and a proportion of ET patients demon-

strate clonally derived blood cells. However, X inactivation -
 based clonality assays are inherently insensitive and many 
cases classifi ed as  “ polyclonal ”  hide small clones not detect-
able by this method. 

 The biology of the MPDs was initially investigated through 
hematopoietic progenitor cell assays. Within semisolid 
media, progenitors from normal individuals only give rise to 
erythroid colonies in the presence of exogenous erythropoi-
etin (EPO). In 1974, Prchal and Axelrad demonstrated that 
erythroid progenitors from the bone marrow of PV patients 
could be grown without the addition of EPO, termed endog-
enous erythroid colonies (EECs), and this attribute has 
become an important diagnostic tool in PV. Subsequently, 
it became clear that hematopoietic progenitors from MPD 
patients are hyperreactive to a range of growth factors. 

 Much of the biological behavior of these diseases became 
clearer with the demonstration of an acquired mutation 
within JAK2 (Janus kinase 2) in MPD patients. In 2005, 
several groups identifi ed an acquired valine to phenylalanine 
change at codon 617 of JAK2 (V617F) (Figure  9.1 ) in the 
majority of PV patients and in approximately 50% of ET and 
IMF patients.    

  The  r ole of  JAK 2 in  c ytokine 
 s ignaling 

 JAK2 belongs to a family of tyrosine kinases including JAK1, 
JAK2, JAK3 and TYK2 that form a link between cytokine 
receptors and intracellular signaling pathways. JAK2 is 
crucial for effective signaling through cytokine receptors 
including the erythropoietin receptor (EPOR) and receptors 
for thrombopoietin, interleukin - 3 (IL - 3), granulocyte col-
ony - stimulating factor (G - CSF) and granulocyte macro-
phage colony - stimulating factor (GM - CSF). Homozygous 
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leading to their transphosphorylation and activation (Figure 
 9.1 ). Activated JAK2 then phosphorylates tyrosine residues 
within EPOR which, in turn, promotes recruitment and sub-
sequent JAK2 - mediated phosphorylation of other JAK2 sub-
strates such as STAT5 and phosphatidylinositol 3 - kinase 
(PI3K). Activation of various intracellular signaling path-
ways ensues (Figure  9.1 ). JAK2 possess two JAK homology 

knockout of murine  Jak2  results in embryonic lethality due 
to complete absence of erythropoiesis. In the unstimulated 
state, EPOR forms a transmembrane homodimer, the cyto-
plasmic domain of which is bound to two JAK2 molecules 
(Figure  9.1 ). Ligand binding to the extracellular domain 
results in a conformational change within the receptor which 
brings together the two receptor - bound JAK2 molecules 

(a)

(b)

No signal

JA
K

2

JA
K

2

EP
O

R

EP
O

R

JAK/STAT
PI3K/AKT

ERK/MAPK

EPO

P
P
P

P
P
P

P

JA
K

2

P

JA
K

2

EP
O

R

EP
O

R

JAK/STAT
PI3K/AKT

ERK/MAPK

P
P
P

P
P
PP

JA
K

2
V

61
7F

JA
K

2
V

61
7F

EP
O

R

EP
O

R

FERM SH2

Val Phe

JH2 JH1

kinasepseudokinase

617

JAK2

P

     Fig. 9.1      The JAK2 V617F mutation  
 (a) JAK2 protein showing the valine to phenylalanine substitution at codon 617. (b) Role of JAK2 in cytokine signaling. The cytokine receptor 
EPOR binds JAK2 as a homodimer (left). On ligand binding, a conformational change within EPOR brings the two JAK2 molecules into close 
proximity, initiating a cascade of phosphorylation events and activation of downstream pathways (middle). The JAK2 V617F molecule is 
constitutively active, leading to EPO - independent activation of signaling pathways (right).  
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rying JAK2 V617F, but not wild - type JAK2, induces an MPD 
phenotype. These mice develop erythrocytosis, often leuko-
cytosis and eventually myelofi brosis, and their bone marrow 
displays features found in human MPD. Thrombocytosis, on 
the other hand, is only seen in mice expressing a lower level 
of JAK2 V617F.  

  Lineage  s pecifi city of  JAK 2  V 617 F  

 The MPDs arise in a multipotent hematopoietic stem cell. 
Hence, it would be expected that any pathogenetic mutation 
would also arise in a stem cell. Indeed, erythroid, myeloid 
and megakaryocytic progenitors from PV, ET and IMF 
patients carry the JAK2 V617F mutation as do CD34 + CD38  −   
cells, a population enriched for pluripotent progenitors. 
Surprisingly, the JAK2 V617F mutation is also detectable in 
highly purifi ed B cells, natural killer cells and even T cells of 
some IMF and, more rarely, PV patients. Clonal involve-
ment of B and T cells has also been demonstrated in IMF 
using cytogenetic markers. Taken together, these results 
suggest that the JAK2 V617F mutation arises in a progenitor 
cell with both lymphoid and myeloid potential but that its 
effect is predominantly manifested within the myeloid 
lineage as a consequence of the requirement for type I 
cytokine receptor expression within this lineage (e.g., EPOR, 
MPL, G - CSFR) as a scaffold for JAK2 V617F transforming 
ability.  

  Cooperating  m utations 

 The JAK2 V617F mutation is suffi cient to cause a myelopro-
liferative phenotype in mice, suggesting that it represents an 
initiating lesion. However, it has been suggested that in some 
patients one or more unknown mutations arise prior to 
mutation within JAK2. Firstly, in some patients, especially 
ET or IMF, the percentage of clonal cells calculated using 
X - inactivation assays is greater than the percentage of JAK2 
V617F - positive cells, suggesting that a pre - JAK2 aberration 
initiates clonal proliferation. However, care must be taken 
interpreting such results since many normal elderly females 
display a skewed X - inactivation pattern leading to an over-
estimation of the number of clonal granulocytes within 
MPD patients. To avoid such inherent fl aws, Kralovics  et al . 
also assessed two patients who carried a 20q deletion. In both 
cases, the percentage of cells carrying a 20q deletion was 
greater than those carrying a JAK2 V617F mutation, imply-
ing that acquisition of the 20q deletion preceded the JAK2 
V617F mutation. Secondly, in rare situations of familial 
MPD, an inherited allele distinct from JAK2 V617F predis-
poses to an MPD phenotype. Thirdly, under some culture 
conditions,  in vitro  differentiation of JAK2 V617F - positive 
progenitor cells leads to reduced frequency of the mutant 
allele and JAK2 V617F - negative EECs from some JAK2 

(JH) domains (Figure  9.1 ); the JH1 domain possesses tyro-
sine kinase activity while the JH2 or pseudokinase domain 
is homologous to JH1 but lacks kinase activity. Instead JH2 
plays an autoinhibitory role by directly interacting with and 
stabilizing the activation loop within JH1 in the inactive 
form. 

   JAK 2  m utations in  MPD  

 The valine at codon 617 of JAK2 lies at an evolutionarily 
conserved position within the JH2 domain (Figure  9.1 ) and 
is important for the interaction between the JH1 and JH2 
domains. Substitution of valine 617 with the much bulkier 
phenylalanine residue, as found in MPD, is thought to inter-
fere with JH2 - mediated autoinhibition leading to constitu-
tive activation of the tyrosine kinase (Figure  9.1 ). JAK2 
binding is also important for traffi cking of both EPOR and 
the thrombopoietin receptor (MPL) to the cell surface and 
the JAK2 V617F mutation may lead to reduced cell surface 
levels of MPL  . 

 Biochemical studies have shown that most JAK2 targets 
are affected by the V617F mutation. The JAK2 V617F pos-
sesses much greater kinase activity than wild - type JAK2. 
Expression of JAK2 V617F results in increased autophos-
phorylation, increased phosphorylation of STAT5, ERK and 
AKT and altered transcription of cell cycle regulators. These 
experiments demonstrate a direct link between mutant JAK2 
V617F and the activation of JAK/STAT, PI3K/AKT and 
MAPK/ERK pathways observed in PV progenitor cells. 

 Altered expression of many other genes in MPD is likely 
also a consequence of the JAK2 V617F mutation. The anti -
 apoptotic protein BCL2L1 (BCLX), which is upregulated in 
PV erythroid progenitors, is a target of STAT5 and its over-
expression may underlie the generation of EPO - independent 
erythroid colonies. PV erythroid progenitors also display 
increased levels of another inhibitor of apoptosis, FLIPshort, 
due to upregulated PI3K/AKT and MAPK/ERK signaling. 
 SOCS3 , also transcriptionally regulated by STAT5, is over-
expressed in PV and other JAK2 V617F - positive MPDs. 
SOCS3 is a negative regulator of JAK2 and targets it for 
proteasome - mediated degradation. However, in contrast to 
its effect on wild - type JAK2, SOCS3 is unable to inhibit 
transphosphorylation of mutant JAK2 V617F and may even 
enhance its kinase activity. Overexpression of NFE2, an 
inducer of erythroid differentiation, in PV is probably 
another consequence of increased STAT5 signaling. Taken 
together, these observations indicate that acquisition of the 
JAK2 V617F mutation underlies many of the changes 
observed in MPDs. 

 Further evidence for a direct link between the JAK2 V617F 
mutation and MPD was derived using murine models. 
Transduction of murine bone marrow with retroviruses car-
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     Fig. 9.2      Detection of the   JAK2   V617F mutation  
 (a) Allele - specifi c PCR. Amplifi cation with primers P1 and P3 yields a product of 364   bp (control) whereas amplifi cation with primers P1 and P2 
yields a 203 - bp PCR product from the mutant allele only. (b) Real - time PCR using a dual labeled probe specifi c for the mutant allele. 
Amplifi cation from the wild - type allele results in displacement but not destruction of the probe, resulting in no release of fl uorescence. In 
contrast, amplifi cation from the mutant allele results in  Taq  - dependent destruction of the probe releasing the reporter (R) whose fl uorescence 
can then be detected.  

of choice and tends to underestimate the frequency of the 
mutation. Combining data from a number of studies 
employing sensitive allele - specifi c approaches to detect 
V617F, the true frequency of the mutation is 98% in PV, 
57% in IMF and 57% in ET. A biallelic V617F mutation, 
arising as a result of mitotic recombination between the 
short arms of the two copies of chromosome 9, is seen in 
30% of PV and 20% of IMF. The V617F mutation is also 
detected, albeit uncommonly, in other MPDs including 
CNL, CEL and atypical MPD/CML.   

 The JAK2 V617F mutation is not found in lymphoid 
malignancies and is only infrequently detected in patients 
with AML, myelodysplastic syndromes (MDS) and chronic 
myelomonocytic leukemia (CMML). Although rare cases of 
JAK2 V617F - positive,  BCR  -  ABL  positive CML have been 
reported, these cases appear to represent coexistence of two 
separate diseases and most CML patients do not carry a 

V617F - positive PV patients have been isolated. These data 
suggest that an additional mutation may arise prior to the 
JAK2 V617F mutation that is able to confer EPO independ-
ence, with the JAK2 V617F mutation being responsible for 
terminal erythroid differentiation. Finally, in a proportion 
of JAK2 V617F - positive MPD patients who transformed to 
AML, the leukemia cells no longer carried the JAK2 V617F 
mutation. Although treatment - related leukemia cannot be 
ruled out in all cases, this observation is consistent with 
transformation from a pre - JAK2 V617F clonal MPD.  

  Disease  a ssociation of  JAK 2  V 617 F  
 m utation 

 The JAK2 V617F mutation can be detected by a number of 
different molecular genetic techniques (Figure  9.2 ). Due to 
its reduced sensitivity, sequencing is not usually the method 
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     Fig. 9.3      Continuum between JAK2 V617F - positive thrombocythemia and polycythemia  
  Adapted from Campbell PJ, Scott LM, Buck G  et al.   (2005)  Defi nition of subtypes of essential thrombocythaemia and relation to polycythaemia 
vera based on JAK2 V617F mutation status: a prospective study . Lancet , 366, 1945 – 1953, with permission.   

JAK2 V617F mutation. Hence, the JAK2 V617F mutation is 
uncommon in most myeloid malignancies other than PV, 
ET and IMF. An interesting exception is the MPD/MDS 
disorder refractory anemia with ringed sideroblasts with 
thrombocytosis (RARS - T), in which the mutation is detect-
able in approximately half of patients. Whether this disease 
represents a variant of ET is not clear.  

  Clinical  s ignifi cance of the  JAK 2  V 617 F  
 m utation 

 Since a signifi cant proportion of ET and IMF patients do not 
carry the JAK2 V617F mutation, they may constitute a dis-
tinct disorder with different clinical, hematological and 
prognostic features. ET patients carrying a JAK2 V617F 
mutation tend to have more PV - like characteristics at diag-
nosis  –  higher hemoglobin level, higher white cell count and 
increased granulocytic and erythroid features within the 
bone marrow. Patients without a JAK2 V617F mutation 
often present with isolated thrombocytosis with a higher 
platelet count that requires higher doses of hydroxycar-
bamide (hydroxyurea) to control. JAK2 V617F - positive 
patients are also at higher risk of thrombosis, which is par-
ticularly associated with those patients with a higher level of 
JAK2 V617F. 

 The clinical importance of JAK2 V617F in IMF is not 
clear, possibly due to the different effects of biallelic muta-
tions. Patients carrying a JAK2 V617F mutation tended to 
have a higher white count and/or hemoglobin level particu-
larly if the mutation was biallelic. The mutation was associ-
ated with a poorer survival in one study, increased risk of 
leukemia transformation in another, but neither of these in 
a third. In another study, IMF patients with a low mutant 
allele burden demonstrated a shorter survival compared 
with JAK2 V617F - negative patients and those with a high 
allele burden. The investigators postulate that a low JAK2 
V617F allele burden represents a surrogate marker for the 
presence of another mutation associated with a poorer 
prognosis. 

 PV patients with a high allele burden or for whom a bial-
lelic mutation can be inferred tend to have a more progres-
sive disease. This includes increased erythrocytosis and 
myelopoiesis, higher risk of splenomegaly and myelofi brotic 
transformation and increased requirement for chemothera-
peutic intervention.  

  Modulation of the  V 617 F   p henotype 

 The similarities between JAK2 V617F - positive ET and PV 
suggest that they represent a continuum within a single dis-
order (Figure  9.3 ). The different degrees of erythrocytosis, 
leukocytosis and thrombocytosis are thought to be infl u-
enced by a number of variables including gender, iron levels, 
effect of EPO, additional acquired mutations and inherited 
genetic modifi ers.   

 Acquisition of a second JAK2 V617F allele by mitotic 
recombination is implicated in the pathogenesis of PV. Loss 
of heterozygosity of chromosome 9p (9p LOH) is observed 
in approximately 30% of PV patients. This recombination 
results in replacement of the wild - type  JAK2  allele with the 
mutant V617F allele. The presence of biallelic mutation 
within a proportion of cells can be indirectly inferred from 
an allele burden of greater than 50%, an observation which 
is much more frequent in PV than ET. Furthermore, high 
levels of mutant JAK2 V617F lead to erythrocytosis and 
myelofi brosis in mouse models whereas lower levels lead to 
thrombocytosis. The vast majority of PV patients but only 
rare cases of ET carry erythroid colonies with biallelic JAK2 
V617F mutation, indicating that mitotic recombination 
occurs in progenitor cells and leads to erythrocytosis. 
Erythroid progenitors carrying a biallelic V617F mutation 
are more sensitive to low levels of EPO than cells carrying a 
single mutant allele. An additional consequence of mitotic 
recombination is loss of the wild - type  JAK2  allele which may 
lead to reduction of inhibition of JAK2 V617F. 

 Two lines of evidence indicate that inherited polymor-
phisms modify the phenotype associated with an acquired 
JAK2 V617F mutation. Firstly, different strains of mice 



Myeloproliferative disorders 109

which affect Leu539 or Glu543 (Figure  9.4 ). This region lies 
just upstream of the JH2 pseudokinase domain (Figure  9.4 ) 
and is thought to affect the interaction between the JH1 and 
JH2 domains. The  JAK2  exon 12 mutations lead to a higher 
degree of cytokine independence and phosphorylation of 
JAK2 substrates than does JAK2 V617F. In murine models, 
the JAK2 K539L mutation leads to elevated hematocrit, leu-
kocytosis and thrombocytosis but the leukocytosis and 
thrombocytosis are less dramatic than with the V617F muta-
tion. Similarly, patients carrying a  JAK2  exon 12 mutation 
tend to display isolated erythrocytosis within the bone 
marrow, in contrast to JAK2 V617F - positive patients who 
characteristically show hyperplasia of all three myeloid line-
ages. In fact,  JAK2  exon 12 mutations are often detected in 
patients previously diagnosed with idiopathic erythrocyto-
sis, while the JAK2 V617F mutation is uncommon in such 
patients.  JAK2  exon 12 mutations have not been detected 
within JAK2 V617F - negative ET or IMF patients. Hence, 
mutations within  JAK2  exon 12 lead to increased kinase 

expressing the same JAK2 V617F allele yield different myelo-
proliferative phenotypes. Secondly, inherited single - nucle-
otide polymorphisms (SNPs) within  JAK2  and  EPOR  have 
been associated with PV and/or ET. In fact, a particular 
common SNP within the  JAK2  locus itself is associated with 
an increased risk of acquiring a JAK2 V617F mutation and 
thus of developing an MPD. The explanation for the latter 
is not well understood but it is likely that the SNP is found 
within a haplotype that affects the transcriptional regulation 
of JAK2.   

  Other  m utations  w ithin 
 m yeloproliferative  d isorders 

 Approximately 2% of well - characterized PV patients do not 
carry a JAK2 V617F mutation. Many of these patients carry 
a mutation within  JAK2  exon 12. These mutations cluster 
within a small region spanning codons 537 – 547, most of 
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     Fig. 9.4      JAK2   exon 12 mutations and reported frequencies (at March 2008)  
 Three types of mutation can be described: leucine to lysine substitution at codon 539 (shaded); deletion of glutamic acid at codon 543 
(shaded); duplication (underlined) and substitution of phenylalanine at codon 547.  
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activity that drives the hematopoietic stem cell toward eryth-
ropoiesis but not other hematopoietic lineages.   

 JAK2 V617F - negative MPD patients often display features 
associated with an MPD, such as EEC formation, abnormal 
megakaryocyte morphology and clonal granulopoiesis. It is 
therefore likely that mutations within other components of 
signaling pathways play a role in some JAK2 V617F - negative 
ET and IMF patients. Large multigene sequencing projects 
failed to identify mutations within tyrosine kinases other 
than  JAK2  or within  EPOR  and  GCSFR  but did identify 
mutations within  MPL , which encodes the thrombopoietin 
receptor.  MPL  mutations have been demonstrated in 
approximately 7% of IMF and 3% of all ET patients. ET and 
IMF cases carrying both a  MPL  exon 10 mutation and a 
JAK2 V617F mutation have been described, although it is 
not clear if the two mutations are clonally related. 

 MPL W515 mutations confer cytokine - independent 
growth and phosphorylation of JAK2 targets and are par-
ticularly associated with abnormal megakaryopoiesis. 
Clinically, MPL W515 IMF patients tend to be more anemic 
and ET patients carrying an  MPL  mutation tend to present 
with lower hemoglobin, a higher platelet count and lower 
cellularity compared with JAK2 V617F - positive patients. 

 Mutations within the  TET2  gene have been detected in 
10 – 20% of MPD patients, including both JAK2 V617F -
 positive and  - negative patients. Similar mutations are also 
found in other myeloid malignancies, including AML, MDS 
and CMML. The acquisition of a  TET2  mutation preceded 
a JAK2 V617F mutation in patients carrying both mutations, 
indicating that  TET2  mutations may well be the initiating 
event discussed earlier. The function of TET2 is not clear, 
although a related molecule, TET1, plays a role in the 
demethylation of methylated cytosine molecules, suggesting 
a role for epigenetic regulation by the TET proteins.  

  Tyrosine  k inases in  o ther 
 m yeloproliferative  d isorders 

   KIT   m utations in  m ast  c ell  d isease 

 KIT is a class III receptor tyrosine kinase that is activated by 
the cytokine, stem cell factor (SCF) (Figure  9.5 ). Cytokine 
binding leads to KIT homodimerization, autophosphoryla-
tion, tyrosine kinase activation and activation of the PI3K/
AKT, ERK/MAPK and JAK/STAT pathways. An aspartate to 
valine substitution at position 816, within the active loop of 
the tyrosine kinase domain (Figure  9.5 ), is detected in more 
than 90% of patients with systemic mastocytosis.   

 The KIT D816V mutation, or its murine equivalent, leads 
to growth factor independence in murine cell lines and 
hematopoietic progenitor cells probably via pathways 
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     Fig. 9.5      The KIT receptor showing the aspartic acid to valine 
substitution at codon 816 in mast cell disease   

involving PI3K and STAT molecules. As for JAK2 V617F, 
the KIT D816V mutation probably arises in a hematopoietic 
progenitor cell with lymphoid and myeloid potential. Wild -
 type KIT but not KIT D816V is inhibited by imatinib 
mesylate, but other inhibitors of KIT, such as dasatinib, or 
inhibitors of downstream targets, such as NF -  κ B, may be 
potential therapeutic agents  .  

    FIP1L 1  –   PDGFRA    r earrangement in  CEL  

 Submicroscopic deletion of chromosome 4q12 leading to 
the generation of a novel fusion gene,  FIP1L1  –  PDGFRA , has 
been identifi ed in many cases previously labeled as 
idiopathic hypereosinophilic syndrome (HES) and now 
reclassifi ed as CEL. Approximately 10 – 15% of patients 
with apparent HES carry the  FIP1L1  –  PDGFRA  fusion gene, 
many of whom display features characteristic of systemic 
mastocytsosis. 

 Unlike other fusion proteins involving tyrosine kinases 
such as TEL – PDGFRB and BCR – ABL, FIP1L1 does not 
contain a dimerization domain and is completely dispensa-
ble for activation of platelet - derived growth factor receptor 
alpha (PDGFRA). Rather, disruption of the PDGFRA jux-
tamembrane domain affects its autoinhibitory function, 
leading to constitutive activation of the kinase domain. 
Consistent with this,  PDGFRA  breakpoints cluster within 
exon 12, which encodes the juxtamembrane domain whereas 
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been identifi ed and all are thought to result in a constitu-
tively active fusion protein. The activated FGFR1 kinase is 
unaffected by imatinib but other tyrosine kinase inhibitors 
are under investigation.   

  Other  c hromosomal  c hanges in 
 m yeloproliferative  d isorders 

 Visible chromosomal abnormalities, detected by G - banding, 
occur in approximately one - third of patients with PV or IMF 
but are rare in ET. This frequency increases when FISH 
techniques are used, indicating that submicroscopic or 
cryptic rearrangements are a common feature. The most 
common visible chromosomal abnormalities in MPD are 
deletions of the long arms of chromosome 20, del(20q), and 
chromosome 13, del(13q), trisomies of chromosomes 8 
and 9, and duplication of part of the long arm of chromo-
some 1. Within IMF, del(20q) and del(13q) are associated 
with a more indolent course whereas other cytogenetic 
changes, in particular trisomy 8, chromosome 12 abnor-
malities and deletion of chromosome 7, confer a poorer 
prognosis. 

  Deletion of  c hromosome 20 q  

 Deletion of the long arm of chromosome 20 is observed in 
approximately 10% of patients with PV or IMF and in some 
with MDS or AML  . It can arise within a multipotent pro-
genitor with both myeloid and lymphoid potential. It shows 
a close association with the JAK2 V617F mutation and may 
arise prior to it, suggesting that the 20q deletion marks the 
site of one or more genes that cooperate with the JAK2 
V617F mutation. 

 Molecular and cytogenetic mapping of patients with a 20q 
deletion has enabled the defi nition of a common deleted 
region (CDR). Based on simple deletions, the MPD CDR 
spans 3   Mb and overlaps the MDS CDR by 2   Mb (Figure 
 9.6 ). Among the genes within this region with a putative 
pathogenetic role in MPD,  L3MBTL  offers an attractive can-
didate. This gene encodes a polycomb - like protein that func-
tions as a transcriptional repressor. No acquired mutations 
in  L3MBTL  have been detected in patients with a 20q dele-
tion or a normal karyotype. Within normal hematopoietic 
cells, two of the gene ’ s four CpG islands show monoallelic 
methylation due to maternal imprinting and this is associ-
ated with transcriptional silencing. Deletion of 20q results in 
loss of either the methylated or unmethylated allele and 
 L3MBTL  mRNA expression levels in patients with a 20q 
deletion do not correlate with methylation status. Hence, the 
role of  L3MBTL  in myeloid malignancies associated with a 
20q deletion remains unclear.  

 FIP1L1  breakpoints span exons 7 – 10 (Plate  9.1 ). In contrast 
to other MPDs, the  FIP1L1  –  PDGFRA  fusion gene may arise 
in myeloid progenitors rather than a hematopoietic stem 
cell. Furthermore, the full development of CEL may require 
elevated IL - 5 signaling in addition to the  FIP1L1  –  PDGFRA  
fusion gene. 

 The  FIP1L1  –  PDGFRA  fusion transcript is expressed at 
very low levels within unfractionated peripheral blood and 
bone marrow but can be detected by nested reverse tran-
scriptase polymerase chain reaction (RT - PCR) (Plate  9.1 ). 
Alternatively, the 4q12 deletion can be detected by fl uores-
cence  in situ  hybridization (FISH) using a probe ( CHIC2 ) 
within the 800 - kb deleted region (Plate  9.1 ). Identifi cation 
of  FIP1L1  –  PDGFRA  - positive patients is of clinical impor-
tance since such patients respond well to imatinib and the 
disease is now classifi ed as  “ myeloid neoplasm with  PDGFRA  
rearrangement ” .    

    FGFR 1   r earrangements in 8 p 11 
 m yeloproliferative  s yndrome 

 The 8p11 myeloproliferative syndrome (EMS) is a rare atyp-
ical MPD characterized by both myeloid and lymphoid 
malignancies with an aggressive clinical course. Balanced 
translocations involving chromosome 8p11 result in a novel 
fusion gene containing the fi broblast growth factor receptor 
1 (FGFR1) receptor tyrosine kinase. The most common 
translocation is t(8;13), which yields a  ZNF198  –  FGFR1  
fusion gene. The fusion protein contains a ZNF198 - derived 
oligomerization domain and this leads to ligand - independ-
ent dimerization and activation of the ZNF198 - FGFR1 tyro-
sine kinase. A number of other partner genes of FGFR1 have 
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     Fig. 9.6      Common deleted region on chromosome 20 for MPD 
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  Deletion of  c hromosome 13 q  

 Unlike del(20q), deletion of the long arm of chromosome 
13 is not associated with the JAK2 V617F mutation, suggest-
ing that it may represent an alternative pathogenetic mecha-
nism. The region of loss in MPD patients is less well 
characterized than the 20q deletion, although it does encom-
pass the 13q deleted region in lymphoid malignancies.  

  Abnormalities of  c hromosome 12 q  

 Translocations and other aberrations involving the long arm 
of chromosome 12 are an uncommon but consistent feature 
of IMF and sometimes PV. These aberrations result in over-
expression of  HMGA2 , a member of the high mobility group 
A proteins with important roles in gene regulation via chro-
matin modifi cations. HMGA2 is also disrupted in other 
myeloid malignancies and in non - hematopoietic tumors, 
although the molecular consequences of this are unclear. 
 HMGA2  is also overexpressed in many IMF patients without 
chromosome 12q abnormalities through mechanisms that 
may involve downregulation of microRNAs, miR - 150 and 
miR - 149, which putatively target  HMGA2  mRNA.  

  Other  t ranslocations 

 Balanced translocations are rare in classical MPD (PV, ET, 
IMF) but may provide useful information. Within atypical 
CML/MPD, analysis of rare translocations has identifi ed 
many fusion transcripts involving tyrosine kinases that form 
targets for novel drug development.   

  A  n ew  c lassifi cation for 
 m yeloproliferative  d isorders 

 It is now clear that clinical classifi cation schemes can be 
greatly enhanced in their ability to aid diagnosis, prognosis 
and therapy by the incorporation of their relevant molecular 
features. In some cases, the impact of newly identifi ed muta-
tions is so signifi cant that schemes have had to change dra-
matically to accommodate them. This is particularly true for 
the MPDs. 

 Classifi cation of the MPDs, fi rst attempted by the 
Polycythemia Vera Study Group (PVSG), was a tool for 
distinguishing these disorders from phenotypically similar 
clonal and non - clonal blood disorders. The identifi cation of 
the JAK2 V617F mutation offers a highly specifi c diagnostic 
test for the MPDs. New simplifi ed classifi cation systems have 
been devised that incorporate the molecular changes under-
lying the MPDs (Tables  9.1  and  9.2 ). As shown in these 

  Table 9.1    The 2008 World Health Organization ( WHO ) diagnostic 
criteria for polycythemia vera, essential thrombocythemia and 
primary myelofi brosis.   *    

   Polycythemia vera  
  Major criteria 
   1     Hb    >    18.5   g/dL (men),    >    16.5   g/dL (women)  or  

 Hb or Hct    >    99th percentile of reference range for age, sex or 
altitude of residence  or  

 Hb    >    17   g/dL (men),    >    15   g/dL (women) if associated with a 
sustained increase of  ≥ 2   g/dL from baseline that cannot be 
attributed to correction of iron defi ciency  or  

 Elevated red cell mass    >    25% above mean normal predicted 
value  

  2     Presence of JAK2 V617F or similar mutation    

  Minor criteria 
   1     Bone marrow trilineage myeloproliferation  
  2     Subnormal serum erythropoietin level  
  3     EEC growth    

  Essential thrombocythemia  
  Major criteria 
   1     Platelet count  ≥ 450    ×    10 9 /L  
  2     Megakaryocyte proliferation with large and mature 

morphology. No or little granulocyte or erythroid proliferation  
  3     Not meeting WHO criteria for CML, PV, PMF, MDS or other 

myeloid neoplasm  
  4     Demonstration of JAK2 V617F or other clonal marker  or  no 

evidence of reactive thrombocytosis    

  Primary myelofi brosis  
  Major criteria 
   1     Megakaryocyte proliferation and atypia accompanied by either 

reticulin and/or collagen fi brosis,  or  
 In the absence of reticulin fi brosis, megakaryocyte changes 

accompanied by increased marrow cellularity, granulocytic 
proliferation and often decreased erythropoiesis (i.e., 
pre - fi brotic PMF)  

  2     Not meeting WHO criteria for CML, PV, MDS or other myeloid 
neoplasm  

  3     Demonstration of JAK2 V617F or other clonal marker  or  
 No evidence of reactive marrow fi brosis    

  Minor criteria 
   1     Leukoerythroblastosis  
  2     Increased serum LDH  
  3     Anemia  
  4     Palpable splenomegaly     

    *    Diagnosis of polycythemia vera (PV) requires both major criteria 
and one minor criterion or major criterion  1  and two minor criteria. 
Diagnosis of essential thrombocythemia requires all four major 
criteria. Diagnosis of primary myelofi brosis (PMF) requires all three 
major criteria and two minor criteria.  
  CML, chronic myeloid leukemia; EEC, endogenous erythroid 
colony; Hb, hemoglobin; Hct, hematocrit; LDH, lactate 
dehydrogenase.   
  Source :   Adapted from Tefferi A, Vardiman JW.  (2008)  Classifi cation 
and diagnosis of myeloproliferative neoplasms: the 2008 World 
Health Organization criteria and point - of - care diagnostic algo-
rithms.  Leukemia ,  22 , 14 – 22, with permission. 
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  Table 9.2    Proposed diagnostic criteria for myeloproliferative diseases. 

   JAK2   mutation positive  
  JAK2  - positive polycythemia ( A1  and  A2  required) 
  A1     High hematocrit (men    >    52%, women    >    48%) or an increased red cell mass ( > 25% above predicted value)  
  A2     Mutation in  JAK2     

  JAK2  - positive thrombocythemia ( A1, A2  and  A3  required) 
  A1     Platelet count    >    450    ×    10 9 /L  
  A2     Mutation in  JAK2   
  A3     No other myeloid malignancy especially  JAK2  - positive polycythemia, myelofi brosis or MDS    

  JAK2  - positive myelofi brosis ( A1, A2  plus two  B  criteria required) 
  A1     Reticulin grade 3 or higher (on a 0 – 4 scale)  
  A2     Mutation in  JAK2   
  B1     Palpable splenomegaly  
  B2     Otherwise unexplained anemia (hemoglobin: men    <    11.5   g/dL, women    <    10   g/dL)  
  B3     Teardrop red cells on peripheral blood fi lm  
  B4     Leukoerythroblastic blood fi lm  
  B5     Systemic symptoms (drenching night sweats, weight loss    >    10% over 6 months or diffuse bone pain)  
  B6     Histological evidence of extramedullary hematopoiesis    

  JAK2   mutation negative  
  JAK2  - negative polycythemia vera ( A1, A2, A3  plus  A4  or  A5  or two  B  criteria required) 
  A1     High hematocrit (men  ≥  60%, women    >    56%) or an increased red cell mass ( > 25% above predicted value)  
  A2     Absence of mutation in  JAK2   
  A3     No causes of secondary erythrocytosis (normal arterial oxygen saturation and no elevation of serum EPO)  
  A4     Palpable splenomegaly  
  A5     Presence of acquired genetic abnormality (excluding  BCR - ABL ) in hematopoietic cells  
  B1     Thrombocytosis (platelets    >    450    ×    10 9 /L)  
  B2     Neutrophilia (neutrophils    >    10    ×    10 9 /L;    >    12.5    ×    10 9 /L in smokers)  
  B3     Splenomegaly on radiography  
  B4     Endogenous erythroid colonies or low serum EPO    

  JAK2  - negative essential thrombocythemia ( A1 – A5  required) 
  A1     Platelet count    >    600    ×    10 9 /L on two occasions at least 1 month apart  
  A2     Absence of mutation in  JAK2   
  A3     No reactive cause for thrombocytosis  
  A4     Normal ferritin ( > 20    μ g/L)  
  A5     No other myeloid disorder especially CML ( BCR  -  ABL  negative), myelofi brosis, polycythemia or MDS    

  JAK2  - negative idiopathic myelofi brosis ( A1, A2, A3  plus two  B  criteria required) 
  A1     Reticulin grade 3 or higher (on a 0 – 4 scale)  
  A2     Absence of mutation in  JAK2   
  A3     Absence of  BCR - ABL  fusion gene  
  B1     Palpable splenomegaly  
  B2     Otherwise unexplained anemia (hemoglobin: men    <    11.5   g/dL, women    <    10   g/dL)  
  B3     Teardrop red cells on peripheral blood fi lm  
  B4     Leukoerythroblastic blood fi lm (presence of at least two nucleated red cells or immature myeloid cells in peripheral blood fi lm)  
  B5     Systemic symptoms (drenching night sweats, weight loss    >    10% over 6 months or diffuse bone pain)  
  B6     Histological evidence of extramedullary hematopoiesis     

   CML, chronic myeloid leukemia; EPO, erythropoietin.   
  Source :   Campbell PJ, Green AR.  (2006)  The myeloproliferative disorders.  New England Journal of Medicine ,  355 , 2452 – 2466, with 
permission. 
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tables, both approaches emphasize the importance of the 
demonstration of an acquired mutation (either V617F or 
exon 12) within  JAK2 , but differ in the signifi cance attached 
to it.   

 Assessment of JAK2 V617F (and exon 12) status is now a 
frontline test in patients with erythrocytosis and thrombo-
cytosis. To avoid false - negative results, sensitive detection 
methods are required. Examples of such technologies include 
allele - specifi c PCR, melting curve analysis, pyrosequencing 
and real - time PCR (see Figure  9.2 ). Furthermore, the dem-
onstration of a JAK2 V617F mutation in a patient not oth-
erwise meeting appropriate diagnostic criteria suggests an 
underlying MPD, for example those presenting with an 
unexplained splanchnic thrombosis.  

  Conclusions and  f uture  d irections 

 Identifi cation of  JAK2  and  MPL  mutations within PV, 
ET and IMF has reinforced Dameshek ’ s dictum that these 
disorders are closely linked. It has also revolutionized all 
aspects of the MPDs, including our understanding of 
pathogenetic mechanisms, clarifi cation of diagnostic criteria 
and, importantly, development of new therapies. Indeed, 
a number of drugs have been identifi ed that are able to 
inhibit growth of JAK2 V617F - positive cell lines  in vitro , 
limit EEC formation and rescue the JAK2 V617F - induced 
murine disease. Some therapies are now entering Phase 
I clinical trials in poor - performing MPDs such as myelofi -
brosis. Quantifi cation of the JAK2 V617F burden will 
enable the response to these novel therapies to be assessed 
in a fashion similar to  BCR  -  ABL  transcript quantifi cation 
in CML. 

 High - throughput technologies are now being used to 
identify new alterations within MPD patients. Gene expres-
sion profi ling studies have identifi ed genes whose expression 
is altered within the MPDs, often as a result of the JAK2 
V617F mutation and thus represent secondary changes. 
Differences in the gene expression profi le between PV and 
IMF may help to explain the processes controlling myelofi -
brotic transformation. Finally, differentially expressed 
microRNA molecules in MPD represent a novel mechanism 
of regulating gene expression.  
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  Introduction 

 As with all cancers, lymphomas were originally categorized 
based primarily on morphology and clinical behavior. The 
use of antibodies against cell surface markers allowed the 
study of lymphoma specimens with antibody panels that 
could, along with morphological criteria, usually place a 
given lymphoma into a diagnostic category. Even within a 
given lymphoma category, however, there is considerable 
heterogeneity of clinical behavior. A prominent example is 
the category of diffuse large B - cell lymphomas, in which 
approximately 50% are cured with chemotherapy, but 50% 
die of disease, usually within a few years of diagnosis. In 
this case, as with many of the lymphomas, a prognostic 
index (the International Prognostic Index or IPI) based on 
a few pretreatment criteria is able to further subdivide the 
category, and provide very useful prognostic information. 
However, even within IPI classes, signifi cant clinical het-
erogeneity persists. Furthermore, it is likely that the IPI 
defi nes subclasses of lymphomas based on biological 
differences among these lymphomas. Studies of genetic 
abnormalities are proving important tools for the improved 
classifi ca tion and prognostication of diseases. In addition, 
a better understanding of the molecular pathophysiology 
of the disease will likely lead to improvements in treatment 
of lymphoma.  

  Techniques 

 The techniques for studying genetic abnormalities in tumor 
specimens have undergone a revolution in the past 5 – 10 
years (Table  10.1 ). Initial genetic analyses were based on the 
technique of Giemsa - trypsin banding of chromosomes. In 
these studies, cells are grown in short - term culture, usually 
in the presence of mitogens. Colcemid treatment results in 
cell accumulation in metaphase, at which point the cells are 
fi xed and dropped on glass slides. The slides are treated with 
trypsin followed by Giemsa to give a banding pattern. An 
experienced cytogenetic technician can then identify normal 
chromosomes, translocations, numerical abnormalities, and 
sometimes more subtle deletions. The technique can identify 
only genetic changes large enough to disrupt a Giemsa -
 stained band, requiring a change of many megabases.   

 More modern techniques are able to detect abnormalities 
with greater sensitivity. Southern hybridization starts with 
the electrophoretic separation of tumor DNA on a gel, fol-
lowed by transfer to a membrane. This membrane is then 
probed with radioactively labeled polynucleotide probes 
specifi c for certain genes of interest. Changes in the expected 
size or intensity of the band of interest can indicate muta-
tion, translocation, amplifi cation, or deletion of the gene of 
interest. It can also be used to evaluate the presence of clonal 
rearrangements of the immunoglobulin loci in B cells or the 
T - cell receptor locus in T cells. 

 Polymerase chain reaction (PCR) technology has allowed 
the detection of genetic abnormalities using only a small 
amount of tumor DNA. PCR for detection of lymphoma 
cells is discussed in more detail in Chapter  6 . Using primers 
designed to fl ank the genomic region of interest, repetitive 
cycles of annealing, DNA polymerization, and thermal 
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greater than 2 indicates the addition of a chromosome, 
whereas less than 2 indicates a deletion (Plate  10.1 ). To 
investigate a potential translocation, two probes are used, 
one to detect the genomic DNA on each side of the known 
translocation. If the two probes are consistently approxi-
mated, this indicates the presence of a translocation (Plate 
 10.2 ). FISH may be performed on interphase cells, so that 
growth in culture is not a requirement for this type of analy-
sis as it is for conventional cytogenetics. Tests for small dele-
tions or other more subtle abnormalities may be better 
performed on metaphase cells. FISH requires knowledge of 
the area to be labeled. 

 Since they rely on the annealing of a labeled specifi c DNA 
probe or primer, Southern hybridization, PCR, and FISH are 
techniques for determining the presence or absence of a 
 known  genetic abnormality. Modern techniques that can 
provide a genome - wide scan for abnormalities but which 
require no prior suspicion of a particular abnormality 
include comparative genomic hybridization (CGH), gene 
expression profi ling (GEP), single - nucleotide polymor-
phism (SNP) arrays, and microRNA arrays. These are begin-
ning to have a clinical impact. 

 In original CGH techniques (Figure  10.1 ), DNA is isolated 
from the tumor sample and a normal control sample. The 
DNA in each is labeled with a different fl uorescent dye, for 
example green for the tumor DNA and red for the normal 
DNA. These samples are then mixed and hybridized onto 
slides of metaphase spreads of normal cells. Images of met-

  Table 10.1    Techniques for studying lymphoma genetics. 

  Cytogenetic analysis  
  Southern blot analysis  
  Polymerase chain reaction  
  Fluorescence  in situ  hybridization  
  Comparative genomic hybridization (CGH)  
  CGH microarray  
  Gene expression profi ling  
  Proteomic profi ling  
  Single - nucleotide polymorphism array  
  Micro - RNA expression profi ling  

Labeled tumor
DNA (rhodamine)

Labeled normal
DNA (FITC)

Mix labeled tumor and normal
DNAs in equal amounts

Up = tumor DNA amplification
Down = loss of tumor DNA

1.2
0

0.8

Slide preparation
(normal karyotype)

Place DNA on slide

Cover with coverslip

Computer analysis

Denaturing
hybridization
detection

DAPI
counterstain

Centromere
(unlabeled)

+ –

p q

     Fig. 10.1      Comparative genomic hybridization   

melting eventually yield a PCR product. The presence and 
size of this product may be analyzed by gel electrophoresis 
to determine the presence of a translocation. Furthermore, 
a PCR product may be sequenced to look for point muta-
tions. Like Southern blotting, PCR can also be used to 
evaluate the presence of clonal rearrangements of the 
immunoglobulin loci in B cells or the T - cell receptor locus 
in T cells. 

 Fluorescence  in situ  hybridization (FISH) uses fl uores-
cently labeled DNA probes to bind to specifi c regions of 
genomic DNA. Images are then analyzed under a fl uorescent 
microscope. Numerical chromosomal abnormalities may be 
detected by simply counting the number of signals per cell: 
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while some have reported that this may be done without bias 
to the relative quantities of transcripts, this may not be uni-
versally true. The mRNA is reverse transcribed, then tran-
scribed with fl uorescently labeled nucleotides to develop a 
fl uorescently labeled complementary RNA (cRNA) repre-
sentation of the original mRNA mixture. The labeled cRNA 
is then used for hybridization to immobilized, indexed oli-
gonucleotide or cDNA probes. The signals at each of the loci 
on the slide or  “ gene chip ”  may then be quantitated by 
microscopy and image analysis software. The strength of 
fl uorescent signal may then be related to the abundance 
of a particular mRNA in the original sample. Comparison 
of different tumor samples, and comparison with wild type, 
can then allow the determination of transcripts that are 
over -  or under - represented in certain conditions or tumors. 
Tumors may be categorized using these profi les, and sub-
groups of messages may be used to create predictors of clini-
cal behavior. This powerful technique has the potential to 
analyze an entire transcriptome of tens of thousands of genes 
simultaneously. However, it cannot determine the genomic 
abnormalities that lead to the differences in expression 
pattern. Given the amount of data this technique can encom-
pass, it is possible that it will some day be part of the routine 
pathological analysis of cancers, providing, like conventional 
pathology today, categorical and prognostic information, 
and possibly even directing therapeutic decision - making. 

 The whole - genome analysis of SNPs has been greatly 
facilitated by the development of SNP arrays. To use an SNP 

aphase spreads are then analyzed for green to red color ratio. 
Regions of chromosomes that have a high green to red ratio 
contain a putative area of amplifi cation. Regions that have a 
low green to red ratio contain a putative deletion. In this 
way, the entire genome may be examined for abnormalities. 
Other techniques, generally beyond what is performed in 
clinical laboratories, are required to determine the critical 
genes involved in areas of amplifi cation and deletion. Small 
abnormalities and balanced translocations cannot be 
observed using this technique. Currently in more common 
use is a variation of the CGH technique (known as array 
CGH) that hybridizes the DNA to defi ned arrays of genomic 
DNA fragments (Figure  10.2 ). These arrays can cover the 
genome and improve resolution to the size of the DNA frag-
ments within the microarray, currently down to the level of 
1   Mb.   

 GEP is described in more detail in Chapter  27 . This tech-
nique allows a comprehensive quantitative examination of 
the mRNA transcripts of a tumor sample, a group of mol-
ecules that has been termed the  transcriptome . In this tech-
nique, mRNA is purifi ed from a fresh or frozen tumor 
sample. Formalin - fi xed tissue cannot be used. It is important 
that when a group of samples is being compared, tissue 
acquisition, mRNA preparation, and all subsequent steps are 
performed as identically as possible. When possible, steps 
should be performed on all samples in parallel, with identical 
reagents, and simultaneously. Techniques exist to amplify 
very small amounts of mRNA to obtain usable quantities; 
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     Fig. 10.2      Array comparative genomic hybridization (array CGH)   
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  Types of  g enetic  a bnormality 

 The types of genetic abnormalities found in lymphoma may 
be crudely divided into two main classes: those that foster 
increased proliferation and those which inhibit programmed 
cell death, or apoptosis. The classical gene in lymphomagen-
esis that induces proliferation is c -  myc . Burkitt lymphoma, 
one of the most rapidly dividing lymphomas, is the arche-
type of a lymphoma that overexpresses c -  myc  due to the 
t(8;14) translocation. c - MYC is a helix – loop – helix leucine 
zipper transcription factor that requires heterodimerization 
with the protein MAX to activate transcription and induce 
proliferation. Targets of this dimer include genes controlling 
cell cycle progression, cell growth, metabolism, differentia-
tion, and apoptosis. The net effect of c -  myc  expression is 
generally an increase in proliferation; however, this effect is 
context - specifi c. In some cells, c -  myc  overexpression can 
induce cell - cycle arrest or apoptosis via p53. Therefore, it 
may require an apoptotic defect to permit c -  myc  
overexpression. 

  BCL - 2  is an oncogene that does not directly foster 
increased proliferation, but rather opposes apoptosis. It 
does this at least in part by binding and sequestering pro - 
apoptotic BCL - 2 family members, preventing them from 
communicating or executing death signals, especially at the 
mitochondrion. It is classically overexpressed in the indolent 
follicular lymphoma due to t(14;18) translocation. Other 
apoptotic defects often found in lymphoma include those 
allowing for activation or stabilization of NF -  κ B transcrip-
tion factors. 

 A frequent hallmark of translocations found in B - cell lym-
phomas is their exploitation of immunoglobulin gene regu-
latory elements to drive expression of an oncogene in a 
malignant B - cell or B - cell precursor. Burkitt lymphoma is 
an example of a lymphoma characterized by the overexpres-
sion of c -  myc . While the most common translocation is 
t(8;14), which puts c -  myc  under the control of the immu-
noglobulin heavy chain (IgH) transcription elements, the 
less common t(2;8) and t(8;22) are also found, putting c -  myc  
transcription under the control of the light - chain  κ  and  λ  
transcription elements, respectively. The t(14;18) found in 
follicular lymphoma drives BCL - 2 expression using IgH 
transcription elements. The BCL - 6 expression found in 
many cases of diffuse large B - cell lymphomas (DLBLs) is 
often driven by IgH, Ig κ , and Ig λ  elements in t(3;14), t(2;3) 
and t(3;22) respectively. PAX5 expression in lymphoplasma-
cytoid lymphoma and cyclin D1 expression in mantle cell 
lymphoma are likewise driven by the t(9;14) and t(11;14) 
translocations, which exploit the IgH locus. 

 Improved techniques of genetic study have allowed the 
identifi cation of a large number of chromosomal transloca-

array, DNA from a cell of interest is digested with an endo-
nuclease. To the exposed ends of the DNA are annealed 
oligonucleotide linkers. These DNA fragements are then 
amplifi ed via PCR, end labeled, and fi nally hybridized to an 
SNP array chip. Hundreds of thousands of oligonucleotides, 
representing all known SNPs in the genome, as determined 
by whole - genome sequencing, are covalently attached to the 
chip. The fl uorescent signal at each SNP location is meas-
ured by a dedicated reader. Two kinds of data can be obtained 
from an SNP array. Perhaps most obviously, one can simply 
determine what SNPs are present in a given tumor sample. 
One can then ask related questions, such as  “ Is there loss of 
heterozygosity at certain SNP locations compared to somatic 
tissues? ”  or  “ Are certain SNPs preferentially present in this 
tumor type, or selected for after a particular therapy? ”  In 
addition, however, one can also obtain data similar to that 
obtained by CGH. Because the genomic location of all the 
SNPs is known, one can orient the SNP results according to 
the geography of the chromosomes. Consistent loss of all 
SNPs along a region indicates a region of chromosomal loss, 
whereas consistent increase in SNP signal at a particular 
region indicates amplifi cation. Software programs are avail-
able for the ready analysis of such data. 

 The fi eld of microRNA biology is relatively young com-
pared with other genetic studies of cancer. MicroRNAs are 
small non - coding RNA transcripts that act primarly by mod-
ulating expression of other genes. MicroRNAs exert this 
function by annealing to mRNAs, the consequence of which 
can be shortened mRNA half - life or decreased translation. 
Any single microRNA can modulate the expression at many 
different genes. It has been diffi cult, however, to use the 
primary sequence of the microRNA to predict the genes at 
which it acts. Recently, several studies have demonstrated 
that by measuring the levels of the hundreds of known 
microRNAs in the genome, one can segregate cancers into 
different groups. Furthermore, such segregation may provide 
information about prognosis, progression, and response to 
therapy. Supporting the concept that microRNAs play an 
important role in determining cancer behavior, non - coding 
regions of the genome that are frequently deleted in cancer 
often contain microRNA genes. 

 Chronic lymphocytic leukemia (CLL) is an example of a 
lymphoid cancer for which microRNA biology has been 
informative. For instance, it has been found that in many 
cases of CLL, particularly those of indolent behavior, there 
is downregulation or deletion of the  mir - 15 - A  and  mir - 16 - 1 , 
located at 13q14.3. Both of these microRNAs have the ability 
to decrease BCL - 2 levels, so their deletion may explain the 
high levels of BCL - 2 found in nearly all CLL cells. In addi-
tion, expression levels of a limited number of microRNAs 
may distinguish between indolent and aggressive clinical 
subtypes in CLL.  
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  Table 10.2    Chromosomal translocations in non - Hodgkin lymphoma ( NHL ). 

   NHL histological 
type     Translocation  

   Per cent of 
cases involved     Proto - oncogene     Function  

   Mechanism of activation 
of oncogene  

  Burkitt lymphoma    t(8;14) 
 t(2;8) 
 (t8;22)  

  80% 
 15% 
 5%  

  c -  myc     Cell proliferation and growth    Transcriptional deregulation  

  Diffuse large - cell 
lymphoma  

  der(3)    35%     BCL - 6     Transcriptional repressor, 
required for GC formation  

  Transcriptional deregulation  

  Mantle cell lymphoma    t(11;14)     > 70%     BCL - 1     Cell cycle regulator    Transcriptional deregulation  

  Follicular lymphoma    t(14;18)    90%     BCL - 2     Anti - apoptotic    Transcriptional deregulation  

  Lymphoplasmacytic 
lymphoma  

  t(9;14)    50%     PAX - 5     Transcription factor regulating 
B - cell proliferation  

  Transcriptional deregulation  

  MALT lymphoma    t(11;18)    50%     API - 2 – MLT     API - 2 is anti - apoptotic    Fusion protein  

  t(1;14)    Rare     BCL - 10     ?Anti - apoptotic    Transcriptional deregulation  

  Anaplastic large T - cell 
lymphoma  

  t(2;5)    60% in adults, 
85% in 
children  

   NPM/ALK     ALK is a tyrosine kinase    Fusion protein  

phoma is overexpression of the c -  myc  oncogene due to a 
translocation that places c -  myc  transcription under the 
control of elements at an immunoglobulin locus. The most 
common translocation, t(8;14), is a chromosomal rear-
rangement involving c -  myc  and the immunoglobulin heavy 
chain locus. Other translocations involve c -  myc  with the  κ  
[t(2;8)] or  λ  [t(8;22)] light - chain loci. It is diffi cult to make 
the diagnosis of Burkitt lymphoma in the absence of evi-
dence for a c -  myc  translocation by cytogenetics, FISH, or 
PCR. The c -  myc  (myelocytomatosis) oncogene encodes a 
helix – loop – helix, zinc fi nger - containing transcription 
factor. The expression of the transcriptional targets of 
c -  MYC  is associated with a proliferative phenotype. 

 There is a type of lymphoma that lies histologically and 
clinically between Burkitt lymphoma and the DLBLs. These 
Burkitt - like lymphomas lack c -  myc  translocations; 30% 
possess rearrangements involving the  BCL - 2  gene. The prog-
nosis of these tumors is generally inferior to that of the true 
Burkitt lymphomas. 

 Evidence for latent Epstein – Barr virus infection is found 
in nearly all African endemic Burkitt lymphomas but in only 
20% of the sporadic form found outside Africa. It has been 
suggested that Epstein – Barr virus plays a causative role by 
opposing apoptosis.  

  Diffuse  l arge  B  -  c ell  l ymphoma 

 The DLBLs are a heterogeneous group of lymphomas of 
aggressive clinical behavior. The majority likely derive from 
follicular center cells, and roughly one - fi fth of large B - cell 

tions, the most common of which are shown in Table  10.2 . 
The most common abnormalities, or those which have been 
demonstrated to have the greatest impact on prognosis or 
treatment, are described. Figure  10.3  shows the molecular 
pathogenesis, the putative cell of origin within B - cell devel-
opment in the lymph node and germinal center, and immu-
nophenotype of the most common types of lymphomas. The 
molecular pathogenesis of CLL/small lymphocytic lym-
phoma remains unknown.      

  Burkitt  l ymphoma 

 Burkitt lymphoma is a very high grade B - cell malignancy. 
Pathologically, it is characterized by small non - cleaved cells. 
The presence of many apoptotic malignant cells gives rise to 
tingible body macrophages and  “ starry sky ”  appearance 
characteristic of this and other very rapidly dividing tumors. 
Frequent mitotic fi gures demonstrate the rapid cell division 
characteristic of this tumor. Though rapidly dividing, it is 
one of the most curable lymphomas, with more than 90% 
of adults enjoying long - term survival when treated with a 
regimen similar to that proposed by MacGrath. Because the 
MacGrath regimen is quite different and yields much 
improved results compared with the CHOP (cyclophospha-
mide, doxorubicin, vincristine, prednisone) regimen used 
for other aggressive B - cell lymphomas, it is important to 
make the diagnostic distinction between Burkitt and large 
B - cell lymphoma. 

 Genetic testing plays a key role in making the diagnosis of 
Burkitt lymphoma. The genetic hallmark of Burkitt lym-
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     Fig. 10.3      Molecular and cytological pathogenesis of the most common types of lymphomas  
 BL, Burkitt lymphoma; CLL/SLL, chronic lymphocytic leukemia/small - cell lymphoma; DLBL, diffuse large B - cell lymphoma; FL, follicular 
lymphoma; LPL, lymphoplasmacytoid lymphoma; MALT, mucosa - associated lymphoid tissue lymphoma; MCL, mantle cell lymphoma.  

lymphomas derive from transformation of a pre - existing 
follicular lymphoma. As the name suggests, DLBL has a 
diffuse histological pattern of large lymphoid cells. 
Approximately 40% of patients with this disease will be 
cured. The mainstay of therapy is combination chemother-
apy including doxorubicin. Some relapsing patients may be 
rescued by autologous stem cell transplantation following 
high - dose therapy. 

 Numerous heterogeneous genetic abnormalities have 
been reported for DLBL. These lymphomas are not charac-
terized by a single archetypical translocation, as with the 
t(14;18) in follicular lymphoma or the t(8;14) of Burkitt 
lymphoma. Of the abnormalities that have been identifi ed, 
those involving the  BCL - 6  gene at 3q27 are the most 
common. 

  BCL - 6  was initially described as the gene involved in 
translocations involving the 3q27 locus in a group of follicu-
lar and large B - cell lymphomas. Its expression is often dereg-
ulated via translocation with heterologous promoters, 
including immunoglobulin promoters. While only 10% of 
large B - cell lymphomas demonstrate the 3q27 translocation 
by cytogenetics, gene rearrangements involving 3q27 can be 
found by Southern hybridization analysis in 40% of large 
B - cell lymphomas. Additionally, somatic mutation of 5 ′  
non - coding sequences has been shown. Overall,  BCL - 6  

expression is found in more than 80% of DLBLs. BCL - 6 is 
required for germinal center formation. Expression of BCL - 6 
is now used in clinical pathology laboratories as a marker for 
germinal center origin. Containing six zinc fi ngers, BCL - 6 
functions as a transcriptional repressor, at least partially by 
recruiting histone deacetylases. Likely gene targets of BCL - 6 
repression include chemokines, cell cycle proteins, and other 
transcriptional effectors. How repression of the heterogene-
ous BCL - 6 targets leads to oncogenesis is unclear. 

 Approximately 20% of DLBLs have the t(14;18) resulting 
in BCL - 2 expression, which confers a worse prognosis. A 
signifi cant proportion of these tumors likely arise via trans-
formation of a follicular cell lymphoma. Overexpression of 
BCL - 2 by amplifi cation of the  BCL - 2  allele has been observed 
by quantitative Southern hybridization and by CGH in 11 –
 31% of DLBL cases tested. Other genes which have demon-
strated amplifi cation by these techniques include  REL ,  MYC , 
 CDK4 , and  MDM2 . 

  Expression  p rofi ling 

 Pathological diagnosis is perhaps most important to the 
oncologist to the extent that it can inform prognosis and 
treatment choice. Current diagnostic categorization of a 
lymphoma as DLBL relies on a fairly small amount of data, 
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responds to cytotoxic chemotherapy, it has frustrated 
attempts at cure with chemotherapy, although there are 
reports of long - term survivors following allogeneic bone 
marrow transplantation. The median survival is generally 
3 – 5 years. 

 Mantle cell lymphoma is almost uniformly characterized 
via classical cytogenetics or PCR by a t(11;14) translocation 
which puts the cyclin D1, also known as  BCL - 1  (B - cell leuke-
mia/lymphoma 1), gene under control of the immunoglobu-
lin heavy chain transcription control elements. Cyclin D1 
binds to and activates cyclin - dependent kinases. An impor-
tant target of this activated cyclin - dependent kinase complex 
is the retinoblastoma (RB) gene product. In its hypophos-
phorylated state, RB inhibits entry into S phase of the cell 
cycle by binding the transcription factor E2F. When RB is 
phosphorylated, E2F is freed to activate the transcription of 
genes that propel the cell into S phase. Therefore, overex-
pression of cyclin D1 acts to overcome this late G 1  phase 
checkpoint and maintain continuous proliferation.  

  Follicular  l ymphoma 

 Follicular lymphoma is an indolent lymphoma. The cell of 
origin is thought to be the follicular center B cell. While it 
can be cured by local therapy in very localized stages, it is 
more usually diagnosed in an advanced stage where cure is 
exceedingly rare. It is generally quite responsive to chemo-
therapy, but almost always relapses. The clinical course is 
commonly marked by a series of chemotherapy - induced 
remissions followed by relapses, with the interval between 
these decreasing over time. The end stage of the disease may 
be characterized by insuperable resistance to chemotherapy 
or by transformation to an aggressive large B - cell phenotype. 
Despite the very low cure rate, many patients nonetheless 
survive more than a decade due to the indolent nature of the 
disease. 

 Histologically, it is characterized by a follicular pattern in 
the lymph node. The appearance can be similar to that of 
the non - malignant follicular hyperplasia. Light - chain restric-
tion can be useful in suggesting the clonality of the tumor, 
which distinguishes it from benign hyperplasia. 

  Genetics 

 A t(14;18) translocation (Plate  10.2 ; Figure  10.4 ) is found in 
more than 85% of follicular lymphomas. This rearrange-
ment puts the  BCL - 2  gene under the transcriptional control 
of elements from the immunoglobulin heavy chain locus. 
The BCL - 2 protein functions to oppose programmed cell 
death. It is presumed that BCL - 2 expression in malignancies 
such as follicular lymphoma permits survival of the cancer 

including cell surface markers, nuclear and cytoplasmic 
appearance, and tissue morphology. When these data lead 
to the diagnosis of DLBL, the oncologist is left with a diag-
nostic grouping that combines those who will die of unre-
sponsive disease in the fi rst 6 months after diagnosis despite 
the most aggressive treatment approaches, and those who 
will rapidly obtain and maintain a durable complete remis-
sions following administration of anthracycline - based com-
bination chemotherapy. It seems odd to call two diseases 
that behave so differently by the same name. 

 In an attempt to better divide the heterogeneous group of 
diseases encompassed by the label DLBL, Shipp and col-
leagues developed the IPI. The IPI uses data from just four 
clinical and laboratory parameters to further subclassify 
DLBL into four groups. While this formulation does provide 
a useful refi nement of prognosis, it still falls short of the ideal 
predictor, namely one that would defi nitively determine, 
prior to a particular therapy, whether that therapy would 
work. 

 While the ideal predictor may be unattainable in practice, 
attempts are being made to improve prognostic prediction 
using the massive amount of molecular data provided by 
GEP. Two groups, one based at the National Cancer Institute 
and the other at the Dana - Farber Cancer Institute, have 
published results of applying GEP to lymphoma samples for 
which clinical data were available. In both cases, predictors 
generated by GEP were able to identify new subclasses of 
lymphomas and also to further refi ne prognosis even within 
IPI subgroups. Furthermore, when prognosis is predicted by 
a molecular signature, the molecules involved in that signa-
ture can be immediately identifi ed as potential targets of 
anticancer therapy, a feat not possible when prognosis is 
determined by purely clinical criteria. The Dana - Farber 
group identifi ed protein kinase C (PKC) -  β  as such a target, 
and clinical trials incorporating a PKC -  β  inhibitor in DLBL 
are underway. Recent work has assessed the impact of the 
addition of rituximab to CHOP chemotherapy and has iden-
tifi ed the importance of the stromal signature in determin-
ing outcome. 

 GEP potentially places a huge mass of data at the disposal 
of the pathologist and oncologist. As the fi eld ’ s experience 
with this fascinating technology grows, its use in prognosis 
and therapeutic development will only improve.   

  Mantle  c ell  l ymphoma 

 Mantle cell lymphoma is a B - cell lymphoma thought to be 
the malignant counterpart of the memory B cells found in 
the mantle zone of lymphoid follicles. It has characteristic 
cell surface markings of CD5 + CD10  −  CD23  −  . Clinically, it is 
characterized by a moderate rate of growth. While it often 
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post - follicular memory B cells found in the marginal zone 
of lymph node follicles. These tumors are often localized, 
and their behavior is generally indolent. At least some have 
a dependence on continued antigen stimulation for survival, 
as demonstrated by the prolonged complete responses that 
are seen when early - stage gastric MALT lymphoma is treated 
with an antibiotic regimen to eradicate chronic  Helicobacter 
pylori  infection. 

 The translocation t(11;18)(q21;q21) is found in more 
than half of all low - grade MALT lymphomas, with a prefer-
ence for gastric lymphomas. The translocation is not typi-
cally found in high - grade MALT lymphomas. API - 2 – MALT - 1 
fusion protein is expressed from the mutant locus. API - 2 
(also known as IAP - 2) belongs to a family of inhibitors of 
apoptosis that prevent death, likely due to their direct inter-
action with caspases, the proteases activated by programmed 
cell death. The physiological function of the MALT - 1 protein 
is less well understood, though it possesses a caspase - like 
domain at its C - terminus. The function of the fusion protein 
is unclear, although there is some evidence that it activates 
NF -  κ B, perhaps leading to inhibition of apoptosis. 

 BCL - 10 is overexpressed in a minority of MALT lym-
phoma cases via t(1;14)(p22;q32), putting the coding region 
of  BCL - 10  under the infl uence of the immunoglobulin heavy 
chain enhancer. The function of this protein is unclear, but 
some have suggested an interaction between BCL - 10 and 
MALT - 1, leading to NF -  κ B activation. Others have shown 
that API - 2 – MALT - 1 correlates with the nuclear location of 
BCL - 10. These fi ndings suggest that these two translocations 
may be involved in activating the same pathway. 

 Trisomy 3 is observed in 20 – 60% of all MALT lympho-
mas. The oncogenic properties of this numerical chromo-
somal abnormality are not understood.  

  Anaplastic  l arge  c ell  l ymphoma 

 Anaplastic large cell lymphoma (ALCL) is characterized by 
strong surface expression of the CD30 (Ki - 1) antigen, a 
cytokine receptor in the tumor necrosis factor receptor 
family. The majority of ALCLs demonstrate T - cell surface 
markers and/or clonal rearrangements of the T - cell receptor 
locus. There are two main clinical forms, systemic and cuta-
neous. The cutaneous form is particularly indolent. While it 
is clinically aggressive, systemic ALCL is generally sensitive 
to chemotherapy. Approximately 30% of those diagnosed 
die of the disease. 

 Approximately 50% of systemic ALCLs carry t(2;5), which 
confers good prognosis. Long - term survival of t(2;5) - 
positive patients is 80%, while that of t(2;5) - negative patients 
is 25%. The t(2;5)(p23;q35) results in a chimeric gene encod-
ing a fusion of the nuclephosmin (NPM) and anaplastic 
lymphoma kinase (ALK) proteins. NPM is a multifunctional 
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     Fig. 10.4      Detection of t(14;18) by PCR amplifi cation   

cells under conditions (cell cycle checkpoint violation, meta-
static location, genomic instability) that would otherwise 
trigger programmed cell death. The cloning of  BCL - 2  led to 
the identifi cation of a family of related proteins. While some 
are anti - apoptotic like BCL - 2, many are pro - apoptotic, but 
all function in the control of apoptosis.   

 Follicular lymphoma can transform into a higher - grade 
lymphoma with DLBL morphology. Numerous genetic 
changes have been associated with this transformation 
including trisomy 7, loss of  p53 , and c -  myc  
rearrangements.   

  Lymphoplasmacytoid  l ymphoma 

 Lymphoplasmacytoid lymphoma is an indolent lymphoma. 
The cells of this lymohoma have a phenotype that lies 
midway between mature lymphocytes and plasma cells, for 
which reason they are often nicknamed  “ plymphocytes. ”  
This lymphoma commonly expresses IgM, which can lead 
to the syndrome of Waldenstr ö m macroglobulinemia. 
Waldenstr ö m macroglobulinemia is characterized by IgM 
expression, hyperviscosity, bleeding, Raynaud phenomenon, 
visual disturbances, and other neurological symptoms. 

 Roughly half of all lymphoplasmacytoid lymphoma cases 
will demonstrate t(9;14), which juxtaposes the  PAX - 5  gene 
and the IgH locus.  PAX - 5  encodes the B - cell specifi c activa-
tor protein, which is a transcription factor. Its expression is 
associated with increased expression of genes important in 
early B - cell development and decreased expression of the 
 p53  tumor suppressor.  

  Mucosa -  a ssociated  l ymphoid  t issue 
 l ymphoma 

 The mucosa - associated lymphoid tissue (MALT) lympho-
mas are thought to arise from the extranodal counterpart to 
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protein that has been implicated in ribosome assembly, 
control of centrosome duplication, and nuclear transport as 
a shuttle protein; it also possesses chaperonin and ribonu-
clease activities. ALK is a member of the insulin family of 
receptor tyrosine kinases. Its natural ligand is unknown. The 
NPM – ALK fusion contains the oligomerization domain of 
NPM and the tyrosine kinase domain of ALK. It results in a 
self - oligomerizing, constituitively active tyrosine kinase with 
transforming properties. NPM – ALK can activate numerous 
downstream effectors, including phospholipase C -  γ , phos-
phatidylinositol 3 - kinase, and RAS.  

  Chronic  l ymphocytic  l eukemia 

 CLL is a low - grade lymphoma marked by a peripheral lym-
phocytosis of CD5 + CD20 + CD23 +  small lymphocytes similar 
in morphology to normal lymphocytes. BCL - 2, which is 
expressed at low levels in normal lymphocytes, is expressed 
at high levels in more than 70% of CLL cases, but this is 
rarely if ever due to t(14;18). Staging based on presence of 
lymphadenopathy, organomegaly, anemia or thrombocyto-
penia can provide prognositic information, with those in the 
best prognostic groups enjoying normal mean survival 
times. 

 Prognosis can also be estimated by purely molecular cri-
teria. In about half of CLL cases, lymphocytes are CD38  −  IgD  −  , 
and contain V H  genes which exhibit somatic hypermutation. 
In the other half of CLL cases, the malignant lymphocytes 
resemble a naive B cell, with surface marking CD38 + IgD + , 
and lack V H  mutations. CLL with immunoglobulin V H  genes 
that exhibit more than 2% somatic hypermutation has sig-
nifi cantly better survival than those that are unmutated. 

 Other B - cell malignancies are characterized by chromo-
somal translocations, but there are no chromosomal trans-
locations that characterize a signifi cant subset of CLL. 
However, there are several important genetic abnormalities 
in the absence of translocations. Whereas conventional 
Giemsa – trypsin banding analysis of chromosomes from CLL 
cells detected cytogenetic abnormalities in about half of CLL 
cases, the higher sensitivity of FISH has allowed the detec-
tion of genomic aberrations in 82% of cases. As FISH is a 
directed rather than a screening technique, conventional 
banding techniques had previously demonstrated these 
abnormalities, including del(13q) (50%), del(11q) (18%), 
+12q (16%), del(17p) (7%) and del(6q) (7%) (Table  10.3 ). 
Regression analysis allowed the assignment of 90% of these 
cases to one of fi ve prognostic classes based on genetic 
abnormalities. The best prognostic group included those 
who had 13q deletion as their sole abnormality, with a 
median survival of 133 months. The worst prognostic group 
contained those with a 17p deletion, with a mean survival of 
32 months. CLL cases with 17p and 11q deletions were more 

  Table 10.3    Abnormal genes in  CLL . 

   Abnormality     Frequency (%)  
   Median survival 
(months)  

  13q deletion    50    133  
  11q deletion    18    79  
  12 trisomy    16    114  
  17p deletion    7    7  
  Normal karyotype    18    111  

likely to have extensive lymphadenopathy, splenomegaly, 
cytopenias and B symptoms. Examples of chromosome 13q 
deletion and trisomy 12 detected by FISH and CGH micro-
array are shown in Plates  10.3  and  10.4  respectively. These 
data raise the question of whether the classical clinical 
staging, which can be used to predict survival, is partly just 
a surrogate for particular genetic abnormalities, and it is the 
genetic abnormalities and resulting expression patterns that 
are more important in determining prognosis.   

 The specifi c genes affected by these abnormalities that are 
important for CLL oncogenesis are not known. The critical 
tumor suppressor lost in the 13q deletion is probably not 
RB, but rather a gene that lies telomeric and has so far defi ed 
defi nitive identifi cation. As described above, it is possible 
that the deletion of two microRNA genes,  mir - 15 - A  and 
 mir - 16 - 1 , which downregulate BCL - 2 levels, may be impor-
tant in selecting for this deletion. Tumor suppressor  p53  is 
involved in 17p deletions. Overall,  p53  abnormalities have 
been found in at least 15% of patients, and are associated 
with increased percentage of prolymphocytes and a poorer 
outcome. 

 Molecular details of CLL may now be yielding specifi c 
therapeutic benefi t as well. Nearly all CLL cases demonstrate 
high levels of BCL - 2 expression. Furthermore, data are 
emerging to suggest that many, if not most, CLL cells are 
dependent on BCL - 2 for survival. It appears that this depend-
ence is largely due to the requirement for BCL - 2 to tonically 
sequester the large amounts of the pro - death molecule BIM 
that are generated in CLL cells. When BCL - 2 function is 
abrogated, BIM is released, the mitochondria are permeabi-
lized and the cell dies. Exciting new selective inhibitors of 
CLL are currently in early phase clinical trials in CLL, among 
other cancers.  

  Conclusions 

 Identifi cation of the genes involved in lymphoma pathogen-
esis has allowed better characterization of the disease. A 
fuller understanding of the mechanisms causing specifi c 
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  Introduction 

 Multiple myeloma (MM) is an incurable post - germinal 
center B - cell malignancy. In 2009, it is estimated that 20   580 
new cases will be diagnosed, with 10   580 patients succumb-
ing to the disease. In many instances it is preceded by a 
premalignant tumor called  monoclonal gammopathy of unde-
termined signifi cance  (MGUS), which is the most common 
lymphoid tumor in humans, occurring in approximately 3% 
of individuals over the age of 50. The prevalence of both MM 
and MGUS increases with age, and is about twofold higher 
in African - Americans than in Caucasians, although the rate 
of progression from MGUS to MM is similar in these two 
populations.  

   MM   i s a  p lasmablast/plasma -  c ell 
 t umor of  p ost -  g erminal  c enter  B   c ells 

 Post - germinal center B cells that have undergone productive 
somatic hypermutation, antigen selection, and IgH switch-
ing can generate plasmablasts, which typically migrate to the 
bone marrow where the microenvironment enables differ-

entiation into long - lived plasma cells. Importantly, MGUS 
and MM are monoclonal tumors that are phenotypically 
similar to plasmablasts/long - lived plasma cells, including a 
strong dependence on the bone marrow microenvironment 
for survival and growth. In contrast to normal long - lived 
plasma cells, MGUS and MM tumors retain some potential 
for an extremely low rate of proliferation, usually with no 
more than a few percent of cycling cells until advanced stages 
of MM.  

  Stages of  MM  

 Based on the current diagnostic criteria proposed by the 
International Myeloma Working Group, four stages of MM 
can be identifi ed based on the presence of disease - defi ning 
symptoms (hypercalcemia, renal impairment, anemia, bone 
lesions), level of bone marrow plasma cell differentiation 
and serum or urine monoclonal immunoglobulins, and 
extramedullary involvement. The stages include MGUS, 
smoldering myeloma (SMM), symptomatic myeloma, and 
plasma cell leukemia (PCL) (Table  11.1 ). MGUS can progress 
sporadically to MM expressing the same monoclonal immu-
noglobulins with a probability of about 0.6 – 3% per year. 
Through the analysis of several large prospective cohort 
studies, three predictive factors for progression of MGUS to 
MM were identifi ed, including M - protein greater than 
15   g/L, IgM or IgA M - protein and presence of an abnormal 
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from several groups show that the prevalence of IgH trans-
locations increase with disease stage: about 50% in MGUS 
or SMM, 55 – 70% for intramedullary MM, 85% in PCL, and 
above 90% in HMCLs. Limited studies indicate that IgL 
translocations are present in about 10% of MGUS/SMM 
tumors, and in about 15 – 20% of intramedullary MM tumors 
and HMCL. Translocations involving an Ig κ  locus are rare, 
occurring in only 1 – 2% of MM tumors and HMCLs.  

  Marked  k aryotypic  c omplexity in  MM  

 The karyotypes of MM are characterized by complex abnor-
malities including both structural and numerical abnormali-
ties. Numerical chromosomal abnormalities are present in 
virtually all MM tumors and most, if not all, MGUS tumors. 
There is non - random involvement of different chromo-
somes in different myeloma tumors, and often heterogeneity 
among cells within a tumor. A recent large array compara-
tive genomic hybridization (aCGH) analysis of 182 MM 
patients showed that the median number of aberrations per 
tumor, as a measure of karyotypic complexity, is signifi -
cantly higher than other B - cell malignancies such as 
Waldenstr ö m macroglobulinemia, chronic lymphocytic 
leukemia, and mucosa - associated lymphoid tissue (MALT) 
lymphoma. The mechanism underlying this karyotypic 
instability is not fully understood. Centrosome abnormali-
ties, one of the mechanisms mediating chromosomal insta-
bility in solid tumors, have been identifi ed in MGUS and 
about one - third of MM. However, mutations of genes 
involved in the mitotic spindle checkpoint, another mecha-
nism leading to genomic instability in solid tumors, have not 
been identifi ed in MM. It is thought that karyotypic com-
plexity increases during tumor progression, although karyo-
typic progression has not been well documented.  

  Chromosome  c ontent  s eems to 
 b e  a ssociated with at  l east  t wo 
 d ifferent  p athogenic  p athways 

 There is a clear consensus that chromosome content refl ects 
at least two pathways of pathogenesis. Approximately half of 
tumors are hyperdiploid (HRD) (48 – 75 chromosomes), and 
typically have multiple trisomies involving chromosomes 3, 
5, 7, 9, 11, 15, 19, and 21, but only infrequently ( < 10%) have 
one of the recurrent IgH translocations. Non - hyperdiploid 
(NHRD) tumors ( < 48 and/or  > 75 chromosomes) usually 
( ∼ 70%) have one of the recurrent IgH translocations. These 
patterns of genetic aberration are already present in MGUS, 
suggesting that the HRD/non - HRD dichotomy is estab-
lished early during disease pathogenesis, probably at disease 

  Table 11.1    Features used to diagnose monoclonal gammopathy 
of undetermined signifi cance ( MGUS ), smoldering myeloma ( SMM ) 
and multiple myeloma ( MM ). 

     
   Serum 
M - protein  

   Bone marrow 
plasma cells     Symptoms  

  MGUS     < 30   g/L     < 10%    None  
  SMM     ≥ 30   g/L     ≥ 10%    None  
  MM    Any    Any    Hypercalcemia, anemia, 

renal impairment 
and/or bone lesions  

free light chain ratio. In the presence of all three risk factors, 
the risk of progression at 20 years is 58% compared with 5% 
in the absence of any of these risk factors. The risk of pro-
gression to MM is higher for SMM than MGUS, with a 
median time to progression ranging from 1 to 5 years. In 
one study, M - protein in excess of 30   g/L, presence of IgA 
subtype, and urinary M - protein excretion above 30   g/L were 
factors associated with early progression to MM. 
Extramedullary MM is a more aggressive tumor that can 
present as secondary or primary PCL, depending on whether 
or not preceding intramedullary MM has been recognized. 
Human MM cell lines (HMCLs), which are presumed to 
include most oncogenic events involved in tumor initiation 
and progression of the corresponding tumor, have been gen-
erated mainly from a subset of extramedullary MM tumors.    

  Immunoglobulin  t ranslocations 
 a re  p resent in the  m ajority of 
 MM   t umors 

 Like other post - germinal center B - cell tumors, transloca-
tions involving the IgH locus (14q32) or one of the IgL loci 
( κ , 2p12 or  λ , 22q11) are common. In general, these events 
are mediated by errors in one of the three B - cell specifi c 
DNA modifi cation mechanisms: VDJ recombination, IgH 
switch recombination, or somatic hypermutation. With rare 
exceptions, these translocations result in dysregulated or 
increased expression of an oncogene that is positioned near 
one or more of the strong immunoglobulin enhancers on 
the translocated derivative chromosome 14. However, trans-
locations involving an IgH switch region uniquely dissociate 
the intronic from one or both 3 ′  IgH enhancers, so that an 
oncogene might be juxtaposed to an IgH enhancer on either 
or both of the derivative chromosomes, as fi rst demon-
strated for  FGFR3  on der(14) and  WHSC1  on der(4) in MM. 
These IgH translocations are effi ciently detected by fl uores-
cence  in situ  hybridization (FISH) analyses. Large studies 
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these translocations are mediated by errors in IgH switch 
recombination or somatic hypermutation. Since there is no 
evidence that IgH switch recombination or somatic hyper-
mutation mechanisms are active in normal plasma cells or 
plasma cell tumors, it is presumed that these translocations 
usually represent primary, perhaps initiating, oncogenic 
events as normal B cells pass through germinal centers. In 
addition, the most common of these translocations, t(4;14), 
t(11;14) and t(14;16), are already detected in MGUS, further 
highlighting their early role in disease pathogenesis. With 
the exception of  FGFR3  (especially with an activating muta-
tion) and possibly  MAF , the consequences of these translo-
cations have not been adequately confi rmed as essential for 
maintenance of the tumor and/or as therapeutic targets.   

 In HRD MM, the recurrent trisomies of chromosomes 3, 
5, 7, 9, 11, 15, 19, and 21 appear to be the earliest events. In 
a karyotypic analysis of a large number of HRD myelomas, 
the presence of these trisomies is associated with the simplest 
karyotypes, often occurring as the only abnormalities, sug-
gesting that they are the earliest acquired genetic abnormali-
ties in these tumors. The pattern of acquisition of these 
chromosomal trisomies seems to be random. Furthermore, 
FISH studies have shown that this pattern of trisomies 
already exists in MGUS, therefore representing early events.  

  Universal  c yclin  D   d ysregulation 

 Analysis of gene expression data suggests that almost all 
cases of plasma cell neoplasm starting from the MGUS stage 
express one or more of the cyclin D genes in an aberrant 
fashion. Therefore, It has been proposed that dysregulation 
of a cyclin D gene provides a unifying, early oncogenic event 
in MGUS and MM. MGUS and MM appear closer to normal, 
non - proliferating plasma cells than to normal proliferating 
plasmablasts, for which 30% or more of the cells can be in 
S phase, yet the expression level of cyclin D1, cyclin D2 or 
cyclin D3 mRNA in MM and MGUS is distinctly higher than 
in normal plasma cells, in fact at a level comparable to that 
of cyclin D2 mRNA expressed in normal proliferating plas-
mablasts. About 25% of MM tumors have an IgH transloca-
tion that directly dysregulates a cyclin D gene or a MAF gene 
encoding a transcription factor that markedly upregulates 
cyclin D2. Although MM tumors with t(4;14) express mod-
erately high levels of cyclin D2, the cause of increased cyclin 
D2 expression remains unknown. Although normal bone 
marrow plasma cells express little or no detectable cyclin D1, 
the majority of HRD tumors express cyclin D1 biallelically, 
while most other tumors express increased levels of cyclin 
D2 compared with normal bone marrow plasma cells, both 
by unknown mechanism. Only a few percent of MM tumors 
do not express increased levels of a cyclin D gene compared 

  Table 11.2    Recurrent primary  I  g  H  translocation partners in  MM . 

   Gene partner     Genomic locus  
   Class of gene 
dysregulated     Frequency  

   CCND1     11q13     CCND     15%  
   CCND2     12p13     CCND      < 1%  
   CCND3     6p21     CCND     2%  
   MAF     16q23     MAF     5%  
   MAFB     21q12     MAF     2%  
   MAFC     8q24.3     MAF      < 1%  
   MMSET/FGFR3     4p16     MMSET  and 

usually  FGFR3   
  15%  

initiation, and is dictated by initial oncogenic events. Tumors 
that have a t(11;14) translocation may represent a distinct 
category of NHRD tumors as they are often diploid or pseu-
dodiploid, sometimes with this translocation as the only 
karyotypic abnormality detected by conventional cytogenet-
ics. This turns out to be true for a proportion of t(11;14) 
MM even when assessed by high - resolution aCGH. In con-
trast to the selective occurrence of recurrent IgH transloca-
tions in NHRD tumors, other genetic events (17p loss or 
 TP53  (gene product p53) mutations,  RAS  mutations, sec-
ondary immunoglobulin translocations,  MYC  transloca-
tions) often occur with a similar prevalence in HRD and 
NHRD tumors. Extramedullary MM tumors and HMCLs 
nearly always have an NHRD phenotype, consistent with the 
hypothesis that HRD tumors are more stromal cell depend-
ent than NHRD tumors. We have virtually no information 
about the timing, mechanism, or molecular consequences of 
hyperdiploidy. We do not know if the extra chromosomes 
are accumulated one at a time in sequential steps, or as one 
catastrophic event. For tumors that are HRD but which have 
one of the recurrent translocations [most often t(4;14)], we 
do not know if hyperdiploidy occurred before or after the 
translocation.  

  Seven  r ecurrent  I  g  H   t ranslocations 
and the  r ecurrent  t risomies of 
 c hromosomes 3, 5, 7, 11, 15, 19 and 
21  a ppear to  r epresent  p rimary 
 o ncogenic  e vents 

 There are now seven recurrent chromosomal partners and 
oncogenes that are involved in IgH translocations in approx-
imately 40% of MM tumors. These translocations lead to the 
overexpression of three classes of genes: cyclin D, MAF and 
MMSET/FGFR3 (Table  11.2 ). The recurrent translocation 
breakpoints usually occur within or near switch regions, but 
sometimes within or near VDJ sequences, suggesting that 
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about 60% of HRD tumors. The distribution of the remain-
ing HRD tumors among the other six groups has not been 
clarifi ed, although most are probably in the PR group, 
defi ned by increased expression of proliferation - related 
genes; and the LB group, defi ned by low bone disease and 
lower expression of genes associated with bone disease in 
MM such as  FRZB  and  DKK1 . 

 There is signifi cant overlap between the TC classifi cation 
and the UAMS molecular classifi cation. When TC classes are 
assigned to the 414 MM cases assigned a UAMS molecular 
classifi cation in the original dataset, the MS and MF groups 
correspond to the 4p16 and Maf group respectively with 
100% concordance. The CD - 1 and CD - 2 groups together 
correspond to the 11q13 and 6p21 groups (88% concord-
ance). The HY group contains most of the TC D1 and 
D1+D2 cases (96% concordance). The bulk of the TC D2 
cases (67%) fall within the LB group. The PR group contains 
a mix of patients from the different TC class: 13% 4p16, 4% 
Maf, 9% 11q13, 21% D1, 19% D1+D2, 28% D2 and 6% 
None. The PR group is therefore enriched for  CCND2  -
 expressing tumors, consistent with the hypothesis that these 
tumors are more aggressive.  

  Prognostic and  t herapeutic 
 i mplications of  m olecular 
 c lassifi cations 

 The intrinsic properties of the tumor cell are informative in 
predicting the prognosis and the response to existing thera-
pies. In particular, studies over recent years have clearly 
established the importance of genetic abnormalities in prog-
nosis. For example, it has been well documented that an 
unfavorable outcome is associated with each of the follow-
ing: hypodiploidy compared with hyperdiploidy; 17p13 
deletion, p53 mutation, t(4;14) and t(14;16). A recent large 
study from the Intergroupe Francophone du My é lome 
group has confi rmed that t(4;14) and 17p13 deletion are 
independent prognostic factors in newly diagnosed MM 
patients undergoing high - dose therapy with stem cell trans-
plantation, and can further dissect each of the International 
Staging System (ISS) categories. Furthermore, it established 
that most of the prognostic impact of chromosome 13 dele-
tion is due to the concurrent presence of t(4;14), as patients 
with chromosome 13 deletion without t(4;14) do not have 
adverse prognosis. In patients treated with stem cell trans-
plantation, the poor prognosis associated with t(4;14) 
appears to be due to early disease relapse. These patients 
derive little benefi t from stem cell transplantation and alter-
native therapeutic strategies are needed. 

 Recent studies have shown that treatment with borte-
zomib overcomes the deleterious impact of chromosome 13 

with normal plasma cells, but many of these tumors appear 
to represent samples that are substantially contaminated by 
normal cells and another large fraction of these tumors 
express little or no  RB1 , eliminating the necessity of express-
ing a cyclin D gene.  

  Molecular  c lassifi cation of  MM  

 The advent of microarray technologies has facilitated the 
global examination of mRNA expression in a highly paral-
leled fashion. The use of such high - dimension data has 
allowed the identifi cation of novel disease subtypes. In 
myeloma, the use of supervised and unsupervised methods 
has led to the development of two molecular classifi cations. 
Interestingly, although the approaches are different, there 
are signifi cant overlaps between the two classifi cation 
systems, with the subcategories anchored by known recur-
rent primary genetic abnormalities, providing strong valida-
tion that the primary genetic events drive most of the 
subsequent changes in cellular transcription in MM. 

 One of these classifi cations, the translocation/cyclin D 
(TC) classifi cation, is based on the spiked expression of 
genes deregulated by primary IgH translocations and the 
universal overexpression of cyclin D genes either by these 
translocations or other mechanisms. The resultant classifi ca-
tion identifi es eight groups of tumors: those with primary 
translocations (designated 4p16, 11q13, 6p21, Maf), those 
that overexpress  CCND1  and  CCND2  either alone or in 
combination (designated D1, D1+D2, D2), and the rare 
cases that do not overexpress any cyclin D genes (designated 
 “ None ” ). Most of the patients with HRD MM fall within 
the D1 and D1+D2 groups. This classifi cation system there-
fore focuses on the different kinds of mechanism that dys-
regulate a cyclin D gene as an early and unifying event in 
pathogenesis. 

 Recently, the group from the University of Arkansas for 
Medical Sciences (UAMS) derived another MM classifi ca-
tion using an unsupervised approach and identifi ed seven 
tumor groups characterized by the coexpression of unique 
gene clusters. Interestingly, these clusters also identify 
tumors with t(4;14), MAF translocations, t(11;14) and 
t(6;14), corresponding to the MS, MF and CD - 1 and/or 
CD - 2 groups respectively. In this analysis, t(11;14) and 
t(6;14) can belong to either the CD - 1 or CD - 2 group depend-
ing on expression of CD20 and other B - cell - related genes. 
This is consistent with the fi nding that t(11;14) and t(6;14) 
have very similar expression profi les, clinical profi les and 
outcome. In contrast to the TC classifi cation, the UAMS 
classifi cation identifi es HRD MM as a distinct HY group. 
However, this may be somewhat misleading since the HY 
group, which is about 28% of MM tumors, includes only 



The  molecular biology of multiple myeloma 131

  Disruption of  o ther  c omponent 
of  RB   p athway 

 Chromosome 13 deletion is one of the most common genetic 
abnormalities in MM and is also found in MGUS at appar-
ently similar frequency. However, a recent study in a large 
cohort of MGUS patients suggests that the frequency may 
be lower in MGUS. It is therefore conceivable that chromo-
some 13 deletion represents an early secondary event medi-
ating progression to MM. A recent combined analysis of 
gene expression profi ling and aCGH data suggest that the 
critically deleted gene on chromosome 13 could be  RB1 , a 
classical tumor - suppressor gene linked with the Knudsen 
two - hit hypothesis. However, in MM, chromosome 13 dele-
tion is often monoallelic and the other allele is not altered 
by mutation or epigenetic mechanism. This suggests that 
 RB1  may be tumorigenic through a haploinsuffi ciency 
mechanism. Functional studies using siRNA or adenoviral 
transfection to modulate gene expression dosage of  RB1  in 
HMCLs lead to dosage - dependent changes in proliferation. 
In additional RB protein levels are correlated with DNA and 
mRNA levels in both HMCLs and patient samples. RB hap-
loinsuffi ciency may therefore cooperate with cyclin D dereg-
ulation and lead to transformation from MGUS to MM. 
Chromosome 13 deletion is signifi cantly enriched in D2 -
 overexpressing MM (Figure  11.1 ), in particular those with 
t(4;14) and t(14;16). Such association suggests that further 
RB deregulation may be required for cyclin D2, but not 
cyclin D1, to fully exert its oncogenic potential. Indeed, it 
has been shown that cyclin D1 is a more potent oncogene 
than cyclin D2, and can interfere with RB function without 
both catalytic function and RB binding. Other components 
of the RB pathway are also commonly dysregulated in MM. 
The  p16INK4A  and  p15INK4A  genes are methylated in 
about 20 – 30% of MGUS and MM tumors, and in most 
HMCLs. Two recent studies showed that most MM tumors 

deletion on prognosis. This has led to a proposal for risk -
 stratifi ed management akin to the management of acute 
leukemias, where genetically defi ned high - risk patients will 
be treated with upfront bortezomib -  or lenalidomide - based 
regimen whereas standard - risk patient will receive upfront 
high - dose therapy with stem cell transplantation after induc-
tion therapy. In addition, the genes or pathways deregulated 
by the specifi c genetic events could be potential novel thera-
peutic targets. This is best exemplifi ed by the clinical devel-
opment of FGFR3 inhibitor therapy for MM with t(4;14). 

 As the gene expression - based classifi cations have a strong 
genetic basis, they could easily identify these high - risk 
genetic groups, for example the 4p16 and MAF groups in the 
TC classifi cation and the PR, MS and MF groups in the 
UAMS classifi cation, and identify the clinically important 
molecular subtypes of myeloma. In addition, new insights 
provided by these classifi cations could be exploited thera-
peutically. For example, the underlying cyclin D deregula-
tion potentially has an important therapeutic implication, as 
differential targeting of cyclin D may be very useful and add 
specifi city to treatment. Indeed, some potential agents tar-
geting cyclin D2 have been identifi ed in a drug library screen. 
In addition, the high CD20 expression in the CD - 2 group in 
the UAMS classifi cation may benefi t from anti - CD20 therapy 
with rituximab.  

  Possible  e vents  m ediating 
 t ransformation of  MGUS  to  MM  

 Very few differences between MGUS and MM have been 
identifi ed at the genetic and molecular level. All the primary 
genetic events, the recurrent IgH translocations and triso-
mies of HRD MM are already present in MGUS. By implica-
tion, additional genetic events are therefore required for 
transformation to MM. 

Chromosome 13 deletion Normal chromosome 13

38%
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84%
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     Fig. 11.1      Strong association between chromosome 13 deletion and MM overexpressing D2  
 In an analysis of the gene expression data of 101 MM patients from the Mayo Clinic, 55% of patients with chromosome 13 deletion 
overexpress  CCND2  whereas only 12% of patients without chromosome 13 deletion overexpress  CCND2 .  
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   MYC   a ctivation 

 Previous gene expression studies have revealed little differ-
ence between MGUS and MM. Using a higher density plat-
form with a larger sample set, investigators from UAMS have 
derived an MGUS signature comprising a small set of genes. 
However, the biological relevance of this signature, espe-
cially with regard to disease transformation, is unclear. The 
inability of gene expression profi ling to identify differences 
between MM and MGUS may relate to the limitations of 
conventional comparative analytical methods such as SAM, 
 t  - test or ANOVA, with multiple testing corrections to extract 
subtle yet important differences, especially in the setting of 
the well - known molecular heterogeneity of MM. Recently, 
two groups using novel analytical approaches have inde-
pendently identifi ed MYC activation as a common differ-
ence between MGUS and newly diagnosed MM, suggesting 
that MYC activation may be an early transforming event. In 
one study, the use of gene - set enrichment analysis found that 
the difference in gene expression between MM and MGUS 
is strongly and consistently enriched for genes found to be 
associated with MYC activation in previous published 
studies. As MM is more proliferative than MGUS and MYC 
activation is associated with proliferation, a MYC activation 
signature, comprising MYC transcriptional targets, not 
related to proliferation was derived and found to be present 
in about 60% of MM, but not in MGUS. Among the MMs 
that express the MYC signature, only a percentage has high 
expression of MYC, suggesting that mechanisms other than 
IgH – MYC may mediate MYC activation. Indeed, activating 
RAS mutation is strongly associated with the activation of 
MYC signature, suggesting a link between RAS mutation 
and MYC activation (Figure  11.2 ). In another study, using 
Bayesian statistics to compute the probability of each sample 
expressing different oncogene signatures, it was found that 
the most signifi cant change from MGUS to MM relates to 
MYC activation. These  in silico  analyses using large cohorts 
of MGUS and MM are therefore suggestive of MYC activa-
tion as a common transformation event. The biological 
validity of these  in silico  observations is provided by a recent 
MM mouse model, which utilizes activation induced cyti-
dine deaminase (AID) - dependent somatic hypermutation 
to activate the MYC oncogene sporadically. In mice with a 
genetic predisposition to developing monoclonal gammopa-
thy, the sporadic activation of MYC led to the development 
of MM in these mice. Recently, MYC was shown to be 
directly involved in DNA replication, binding and activating 
DNA replicative origins and regulating S - phase transition 
during the cell cycle through a non - transcriptional mecha-
nism. Therefore, in MM, activation of MYC may cooperate 
with cyclin D/RB deregulation  –  which negates the early G 1 S 
cell cycle checkpoint that allows the establishment of the 

express little or no p16 regardless of whether or not the gene 
is methylated. This suggests that the low expression is not 
due to methylation, which may be an epiphenomenon. 
Despite one example of an individual with a germline muta-
tion and loss of the normal p16 allele in MM tumor cells, it 
remains unclear if inactivation of p16 is a critical and pre-
sumably early event in the pathogenesis of MM. In contrast, 
it seems apparent that inactivation of  p18INK4C , a critical 
gene for normal plasma cell development, is likely to con-
tribute to increased proliferation. There is biallelic deletion 
of p18 in 30% of HMCLs and in nearly 10% of tumors in 
the highest quintile of proliferation, as determined by an 
expression - based proliferation index. Forced expression of 
 p18INK4C  by retroviral infection of HMCLs that express 
little or no endogenous p18 substantially inhibits prolifera-
tion. Paradoxically, about 60% of HMCLs and 60% of the 
more proliferative MM tumors have increased expression of 
p18 compared with normal plasma cells. There is evidence 
that the E2F transcription factor, which is upregulated in 
association with increased proliferation, increases the expres-
sion of p18, presumably as a feedback mechanism. Apart 
from the lack of a functional RB1 protein in approximately 
10% of HMCLs, the mechanism(s) by which most HMCLs 
and proliferative tumors become insensitive to increased p18 
levels is not yet understood.    

  Activating   RAS    m utations 

 Another well - established genetic difference between MGUS 
and MM is activating  RAS  mutation. The prevalence of 
activating  N -   or  K - RAS  mutations is about 30 – 40% of 
newly diagnosed MM tumors, with only a small increase 
occurring during tumor progression. The prevalence is 
about 45% in HMCLs. Importantly, less than 5% of 
MGUS tumors have  RAS  mutations, consistent with the 
hypothesis that  RAS  mutations may mark, if not mediate, 
the MGUS to MM transition. Recent studies indicate that 
the prevalence of  RAS  mutations is substantially higher in 
tumors that express  CCND1  compared with tumors 
that express  CCND2 , with t(4;14) tumors having a particu-
larly low prevalence of  RAS  mutations. Two recent large 
unpublished studies differ, in that Fonseca and colleagues 
fi nd  N - RAS  and  K - RAS  mutations in 17% and 6% of tumors, 
respectively, whereas Kuehl and Shaughnessy fi nd  N - RAS  
and  K - RAS  mutations in 14% and 17%, respectively. The 
latter group also found that the prevalence of  N - RAS  
mutations was substantially higher in tumors that express 
 CCND1 , whereas  K - RAS  mutations occurred with a similar 
prevalence in tumors that express  CCND1  or  CCND2 . 
Neither group was able to identify a specifi c gene expression 
profi le or an effect on prognosis of either  N -   or  K - RAS  
mutations.  
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 canonical pathway). Depletion of NIK with shRNAs directed 
against NIK results in inhibition of both the classical and 
alternative NF κ B pathways, and also growth inhibition. Half 
of primary MM tumors have an expression signature of 
NF κ B target genes, with activating mutations identifi ed in 
less then half of these patients. Presumably either other 
mutations or ligand - dependent interactions in the bone 
marrow microenvironment are responsible for the NF κ B 
activation in the remaining patients. There appears to be 
some segregation between the underlying genetics and the 
mechanism of activating NF κ B. Pooling results from three 
large gene expression studies in MM, an analysis of the asso-
ciation between  TRAF3  mutations (using low  TRAF3  expres-
sion as a surrogate) and the TC subtypes showed that low 
 TRAF3  expression is signifi cantly associated with t(4;14) and 
D2 tumors, whereas it is rare in MAF and D1 tumors (Figure 
 11.3 a). Interestingly for the latter group, the tumors either 
have enhanced interaction with the microenvironment 
through MAF activation or are more dependent on the 
microenvironment and may derive their NF κ B signals pre-
dominantly from the microenvironment. For the t(4;14) and 
D2 tumors, the acquisition of autonomous NF κ B signals 
through gene mutations may mediate their more aggressive 

initial limited clonal plasma cell expansion (MGUS)  –  to 
overcome remaining cell cycle constraints leading to further 
clonal expansion and transformation to MM.    

   NF κ B  and  STAT   a ctivation  r epresent  m ajor 
 d ivergent  s econdary  p athways 

 It has long been felt that activation of the NF κ B pathway is 
important in the pathogenesis of MM, but little is known 
about the prevalence of NF κ B activation or mechanisms that 
cause NF κ B activation. Recently, an array of mutations that 
result in the constitutive activation of the NF κ B pathway 
have been identifi ed in about 20% of patient samples and 
about 50% of HMCLs. The most common event is inactivat-
ing mutations of  TRAF3  in 13% of patients. In addition 
inactivating mutations of  TRAF2 ,  BIRC2/BIR3  (gene product 
cIAP1/2), and  CYLD  were identifi ed. Chromosome translo-
cations and amplifi cations resulting in activation of NF κ B -
 inducing kinase (NIK), CD40, LTBR, TACI, NF κ B1, and 
NF κ B2 were also reported. Although activation of both the 
canonical and non - canonical pathways is seen, the prepon-
derance of mutations result most directly in increased 
processing of NF κ B2 p100 to p52 (i.e., activation of the non -

NPC MGUS MM
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Proliferation index
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     Fig. 11.2      MYC activation is common in MM  
 Almost 60% of MM express a MYC activation signature (at levels higher than normal plasma cells and MGUS), represented here as a rank 
order of a calculated MYC index. Of note, only some of these patients also have high MYC gene expression. Almost all the cases with an 
activating  RAS  mutation also express the MYC activation signature. Most patients with  RAS  mutation have low MYC gene expression, 
suggesting that  RAS  mutation and MYC overexpression are alternate ways to activating MYC. Additional non - overlapping mechanisms of 
activating MYC may be involved.  
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  Late  e vents in  MM   p rogression 

  Abnormalities of  TP53   g ene 
and  c hromosome 17p  l oss 

 Mutations of  TP53  are relatively rare in newly diagnosed 
MM, occurring in approximately 5% of tumors. However, 
the frequency of mutations appears to increase with disease 
stage, and is about 30% in PCL and 65% in HMCLs. Deletion 
(mainly monoallelic) of the  TP53  locus, as detected by inter-
phase FISH, occurs in about 10% of MM and approximately 
40% of PCL and HMCLs. However, it should be noted that 
there is no defi nitive evidence that the critical chromosome 

characteristics and relatively lower microenvironment 
dependence. Clearly we need to know more about intrinsic 
and extrinsic mechanisms that activate the NF κ B pathway 
in MM, as this seems a potentially important pathway for 
therapeutic intervention. Further analysis of gene expression 
data suggests that those patients who do not express the 
NF κ B signature overexpressed genes enriched for the inter-
leukin (IL) - 6/STAT3 pathways. Activation of NF κ B and 
STAT3 signatures are generally mutually exclusive, with only 
10% of cases expressing both (Figure  11.3 b). The mecha-
nism for STAT3 activation is probably related in large part 
to autocrine or paracrine IL - 6. Whether mutations of genes 
in the STAT pathway, similar to NF κ B, may contribute to 
constitutive signaling is current unknown.     
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     Fig. 11.3      NF κ B and STAT3 activation in MM  
 (a) Analyzing gene expression data from three large published studies,  TRAF3  inactivation, using a normalized  TRAF3  mRNA expression of less 
than 0.6 as a surrogate, is signifi cantly more common in t(4;14) and D2 tumors than D1 (hyperdiploid) and MAF tumors. (b) NF κ B activation 
(high NF κ B index) is present in about 50% of patients. In the other patients, the STAT3 pathway (STAT3 index) is relatively more activated. 
Patients with STAT3 activation also seem to be more proliferative. Unlike the NF κ B pathway, which is also activated in normal plasma cells, 
STAT3 activation is predominantly a function of the malignant cells.  
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is usually interstitial and involves fragments of varying 
length. Chromosome 1p loss has been shown to be a marker 
of poor prognosis in cytogenetic studies. 

 Both 1p loss and 1q gain are therefore associated with 
poor prognosis. Of note, a recently developed high - risk gene 
expression signature from UAMS is signifi cantly enriched 
for genes downregulated on 1p and upregulated on 1q in 
patients with the shortest survival. In addition, chromosome 
1p loss and 1q gain also tend to occur in the setting of more 
complex karyotype and in the presence of other poor prog-
nostic features such as adverse genetics and increased pro-
liferation index or at relapse. Although there has been great 
interest in identifying important genes deleted or gained in 
these regions that may have functional impact on tumor 
progression, it is also likely that aberrations in these genomic 
loci represent a bystander marker of genomic instability. 
Indeed studies have shown that a chromosome instability 
signature is a predictor of poor prognosis across a broad 
spectrum of cancers.  

  Secondary  t ranslocations  d ysregulate  MYC  

 While translocations involving the recurrent translocation 
partners appear to be primary events, translocations of 
 MYC  appear to be secondary events that do not involve 
B - cell - specifi c recombination mechanisms, are often 
complex, and sometimes do not involve immunoglobulin 
loci. Using FISH analysis, rearrangements of  MYC  are 
reported in only 15% of MM tumors (with frequent hetero-
geneity within a tumor) but in nearly 40% of advanced MM 
tumors and 90% of HMCLs. Regarding the approximately 
20% of IgH translocations not involving the recurrent part-
ners, little is known about the multitude of partners and 
oncogenes. These IgH translocations, as well as most trans-
locations involving IgL loci, share many similarities with 
MYC translocations and have similar frequency in HRD and 
NHRD tumors (whereas the recurrent or primary transloca-
tions occur predominantly in NHRD tumors). Thus, most 
of them are likely to represent secondary immunoglobulin 
translocations that can occur at any stage of tumorigenesis, 
including MGUS.   

  Model of  m olecular  p athogenesis 
of  MM  

 Based on the results summarized above, a model for the 
molecular pathogenesis of MM has been proposed. Chromo-
some content appears to identify two different, but perhaps 
overlapping, pathways of pathogenesis: NHRD tumors and 
HRD tumors. In about 40% of the tumors, a primary chro-
mosome translocation results in the dysregulated expression 

17p loss is  TP53 . Certainly,  TP53  is contained within the 
minimal deleted region on 17p13, as found by an aCGH 
analysis of 67 MM patients from the Mayo Clinic. 
Occasionally, these deletions can be quite small, and thus not 
always detected by interphase FISH using BAC probes. 
Although almost all 17p13 deletions detected are monoal-
lelic, there has been no defi nitive analysis of  TP53  mutation 
of the remaining allele in these patients to conclusively 
implicate  TP53  as the critical gene. In a large study compris-
ing 268 MM patients entered into Eastern Cooperative 
Oncology Group (ECOG) combination chemotherapy 
studies, only 5 of 31 (16%) patients with 17p13 deletion had 
mutation of the remaining  TP53  allele. However, the use of 
whole bone marrow DNA may have resulted in markedly 
reduced sensitivity of the study. In a smaller study (24 newly 
diagnosed MM patients) using purifi ed CD138 +  plasma cells, 
no  TP53  mutations were detected, but it is unclear whether 
these samples also had 17p13 deletion. Therefore, current 
evidence does not exclude  TP53  as the critical gene deleted 
on 17p13. Furthermore, the actual impact of 17p13 monoal-
lelic deletion on the p53 pathway and whether other coop-
erating deregulation (e.g., epigenetic silencing of p53 or 
increased expression of MDM2) of various components of 
the pathway are involved needs to be further clarifi ed.  

  Gain of  c hromosome 1q and  l oss 
of  c hromosome 1p 

 A number of laboratories have determined, using a combi-
nation of FISH, aCGH and gene expression profi ling, that 
there is a gain of sequences, and corresponding increased 
gene expression, at 1q21 in 30 – 40% of tumors. These gains 
are concentrated substantially in those tumors that have 
t(4;14) or t(14;16), or which have a high proliferation expres-
sion index. It has been proposed that the increased prolifera-
tion in tumors with gain of 1q21 sequences is due to the 
increased expression of  CKS1B  as a result of increased copy 
number. One might expect to fi nd other mechanisms, such 
as localized amplifi cation or a translocation, if increased 
 CKS1B  expression is a cause of increased proliferation, but 
there is no evidence for other mechanisms to increase  CKS1B  
expression. Furthermore,  CKS1B  expression correlates 
closely with the expression of a number of proliferation 
genes and therefore appears to be a consequence rather then 
a cause of the proliferation. So, it seems prudent to remain 
skeptical that  CKS1B  is the gene targeted by gain of 1q21 
sequences. Furthermore, amplifi cation of chromosome 1q 
tends to involve the whole q arm, and on aCGH the mini-
mally deleted areas do not always include  CKS1B . 

 Chromosome 1p loss is also common, occurring in 
about 46% of patients when analyzed by aCGH and in 
7 – 36% in previous karyotype studies. Unlike 1q gain, 1p loss 
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  Table 11.3    Well - characterized genetic subtypes of  MM . 

   Genetics     Ploidy     Prognosis  
   Heavy 
chain  

   Light 
chain     Morphology     CD20  

   RAS 
mutation  

   13 
deletion  

   TRAF3 
mutation  

   Bone 
DKK1     CCND  

  t(11;14) 
 t(6;14)  

  NHRD/
diploid  

  Good    G     κ     Lymphoplasmacytoid    ++    ++     – /+    +    ++    D1 
 D3  

  t(4;14)    NHRD    Poor    A     λ     Plasmablastic     –      –     +++    ++     – /+    D2  
  t(14;16) 
 t(8;14) 
 t(14;20)  

  NHRD    Poor    A     λ     Plasmablastic    +     –     ++     - /+     – /+    D2  

  Trisomies    HRD    Good    G     κ     Normal     –     ++     – /+     - /+    ++    D1  

   HRD, hyperdiploid; NHRD, non - hyperdiploid.   

of an oncogene. These primary genetic events lead to cyclin 
D dysregulation either directly [cyclin D1 in t(11;14) and 
cyclin D3 in t(6;14)] or indirectly [cyclin D2 in t(4;14) and 
maf translocations] or by an as yet unknown mechanism 
(cyclin D1 and/or D2 in HRD MM). The dysregulation of 
one of three cyclin D genes may render the cells more sus-
ceptible to proliferative stimuli, resulting in selective expan-
sion as a result of interaction with bone marrow stromal cells 
that produce IL - 6 and other cytokines. These primary genetic 
events, primary IgH translocations and trisomies of chromo-
somes 3, 5, 7, 9, 11, 15, 19 and 21 are already present at the 
earliest identifi ed stage of tumorigenesis, and defi ne sub-
types of MM with unique clinical (bone disease, heavy - chain 
subtypes, prognosis), molecular (types of cyclin D expressed, 
associated mutations), pathological (morphology, CD 
expression), and cytogenetic (ploidy) features (Table  11.3 ).   

 A second genetic  “ hit ”  leading to subsequent transforma-
tion from MGUS to MM may be mediated by activation of 
MYC or further deregulation of the RB pathway. The MYC 
pathway may be activated by  RAS  mutation, IgH -  MYC  
translocations or other as yet unidentifi ed mechanisms. The 
RB pathway may be further deregulated by RB haploinsuf-
fi ciency or p18 loss. These mechanisms are not mutually 
exclusive and the pattern of cooperation is still not yet 
understood. There appears to be enrichment for some 
pathway deregulation depending on primary genetic abnor-
malities. For example, tumors with cyclin D2 overexpression 
are signifi cantly enriched for chromosome 13 deletion and 
hence RB haploinsuffi ciency, whereas  RAS  mutations are 
signifi cantly associated with t(11;14) tumors. 

 The NF κ B and STAT3 pathways appear to be generally 
mutually exclusive secondary pathways probably important 
for providing the growth and survival signals for mainte-
nance of tumor cell survival, growth and proliferation. Both 
pathways can be activated through external signals from the 
tumor microenvironment, such as IL - 6 (STAT3 pathway), 
or signaling triggered by contact between the malignant 

plasma cells and the accessory cells in the bone marrow 
microenvironment (NF κ B pathway). Alternative mecha-
nisms intrinsic to the tumor cells such as gene mutations 
may also activate these pathways (e.g., mutations in the 
NF κ B pathway). 

 Later events that may lead to more aggressive tumor char-
acteristics and emancipation from dependence on the bone 
marrow microenvironment include mutation of  TP53  or 
deletion of the  TP53  locus on chromosome 17p13, and 
complex secondary translocations. In the future, it would be 
important to further interrogate how these pathways inter-
act with each other, and differentiate the critical from non -
 critical pathways during tumorigenesis that should be 
targeted therapeutically.  

  Critical  r ole of the  b one  m arrow 
 m icroenvironment in  m aintaining 
the  t umor  c lone and  m ediating  d rug 
 r esistance and  n ovel  t herapeutic 
 s trategies  t argeting the  b one 
 m arrow  m ilieu 

 As mentioned before, different molecular pathways can be 
activated in the malignant plasma cells by intrinsic or extrin-
sic mechanisms, either through microenvironment signals 
derived from cytokines or via interaction between the tumor 
cells and accessory cells in the bone marrow microenviron-
ment such as stromal cells, endothelial cells, osteoclasts and 
osteoblasts. Direct contact between MM cells and cells of the 
bone marrow milieu induce paracrine or autocrine release 
of cytokines and growth factors such as IL - 6, insulin - like 
growth factor, hepatocyte growth factor and vascular 
endothelial growth factor, which provide further prolifera-
tive and survival signals by activating intracellular pathways 
such as PI3K/AKT/mTOR/p70S6K, IKK -  α /NF κ B, RAS/
RAF/MAPK and JAK/STAT3. 
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  Table 11.4    Therapeutic compounds targeting the bone marrow 
microenvironment. 

   Target     Pathway activated     Therapy  

   Targeting growth factors and cytokines   
  IL - 6    Ras/Raf/Mek/Erk 

 JAK2/STAT3 
 PI3K/AKT  

  IL - 6 antibodies 
 IL - 6R antibodies 
 IL - 6 superantagonist 

(SANT7)  
  IGF - 1    Ras/Raf/Mek/Erk 

 NF κ B 
 PI3K/AKT  

  IGF1R kinase inhibitor 
(NVP - ADW742) 

 IGF1R antibodies 
 IGF - 1 ligand antibodies  

  VEGF    Ras/Raf/Mek/Erk    VEGFR tyrosine kinase 
inhibitor (PTK787, 
GW654652, Pazopanib)  

   β  - Catenin    Wnt    PKF115 - 584  
  DKK1    Wnt    Anti - DKK1 neutralizing 

antibodies  

   Targeting interactions between MM plasma cells 
and accessory cells   
  Adhesion 

molecules  
      Proteasome inhibitors 

(bortezomib, NPI - 52, 
PR - 171)  

  Cell 
adherence  

      Proteasome inhibitors 
 Imids (Revlimid, 

thalidomide)  

   Intracellular signaling molecules   
  PI3K        PI3 kinase inhibitor 

(Wartmannin, LY294002)  
  AKT        Perifosine  
  mTOR        Rapamycin, CCI - 779  
  MEK/ERK        MEK1/2 inhibitor (AZD6244)  
  BCL2/
BCL - XL  

      BCL2 antisense 
oligonucleotide 

 BCL2/BCL - XL inhibitor 
(ABT - 737)  

   IGF, insulin - like growth factor; PI3K, phosphatidylinositol 3 - kinase; 
VEGF, vascular endothelial growth factor.   

 These interactions and the activated pathways not only 
provide growth and survival signals but also result in the 
uncoupling of new bone formation from bone resorption, 
leading to the formation of lytic bone lesions and resistance 
of the tumor cells to different chemotherapeutic agents. 
The importance of the bone marrow microenvironment 
in MM biology is highlighted by the spate of new drugs 
being developed to target these cytokines/growth factors 
or contact - mediated pathways (Table  11.4 ). The recent 

Food and Drug Administration - approved drugs thalido-
mide, bortezomib and lenalidomide are all thought to exert 
their therapeutic effect at least partly through targeting the 
microenvironment.    

  Conclusion 

 Signifi cant progress has been made in understanding the 
molecular pathogenesis and biology of MM. Oncogenic 
pathways can be activated through cell intrinsic or extrinsic 
mechanisms. Similar to other cancers, MM is characterized 
by the multistage accumulation of genetic abnormalities 
deregulating different pathways. Much of this knowledge is 
already being utilized for diagnosis, prognosis and risk strati-
fi cation of patients. Importantly, from a clinical standpoint, 
this knowledge has led to development of novel therapeutic 
strategies, some of which are already in clinical use, and 
many others showing promise in preclinical and early clini-
cal studies.  
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  Introduction 

 The title of this chapter is quite ambitious, and in this respect 
we beg the reader ’ s indulgence. In fact, as hematologists we 
must have the ambition to explain anemia at the molecular 
level; this has been done successfully in some cases but not 
yet in others. One major reason is that anemia is not a 
disease, but a vast collection of diseases, extremely heteroge-
neous in terms of etiology, pathophysiology and clinico -
 hematological manifestations, as well as in our ability to treat 
them effectively. Since this book focuses on molecular 
pathophysiology, it is particularly pertinent to blood diseases 
that have a genetic basis. There are three main groups 
of anemia that qualify in this respect: (i) hemoglobinopa-
thies, covered in  Chapters 1 and 15 ; (ii) red cell membrane 
cytoskeleton disorders, which are not covered in this book; 
and (iii) inherited hemolytic anemia due to enzyme 
abnormalities, covered in this chapter. In addition, consider-
ing the space allocated to this chapter, we have included 
several other types of inherited and acquired anemias: 
our main inclusion criterion was that, based on current 
knowledge, we could offer at least some meaningful 
discussion of their molecular basis. In this area, since the 
fi rst edition of this book, there have been at least three 
breakthrough additions: (i) autosomal dominant dyskerato-
sis congenita is due to mutations of telomerase; (ii) the gene 
mutated in congenital dyserythropoietic anemia type I 
has been identifi ed; and (iii) the gene encoding red cell 
5 ′  - nucleotidase has been identifi ed, enabling at long last the 
molecular diagnosis of one of the commonest red cell 
enzymopathies.  

  Megaloblastic  a nemia 

 Megaloblastic anemia is defi ned by a highly characteristic set 
of morphological changes which affect cells of the erythroid, 
myeloid and megakaryocytic lineages in the peripheral blood 
and bone marrow. These changes include macrocytosis, 
Howell – Jolly bodies, hypersegmented neutrophils, giant 
metamyelocytes and giant platelets. Despite the multitude of 
these signs, the one pathognomonic feature which we regard 
as a  sine qua non  for the diagnosis of megaloblastic anemia 
is the peculiarly fi nely stippled chromatin of erythroid cells, 
combined with derangement of the normally precisely 
ordered parallel pattern of maturation of the nucleus and 
of the cytoplasm. This asynchrony, whereby maturation 
of the nucleus lags behind that of the cytoplasm, is the 
morphological hallmark of what we call megaloblastic 
erythropoiesis. 

  Etiology 

 Megaloblastic anemia has multiple etiologies (Table  12.1 ). 
Indeed, it is the main hematological manifestation of, on the 
one hand, classic inherited disorders (e.g., Lesch – Nyhan 
syndrome, orotic aciduria, transcobalamin defi ciency) and, 
on the other, classic acquired disorders such as pernicious 
anemia and nutritional defi ciency of either vitamin B 12  
(cobalamin, Cbl) or folate. In this respect, the acquired (and 
far more common) conditions can be regarded as  phenocop-
ies  of the much more rare inherited conditions.    

  Pathophysiology 

 While megaloblastosis is directly defi ned by its morphology, 
the mechanism of the anemia is complex. In general, anemia 
due to excessive destruction of red cells is characteristically 
associated with a cellular marrow and a high output of 
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reticulocytes, whereas anemia due to decreased production 
of red cells is characteristically associated with a hypocellular 
marrow and a low output of reticulocytes. In megaloblastic 
anemia, the marrow is hypercellular, often to an extreme 
degree, but the output of reticulocytes is low. This contrast 
is the pathophysiological hallmark of megaloblastic anemia, 
and it signifi es that a large proportion of megaloblasts fail to 
mature into viable red cells; in other words, there is a vast 
component of  ineffective erythropoiesis .  

  Molecular  p athogenesis 

 In view of the above, it is clear that any explanation of the 
pathogenesis of megaloblastic anemia at the molecular level 
must, on the one hand, rationalize it as the fi nal common 
pathway of a variety of underlying lesions and, on the other, 
account for the phenomenon of ineffective erythropoiesis. 
Since the inherited causes of megaloblastic anemia are 
defects in the purine or pyrimidine biosynthetic pathways, 
and folate is the coenzyme of these pathways, it is natural to 
focus on this area of metabolism. It has been held for a long 
time that in megaloblastic anemia a decreased concentration 
of nucleotide precursors becomes rate - limiting for DNA 
synthesis, and as a result cell proliferation is curtailed and 
therefore few cells are produced. However, since cell prolif-
eration is most active, this model can be rejected out of hand: 
the marrow is hypercellular rather than hypocellular, sug-
gesting that the underlying defect may be qualitative and not 
merely quantitative. 

 Since the hematological consequences of the defi ciency 
of either folate or Cbl are indistinguishable, it seems reason-
able to surmise that there must be at least one point in 
common in their action, or that one depends on the other 
(Figure  12.1 ). Indeed, Cbl is required for the conversion of 
methyltetrahydrofolate (methyl - THF), the main form of 
folate in the `, to tetrahydrofolate (THF), the active form in 
bone marrow cells. Various derivatives of THF intervene in 
several steps of the biosynthesis of purine and pyrimidine 
nitrogen bases, but when folate is in short supply these steps 
can be bypassed by using preformed bases (the so - called 
salvage pathway). The one reaction for which folate (in the 
form of 5,10 - methylene - THF) is irreplaceable is the conver-
sion of dUMP to dTMP, for which it is the methyl group 
donor; as a result, this conversion will be impaired when 
either folate or Cbl is defi cient. This reaction is crucially 
important because thymidine is, of course, the one base in 
which DNA normally differs from RNA. In principle, one 
might have expected that a block of this reaction would 
prevent DNA synthesis, but we have seen that this is not the 
case. On the other hand, it is well established that  in vitro  
DNA polymerase is able to incorporate dUTP into DNA, 
especially if the dUTP concentration is much higher than 

  Table 12.1    Classifi cation of the megaloblastic anemias 

   FOLATE DEFICIENCY  
  Inherited  
  Inborn errors of folate metabolism  
 Congenital folate malabsorption 
 Dihydrofolate reductase defi ciency 
 Methylene tetrahydrofolate reductase defi ciency 

  Acquired  
  Decreased intake  
 Old age, alcoholism 
 Hemodialysis 

  Impaired absorption  
 Celiac disease 
 Tropical sprue 

  Increased requirements  
 Pregnancy 

  Other increased cell turnover  
 Chronic hemolytic anemia 

  Drugs  
 Inhibitors of dihydrofolate reductase defi ciency 
 Anticonvulsants 

  COBALAMIN DEFICIENCY  
  Inherited  
  Inborn errors of cobalamin transport  
 Imerslund – Grasbeck disease 
 Congenital defi ciency of intrinsic factor 
 Gastrectomy 

  Inborn errors of cobalamin metabolism  
 Methionine synthase defi ciency (cblE and cblG) 
 cblC and cblD disease 

  Acquired  
  Impaired absorption  
 Gastric causes 
    Pernicious anemia 
 Intestinal causes 
    Blind loop syndrome 
    Fish tapeworm 
 Pancreatic insuffi ciency 

  Decreased intake  
 Vegetarians 
  Other  
 Nitrous oxide exposure 

  OTHER  
 Hereditary orotic aciduria 
 Lesch – Nyhan syndrome 
 Thiamine - responsive megaloblastic anemia  

  Source :   modifi ed from Babior BM. (1995) The megaloblastic 
anemias. In: Beutler E, Lichtman MA, Coller BS, Kipps TJ (eds).  
 Williams Hematology , 5th edn. New York: McGraw - Hill, p. 471. 
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of deoxyuridine (dU) instead of thymidine into DNA. The 
cell ’ s DNA replicating machinery includes an enzyme, uracil 
glucosidase, which has the specifi c function of removing dU, 
should it be occasionally and illegitimately incorporated into 

that of dTTP, which will be the case when the conversion of 
the former to the latter is impeded. Several studies indicate 
that this also takes place  in vivo ; indeed, the major molecular 
lesion in megaloblastic anemia may be this misincorporation 
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     Fig. 12.1      The metabolic basis of megaloblastosis in folate and vitamin B 12  (cobalamin, Cbl) defi ciency  
 The absorption of folates takes place in the proximal small bowel, while Cbl bound to intrinsic factor (IF) is absorbed in the ileum. Folate enters 
the cells in the form of methyltetrahydrofolate (methyl - THF). Cbl is transferred to and enters the cells bound to transcobalamin II (TCII). In 
the cytoplasm, Cbl is necessary for the reaction catalyzed by methionine synthase, whereby the CH 3  group of methyl - THF is transferred to 
homocysteine; THF and methionine are produced, respectively, as a result. The polyglutamated form of THF is converted to 5,10 - methylene 
THF, which donates the single - carbon group CH 2  to the reaction catalyzed by thymidylate synthetase, whereby dUMP is converted to dTMP 
which is used in DNA synthesis. Under conditions of folate and/or Cbl defi ciency, there is shortage of 5,10 - methylene - THF. The result of this 
is, on the one hand, that dTMP is drastically reduced and not available for DNA synthesis and, on the other, that dUMP is in excess. Strong 
evidence exists suggesting that, under such circumstances, dUMP is misincorporated in the DNA, leading eventually to changes characteristic 
of megaloblastosis ( see text ). Note also that under Cbl - replete conditions the conversion of 5,10 - methylene - THF to methyl - THF is inhibited by 
 S  - adenosylmethionine (SAM); in contrast, in Cbl defi ciency SAM is in short supply and consequently this inhibition is relaxed, diverting the 
formation of 5,10 - methylene - THF to methyl - THF, thus exacerbating further the shortage of dTMP and the accumulation of dUMP. Cbl also 
plays a signifi cant role in the mitochondrial metabolic pathways necessary for the conversion of the products of propionate metabolism (i.e., 
methylmalonyl - CoA) into easily metabolized products. As is evident from the metabolic interrelationships of folate and Cbl, in folate defi ciency 
homocysteine levels will increase; in Cbl defi ciency, not only homocysteine but also methylmalonyl - CoA (and methylmalonic acid) will be 
increased: indeed, measurement of serum and urine levels of homocysteine and methylmalonic acid is used in clinical practice for the diagnosis 
of folate and Cbl defi ciency, especially at early stages. 
  Explanatory notes  
 In the fi gure, the various forms of Cbl are shown in green. PteGlu 1 /PteGlu n , monoglutamated or polyglutamated forms of folate; CH 3 H 4 PteGlu 1 , 
methyl - THF; 5,10 - CH 2 H 4 PteGlu n , 5,10 - methylene - THF; H 2 PteGlu n , dihydrofolate. Enzymes whose hereditary defi ciency causes megaloblastic 
anemia are shown in italics. Those steps in folate and Cbl metabolism whose defects can also cause hereditary megaloblastic anemia are 
indicated by asterisks.  
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  Table 12.2    Defi ning features of congenital dyserythropoietic anemia types  I  –  III . 

        Type I     Type II     Type III  

  Inheritance    Autosomal recessive    Autosomal recessive    (a) Autosomal dominant  
  (b) Autosomal recessive  

  Localization of gene    15q15.1 – 15.3    20q11.2    15q21 – 25  
  Identity of gene     CDAN1     Not known    Not known  
  Red cells    Macrocytes    Normocytes      
  Erythroblasts              
     (a) Light microscopy    Megaloblastic; internuclear 

chromatin bridges  
  Normoblastic; binuclearity 

predominates  
  Megaloblastic; up to 12 

nuclei per cell  
     (b) Electron microscopy     “ Swiss cheese ”  appearance 

of heterochromatin  
  Peripheral double membranes      

  Serology              
     Ham ’ s test    Negative    Positive    Negative  
     Anti - i agglutinability    Normal/strong    Strong    Normal/strong  
  SDS - PAGE    Normal    Band 3 thinner and faster    Band 3 slightly faster  

  Source :   modifi ed from Wickramasinghe SN. (1997) Dyserythropoiesis and congenital dyserythropoietic anaemias.  British Journal of Haematology , 
 98 , 785 – 797, with permission. 

DNA. Therefore dU will be retained in newly synthesized 
DNA only when the capacity of uracil glucosidase to remove 
it has been exceeded. For this reason, very little dU is actually 
found in megaloblastic DNA, but even that may have a dis-
ruptive effect on chromatin structure. Perhaps more impor-
tantly, if dU incorporation has been rampant rather than 
occasional, the numerous strand breaks produced by uracil 
glucosidase may exceed the capacity of other repair enzymes, 
thus causing the accumulation of damaged DNA, and even-
tually cell death. Surprisingly, a careful study has not detected 
in megaloblastic bone marrow features regarded as charac-
teristic of apoptosis. We must therefore presume that cell 
death takes place by a different pathway or that phagocytosis 
of dead cells is rapid and highly effi cient.   

 If shortage of dTTP is the fundamental metabolic defect 
underlying megaloblastic anemia, since its production is 
5,10 - methylene - THF dependent (the formation of which is 
in turn dependent on Cbl), it is clear that this same mecha-
nism explains why megaloblastic anemia is the common 
manifestation not only of nutritional folate and Cbl defi -
ciency, but also of all genetically determined lesions of the 
transport and metabolism of folate or Cbl (Table  12.1 ). It is 
not clear why megaloblastic anemia should occur in other 
inherited conditions, such as hypoxanthine - guanine phos-
phoribosyltransferase (HPRT) defi ciency and orotic aci-
duria, in which it is the salvage pathway rather than the  de 
novo  pathway of the nitrogen bases that is compromised. At 
the moment we can only speculate by analogy. Perhaps the 
metabolic blocks in these conditions also entail serious alter-
ations in the absolute and/or relative pool sizes of the various 

deoxynucleoside triphosphates. Once again, this could cause 
misincorporation followed by repair attempts that are not 
always successful. In summary, although the rate of uracil 
incorporation into DNA has been controversial for years, 
a recent review validates its role in the pathogenesis of 
megaloblastic anemia. 

 Finally, despite the signifi cant advances in the under-
standing of megaloblastosis, the molecular basis of 
demyelination that underlies the neurological complications 
of advanced Cbl defi ciency remains elusive.   

  Congenital  d yserythropoietic  a nemias 

 Congenital dyserythropoietic anemia (CDA) is the current 
designation for a group of rare inherited disorders that 
have a common feature: abnormalities in the maturation of 
the erythroid lineage. It is evident both from genetics 
and from morphology that they are heterogeneous, and 
it is likely that they may be even more heterogeneous at 
the molecular level. Of the three classical forms of CDA 
(Table  12.2 ), CDA II (or HEMPAS) is the best defi ned, on 
account of a pathognomonic serological test; CDA I is 
defi ned by characteristic ultrastructural changes in the chro-
matin of erythroblasts and by autosomal recessive inherit-
ance; CDA III is defi ned by large, sometimes multinucleated, 
erythroblasts and by autosomal dominant inheritance. A 
variety of terms have been used to classify patients who have 
features of CDA but do not fi t neatly in any of these three 
categories.   
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program of erythroid differentiation. For instance, it seems 
likely that in erythroid cells codanin - 1 is involved in nuclear 
envelope integrity, conceivably related to microtubule 
attachments. Thus, each one of the CDA genes will be of 
great interest, quite out of proportion to the rarity of CDAs 
as clinical entities. 

 It has been reported that three patients with CDA I have 
responded to treatment with interferon (IFN) -  α , with near 
normalization of hemoglobin values. Although the clinical 
data seem convincing, at the moment it is not clear by what 
mechanism an intrinsic erythroid molecular abnormality 
can benefi t from this treatment.  

  The  s ideroblastic  a nemias 

 The term  “ sideroblastic anemia ”  (SA) encompasses a diverse 
collection of diseases in which different causes and different 
mechanisms converge to produce the same rather spectacu-
lar feature: the accumulation of inorganic iron in the cyto-
plasm of erythroid cells in suffi cient quantities to be easily 
demonstrated in the form of granules using Perl ’ s Prussian 
Blue staining. Characteristically, the iron is found in mito-
chondria positioned around the nucleus, hence the term  ring 
sideroblast . SAs are broadly divided into acquired and inher-
ited forms (Table  12.3 ). Acquired SAs are the most common 
and are discussed in  Chapter    8  . Here, we discuss briefl y the 
genetic and biochemical basis of three inherited forms of SA.   

   ALAS 2  d efi ciency 

 Normally, about 90% of the iron (Fe) obtained daily from 
the diet reaches the erythroblasts, where it is required for the 
fi nal step of heme biosynthesis, namely the incorporation of 
iron into the tetrapyrrolic ring of protoporphyrin IX. The 
fi rst and the last three of the eight steps of the heme biosyn-
thetic pathway take place in the mitochondrion. The fi rst 
and rate - limiting step consists of the condensation of glycine 
and succinyl - CoA to  δ  - aminolevulinate. This reaction is 
catalyzed by  δ  - aminolevulinate synthase (ALAS) and it 
requires pyridoxal 5 ′  - phosphate (PLP) as a cofactor. Two 
isoforms of ALAS are known; both have a homodimeric 
structure, but they are encoded by different genes.  ALAS1  is 
a ubiquitously expressed housekeeping gene, whereas  ALAS2  
is erythroid - specifi c. 

  Genetics of  ALAS 2  d efi ciency 

 The fi rst family with what is now called X - linked SA was 
reported by T. Cooley in 1945. Subsequently, more families 
with apparent X - linked SA were described. The observation 
that some affected males responded to pharmacological 

 As a result of a deranged developmental program, the 
mature red cells that are produced in CDA are macrocytic 
and abnormal in their membrane; this often entails a hemo-
lytic component in their anemia. In addition, and most char-
acteristically, a signifi cant proportion of erythroid cells fail 
to achieve full maturity, and as a result they are destroyed in 
the bone marrow. Thus, the pathophysiological hallmark in 
CDA, just as in acquired megaloblastic anemias ( see above ), 
is ineffective erythropoiesis. 

 The biochemical basis for abnormal maturation has been 
well characterized in the case of CDA II. Sodium dodecyl-
sulfate – polyacrylamide gel electrophoresis (SDS - PAGE) 
analysis of red cell membrane proteins reveals an increased 
sharpness of band 3, the size heterogeneity of which is nor-
mally produced by the variable size of its carbohydrate 
moiety. This fi nding has focused the attention on the 
enzymes required for glycosylation of membrane proteins: 
decreased activity of  α  - mannosidase and of fucosyltrans-
ferase has been reported in individual cases. Targeted inac-
tivation of the gene encoding the latter enzyme has produced 
mice with features of CDA II. On the other hand, very 
recently it has been reported that inactivation of  AE1 , the 
gene encoding band 3, produces in zebrafi sh some features 
of human CDA II. However, by linkage analysis CDA II 
maps to 20q11.2 in a majority of families, whereas fucosyl-
transferase maps to 11q21 and  AE1  to 17q21 – q22 . Thus, the 
gene that is mutated in human CDA II still needs to be 
identifi ed. The variability of clinical expression of CDA II 
could be due to different underlying genetic lesions (and of 
course also to different mutant alleles at the same locus). In 
fact, there is some indirect evidence that alleles causing mild 
CDA may be relatively common, because two cases have 
been reported as causing chronic hemolytic anemia in asso-
ciation with glucose 6 - phosphate dehydrogenase (G6PD) -
 defi cient variants which do not, on their own, cause this 
condition. We do not know whether the CDA mutations 
present in these patients would have caused clinical mani-
festations in the absence of G6PD defi ciency. 

 The gene for CDA I has been mapped to chromosome 15 
by linkage analysis in a single Swedish family (one of the fi rst 
from which the concept of CDA developed). Very recently 
this linkage has been confi rmed in Bedouin families, and this 
has led to the identifi cation of a gene that is mutated in all 
of these families, which has been called codanin - 1. Codanin -
 1 has a 150 - residue amino - terminal domain with sequence 
similarity to collagens and two shorter segments that show 
weak similarities to the microtubule - associated proteins 
MAP1B (neuraxin) and synapsin. 

 In view of the fact that in the various forms of CDA the 
abnormal phenotype is almost exclusively restricted to the 
erythroid lineage, it is likely that the genes that are mutated 
in any patient with CDA serve some important role in the 
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  Table 12.3    Classifi cation of the sideroblastic anemias. 

    INHERITED   

   Mode of 
inheritance     Chromosomal locus     Gene     Type of mutations  

   Clinical manifestations other 
than SA  

  X - linked    Xp11.21     ALAS2     Missense    None  
  X - linked    Xq13.1 – q13.3     hABCB7  (Fe – S cluster 

transporter protein)  
  Missense    Cerebellar ataxia  

  Autosomal recessive    1q23.2 s– q23.3     SLC19A2  (thiamine 
transporter protein)  

  Missense, nonsense, 
frameshift  

  Thiamine - responsive 
megaloblastic anemia, diabetes 
mellitus, sensorineural deafness  

  Autosomal dominant    Not known    Not known        None  
  Mitochondrial (e.g., 

Pearson MPS)  
  Usually from nt 8469 to 

nt 13447 ( see Fig.   12.3  )  
      Deletions    Pancreatic exocrine dysfunction, 

cytopenia, metabolic acidosis  

   ACQUIRED   
  Refractory anemia with ring sideroblasts (RARS) 
 Drug induced (e.g., isoniazid, chloramphenicol, ethanol) 
 Secondary to systemic, metabolic, malignant disorders  

   ALAS2,  δ  - aminolevulinate synthase 2; PGK1, phosphoglycerate kinase 1; SA, sideroblastic anemia; MPS, marrow – pancreas syndrome.   

mRNA motif called iron - responsive element (IRE). IRE 
has a characteristic hairpin secondary structure, present 
within the 5 ′  untranslated region of the  ALAS2  mRNA. 
IRP1 does not bind to IRE when it is iron replete, thus 
allowing the translation of  ALAS2  mRNA to proceed unim-
peded. When iron is in scarce supply, the iron - depleted IRP1 
binds to IRE and translation of  ALAS2  mRNA is repressed, 
thus decreasing the synthesis of heme and consequently 
of mature hemoglobin, leading to the production of 
hypochromic red cells. Interestingly, IRP1 can also bind to 
IREs present in the mRNAs of ferritin and transferrin recep-
tor. In conditions of iron depletion, real or functional, the 
translational regulation is such that translation of ferritin 
mRNA is repressed whereas translation of the transferrin 
receptor is favored. Reverse effects are seen in iron - replete 
conditions.  

  Molecular  p athology of  ALAS 2  d efi ciency 

 Over 20 different point mutations have been described 
(Figure  12.2 ). They all map to exons 5 – 11, which are highly 
conserved across species. Parts of these exons are thought to 
contribute to the formation of the catalytic site, PLP - binding 
site and substrate - binding site of ALAS2. The presence of 
only missense mutations implies that hemizygotes with 
 ALAS2  null mutations would not be viable. Exceptionally, a 
nucleotide replacement at position  − 206 from the transcrip-
tion start of  ALAS2  has been found to cause SA; this is a rare 

doses of pyridoxine focused attention on the erythroid - spe-
cifi c ALAS; indeed, the  in vitro  activity of this enzyme was 
invariably reduced. The erythroid - specifi c  ALAS  ( ALAS2 ) 
gene was subsequently cloned (Figure  12.2 ) and mapped to 
Xp11.12. This locus is subject to X - chromosome inactiva-
tion and as a result female relatives of affected males may 
demonstrate red cell mosaicism; that is, two populations of 
red cells, one hypochromic and one normochromic. In 
general, these women do not have anemia, and therefore the 
disease is regarded as recessive. However, full - blown SA may 
develop in women, especially late in life, as a result of a 
skewed X - inactivation pattern: in such cases we would have 
to regard the same disease as dominant.    

  Transcriptional and  t ranslational  c ontrol 
of  ALAS 2  e xpression 

 The expression of  ALAS2  is regulated at both the transcrip-
tional and the translational level. Transcriptional control is 
effected through the programmed differentiation of the 
erythroid lineage, mainly through the erythropoietin -
 induced transcription factors which include GATA - 1, EKLF 
and NF - E2. In contrast, as a typical example of gene expres-
sion control at the translational level,  ALAS2  is involved in 
the regulation of heme synthesis in relation to Fe availability. 
Central to this regulatory mechanism is iron regulatory 
protein (IRP)1, a  trans  - acting protein that requires four 
atoms of Fe to function and is also able to bind to an 
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example of a human disease resulting from a  “ promoter -
 down ”  mutation in a gene encoding an enzyme.  

  Clinical  a spects and  t reatment of  ALAS 2  d efi ciency 

 The clinical picture of ALAS2 defi ciency is that of a hypochro-
mic microcytic anemia with bone marrow erythroid 
hyperplasia as a result of ineffective erythropoiesis. The 
characteristic ring sideroblasts are found mainly in the late 
erythroid precursors. There is considerable heterogeneity in 
the severity of the disease, not only between individuals 
bearing different  ALAS2  mutations but also between related 
individuals with the same mutation. Patients at one extreme 
may present a few months after birth with severe anemia, 
severe microcytosis and no response to pyridoxine; at the 
other extreme, they may present in the ninth decade of life 
with anemia fully responsive to pyridoxine. 

 Although the anemia of pyridoxine - responsive SA is treat-
able, the main complication of the disease is iron overload; 
if left untreated, it has the same deleterious results as heredi-
tary hemochromatosis. Iron overload can be biochemically 
evident as early as adolescence, does not correlate with the 
degree of anemia and can affect mildly anemic females. The 
importance of effectively treating iron overload cannot be 
over - emphasized for one further reason: excess iron inter-
feres with the function of ALAS2 and patients previously 
unresponsive to pyridoxine, after effective iron chelation, 
occasionally become responsive. 

 The advances in the molecular aspects of X - linked SA 
make prenatal diagnosis and counseling feasible, especially 
for families with the severe, pyridoxine - resistant forms of 
the disease.   

  X -  l inked  s ideroblastic  a nemia with  a taxia 

 This pyridoxine - resistant form of SA with congenital cere-
bellar ataxia is due to missense mutations of the ATP - binding 
cassette B7 ( ABCB7 ) gene which maps to Xq13.1 – q13.3. 
ABCB7 belongs to a wider family of proteins involved in the 
transportation of substrates across cell and organelle mem-
branes. Studies in yeast and mammalian systems suggest that 
ABCB7 is an inner mitochondrial membrane protein 
involved in the transportation of clusters of Fe – S (iron –
 sulfur) formed in the mitochondrion to the cytosol. These 
clusters are required for the functional maturation of a 
number of proteins, including those necessary for iron 
homeostasis. Mutations of  ABCB7  interrupt this process and 
lead to accumulation in the erythroid cell mitochondria of 
iron that is not available for heme synthesis, hence the devel-
opment of microcytic SA. Interestingly, expression levels of 
ABCB7 were found to be considerably lower in patients with 
acquired SA (or refractory anemia with ring sideroblasts), a 
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     Fig. 12.2      The erythroid   ALAS2   gene and its pathogenic 
mutations  
  ALAS2  spans about 22   kb and consists of 11 exons. Two mature 
forms of mRNA exist: one full length and one shorter as a result of 
alternative splicing of exon 4. The functional signifi cance of these 
splicing variants is not known. Exon 1 and part of exon 2 (shown in 
gray) form the 5 ′  untranslated region and contain the iron - responsive 
element ( see text ). The full - length mRNA (1.95   kb) encodes a protein 
of 522 amino acids (64.4   kDa). The mature protein derives from the 
cleavage of the fi rst 49 amino - terminal amino acids (mitochondrial 
signal sequence) upon entry in the mitochondrion.  
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     Fig. 12.3      The human mitochondrial 
genome  
 Both replication and transcription of the 
heavy (H) and light (L) strands of mtDNA run 
in opposite directions as indicated in the 
fi gure. The products of transcription are large 
and are cleaved to generate RNAs for 
individual genes. Note the absence of introns 
and close apposition of genes.  ATPase8  and 
 ATPase6  overlap. The approximate location of 
the common 4.9 - kb deletion ( see text ) is 
indicated by the broken line.  ND1 – ND6  
encode NADH dehydrogenase subunits, 
 CO1 – CO3  encode cytochrome  c  oxidase 
subunits and CYB encodes cytochrome  b . 
 Modifi ed from Strachan T, Read AP. (1996) 
 Human Molecular Genetics , 1st edn. New 
York: BIOS, with permission .  

  Properties of  mt  DNA  

 Each somatic cell has hundreds to several thousand mito-
chondria, and each mitochondrion contains two to ten 
copies of mtDNA. mtDNA consists of a single double -
 stranded circular molecule, and its 16   569 - nucleotide genome 
encodes 24 structural RNAs (22 tRNAs and two rRNAs) 
required for mitochondrial protein synthesis; in addition it 
encodes 13 protein subunits belonging to four enzyme com-
plexes, all involved, directly or indirectly, in the generation of 
ATP through oxidative phosphorylation (Figure  12.3 ). 
Replication, transcription and translation of mtDNA are all 
quite distinct from their nuclear DNA equivalents.   

form of myelodysplastic syndrome (MDS), but not in 
patients with other forms of MDS or normal individuals. No 
genetic or epigenetic cause in  cis  was identifi ed, raising the 
question of a  trans  - acting mechanism. The signifi cance of 
this fi nding in the pathogenesis of refractory anemia with 
ring sideroblasts remains to be determined.  

  Pearson  m arrow –  p ancreas  s yndrome 

 Pearson marrow – pancreas syndrome (PMPS) is unique 
among the SAs because the underlying genetic lesion is 
not in the nuclear DNA but in the mitochondrial DNA 
(mtDNA). 
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The size of the deletion is variable; in one study, 43% of 
the patients had an identical 4.9 - kb deletion (Figure  12.3 ) 
that has also been found in patients with other mito chondrial 
diseases (such as KSS and progressive external ophthalmo-
plegia). In some cases, deletion dimers and/or deletion 
multimers were observed. There is no obvious correlation 
between the size or location of the deletion and the clinical 
severity of the disease; rather, what probably largely 
determines the clinical phenotype is the proportion of 
mutated mtDNA in a particular tissue. For example, patients 
with PMPS have mutated mtDNA in all tissues examined, 
whereas in patients with classical KSS the mutated mtDNA 
is restricted to muscle and is not found in blood cells. 
Since the mothers of PMPS patients are invariably unaf-
fected, it can be expected that the deletion has taken 
place  de novo , and this has been documented in a number 
of cases. 

 A diffi cult practical problem is that of genetic counseling 
for couples who have had the misfortune to have a child with 
PMPS. The risk of recurrence depends on whether the dele-
tion is present in most or only in some of the mother ’ s 
gonadal cells. At the moment there is no established meth-
odology for determining this. At an experimental level, it 
could be achieved by inducing multiple ovulation and using 
the polymerase chain reaction (PCR) to test individual 
oocytes for the deletion previously detected in an affected 
sib. The same could be done in very early embryos after  in 
vitro  fertilization (preimplantation prenatal diagnosis). 
Because of the high copy number of mtDNA, testing for 
mtDNA mutations is much easier than testing for mutations 
in nuclear genes.    

  Conditions  a ssociated with  b one 
 m arrow  f ailure 

 The disease entities falling under this heading are quite 
diverse, but they are grouped on account of a common 
pathogenesis: the loss of hematopoietic stem cells (HSCs). 
The pace of HSC depletion varies widely, from weeks (e.g., 
in idiopathic aplastic anemia, IAA) to years (e.g., in Fanconi 
anemia, FA). In fact, IAA and FA exemplify two broad cat-
egories of bone marrow failure (BMF) syndromes, acquired 
and inherited, respectively (Table  12.4 ).   

  Acquired  b one  m arrow  f ailure  s yndromes 

  Idiopathic  a plastic  a nemia 

 IAA accounts for the majority (about 80 – 90%) of cases of 
acquired BMF syndromes, with an incidence estimated at 
2 per million (twofold to threefold higher in the Orient). 

 Since mitochondria are abundant in the cytoplasm of the 
mature oocyte, but absent from that part of the sperm cell 
that enters it at the time of fertilization, the hereditary trans-
mission of mtDNA is exclusively through the maternal 
germline. Consequently, a mitochondrial disease can be 
transmitted from a mother to all of her children, whether 
male or female; in other words, it is a non - Mendelian form 
of inheritance. 

 mtDNA is estimated to be at least 10 times more vulner-
able than nuclear DNA to mutations and their consequences 
for various reasons: (i) it is constantly exposed to oxygen free 
radicals generated by oxidative phosphorylation; (ii) mito-
chondria largely lack effective DNA repair mechanisms; and 
(iii) because most of the mtDNA sequence is coding, many 
more mutations will be refl ected in the structure of its 
protein products. On the other hand, since there are so many 
copies of mtDNA in each cell, mutant mtDNA may coexist 
with normal mtDNA, a situation called  heteroplasmy  (the 
opposite of  homoplasmy ). The phenotype of a particular cell 
or organ will depend on the relative proportions of normal 
and mutated mtDNA. Since, unlike nuclear chromosomes, 
there is no rigorous mechanism for the segregation of 
mtDNA molecules at either mitosis or meiosis, the inheri-
tance of mtDNA mutations is rather unpredictable, and 
since heteroplasmy may exist even in oocytes, this further 
complicates the non - Mendelian inheritance of diseases 
caused by mtDNA mutations.  

  Clinical  a spects of  PMPS  

 PMPS usually presents within the fi rst few months of life 
with hypoproliferative SA, variable cytopenias and pancre-
atic exocrine dysfunction. Bone marrow examination reveals, 
in addition to ring sideroblasts, striking vacuolation of the 
erythroid and myeloid precursors (Plate  12.1 ). Metabolic 
acidosis is another frequent manifestation, and renal disease, 
liver failure, hypoparathyroidism and diabetes mellitus may 
also occur. Despite treatment with blood product support, 
pancreatic enzymes and various vitamins (e.g., coenzyme 
Q), about half of the patients do not survive beyond the third 
year of life. Of the patients who do survive, most develop 
complications in other organs, particularly ophthalmople-
gia, pigmentary degeneration of the retina and cardiomy-
opathy, namely the features originally described as the 
Kearns – Sayre syndrome (KSS). The overlap between PMPS 
and KSS is not surprising, since similar genetic lesions are 
found in both conditions ( see below ).  

  Molecular  p athology 

 In all but one of the cases that have been adequately 
investigated, PMPS was due to deletions within mtDNA. 
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  Table 12.4    Classifi cation of the bone marrow failure ( BMF ) syndromes. 

    INHERITED   

   Disease     Mode of inheritance     Chromosomal locus     Gene     Clinical manifestations  

  Fanconi anemia    AR    See Table  12.6     See Table  12.6     See text  
  Dyskeratosis congenita    X - linked    Xq28     DKC1     See text  

  AD    3q26     TERC   
  AD    5p15     TERT   
  AR    15q14     NOP10   
  AR    5q35     NHP2   

  Diamond – Blackfan 
anemia  

  AD    19q13.2     RPS19     See text  
  AD    10q22 – q23     RPS24   
  AD    15q     RPS17   
  AD    3q29     RPL35A   
  AR    8p22 – p23.31    Not known  

  Shwachman – Diamond 
syndrome  

  AR    7q11     SBDS     Neutropenia, exocrine pancreatic 
insuffi ciency, metaphyseal dysostosis  

  Amegakaryocytic 
thrombocytopenia  

  AR    1p34    c -  mpl  
(thrombopoietin 
receptor)  

  Absent megakaryocytes in bone marrow, 
late BMF  

  Thrombocytopenia 
with absent radii 
syndrome  

  AR?    Not known    Not known    Bilateral radial aplasia, lower limb anomalies, 
cow ’ s milk intolerance, renal anomalies, 
and cardiac anomalies  

  Congenital 
thrombocytopenia 
and radius – ulna 
synostosis  

  AD    7p15 – p14     HOXA11 ? (needs 
confi rmation)  

  Aplastic anemia, proximal radius – ulna 
synostosis, clinodactyly, syndactyly, hip 
dysplasia and sensorineural hearing loss  

  Pearson marrow –
 pancreas syndrome  

  Mitochondrial    Usually from nt 8469 
to nt 13447  

  Contiguous genes 
deleted  

  Pancreatic exocrine dysfunction, sideroblastic 
anemia ( see also text )  

   ACQUIRED   
  Idiopathic 
 Radiation 
 Drugs and chemicals 
    Regular: cytotoxic, benzene 
    Idiosyncratic: chloramphenicol, NSAIDs, antiepileptics, gold 
 Viruses 
    Epstein – Barr virus 
    Hepatitis 
    Parvovirus 
    Human immunodefi ciency virus 
 Immune diseases 
    Thymoma 
    Pregnancy 
    Paroxysmal nocturnal hemoglobinuria  

   AD, autosomal dominant; AR, autosomal recessive; NSAID, non - steroidal anti - infl ammatory drug.   

  Immunopathogenesis     The most direct evidence that IAA 
may be an autoimmune disorder has come from the clinical 
observation that patients with IAA have complete or partial 
reversion of their pancytopenia when they are treated with 
antilymphocyte globulin (ALG). Subsequently, it was shown 

that patients with IAA often have increased numbers of 
 “ activated ”  CD8 + C25 +  T cells in their blood and bone 
marrow. In addition, T cells from IAA patients can inhibit 
the growth of autologous  in vitro  hematopoietic colonies, 
and the growth of colonies from human leukocyte antigen 
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(HLA) - identical siblings. Based on these observations, a 
current model of the pathogenesis of IAA predicts that auto-
reactive T cells attack HSCs, causing their depletion  –  hence 
the reduction of HSCs in severe IAA to about 1% of normal. 
The primary event that triggers this aberrant immune 
response remains elusive: a possible viral cause has long been 
sought but never proven. The identity of the putative autoan-
tigen on HSCs also remains unknown. There is evidence, 
however, that the inhibitory effect of autoreactive T cells is 
mediated, at least in part, through IFN -  γ . In addition, IFN -  γ  
upregulates Fas receptor on the surface of HSCs, thus facili-
tating activation of the Fas - dependent apoptotic pathways. 

 As in other autoimmune diseases there is over - represen-
tation of specifi c HLA alleles in IAA patients compared with 
population controls: the HLA - DR2 allele is over - represented 
in patients with IAA of European ancestry, whereas another 
HLA class II haplotype is over - represented in Japanese 
patients with IAA. 

 Recently, a pathogenetic link between IAA and MDS has 
surfaced. Clinically, IAA overlaps with the hypoplastic form 
of MDS; in fact, the differential diagnosis between the two 
is often diffi cult. It is now recognized that 20 – 30% of patients 
with MDS, especially those who would otherwise be classi-
fi ed as having refractory anemia with hypocellular marrow, 
respond to immunosuppressive therapy with alleviation of 
their cytopenias, indicating that an immune process, similar 
to the one operating in IAA, is also involved in the patho-
genesis of some forms of MDS. In addition, as in IAA, in 
20% of patients with refractory anemia, small populations 
with paroxysmal nocturnal hemoglobinuria (PNH) are 
detected ( see below ). What is more, their presence is predic-
tive of response to immunosuppressive therapy, providing 
further evidence of an immune process in the pathogenesis 
of MDS in this select group of patients, and linking them to 
those with IAA. The role of mutations in genes involved in 
telomere maintenance in the pathogenesis of IAA is dis-
cussed below ( see section Dyskeratosis congenita ).  

  Clinical  a spects and  t reatment     The clinical picture of IAA 
generally refl ects the extent of HSC loss and the subsequent 
cytopenias. Typically, a patient with severe IAA presents 
with bruising and mucosal bleeding, anemia and septic epi-
sodes (bacterial or fungal), but without hepatosplenomeg-
aly. The differential diagnosis of IAA, as well as hypoplastic 
MDS, includes inherited BMF syndromes, the aplastic form 
of childhood acute lymphoblastic leukemia, and infectious 
and malignant processes that may infi ltrate the bone marrow. 
Thus the diagnosis of IAA is made eventually by exclusion. 
The contemporary treatment of IAA is dictated by its sever-
ity (as determined by the degree of pancytopenia, reticulo-
cytopenia and bone marrow cellularity) and by the patient ’ s 
age. HSC transplantation (HSCT) from an HLA - identical 

sibling or from an alternative donor is the treatment of 
choice for younger patients with severe IAA, and offers 
better than 65% long - term survival. In the absence of an 
appropriate donor, or when the patient is older or the disease 
milder, immunosuppressive treatment (in particular the 
combination of ALG/ATG and cyclosporin) results in com-
plete or partial response in the majority of cases. As well as 
PNH ( see below ), IAA bears a signifi cant risk of late clonal 
disorders, especially after immunosuppressive therapy: the 
risk of MDS and acute myeloid leukemia (AML) is 17% at 
10 years after immunosuppression, and the risk of tumors 
of other organs brings the total risk to 18% (compared with 
3.1% after bone marrow transplantation).   

  Paroxysmal  n octurnal  h emoglobinuria 

 PNH is a rare acquired hematological disorder with three 
main clinical features: intravascular hemolysis, tendency to 
thrombosis and BMF of variable severity. As in IAA, the 
precise cause for BMF remains unclear; in contrast, the 
molecular mechanism of hemolysis is well explained. For 
this reason, the space devoted here to this condition is out 
of proportion to its prevalence. 

  Molecular  p athogenesis     The initiating event in the pathogen-
esis of PNH consists of somatic mutation(s) in the X - linked 
gene  PIGA  (Plate  12.2 ) in multipotent HSC(s). The protein 
product of  PIGA , although not physically isolated as yet, is 
thought to be the enzymatically active subunit of an  N  -
 acetylglucosamine transferase. This enzyme catalyzes an 
early step in the formation of a complex glycolipid molecule 
called glycosylphosphatidylinositol (GPI) (Plate  12.2 ). The 
synthesis of GPI takes place initially on the cytoplasmic 
surface of the endoplasmic reticulum, and is then completed 
on its luminal surface. Once formed, the GPI molecules 
(anchors) are attached through a transpeptidation reaction 
to the carboxy - terminus of a variety of proteins. The GPI -
 linked proteins, after post - translational modifi cations in the 
Golgi apparatus, emerge eventually on the cell surface, to 
which they remain attached through the GPI anchor. As a 
result of the impaired synthesis of GPI, blood cells are either 
completely (PNH III) or partially (PNH II) defi cient in GPI -
 linked proteins.  

  Complement  a ctivation and  p athophysiology of  r ed  c ell  d estruc-
tion     Although for the majority of GPI - linked proteins the 
functional consequences of their cell surface defi ciency are 
not known, CD55 and especially CD59 are directly impli-
cated in the pathogenesis of PNH and destruction of red 
cells. CD59 is a critical negative regulator of complement 
activation at the surface of erythrocytes. It prevents homopo-
lymerization and pore formation by C9, the last component 
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  1     the presence of expanded T - cell clones in the blood of 
PNH patients at a frequency threefold higher than in appro-
priate controls;  
  2     increased frequency of CD8 + CD57 +  T cells expressing 
predominantly activating killer immunoglobulin and NKG2/
CD94 receptors;  
  3     identifi cation of exactly the same or very similar T - cell 
receptor (TCR) -  β  CDR3 clonotypic sequences in the 
CD8 + CD57 +  T - cell subset of different patients;  
  4     increased representation of the HLA - DR2 allele in PNH 
patients compared with population controls (as in IAA).    

 The molecular target of the postulated autoreactive T cells 
is not known. Potential targets are a surface GPI - linked 
protein, failure of PNH HSCs to present in the context of 
HLA an immunogenic peptide derived from GPI - linked 
protein, or the GPI molecule itself. Experimental evidence 
has ruled out the fi rst mechanism; the last two are still to be 
tested. Although in one study natural killer cells were shown 
to be more effective in lysing GPI - positive than GPI - negative 
targets, two previous studies had found no difference; clearly, 
the role of natural killer cells in the pathogenesis of PNH 
needs further exploration. 

 A second mechanism of clonal expansion, at least for 
some cases of PNH, was suggested by a recent study of two 
patients who had the same t(12;12) translocation. Molecular 
studies revealed that in both cases, the transcription factor 
HMGA2 was interchromosomally rearranged in a way that 
resulted in truncation of its 3 ′  untranslated region. This may 
remove negative regulatory elements resulting in increased 
expression of HMGA2, but how increased HMGA2 could 
impart the cell with apparently non - malignant growth 
advantage is not known.  

  Molecular  p athology     All types of mutations have 
been observed in the  PIGA  gene in patients with PNH; 
a few are large deletions, the majority ( ∼ 75%) are small 
insertions or deletions causing frameshifts, and the rest 
are nonsense and missense point mutations. Interestingly, 
the nonsense and frameshift mutations are spread through-
out the coding sequence (exons 2 – 6), presumably because 
they cause complete inactivation of the gene product 
wherever they fall, whereas missense mutations are clus-
tered mainly within exon 2, where it is presumed that 
amino acid residues critical for catalytic activity must be 
located.  

  Clinical  a spects and  t reatment     Although hemoglobinuria is 
by defi nition paroxysmal in the prototypical PNH patient, 
the brisk intravascular hemolysis is in fact continuous. 
Additionally, patients with fl orid PNH (Table  12.5 ) often 
experience acute exacerbations of their hemolysis during 
intercurrent illnesses such as infections (presumably because 

of the terminal membrane attack complex also comprising 
C6, C7 and C8; formation of this in turn depends on 
cleavage and activation of C5 by upstream components of 
the alternative and classical pathways of complement activa-
tion. When CD59 is low or absent as a result of  PIGA  muta-
tions, red cells become susceptible to baseline or 
stress - induced complement activation, resulting in red cell 
lysis and intravascular hemolysis. The  in vitro  counterpart of 
this phenomenon is the Ham test, whereby the patient ’ s red 
cells are lysed by either autologous or ABO - compatible 
donor acidifi ed serum. 

 As for thrombosis, this may result in part from comple-
ment - mediated activation of platelets defi cient in CD55 and 
CD59. Other, as yet unidentifi ed, genetic or acquired factors 
affecting coagulation and/or fi brinolysis may have an addi-
tive or synergistic effect in producing thrombosis, which 
may be devastating especially as it tends to take place in the 
abdominal and cerebral vein. 

 Given the central role of C5 in complement activation, it 
would be expected that inhibition of its cleavage would 
prevent terminal membrane attack complex and thus 
destruction of red cells lacking expression of surface CD59. 
Eculizumab, a humanized monoclonal antibody specifi c for 
C5, is a very potent inhibitor of C5 cleavage with spectacular 
clinical effects ( see below ).  

  Cellular  p athogenesis     Since HSCs in PNH lack GPI - linked 
proteins, in principle they would be expected to be poorly 
competitive in growth with respect to normal HSCs. Instead, 
PNH HSCs can expand until they largely supplant normal 
hematopoiesis. As a fi rst approximation, this paradox may 
be explained by invoking an intrinsic proliferative advantage 
of PNH HSCs over normal HSCs, as is the case with leuke-
mic cells: however, the fact that patients with PNH can live 
for decades with normal and PNH hematopoiesis coexisting 
in their bone marrow militates against this notion. Lack of 
a competitive growth advantage by the PNH hematopoiesis 
has also been demonstrated experimentally in  pig - a  null 
mouse models. 

 An alternative pathogenetic model, the  escape model , was 
suggested by the long known association between PNH and 
IAA. In this model, the link between PNA and IAA is the 
effect of HSC - specifi c T cells. It is predicted that, in PNH, 
such cells would selectively target normal HSCs but not 
PNH HSCs. Under these circumstances, PNH HSCs would 
expand and contribute to hematopoiesis (in some cases as 
much as 90% of it). Clinical evidence in support of the 
escape model is provided by the appearance of small PNH 
clones in as many as 50% of patients with bona fi de IAA and 
by the presence of minute PNH clones ( ∼ 1 in 10 5  granulo-
cytes) even in normal individuals. Further evidence support-
ing the immune model is provided by: 
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  Table 12.5    Paroxysmal nocturnal hemoglobinuria ( PNH ): clinical heterogeneity and proposed terminology. 

   Predominant clinical features     Blood fi ndings     Size of PNH clone     Designation  

  Hemolysis    ±    thrombosis    Anemia; little or no other cytopenia    Large    Florid PNH  
  Hemolysis    ±    thrombosis    Anemia; mild to moderate other cytopenia(s)    Large    PNH, hypoplastic  
  Purpura and/or infection    Moderate to severe pancytopenia    Large    AA/PNH  
  Purpura and/or infection    Severe pancytopenia    Small    AA with PNH clone  
  Thrombosis    Normal or moderate cytopenia(s)    Small    Mini - PNH  

   AA, aplastic anemia.   
  Source :   Tremml G, Karadimitris A, Luzzatto L. (1998) Paroxysmal nocturnal hemoglobinuria: learning about PNH cells from patients and from 
mice.  Haema ,  1 , 12 – 20, with permission. 

this is associated with activation of complement), other 
stressful events, or for no obvious reason.   

 Hemolytic anemia with macrocytosis (partly due to retic-
ulocytosis and partly to BMF), different degrees of throm-
bocytopenia and leukopenia, iron defi ciency and 
hemosiderinuria should raise the suspicion of PNH. The 
diagnosis can be confi rmed by the Ham test (which only 
detects the PNH abnormality in erythrocytes) and/or fl ow 
cytometric analysis of erythrocytes and leukocytes; for this 
purpose, anti - CD59 is the most reliable antibody. The man-
agement of hemolysis has changed dramatically since the 
advent of eculizumab in 2004. Since then, in a series of 
studies it has been shown that treatment with eculizumab 
results in (i) almost complete abrogation of hemolysis; 
(ii) dramatic reduction in transfusion requirements resulting 
in hemoglobin stabilization or transfusion independence; 
(iii) signifi cant improvement in quality of life for most 
patients; and (iv) a possible signifi cant reduction in the risk 
of thrombosis. This is very important because in about 40% 
of PNH patients, venous thrombosis of small or large vessels 
(particularly at unusual sites, such as the abdomen or the 
brain) is a serious and potentially life - threatening complica-
tion. As free hemoglobin binds and reduces plasma nitric 
oxide, a natural vasodilator, abrogation of hemolysis by ecu-
lizumab also dramatically reduces the incidence of smooth 
muscle dystonias (i.e., retrosternal or abdominal pain and 
erectile dysfunction) that often complicate hemolytic epi-
sodes. Eculizumab should therefore be considered treatment 
of choice for hemolysis in PNH and patients should be vac-
cinated against encapsulated bacteria, especially  Neisseria 
meningitidis ; however, patients at risk of thrombosis (i.e., 
those with large PNH clones) should still be considered for 
prophylactic long - term anticoagulation. Venous thrombosis 
diagnosed within a few days from its occurrence should be 
treated with thrombolytic therapy, followed by short -  and 
long - term anticoagulants. 

 Long - term therapeutic options for PNH include immu-
nosuppressive agents (e.g., combination of ALG/ATG and 

cyclosporin, especially for patients with moderate to severe 
cytopenias), while in the era of eculizumab allogeneic HSCT 
should probably be reserved only for selected patients devel-
oping MDS.  

   PNH  and  o ther  c lonal  d isorders     Patients with PNH have a 
small risk ( < 4%) of developing MDS (the reverse, i.e., 
patients with MDS developing PNH, is discussed above) and 
AML. Because a similar risk exists in IAA, it is probably the 
perturbed marrow environment that allows the emergence 
of premalignant (MDS) or malignant (AML) clones, rather 
than the  PIGA  mutations  per se  predisposing to MDS and 
AML.  

  Inherited  GPI   d efi ciency     The fi rst two families with inherited 
GPI defi ciency have been identifi ed. Inherited GPI defi ciency 
is a typical autosomal recessive disorder affecting three chil-
dren from consanguineous families and is characterized by 
spontaneous splanchnic vein thrombosis in the fi rst year of 
life, absence seizures that become refractory to treatment 
later on but, in contrast to PNH, no signifi cant intravascular 
hemolysis or BMF syndrome. In all three affected children, 
the same promoter mutation was identifi ed: a C → G substi-
tution at position  − 270 from the start codon of the  PIGM  
gene, which encodes a mannosyltransferase that is respon-
sible for the fi rst and essential mannosylation reaction in the 
biosynthesis of GPI. The C → G mutation is hypomorphic: it 
allows for some transcriptional output, the extent of which 
varies from tissue to tissue, hence the variable degree of GPI 
defi ciency. For example, in red cells, GPI expression is almost 
normal, explaining the lack of signifi cant hemolysis; by con-
trast, granulocytes displayed almost complete and fi broblasts 
partial GPI defi ciency. The C → G substitution disrupts 
binding of the generic transcription factor Sp1 to a GC - rich 
box in the core promoter of  PIGM , resulting in reduced 
histone acetylation and thus transcriptional repression. 
However, histone hypoacetylation is reversible. Specifi cally, 
in the presence of histone deacetylase inhibitors such as 
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  Table 12.6    Identity of the Fanconi anemia ( FA ) genes and proteins. 

   FA genes     Chromosome     Exons     Frequency of FA (%)     Protein size (kDa)  

   FANCA     16q24.3    43    65    163  
   FANCB     Xp22.2    10     < 1    95  
   FANCC     9q22.3    14    10    63  
   FANCD1 / BRCA2     13q12.3    27     < 1    380  
   FANCD2     3p25.3    44     < 1    155, 162  
   FANCE     6p21.3    10    4    60  
   FANCF     11p15    1    4    45  
   FANCG     9p13    14    10    68  
   FANCI     15q26.1    35     < 1    140, 147  
   FANCJ / BRIP1     17q23.1    20     < 5    140  
   FANCL     2p16.1    14     < 1    43  
   FANCM     14q21.3    23     < 1    250  
   FANCN / PALB2 )    16p12.1    13     < 1    140  

butyrate, histone acetylation,  PIGM  transcriptional activity, 
GPI biosynthesis and surface GPI - linked protein expression 
can all be restored  in vivo  as well as  in vitro , an effect dra-
matically highlighted by the complete abrogation of compli-
cated, lifelong, and treatment - refractory epilepsy in a child 
with inherited GPI defi ciency.    

  Inherited  b one  m arrow  f ailure  s yndromes 

  Fanconi  a nemia 

 FA is the most common cause of hereditary BMF. Early 
studies indicated that FA was a genetically heterogeneous 
disease, a notion confi rmed by the identifi cation, through 
the use of somatic cell hybridization, of 13 complementation 
groups. All 13 FA genes have now been cloned and charac-
terized (Table  12.6 ). The overall frequency of heterozygotes 
for FA mutant genes in the general population is estimated 
at 1 in 300. In Ashkenazi Jews and in the Afrikaans popula-
tion of the Republic of South Africa it is much higher (1 in 
100 and 1 in 89, respectively), most likely as a result of 
founder effects.   

  Clinical  a spects     Gradual onset of BMF (median age 7 years; 
range, birth to 31 years), skeletal abnormalities (most 
commonly of the radius and thumb), skin lesions (hyperpig-
mentation, caf é  - au - lait spots), renal and urinary tract mal-
formations and gonadal dysfunction are the most common 
clinical manifestations. However, the clinical spectrum is 
even wider, as it includes congenital defects of the gastroin-
testinal system, heart and central nervous system. BMF is 
often heralded by thrombocytopenia, macrocytosis and 
increased hemoglobin F levels. Patients with FA have an 

unusually high risk of developing treatment - resistant MDS 
and AML, estimated at 52% in total by the age of 40 years. 
Furthermore, the risk of a variety of solid tumors, especially 
squamous cell carcinomas of the skin, is several times higher 
than in the general population.  

  Cellular  p henotype and  f unction of the  FA   p roteins     A wealth 
of recent genetic and biochemical data has shed new light on 
the elusive function of FA proteins. They constitute the FA 
pathway, a new DNA damage - response pathway responsible 
for repair of inter -  and intra - strand DNA cross - links (ICL), 
either occurring spontaneously or induced by agents like 
mitomycin C or diexobutane (Plate  12.3 ). ICL lead to repli-
cation fork arrest and cell cycle arrest in late S phase. 
Completion of the cell cycle is not possible unless ICL are 
repaired. FA proteins, organized in three groups functioning 
in a linear fashion, are essential for the successful resolution 
of the stalled DNA replication at the site of the cross - link. 
The FA core complex (FCC), comprising eight proteins 
(FANCA, B, C, E, F, G and M), receives signals of DNA 
damage through phosphorylation by ATR, a kinase sensor 
of DNA damage. This promotes binding of the FCC to the 
damaged DNA through FANCM and FAAP24, while FANCL 
through its ubiquitin ligase activity monoubiquitinates 
FANCD2 and FANCI, the two proteins constituting group 
II, also called the ID complex. Ubiquitination of the ID 
proteins along with their phosphorylation by ATR are 
required for their specifi c localization to the site of DNA 
damage where they interact with group III proteins. The 
fi nding that group III proteins corresponding to FANCD1, 
FANCN and FANCJ complementation groups were in fact 
identical to BRCA2 and its associated PALB2 and BRIP1 
proteins respectively was an exciting discovery linking the 
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   FA  and  c ancer     An important role of the FA pathway in the 
biology of sporadic cancers is increasingly being recognized. 
Epigenetic silencing of FAC genes has been identifi ed in dif-
ferent solid tumors and acute leukemias and in some cases 
correlated with their sensitivity to chemotherapeutic agents 
causing DNA cross - links such as cisplatin, cyclophospha-
mide and melphalan. In a small proportion of patients with 
AML, somatic mutations in  FANCA  were identifi ed but their 
functional signifi cance is unknown. Therefore, studying the 
functional status of the FA pathway in different tumors may 
offer valuable information on which therapeutic choices can 
be based.  

  Diagnosis     The clastogen test remains the gold standard clin-
ical diagnostic test; however, complementation studies using 
retroviral vectors containing all 13 genes have now entered 
clinical practice and allow rapid assignment of patients to a 
specifi c complementation group. This is followed by screen-
ing for pathogenic mutations in the corresponding gene. As 
defi ciency in any of the eight proteins of the FCC impairs its 
ubiquitin ligase activity, immunoblotting for ubiquitinated 
FANCD2 can also be used as a screening test to focus the 
search in the FCC genes or downstream of it. With this 
approach, genetic counseling, prenatal and preimplantation 
diagnosis are now feasible for most families with affected 
children. In areas with a large Ashkenazi Jewish population 
(e.g., New York City), screening for polymorphic  FAC  alleles 
is feasible on a wider basis and can be offered to all couples 
at risk.  

  Treatment     The conventional management of FA focuses on 
the consequences of BMF and includes hematopoietic 
growth factors, blood product support and androgens. 
About half of the patients respond to androgens initially but 
often suffer from signifi cant side effects, including andro-
gen - induced hepatic adenomas. Eventually all patients 
become refractory. 

 HSCT from an HLA - identical unaffected sibling or from 
alternative sources is currently the only therapeutic approach 
that can successfully achieve long - term correction of BMF 
and possible prevention of MDS and AML. Best results, with 
reduced short -  and long - term treatment - related mortality, 
are obtained with fl udarabine - based, reduced - intensity, 
non - myeloablative conditioning HSCT regimens that do not 
include irradiation. Unfortunately, even after HSCT the 
patient remains at increased risk of developing solid tumors 
and thus requires close long - term follow - up. 

 The cloning of FA genes has opened the way to gene 
therapy for patients with FA. There is clinical and experi-
mental evidence that HSCs with corrected phenotype have 
a survival and growth advantage over uncorrected cells and 
can support long - term hematopoiesis. Successful transfer of 

FA pathway to an already established process of DNA repair. 
 BRCA1  and  BRCA2  are tumor - suppressor genes often 
mutated in familial breast cancer. In concert with a number 
of other proteins (e.g., the helicase RAD51) of the DNA 
repair machinery, they are involved in different repair proc-
esses that include nucleotide excision repair, translesional 
synthesis and homologous recombination, all of which are 
required for removal and repair of ICL and restarting of 
DNA replication.  

  Molecular  g enetics     FA, with the exception of FANCB which 
is X - linked, is an autosomal recessive disorder. The most 
characteristic cellular feature of FA cells is the formation of 
DNA double - strand breaks on exposure to DNA inter -  and 
intra - strand adducting agents (clastogens) such as mitomy-
cin C and diexobutane. The  in vitro  response to clastogens 
has made it possible to test cells from different patients for 
their ability to cross - correct each other ’ s defect by somatic 
cell fusion. As discussed earlier, this has led to classifying 
patients in 13 complementation groups. 

 Mutations of  FANCA  account for about 60% of FA cases 
and are spread throughout the gene. None of the mutant 
alleles is common and few have been encountered more than 
once. Thus, identifying mutations in newly diagnosed cases 
of FA is laborious, as one needs to scan the entire coding 
sequence (of several genes, unless the complementation 
group is known). 

 Mutations in the  FANCC  gene account for about 10 – 15% 
of FA cases. The IVS4+A → T and del322G mutations com-
prise more than 75% of  FANCC  mutations. The IVS4+A → T 
allele is found in Ashkenazi Jews at a polymorphic frequency 
(1 in 80), and it is responsible for 85% of the FA cases in 
this population. Patients with IVS4 or exon 14 mutations 
tend to have earlier onset of hematological complications 
(BMF and MDS/AML), and to have a shorter survival 
compared with patients with exon 1 mutations or patients 
with FANCA or  FANCG  - related FA. Mutations in the 
 FANCG  gene are found in about 10% of FA cases. The stop 
codon mutation E105X accounts for 44% of mutations in 
German FANCG patients. It is interesting that although bial-
lelic null mutations are very frequent in FANC genes of FCC, 
only hypomorphic mutations have been identifi ed in 
 FANCD2  (3 – 6% of all cases of FA), highlighting a more 
important role of the ID complex compared with FCC which 
is not restricted only to ICL correction but also the repair of 
ionizing irradiation - induced double - strand DNA damage. 
Consistent with this, FANCD2 patients, despite the hypo-
morphic nature of the mutations, appear to develop the 
most severe form of FA, with multiple developmental abnor-
malities and early development of BMF and malignancy. The 
prevalence of mutations in other FANC genes is very low 
( < 2%).  
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451 - nucelotide intronless TERC in some families with the 
autosomal dominant form of DC (Plate  12.4 ) and of TERT 
in a disease resembling DC. More recently, homozygous 
mutations in NOP10 and NHP2, another two components 
of the telomerase complex, were identifi ed in the autosomal 
recessive form of DC. Thus, the current evidence links all 
types of DC, X - linked, autosomal dominant and autosomal 
recessive, in a common molecular pathogenetic pathway, 
namely the maintenance of telomere length. In keeping with 
this notion, all types of blood cells in DC patients have sig-
nifi cantly shorter telomeres than age - matched controls. 
Shortening of telomeres to a critical length can result in 
either growth arrest and apoptosis, hence the development 
of BMF or, on some occasions, neoplastic transformation, 
hence the increased propensity to epithelial tumors. 

 The study of the genetics of DC has revealed another two 
interesting features. First, in families with TERC and TERT 
mutations, more severe disease in terms of onset and clinical 
manifestations has been observed in succeeding generations, 
suggesting the possibility of genetic anticipation. Indeed, the 
rate of telomere length loss was higher in succeeding genera-
tions in DC families, in keeping with similar observations in 
 Terc  – / –    mice. Another interesting observation is the fi nding 
of heterozygous mutations in  TERT  and  TERC  in a small 
minority ( < 5%) of patients who were initially diagnosed 
with IAA, although many of these mutations were not obvi-
ously deleterious for the function of telomerase  in vitro , were 
not detected in the parents of index cases or did not segre-
gate with the disease. A likely interpretation of these fi ndings 
is that mild TERC and TERT mutations may predispose to 
BMF, which develops after a certain insult, for example an 
immunological attack.  

  Treatment     As for FA, there is no defi nitive treatment for DC 
and most patients die before the age of 30. The main causes 
of death are complications of BMF, opportunistic infections, 
pulmonary complications and malignancy. Few patients 
have had successful correction of BMF by HSCT.   

  Diamond –  B lackfan  a nemia 

 Diamond – Blackfan anemia (DBA) is a rare inherited syn-
drome with isolated anemia and erythroblastopenia as the 
main features, although with disease progression patients 
may develop bilineage or trilineage hypoplasia. Clinically, it 
manifests itself in the fi rst months of life with macrocytic 
anemia, reticulocytopenia, increased hemoglobin F and 
elevated erythrocyte adenosine deaminase levels; occasional 
patients have thrombocythemia. The bone marrow is nor-
mocellular with characteristic absence of erythroblasts ( < 5% 
of nucleated cells). Growth retardation and other deve-
lopmental abnormalities (including skeletal, cardiac and 

FA genes to a small number of autologous HSCs should 
therefore be adequate to ameliorate the severity of BMF.   

  Dyskeratosis  c ongenita 

 Dyskeratosis congenita (DC) is another rare, genetically het-
erogeneous, inherited disorder with BMF as a major feature. 
Lacy reticulated skin, nail dystrophy, abnormal pigmenta-
tion, and mucosal leukoplakia in the fi rst years of life and 
the later development of BMF classically defi ne DC. 
Leukoplakia, particularly of the oral mucosa and also of the 
gastrointestinal and genital tracts, is common. Other clinical 
manifestations include developmental delay, short stature, 
ocular, dental and skeletal abnormalities, hyperhidrosis, 
hyperkeratinization of the palms and soles, bullae on 
minimal trauma, hair loss, sometimes gonadal failure, and 
features of premature aging. 

  Molecular  g enetics and  m olecular  p athogenesis     In the major-
ity of cases ( ∼ 85%) the mode of inheritance is X - linked 
recessive, and many cases are sporadic; in the remaining 
cases inheritance is either autosomal dominant or autosomal 
recessive. 

 The X - linked form of DC results mostly from missense 
mutations in the housekeeping gene  DKC1 . Mutations in 
 DKC1 , which maps to Xq28, account for about 40% of all 
DC cases. Hoyerall – Hreidarsson syndrome, a rare disorder 
characterized by severe growth failure, severe immunodefi -
ciency, cerebellar abnormalities and BMF, has been shown 
to be in most cases allelic to  DKC1 . 

 Dyskerin, the protein product of  DKC1 , is homologous to 
Cbf5p, a yeast protein that in conjunction with the H/ACA 
class of small nucleolar RNAs is involved in the pseudouri-
dylation (i.e., conversion of uridine to pseudouridine) of 
pre - ribosomal RNA (rRNA), a modifi cation essential for 
ribosome biogenesis. Although defective pseudouridylation 
and ribosome biogenesis have been observed in a hypomor-
phic DKC1 mouse model, other studies failed to demon-
strate any qualitative or quantitative defect of rRNA in DC 
patients. Instead, it was shown that dyskerin binds to an H/
ACA domain of the RNA component of telomerase (TERC), 
i.e., the template used by the reverse transcriptase compo-
nent of telomerase (TERT) for telomere lengthening, linking 
dyskerin to the process of telomere maintenance during cell 
division. Telomerase is a ribonucleoprotein complex and 
dyskerin is among a number of proteins interacting directly 
or indirectly with TERC, ensuring its stability and ability to 
function as a template for TERT. Telomerase activity is 
highest in rapidly dividing cells (e.g., dividing HSCs), during 
organogenesis, in early life and also in tumor cells. The criti-
cal evidence that DC is a disease of telomere dysfunction was 
provided by the fi nding of heterozygous mutations in the 
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without  RPS19  mutations through activation of the rapamy-
cin - sensitive mTOR/RPS6 pathway. Clinical studies are cur-
rently testing the clinical effectiveness of leucine supplements 
as treatment for DBA patients.     

  Red  c ell  e nzyme  d efi ciencies 

 Inherited abnormalities of red cell enzymes,  red cell enzy-
mopathies , are a distinct set of genetic disorders with one 
important clinical manifestation in common, namely 
chronic hemolytic anemia. Most of the enzymes involved are 
housekeeping enzymes present, by defi nition, in all cells. 
Therefore one might expect that a severe reduction in activ-
ity of any of these might have generalized clinical manifesta-
tions. However, we can identify at least two reasons why red 
cells are more severely affected. Firstly, red cells have a much 
more limited metabolic machinery than most other somatic 
cells; if a particular enzyme is defi cient, other cells may cope 
by the use of alternative or surrogate metabolic pathways. 
Secondly, mature red cells are not capable of protein synthe-
sis: therefore if a particular enzyme is made highly unstable 
by a mutation, other cells can compensate by increased 
enzyme synthesis, but red cells cannot. Nevertheless, the fact 
that enzymopathies are not purely red cell disorders is high-
lighted by the coexistence, in some cases, of clinical mani-
festations in other systems, particularly the muscles and the 
nervous system; indeed, in some enzymopathies neurologi-
cal damage may dominate the clinical picture. 

 This section deals with those enzymopathies affecting red 
cell metabolism for which the molecular basis has been elu-
cidated. We do not discuss conditions in which an enzyme 
abnormality is also expressed in red cells but the main clini-
cal manifestations are elsewhere (e.g., the porphyrias, galac-
tosemia, Lesch – Nyhan syndrome). For the sake of brevity, 
most of the enzymopathies are discussed in groups. 

  Enzymopathies of  g lycolysis 

  Clinical  f eatures 

 All these defects are rare to very rare (Table  12.7 ), and all 
cause hemolytic anemia with varying degrees of severity. It 
is not unusual for the presentation to be in the guise of severe 
neonatal jaundice that may require exchange transfusion; if 
the anemia is less severe it may present later in life, or it may 
even remain asymptomatic and be detected incidentally 
when a blood count is done for unrelated reasons. 
The spleen is often enlarged. When other systemic mani-
festations occur, they involve the central nervous system, 
sometimes entailing severe mental retardation, or the neu-
romuscular system, or both.    

urogenital defects) are seen in about one - third of patients. 
There is also a small risk ( ∼ 2%) of transformation to MDS/
AML. 

  Molecular  g enetics and  p athogenesis     Most cases of DBA are 
sporadic but in multiplex families both autosomal dominant 
and autosomal recessive patterns of inheritance have been 
observed. There is variable penetrance and phenotypic vari-
ability even in the same families. 

 In about 25% of cases, heterozygous mutations in the 
ribosomal protein S19 gene ( RPS19 ) have been identifi ed in 
familial as well as in sporadic cases. In a handful of patients, 
heterozygous mutations in  RPS24 ,  RPS17  and  RPL35A  have 
been identifi ed. The fi nding of whole - gene deletions of 
 RPS19  in some cases strongly argues that haploinsuffi ciency, 
rather than a dominant negative mechanism, is responsible 
for DBA. As well as being a structural component of the 
mature small ribosomal subunit (40S; large subunit is 60S), 
RPS19 is also required in the nucleolus for the correct 
processing and cleavage from the precursor rRNA of the 18S 
fragment, which is the main rRNA constituent of 40S. In the 
same process, which is RPS19 independent, precursor rRNA 
is also cleaved to 5.8S and 28S rRNA which, along with the 
independently transcribed 5S rRNA, are the constituents of 
the large ribosomal subunit. Haploinsuffi ciency of  RPS19  
and of the other ribosomal protein genes linked to DBA 
results in defective formation of the ribosomal subunits and 
eventually defective formation of the mature ribosome. How 
impaired ribosome function might lead to the relatively 
selective phenotype of erythroid differentiation arrest is not 
clear. It is possible that this is related to the extraordinary 
demand that hemoglobin production imposes on the trans-
lational apparatus. In addition, many ribosomal proteins, 
including RPS19, have been shown to participate in extrari-
bosomal functions. For example, RPS19 might affect cell 
cycle progression through its interaction with the serine/
threonine kinase Pim - 1, while RPL11 stabilizes and activates 
P53 through an inhibitory physical association with the P53 
inhibitor HDM2.  

  Treatment     Blood transfusion for moderate to severe anemia 
is the mainstay of treatment for DBA. Over 50% of patients 
respond to steroids and become blood transfusion inde-
pendent. Some sustain remission after steroid withdrawal 
but the majority either become steroid resistant or require 
an unacceptably high maintenance dose. Such patients may 
benefi t from sibling allogeneic HSCT. The median long -
 term survival in a small series from the North American 
DBA registry was 87%; in contrast, the survival of patients 
receiving HSCT from an alternative donor was only 14%. 
Recent experimental evidence has indicated that leucine can 
enhance ribosomal and translational activity in DBA cells 
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  Table 12.7    Synopsis of red cell enzymopathies.  *   

   Enzyme (abbreviation)  

   Isoenzyme  a   
characteristic 
of red cells  

   Prevalence of 
enzyme defi ciency  

   Main clinical features 
associated with 
enzyme defi ciency b   

   Benefi t from 
splenectomy  c    

   Chromosomal 
localization  

  Hexokinase (HK)    R (I)    Very rare    HA    Partial    10q22  
  Glucose 6 - phosphate isomerase (GPI)        Rare    HA, NM, CNS    Partial    19q13.1  
  Phosphofructokinase (PFK)  d      M    Very rare    HA, myopathy        12q13  
      L                21q22.3  
  Aldolase    A    Very rare    HA, myopathy        16q22 – q24  
  Triosephosphate isomerase (TPI)        Very rare    HA, CNS, NM,    None    12p13  
  Glyceraldehyde 3 - phosphate 
dehydrogenase (GAPD)  e    

      Very rare    HA        12p13.31 – p13.1  

  Diphosphoglycerate mutase (DPGM)        Very rare    Polycythemia        7q31 – q34  
  Phosphoglycerate kinase (PGK)    1    Very rare    HA, CNS, NM    Partial    Xq13  
  Monophosphoglycerate mutase 
(PGAM - B)  

  B                10q25.3  

  Enolase  e      1 ( α )    Very rare    HA        1pter – p36.13  
  Pyruvate kinase (PK)    R  f      Rare    HA    Partial    1q21  
  Glucose 6 - phosphate dehydrogenase 
(G6PD)  

  B    Common    HA    None    Xq28  

  Cytochrome  b  5  reductase        Rare    Pseudocyanosis, CNS        22q13.31 – qter  
  Adenylate kinase (AK)    1    Very rare    HA, CNS    Partial    9q34.1  
   γ  - Glutamylcysteine synthetase (GLCLC)  g          Very rare    HA, CNS(?)        6p12  
  Glutathione synthetase (GSS)        Very rare    HA, CNS        20q11.2  
  Glutathione peroxidase (GSH - Px)        Very rare  h      ?  h          3q11 – q12  
  Pyrimidine 5 ′  - nucleotidase (P5 ′ N1)        Rare    HA    Partial    7p15 – p14  

   Number of exons  
   Number of 
amino acids  i       5 ′  UTR  

   Number of known mutations  j    

    Missense      Nonsense  

    Deletion – insertion  

    Affecting splicing      Total    In - frame    With frameshift  

  19    916 (917)  k          1        3 – 0            4  
  18    558        16    2            2    20  
  24    780        7    1        1 – 0    6    15  
  22    784                              
  12    364        2                    2  
  7    249    1    9    2        1 – 0        13  
  9    335                              
  3    259        1        1 – 0            2  

  11    417        8        1 – 0        2    11  
      254                              
      434                              
  12    574  f      2    90    9    3 – 3    7 – 6    12    132  
  13    515        122  l      1    6 – 0        1    130  
  9    276  m          18    5    3 – 0        5    31  
  7    194        2    1                3  

  16    637        3                    3  
  12    474        14        1 – 0    1 – 0    1    17  
      201                              
  10    286  n          3    1        0 – 1    2    7  
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  Diagnosis 

 The diagnosis of hemolytic anemia is usually not diffi cult, 
thanks to the triad of normomacrocytic anemia, reticulocy-
tosis and hyperbilirubinemia. Enzymopathies should be 
considered in the differential diagnosis of any chronic 
Coombs - negative hemolytic anemia. In most cases of glyco-
lytic enzymopathies, the morphological abnormalities of red 
cells characteristically seen in membrane disorders are con-
spicuous by their absence. A defi nitive diagnosis can be 
made only by demonstrating the defi ciency of an individual 
enzyme by a quantitative assay. For the sake of economy, it 
is sensible to carry out these rather laborious tests in order 
of frequency of occurrence of the various enzymopathies: 
fi rst G6PD, then pyruvate kinase (PK), then glucose 6 - phos-
phate isomerase, and so on (Table  12.7 ). If a particular 
molecular abnormality is already known in the family, then 
of course one could test directly for that at the DNA level, 
bypassing the need for enzyme assays.  

  Molecular  p athophysiology 

 Since the main physiological signifi cance of the glycolytic 
pathway (see Figure  12.4  for an overview of glycolysis) in the 
red cell is to produce chemical energy in the form of ATP, 
the main consequence of any glycolytic enzymopathy is a 
shortage of energy supply. Since glycolytic enzymes are 
apparently present in cells in considerable excess, the 50% 
residual enzyme activity seen in heterozygotes does not 
become rate - limiting; thus, heterozygotes do not have 
hemolytic anemia, and that is why these enzymopathies 
show a recessive pattern of inheritance. As seen in Table 
 12.7 , the majority of mutations so far identifi ed in the genes 
encoding glycolytic enzymes are of the missense type, causing 
single amino acid replacements. This is important, because 
the low level of residual enzyme activity can still support 
some metabolic fl ow through the glycolytic pathway, and 
helps explain how red cells survive in circulation, even 
though their lifespan is reduced. With respect to the precise 

Table 12.7 Continued

    *    We have listed all enzymes in the intermediary metabolism of red cells for which, to the best of our knowledge, the corresponding cDNA/
gene has been cloned.  
  a     No entry in this column means that there are no known isoenzymes; therefore it is assumed that the same enzyme type is present in all 
tissues.  
   b    CNS, central nervous system involvement; HA, hemolytic anemia; NM, neuromuscular manifestations.  
   c    Data available only on some patients.  
   d    PFK in normal red cells consists of a mixture of the fi ve tetrameric species that can be formed from random association of the M (muscle) 
and L (liver) highly homologous subunits (i.e., M4, M3L, M2L2, ML3, L4).  
   e    Since no mutations have yet been reported, there is no formal proof that HA associated with this enzyme defi ciency is due to mutation of 
the corresponding gene.  
   f    The red cell form of PK called R is produced by the gene encoding the L (liver) subunit. Because a different promoter is used, the size of liver 
PK is 543 amino acids.  
   g     γ  - Glutamylcysteine synthetase consist of two subunits, a catalytic subunit and a regulatory subunit. The data concerning the catalytic subunit 
are shown here.  
   h    There is no clear evidence that inherited defi ciency of glutathione peroxidase exists.  
   i    Including N - terminal methionine which, in fact, is cleaved off in most or all cases.  
   j    Each individual molecular change, if observed in more than one patient, has been counted only once.  
   k    The  HK - I  gene encodes both the erythroid specifi c (HK - R) and ubiquitous (HK - I) isoforms. HK - R transcription starts from the erythroid specifi c 
promoter upstream exon I (exon II is missing in the erythroid HK - R mRNA). HK - I transcription starts from the ubiquitously expressed promoter 
upstream exon II.  
   l    The 122 missense mutations include two variants with normal activity, A and S ã o Borja. Six variants have two missense mutations each and 
one variant has three different missense mutations.  
   m    The cytoplasmic form of this enzyme, present in red cells, differs from the microsomal form present in other cells because, as a result of 
an alternative splicing pathway, it lacks the fi rst 25 N - terminal amino acids. Therefore in other cells the size of the enzyme is 301 amino 
acids.  
   n    Two alternatively spliced forms are present in reticulocytes. The main protein is the long 286 amino - acid protein (the third exon is spliced 
out); a longer protein contains 11 extra amino acids at its C - terminus.   
  Source :   modifi ed from Luzzatto L, Notaro R. (1998) Red cell enzymopathies. In: Jameson JL (ed.).  Principles of Molecular Medicine . Clifton, 
NJ: Humana Press, pp. 197 – 207, with permission. 
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     Fig. 12.4      Intermediary metabolism in red 
cells  
 The diagram shows the glycolytic pathway and 
related reactions (not the complete metabolic 
machinery of the red cell). Enzymes are 
enclosed in rounded boxes. Abbreviations as 
in Table  12.7 . Additional abbreviations: DPG, 
diphosphoglycerate; GSH, reduced 
glutathione; GSSG, glutathione; HbFe 2+ , 
hemoglobin; HbFe 3+ , methemoglobin;  γ GluCys, 
 γ  - glutamylcysteine. From Luzzatto L, Notaro R. 
(1998) Red cell enzymopathies. In: Jameson JL 
(ed.).  Principles of Molecular Medicine . Clifton, 
NJ: Humana Press, with permission.  

reason why enzyme activity is reduced, we must consider at 
the protein level two basic mechanisms. 
  1     In the majority of cases, loss of activity is probably due to 
decreased stability of the protein. In such cases we would 
predict that other cells might be much less affected than red 
cells, because the former can compensate for decreased sta-
bility through increased synthesis of the enzyme.  
  2     In some cases, the amino acid replacement may affect the 
active center of the enzyme, which in turn may affect either 
substrate binding ( K  m ) or the catalytic rate of the enzyme 

( K  cat ), or both; in this case other cells in which the rate of 
glycolysis is critical will be affected, as well as red cells.       

  Management 

 There is no specifi c treatment for these conditions. Patients 
with moderate anemia may require occasional blood trans-
fusion when they experience exacerbations of the anemia 
due to increased rate of hemolysis or to decreased red cell 
production secondary to infection (the most extreme 
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hemolytic anemia is due largely to intravascular hemolysis, 
and hence is associated with hemoglobinemia and hemo-
globinuria. The blood fi lm may show spectacular evidence 
of hemolysis in the guise of anisocytosis, polychromasia, 
spherocytes, bite cells, blister cells and hemighosts. Supravital 
staining reveals the presence of Heinz bodies, consisting of 
precipitates of denatured hemoglobin. In CNSHA the mor-
phology is less characteristic. The fi nal diagnosis must rely 
on the direct demonstration of decreased activity of G6PD 
in red cells by an appropriate enzyme assay.  

  Genetic  b asis 

 G6PD is a homodimeric molecule, and its single subunit is 
encoded by an X - linked gene. As a result of the phenomenon 
of X - chromosome inactivation in somatic cells, female het-
erozygotes are genetic mosaics, in whom approximately half 
of the red cells are normal and approximately half are G6PD -
 defi cient. However, in some cases the ratio is imbalanced. 
Therefore clinical manifestations, such as favism, can occur 
in both hemizygous males and heterozygous females, but 
they tend to be milder in the latter, roughly in proportion 
to the fraction of red cells that are G6PD - defi cient.  

  Function of  G 6 PD  

 In intermediary metabolism G6PD is aptly depicted as the 
fi rst step in the pentose phosphate pathway. However, 
several lines of evidence indicate that its most essential role 
is not to produce pentose, but rather to produce reductive 
potential in the form of NADPH. Recently G6PD - null 
mouse embryos have been obtained through targeted inac-
tivation of G6PD in embryonic stem cells. From a detailed 
analysis of hemizygous mutant embryos, who die by day 
10.5, it was inferred that the cause of death is precisely the 
onset of aerobic metabolism. Interestingly, heterozygous 
embryos also die, somewhat later, only if their G6PD - null 
gene is of maternal origin: in this case the cause of death is 
a defective placenta, as a consequence of the selective inac-
tivation of the paternal X chromosome in extra - embryonic 
tissues.  

  Molecular  p athophysiology 

 Acute hemolytic anemia is seen with variants of G6PD 
whereby red cells retain some 10% of normal G6PD activity, 
resulting in a limited capacity of these cells to withstand the 
oxidative action of an exogenous factor (oxidative hemoly-
sis). In contrast, with other variants the steady - state level of 
G6PD is so low that it becomes limiting for red cell survival, 
even in the absence of any oxidant challenge: the result is 
CNSHA. Numerous point mutations in the  G6PD  gene 

example being aplastic crisis from parvovirus infection). 
Patients with chronic severe anemia may require regular 
blood transfusion therapy with associated iron chelation. In 
some patients splenectomy has been benefi cial. In severe 
cases bone marrow transplantation would be a rational form 
of treatment (for patients who have a suitable donor), pro-
vided there are no systemic manifestations other than hemo-
lytic anemia, and provided it is carried out before there is 
organ damage (e.g., from iron overload).   

  Glucose 6 -  p hosphate 
 d ehydrogenase  d efi ciency 

  Epidemiology 

 G6PD defi ciency is distributed worldwide, with a high prev-
alence in populations of Africa, southern Europe, the Middle 
East, Southeast Asia and parts of Oceania, as well as in 
regions to which migrations from these areas have taken 
place. The overall geographic distribution of G6PD defi -
ciency and its heterogeneity, together with clinical fi eld 
studies and  in vitro  culture experiments, strongly support 
the view that this common genetic trait has been selected 
by  Plasmodium falciparum  malaria, by virtue of the fact 
that it confers relative resistance against this highly lethal 
infection.  

  Clinical  f eatures 

 Three types of clinical presentation are well characterized. 
  1     The vast majority of G6PD - defi cient people are asympto-
matic most of the time, but they are at risk of developing 
acute hemolytic anemia, which may be triggered by drugs, 
infections or fava beans.  
  2     The risk of developing neonatal jaundice is much greater 
in G6PD - defi cient than in G6PD - normal newborns. This is 
of great public health importance, because untreated severe 
neonatal jaundice can lead to permanent neurological 
damage.  
  3     Chronic non - spherocytic hemolytic anemia (CNSHA): in 
contrast to the fi rst two, this clinical presentation is very rare. 
The clinical picture is rather similar to CNSHA associated 
with glycolytic enzymopathies ( see above ) and again it is of 
variable severity. However, the hemolysis is characteristically 
exacerbated by the same agents that can cause acute hemo-
lytic anemia in people with the ordinary type of G6PD 
defi ciency.     

  Diagnosis 

 The anemia is usually normocytic and normochromic, and 
its severity ranges from moderate to extremely severe. Acute 
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causing CNSHA have been identifi ed (Figure  12.5 ). Although 
we cannot explain the reason for a severe clinical phenotype 
in every case, a cluster of mutations causing CNSHA in 
exons 10 and 11 corresponds closely to the region of the 
molecule where the two subunits interface. It is not surpris-
ing that amino acid replacements in this region will interfere 
with dimer formation or cause marked instability of the 
dimer.    

  Management 

 The commonest manifestations of G6PD defi ciency, neona-
tal jaundice and acute hemolytic anemia, are largely prevent-
able or controllable by screening, surveillance and avoidance 
of triggering factors, particularly fava beans, by G6PD -
 defi cient subjects. When a patient presents with acute hemo-
lytic anemia, and once the cause is diagnosed, no specifi c 
treatment may be needed if the episode is mild. At the other 
end of the spectrum, and especially in children, acute hemo-
lytic anemia may be a medical emergency requiring immedi-

ate blood transfusion. The management of neonatal jaundice 
does not differ from that of neonatal jaundice due to causes 
other than G6PD defi ciency and, in order to prevent neuro-
logical damage, treatment with phototherapy and/or 
exchange blood transfusion may be required. The manage-
ment of CNSHA is similar to that of CNSHA due to glyco-
lytic enzymopathies, but in addition it is important to avoid 
exposure to potentially hemolytic drugs. Again, although 
there is no evidence of selective red cell destruction in the 
spleen (as seen in hereditary spherocytosis), splenectomy has 
proven benefi cial in severe cases. 

 Recently lifelong expression of human G6PD at therapeu-
tic levels has been obtained in red blood cells and in white 
blood cells of mice through retroviral - mediated transfer into 
HSCs.   

  5 ′  - Nucleotidase  d efi ciency 

 This enzyme defi ciency, known for some 30 years, is of inter-
est for several reasons. First, it is probably the third most 
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common red cell enzymopathy (trailing G6PD defi ciency 
and PK defi ciency). Second, the diagnosis can be suspected 
from red cell morphology because it is associated with 
basophilic stippling (accounted for by persistence of RNA in 
mature red cells). Third, although we do not really under-
stand the precise mechanism, 5 ′  - nucleotidase defi ciency is a 
good example of how the red cell has virtually only one way 
to manifest it is suffering  –  almost any metabolic abnormal-
ity will lead to accelerated destruction (i.e., hemolysis). 
Fourth, the anemia of chronic lead poisoning (which had 
been known for a long time to be associated with basophilic 
stippling) turns out to be the consequence of the fact that 
lead is a powerful inhibitor of 5 ′  - nucleotidase; thus in terms 
of its hematological effects, lead poisoning is a phenocopy 
of 5 ′  - nucleotidase defi ciency. 

 In 2001 a gene corresponding to a previously published 
5 ′  - nucleotidase cDNA was mapped to chromosome 7, and 
three different mutations in this gene were discovered in 
homozygosity in four subjects with 5 ′  - nucleotidase defi -
ciency. One was a missense mutation, one a nonsense muta-
tion, and one a splicing mutation causing the loss of exon 9 
from the mature mRNA. This important advance makes it 
now possible to carry out molecular diagnosis of 5 ′  - nucleoti-
dase defi ciency. Moreover, it will be possible to explore the 
implications of heterozygous 5 ′  - nucleotidase defi ciency, 
which is of special interest in view of previous suggestions 
that it may interact with hemoglobin E disease to make its 
clinical expression more severe.   

  Conclusions 

 Hematologists know only too well that anemia is not a 
diagnosis but the recognition of a sign for which we must 
fi nd the cause and work out the pathogenetic mechanism, 
which ultimately must be explainable at the molecular 
level. Overall, for the majority of acquired anemias, things 
are by now pretty clear with respect to etiology, but not 
necessarily with respect to molecular mechanisms. For 
instance, although we do understand that iron defi ciency 
limits heme synthesis and consequently hemoglobin synthe-
sis, we do not know exactly how the mean cell volume is 
controlled by the supply of iron: for this reason we have 
omitted from this chapter a section on the commonest 
anemia of all, iron - defi ciency anemia. However, it is gratify-
ing that we can at least offer a model for the molecular basis 
of megaloblastic anemia, another major public health 
problem in many countries. With respect to the majority 
of congenital anemias, and certainly for the commonest 
among them, molecular genetics has answered not all, 
but most of the questions with respect to etiology and 
pathogenesis. 

 However, lest we become complacent, we must admit 
that, as is often the case in medicine, the time lag between 
fundamental discoveries and therapeutic applications too 
often remains too long, and that advances in knowledge are 
not always used wisely. On the one hand, we recently saw a 
patient with PNH who had massive hemoglobinuria and had 
become severely iron defi cient as a result. He had been 
treated with erythropoietin but not with iron: a few weeks 
of daily ferrous sulfate 400   mg raised his hemoglobin from 
6.7 to 10.1   g/dL. On the other hand, for patients who have, 
for instance, a severe chronic hemolytic disease due to PK 
defi ciency, the outlook has only improved because we can 
offer better supportive treatment, not because we know the 
molecular basis. The latter will only become relevant once 
we learn to correct the PK defi ciency by gene addition or by 
gene replacement. This is a major and worthy challenge for 
the next decade with respect to all the genetically determined 
anemias.  
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  Introduction and  d efi nition 

 Anemia of chronic disease (more specifi cally referred to as 
anemia of infl ammation) is the second most common form 
of anemia (after iron defi ciency) and is seen in the setting of 
chronic infections, infl ammatory disorders including rheu-
matological conditions and infl ammatory bowel diseases, 
certain malignancies, and chronic kidney diseases. A related 
form of anemia develops within days in critically ill patients 
with sepsis or other acute conditions of systemic infl amma-
tion. While the prevalence of iron defi ciency in the industri-
alized countries is now decreasing, anemia of infl ammation 
would be expected to become more prevalent as the number 
of elderly with chronic infl ammatory conditions continues 
to rise. The disorder usually presents as a mild - to - moderate 
anemia, with erythrocyte morphology ranging from normo-
cytic and normochromic to microcytic and hypochromic, 
depending on the severity and duration of the underlying 
disease. Anemia of infl ammation is defi ned by inadequate 
erythrocyte production in the setting of low serum iron 
despite preserved or even increased macrophage iron stores.  

  General  p rinciples 

 The essential pathogenic feature of this anemia is the iron 
restriction of hemoglobin synthesis. Unlike iron - defi ciency 
anemia, the restriction is due to the slow release of iron from 
stores rather than the absolute defi ciency of total body iron. 
Depending on the underlying disease, the anemia is variably 
compounded by blood loss, decreased erythrocyte survival, 
decreased production of erythropoietin, true iron defi ciency, 

and perhaps direct suppression of the erythrocyte precursor 
population by infl ammatory substances. Several of these 
factors may contribute to the pathogenesis of the extreme 
variant of the anemia that develops acutely in the critical 
care setting.  

  Diagnosis 

  Iron  p arameters 

 Hypoferremia, a decrease in serum iron concentration, is the 
defi ning feature of anemia of infl ammation. It develops 
within hours of the onset of infection or severe infl amma-
tion. Synthesis of the iron - binding protein transferrin 
(measured directly or as total iron - binding capacity) is 
decreased, unlike iron - defi ciency anemia where it is often 
increased. The decrease in transferrin concentrations devel-
ops more slowly than the decrease in serum iron levels 
because of the longer half - life of transferrin (8 – 12 days) 
compared with that of iron (about 90   min).  

  Serum  f erritin 

 Ferritin is found in serum as a large multimer consisting 
mostly of glycosylated L - ferritin subunits. Ferritin is secreted 
by macrophages and hepatocytes, and its serum levels are 
increased in response to iron loading of these cells. Systemic 
infl ammation also increases ferritin secretion. Serum ferritin 
concentrations, refl ecting infl ammation and iron stores, are 
increased in anemia of infl ammation and decreased in 
iron defi ciency. Serum ferritin is thus very useful in the 
differential diagnosis of patients with low serum iron con-
centrations. However, depleted iron stores in patients with 
coexisting infl ammation may yield intermediate ferritin 
values. In this situation, iron defi ciency should be suspected 
if ferritin concentrations are below 60    μ g/L. It has been 
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the iron effl ux channel ferroportin on iron - exporting cells 
(macrophages, enterocytes and hepatocytes), causing the 
internalization and degradation of ferroportin. Iron effl ux 
is diminished and the continuing consumption of iron 
depletes the extracellular iron pool (Plate  13.1 ). By recycling 
senescent erythrocytes, macrophages in the liver and the 
spleen normally supply most of the extracellular iron. During 
infection and infl ammation, macrophages retain iron, 
restricting its delivery to plasma and to erythrocyte precur-
sors (Plate  13.2 ).  

  Iron  r estriction of  e rythropoiesis 

 Although hypoferremia develops within hours of the onset 
of infection or infl ammation, the effect of decreased iron 
and decreased hemoglobin synthesis on circulating erythro-
cytes is not immediately refl ected in average erythrocyte 
hemoglobin content or size. This is because the iron restric-
tion affects only erythrocyte precursors engaged in hemo-
globin synthesis and not mature erythrocytes. New 
erythrocytes normally replace less than 1% of the circulating 
erythrocytes per day, so the average erythrocyte indices 
(mean corpuscular hemoglobin concentration, mean cor-
puscular volume) change slowly. However, some newer 
blood analyzers, which can measure the hemoglobin content 
of reticulocytes, detect the effect of iron restriction as a 
decrease in reticulocyte hemoglobin before there is a signifi -
cant change in total hemoglobin. Iron restriction in anemia 
of infl ammation is also detected as an increase in zinc pro-
toporphyrin. Normally, when iron is suffi cient during an 
intermediate step in the synthesis of heme, iron becomes 
incorporated into protoporphyrin IX. In iron defi ciency, 
zinc partially replaces iron and the amount of zinc incorpo-
rated into protoporphyrin IX is increased. In anemia of 
infl ammation, zinc protoporphyrin is also increased, indi-
cating that insuffi cient iron is reaching the sites of heme 
synthesis in developing erythrocytes. Over the course of 
several weeks iron restriction results in anemia that can 
eventually become microcytic and hypochromic and resem-
ble iron - defi ciency anemia. The development of anemia of 
infl ammation is accelerated by other effects of infl ammation 
or the underlying disease that may act to shorten erythrocyte 
lifespan or cause blood loss.  

  Effects of  i nfl ammation on  i ron  a bsorption 
and  r elease from  s tores 

 Infl ammation - induced hepcidin also decreases the absorp-
tion of dietary iron by acting on ferroportin displayed on the 
basolateral membranes of enterocytes. Decreased iron 
absorption usually does not contribute much to the develop-
ment of anemia because iron stores are generally suffi cient 

suggested that serum transferrin receptor assay may be 
helpful in differentiating iron - defi ciency anemia from 
anemia of infl ammation. Soluble transferrin receptor is 
increased in iron defi ciency, refl ecting the post - transcrip-
tional stimulation of the synthesis of transferrin receptor by 
iron - regulatory proteins 1 and 2 during cellular iron defi -
ciency, but it can also be increased in infl ammatory disor-
ders probably refl ecting iron restriction affecting erythrocyte 
precursors. It is possible that the quantitative effects of 
infl ammation and iron defi ciency on serum transferrin 
receptor assay differ due to the differential effects of the two 
processes on the  in vivo  iron content of macrophages but 
this remains to be explored experimentally.  

  Bone  m arrow  s tudies 

 Bone marrow aspiration or biopsy is now rarely necessary 
for the diagnosis of anemia of infl ammation. In general, the 
bone marrow appears normal, unless the underlying disease 
directly affects it. The most important information obtained 
from marrow examination is the content and distribution of 
iron, found as storage iron in the cytoplasm of macrophages 
or as functional iron in nucleated red cells. In normal indi-
viduals, several Prussian blue - staining particles are seen in 
many macrophages, and about one - third of nucleated red 
cells, called sideroblasts, contain blue inclusions. In iron 
defi ciency, both sideroblasts and macrophage iron are 
absent. In contrast, in anemia of infl ammation, sideroblasts 
are fewer but macrophage iron is increased. The increase in 
storage iron in the face of decreased plasma iron and fewer 
sideroblasts is characteristic of anemia of infl ammation. 
Although the bone marrow iron stain could be considered 
the gold standard for the differential diagnosis of anemia of 
infl ammation and iron defi ciency, the procedure can cause 
patient discomfort and the serum ferritin assay has largely 
replaced it.   

  Pathogenesis 

  Hypoferremia 

 Within hours of the onset of systemic infection or infl am-
mation, plasma iron concentrations markedly decrease in 
both humans and experimental animal models. This defen-
sive response, hypoferremia of infl ammation, is thought to 
restrict the availability of iron to extracellular microbes, 
limiting their proliferation during early phases of infection. 
Recent studies indicate that infl ammatory cytokines, inclu-
ding prominently interleukin (IL) - 6, increase rapidly in 
the fi rst few hours of infection and induce the synthesis of 
the iron - regulatory hormone hepcidin. Hepcidin binds to 
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studies in animal models suggest the opposite: severe infl am-
mation decreases the effectiveness of erythropoietin, a 
common clinical situation described as erythropoietin resist-
ance. Both anemia and erythropoietin resistance have been 
seen in mice moderately overexpressing hepcidin, support-
ing the importance of the hepcidin – ferroportin axis and 
infl ammatory iron restriction in the pathogenesis of anemia 
of infl ammation as well as in erythropoietin resistance.  

  Effects of  i nfl ammation 
on  e rythrocyte  l ifespan 

 In early studies, a small decrease in erythrocyte lifespan was 
noted in some animal models of infl ammation, and it was 
suggested that infl ammation activates reticuloendothelial 
macrophages to increase the removal of damaged or senes-
cent erythrocytes. Other potential disease - specifi c mecha-
nisms that could contribute to the decreased lifespan include 
the deposition of opsonic antibodies on erythrocytes and 
mechanical damage to erythrocytes from microvascular 
fi brin strands or injured endothelia. In most cases, the effects 
on erythrocyte lifespan are relatively small and would be 
compensated by a minor increase in erythropoiesis.   

  Principles of  t reatment 

 Most often, the presenting symptoms of anemia of infl am-
mation, fatigue and exercise intolerance, are diffi cult to dis-
tinguish from those of the underlying disease, be it an 
infection, infl ammatory disease or malignancy. Whenever 
possible, the treatment should be aimed at the underlying 
disease. Effective treatment of the underlying disease will 
also lead to the resolution of anemia. Unfortunately, this is 
not always feasible. 

 Infrequently, anemia of infl ammation can be severe 
enough to exacerbate underlying cardiac or pulmonary 
disease and cause cardiac ischemia. In this acute setting, 
erythrocyte transfusion can rapidly improve oxygen delivery 
and the manifestations of ischemia. More commonly, 
anemia is moderate and its treatment is less urgent. 
Erythropoietin with or without high - dose parenteral iron 
can be useful for anemia symptoms that cannot be reversed 
by treating the causative disease. High doses of parenteral 
iron may be required to overwhelm the hepcidin - induced 
retention of iron in macrophages, and possibly to expand 
erythrocyte precursor populations that produce a hepcidin -
 suppressing factor. In each patient, the potential side effects 
of erythropoietin and iron must be weighed against the 
anticipated benefi ts, and the clinical effectiveness of the 
drugs. The continued need for therapy should be evaluated 
regularly and critically.  

to supply erythropoiesis for many months. However, the 
infl ammatory blockade of iron absorption may contribute 
to anemia in situations where iron demand is high and 
infl ammation is long - lasting, as is the case in growing chil-
dren with infl ammatory bowel diseases or juvenile rheuma-
tological disorders. Hepcidin would also be expected to 
inhibit the release of iron from hepatocyte stores but the 
contribution of this effect to anemia of infl ammation has not 
yet been established.  

  Cytokines  i nvolved in  a nemia 
of  i nfl ammation 

 The contribution of specifi c cytokines to hypoferremia and 
anemia of infl ammation has been diffi cult to delineate, 
mainly because cytokines interact in complex networks reg-
ulating each other ’ s synthesis. In humans, depending on the 
disease, therapies targeting IL - 1, IL - 6 and tumor necrosis 
factor (TNF) -  α  have all been shown to improve anemia of 
infl ammation along with other infl ammatory manifesta-
tions. The association of IL - 6 with anemia of infl ammation 
appears to be the strongest. In both humans and mouse 
models, IL - 6 induces hepcidin synthesis within hours by a 
transcriptional mechanism causing hypoferremia. 

 Cytokines also have direct effects on erythropoiesis. 
Studies in erythropoietic culture systems have demonstrated 
that TNF -  α , IL - 1, and interferon (IFN) -  β  and IFN -  γ  can 
interfere with erythropoietin stimulation of erythroid pro-
genitors. The role of these mechanisms  in vivo  has not yet 
been established.  

  Infl ammation and 
 e rythropoietin  r esistance 

 The normal response to anemia is an increase in erythropoi-
etin production and subsequent compensatory increase in 
erythropoiesis. It has been suggested that for the same sever-
ity of anemia, erythropoietin production in anemia of 
infl ammation is lower than it would be in other types of 
anemia. Indeed, in some studies of patients with anemia 
associated with rheumatoid arthritis or cancer, erythropoi-
etin levels were not as high as in iron - defi ciency anemia but 
other studies have not observed a signifi cant difference in 
erythropoietin concentrations between iron defi ciency and 
anemia of infl ammation. Erythropoietin suppression by 
cytokines or lipopolysaccharide has been seen in some 
animal models of sepsis as well as in erythropoietin - produc-
ing cell lines. However, such suppression of erythropoietin 
production is not a major pathogenic mechanism of anemia 
of infl ammation. If it were, the administration of relatively 
small amounts of erythropoietin should be suffi cient to 
reverse the anemia of infl ammation. Clinical experience and 
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  Introduction 

 Iron is one of several metals that are essential for normal 
cellular processes. Its primary role in mammalian biology is 
to bind oxygen in hemoglobin and myoglobin, and to cata-
lyze the enzymatic transfer of electrons by cytochromes, 
peroxidases, ribonucleotide reductases and catalases. When 
iron is defi cient, the synthesis of iron - containing proteins is 
impaired, with adverse consequences for oxygen delivery 
and cellular metabolism. However, the same properties that 
make iron useful for these functions can also lead to cellular 
damage when iron is present in excess. Normally, several 
binding proteins constrain the activity of iron, but when 
their iron - binding capacity is exceeded, iron promotes the 
formation of reactive oxygen species that attack cellular 
lipids, proteins and nucleic acids. Thus, iron balance must 
be carefully maintained to avoid the deleterious effects of 
iron defi ciency and iron overload. All known disorders of 
iron metabolism can be considered abnormalities of iron 
balance. 

 There is no physiological excretion mechanism for iron: 
iron losses result only from bleeding and exfoliation of skin 
and mucosal cells. Under normal conditions, iron enters the 
body exclusively by dietary absorption, and absorption is 
meticulously regulated to balance the small losses. Iron 
balance is disrupted when intake and losses are not matched. 
Iron defi ciency occurs when the dietary iron supply is inade-
quate, when losses are increased (primarily because of bleed-
ing), or when both of these circumstances are present. Iron 
overload results when iron absorption is inappropriately 
increased due to genetic defects in iron regulatory proteins, 

or when repeated blood transfusions create a substantial iron 
burden. 

 Our understanding of the molecular processes of iron 
metabolism has advanced considerably over the last decade, 
as new techniques in genetics and molecular biology have 
been applied to problems in this fi eld. Much of what we have 
learned has come from the study of patients with diseases of 
iron metabolism and from investigation of animals with 
spontaneous and induced mutations in genes important for 
the transport and storage of iron. Most features of iron 
metabolism are very similar among mammalian species, 
validating the use of rodent models. More recently, impor-
tant insights into iron disorders in humans have also come 
from the study of iron metabolism in zebrafi sh and even 
yeast.  

  Mechanisms of  i ron  t ransport 

  General  p rinciples 

 Iron is a large charged ion that cannot freely diffuse across 
cellular membranes. Transmembrane transfer requires spe-
cifi c carrier proteins. There are two general ways in which 
cells transport iron. Some cells, such as intestinal epithelial 
cells, hepatocytes and macrophages, are equipped both to 
take in (import) iron and to release (export) it. These cell 
types are involved in the acquisition, storage and mobiliza-
tion of iron. Most other cells, and particularly erythroid 
precursors, import iron but do not release it unless the cells 
are destroyed. 

 Approximately 25   mg of iron are needed every day to 
support hemoglobin production in maturing erythrocytes. 
This amount is much greater than the 1 – 2   mg entering 
the body each day through the intestine. The iron for 
erythropoiesis is largely provided by reticuloendothelial 
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  Other  i ron  u ptake  m echanisms 

 Upon entry into the plasma, iron attaches to transferrin, an 
abundant plasma protein that binds iron with extremely 
high affi nity. Transferrin serves three important functions. 
Firstly, it keeps iron in solution. In an aqueous, neutral pH 
environment iron exists as Fe 3+  ion, which is almost insolu-
ble. Secondly, it renders iron non - reactive, and allows it to 
circulate in a safe non - toxic form. Thirdly, transferrin facili-
tates the delivery of iron to cells bearing transferrin receptors 
on their surfaces. 

macrophages recycling iron from old erythrocytes and 
making it available to developing erythroid precursors. 

 Cells use at least three mechanisms to take up iron. 
Intestinal absorptive cells have cell surface transporters that 
carry ferrous (Fe 2+ ) ions directly across the membrane. 
Erythroid precursors use membrane receptors to take up 
iron bound to a protein carrier, concentrate the iron in a 
subcellular compartment, and then transfer it across the 
membrane of that compartment into the cytoplasm. 
Hepatocytes probably use both of these mechanisms. Finally, 
recycling macrophages acquire iron through the phagocyto-
sis of aged or damaged erythrocytes, lysing the cells and 
extracting the iron from their hemoglobin.  

  Intestinal  i ron  t ransport 

 Our current understanding of intestinal non - heme iron 
transport is illustrated in Figure  14.1 . Iron absorption takes 
place in an acidic environment in the proximal small intes-
tine, just distal to the gastric outlet. Most non - heme dietary 
iron is in the ferric (Fe 3+ ) form. It is reduced to Fe 2+  by a 
brush border ferrireductase, most likely the duodenal cyto-
chrome  b  (DCYTB). The Fe 2+  ions pass through divalent 
metal transporter 1 (DMT1, formerly called Nramp2, 
DCT1), a membrane protein that allows iron to traverse the 
apical bilayer. DMT1 requires an acidic environment for its 
activity because it cotransports protons with iron atoms. 
Once it crosses the membrane, some of the iron is retained 
within the absorptive intestinal cells (enterocytes), and some 
is exported through the basolateral membrane through the 
action of a distinct transporter, ferroportin. A multicopper 
oxidase protein, hephaestin, facilitates basolateral transport, 
perhaps by oxidizing Fe 2+  to Fe 3+  to allow it to exit from 
ferroportin and to bind to the plasma iron carrier protein, 
transferrin.   

 The expression of ferroportin on the basolateral mem-
brane of enterocytes is the principal mechanism controlling 
the rate of iron fl ux through this transport system. The more 
ferroportin on the basolateral membranes, the more iron 
from enterocytes is passed into the plasma. Iron retained 
within the enterocytes is lost from the body when these cells 
fi nish their short lifespan and slough into the gut lumen. The 
partitioning of iron (i.e., the process that governs how much 
enters the plasma and how much is retained within cells) is 
regulated by the hormone hepcidin through post - transla-
tional degradation of ferroportin. The hepcidin – ferroportin 
interaction plays an important role in determining the 
overall effi ciency of iron absorption. 

 In humans and other meat - eating organisms, direct 
absorption of heme contributes importantly to total iron 
absorption. The pathways involved in heme absorption are 
not well understood.  
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     Fig. 14.1      Intestinal non - heme iron absorption  
 The cartoon shows an absorptive enterocyte from the duodenal 
epithelium, joined to adjacent cells by iron - impermeable tight 
junctions. The apical brush border is at the top and the basolateral 
surface is at the bottom. Dietary Fe 3+  iron is probably reduced by the 
ferrireductase DCYTB to produce Fe 2+  ion for transport. Fe 2+  crosses 
the apical membrane through the action of DMT1 to enter the cell. 
There, iron is partitioned between storage and export; stored iron is 
ultimately lost from the body when the epithelial cells senesce and 
exfoliate into the gut lumen. Meanwhile, a fraction of the iron is 
exported across the basolateral membrane by ferroportin. The iron 
hormone hepcidin binds to ferroportin and causes its degradation 
thereby inhibiting iron effl ux, proportionally to hepcidin 
concentration. Hephaestin is a ferroxidase - like protein that aids in 
iron export, probably by reducing the Fe 2+  iron leaving ferroportin 
to the Fe 3+  form, which binds to plasma transferrin (TF).  
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requires a transmembrane transport step, which is probably 
mediated by DMT1 and facilitated by the low endosomal 
pH. The process is assisted by one or more essential ferrire-
ductases, in erythroid cells principally Steap3 (six trans-
membrane epithelial antigen of the prostate 3), that convert 
ferric to ferrous iron. Within the cytoplasm, ferrous iron is 
shuttled (by unknown mechanisms) to sites of use and 
storage. Meanwhile, transferrin and transferrin receptor 
proteins return to the cell surface, where transferrin is 
released and the receptors become available for further 
cycles of iron delivery.   

 Why should cells have evolved the complicated transferrin 
cycle when it is possible to take up iron directly? There are 
at least two likely answers. Firstly, tight binding of iron to 
transferrin is advantageous while iron is in the circulation, 
but it complicates the transport of iron into cells. The pH -
 dependent release of iron, occurring in a controlled intracel-
lular environment, solves the problem of liberating the iron. 
Secondly, binding of iron - loaded transferrin to transferrin 
receptors serves to concentrate iron in the vicinity of DMT1, 
probably achieving much higher local iron concentrations 
than would be possible without such a mechanism. This 
allows more effi cient iron uptake by cells with large needs 
(erythroid precursors, tumor cells, activated lymphocytes) 
without exposing other cells to unnecessary iron. 

 Undoubtedly, other cell types use these and other schemes 
for assimilating iron. Hepatocytes and macrophages are par-
ticularly important in iron homeostasis and their iron uptake 
mechanisms, though not well understood, deserve mention. 
Hepatocytes express both types of transferrin receptor and 
likely take up iron via the transferrin cycle. Hepatocytes also 
avidly take up non - transferrin - bound iron when the plasma 
iron concentration exceeds the binding capacity of transfer-
rin. This is an abnormal situation, because there are usually 
about three times as many transferrin iron - binding sites as 
are needed (i.e., transferrin is normally about 30% saturated 
with iron). However, patients with iron overload may have 
more iron than transferrin can accommodate, and this 
excess iron appears to be rapidly removed from the circula-
tion by hepatocytes. The molecular mechanism for hepatic 
non - transferrin - bound iron uptake has not yet been identi-
fi ed. Hepatocytes express ferroportin and release iron at 
least in part by a hepcidin - controlled ferroportin - dependent 
mechanism. 

 As discussed earlier, reticuloendothelial macrophages 
obtain iron by phagocytosing and breaking down erythro-
cytes. This process takes place in discrete phagocytic vesicles 
within the cells, and likely involves the action of heme oxy-
genase, an enzyme that catalyzes the degradation of heme. 
After crossing the phagosomal membranes, cytoplasmic 
iron is stored in ferritin. Macrophages export ferrous iron 
through their abundant ferroportin, assisted by the plasma 

 Most differentiated cell types express few, if any, transfer-
rin receptors, but there are three important exceptions: 
tumor cells, activated lymphocytes and erythroid precursors. 
Tumor cells presumably use transferrin receptors to opti-
mize iron uptake to support rapid proliferation. The same 
may be true for activated lymphocytes. However, the greatest 
demand for iron is by erythroid precursors, to support the 
large - scale production of hemoglobin. In normal adults, 
about two - thirds of the total body iron endowment is found 
in hemoglobin, distributed among erythroid precursor cells 
and circulating erythrocytes. 

 Iron - loaded transferrin binds with high affi nity to trans-
ferrin receptors. Of the two forms of the receptor, transferrin 
receptor 1 (TFR1) appears to be critical for cellular iron 
uptake, but both TFR1 and transferrin receptor 2 (TFR2) are 
involved in systemic iron homeostasis. Transferrin recep-
tors, carrying their iron - transferrin cargo, undergo endocy-
tosis (Figure  14.2 ). Portions of the cell membrane bearing 
transferrin receptors invaginate into the cytoplasm, and bud 
off as intracellular vesicles (endosomes). Protons are pumped 
into the endosome to lower their internal pH, leading to 
the release of iron from transferrin. The liberated iron 
then leaves the endosome to enter the cytoplasm. This also 
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     Fig. 14.2      The transferrin cycle  
 The transferrin cycle of receptor - mediated endocytosis is initiated 
by binding of diferric (Fe 2 ) - transferrin to a cell surface transferrin 
receptor. The ligand – receptor complex is internalized by invagination 
of clathrin - coated pits to form specialized endosomes. Infl ux of 
protons into the endosome decreases its pH to approximately 5.5, 
facilitating release of iron from transferrin. The iron is then 
transferred to the cytoplasm by DMT1. Apo - transferrin and 
transferrin receptor return to the cell surface for further cycles of 
iron uptake.  
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ent. Hepatocytes avidly take up non - transferrin - bound iron 
from the plasma. 

 Reticuloendothelial macrophages are also important for 
iron storage, but their iron comes from degraded erythro-
cytes. Patients treated with frequent transfusions typically 
accumulate excess iron in macrophages fi rst, and only later 
in other tissues. This pattern of iron accumulation has been 
referred to as  “ siderosis ”  to distinguish it from hemochro-
matosis, which is primary iron loading of parenchymal cells.  

  Regulation of  i ron  h omeostasis 

 Iron homeostasis requires the coordinated regulation of iron 
transport and iron storage so that tissues will have adequate 
amounts to meet their needs but will not become overloaded 
with iron. Regulation must involve the control of cellular 
iron import, export and partitioning. Over the last few years, 
better understanding of regulation at each of these steps has 
emerged. 

 There are at least four known regulators of intestinal iron 
absorption (Plate  14.1 ): iron stores, erythropoietic demand, 
hypoxia and infl ammation. The  stores regulator  modulates 
absorption several - fold, increasing absorption in iron defi -
ciency and decreasing absorption in iron overload. The 
 erythroid regulator  is more potent: it can increase iron 
absorption many - fold when erythropoiesis becomes iron -
 restricted. The  hypoxia regulator  is not well characterized, 
but its effects may be at least partly distinct from those of 
the erythroid regulator. This regulator increases iron absorp-
tion in response to hypoxia. Finally, an  infl ammation regula-
tor  decreases iron absorption in response to infl ammation 
from a variety of causes. 

 Similar infl uences also regulate the release of recycled iron 
from reticuloendothelial macrophages. During infl amma-
tion or iron suffi ciency, iron is retained in macrophages but 
is released in response to iron defi ciency or erythroid 
demand. The regulation of iron storage in hepatocytes is less 
well understood but it is clearly responsive to systemic iron 
requirements. 

 The iron - regulatory hormone hepcidin is likely to be the 
common effector of the stores, erythroid, hypoxia and 
infl ammation regulators (Plate  14.1 ). Hepcidin (also called 
LEAP, HAMP) is produced by hepatocytes as a 25 - amino 
acid peptide with four disulfi de bonds that is cleaved from 
a larger precursor molecule. Administration of synthetic 
hepcidin to mice results in profound and prolonged 
hypoferremia. The hypoferremic effect of hepcidin is due 
to its ability to inhibit the major mechanisms that deliver 
iron to plasma: intestinal iron absorption and the release 
of iron from recycling compartments and stores in the 
spleen and the liver. Continuing consumption of iron by 

ferroxidase ceruloplasmin so that ferric iron is delivered to 
plasma transferrin. Similar to intestinal cells and hepato-
cytes, reticuloendothelial macrophages partition their iron 
content into retained and released portions. This process is 
regulated in response to the iron needs of the body by the 
hepatic hormone hepcidin, which induces the internaliza-
tion and degradation of macrophage ferroportin. While 
there is currently no direct way to measure how much iron 
is retained and how much is released, commonly used labo-
ratory tests provide some information. The concentration of 
serum iron (and hence transferrin saturation) is determined 
by two factors: macrophage iron release and erythroid iron 
utilization. When erythropoiesis occurs at a steady rate, 
transferrin saturation is determined primarily by the rate of 
macrophage iron release, increasing when there is increased 
iron export and decreasing when iron is retained or when 
less iron is being recycled from erythrocytes. In contrast, the 
concentration of serum ferritin roughly correlates with the 
amount of storage iron in the body. The origin(s) of serum 
ferritin is not known, but it appears to be derived primarily 
from reticuloendothelial macrophages and hepatocytes. 
However, serum ferritin is not a very accurate indicator, 
because levels are increased by infl ammation, tissue damage 
and rare congenital hyperferritinemia disorders. Nonetheless, 
a low serum ferritin value invariably indicates depleted iron 
stores.   

  Sites of  i ron  s torage 

 Iron is stored within cells in the cavities of ferritin protein 
multimers. There are two types of ferritin subunit, L and H, 
both approximately 20   kDa in size. These subunits assemble 
in varying proportions into 24 - subunit cage - like structures. 
Up to several thousand iron atoms can be stored in each 
ferritin multimer. Like transferrin, ferritin ’ s function is to 
prevent iron from reacting with other cellular constituents, 
and allows controlled iron release in response to increased 
cellular needs. The molecular details of iron incorporation 
into and release from ferritin are not well understood. Under 
some circumstances, ferritin and other cellular components 
are partially degraded and conglomerated to form hemosi-
derin, a heterogeneous iron - containing substance that prob-
ably serves little purpose but to keep iron from causing 
harm. Both ferritin and hemosiderin accumulate in iron -
 overloaded tissues. 

 The liver serves as the primary depot for iron in excess of 
immediate needs. It has a very large capacity for storing iron, 
though this capacity is ultimately exceeded in iron overload 
disorders. While other tissues (myocardium, pancreas) also 
fi ll up with iron in iron overload, the liver is frequently the 
fi rst site where damage from iron overload becomes appar-
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 The production of hepcidin is increased in response to 
dietary or parenteral iron loading, presumably as part of a 
compensatory mechanism to decrease iron absorption and 
decrease plasma iron (primarily derived from recycling mac-
rophages). Hepcidin thus acts as the stores regulator. The 
production of hepcidin is decreased by iron defi ciency, 
allowing more iron to enter the body through the intestine 
and more iron to enter the plasma from recycling macro-
phages. In addition, hepcidin is suppressed by increased 
erythropoietic activity, sometimes even in the face of sys-
temic iron overload, confi rming that hepcidin is the ultimate 
erythroid regulator. It is not yet clear how the increased 
erythropoietic activity in the bone marrow is communicated 
to the hepatocytes that make hepcidin. The production of 
hepcidin is also decreased in hypoxia, suggesting that it is 
an effector of the hypoxia regulator. Finally, hepcidin 
expression is induced by infl ammation, probably through a 
direct action of the cytokine interleukin (IL) - 6 and other 

erythropoiesis and other iron - requiring processes then 
rapidly depletes the relatively small plasma and extracellular 
iron compartment. 

 On the cellular and molecular level, hepcidin inhibits the 
effl ux of cellular iron into extracellular fl uid or plasma, 
exerting its effect on the major cell types involved in iron 
transport: enterocytes, macrophages, hepatocytes and pla-
cental syncytiotrophoblast. Unlike other cell types, iron -
 exporting cells express ferroportin, the sole known cellular 
iron exporter. Hepcidin acts by binding to ferroportin, 
inducing its internalization and lysosomal degradation 
(Figure  14.3 ). The ferroportin degradation pathway is similar 
to that of other receptors undergoing ligand - induced endo-
cytosis, and requires tyrosine phosphorylation in a cytoplas-
mic domain for internalization, and ubiquitination of a 
nearby lysine for degradation. The loss of ferroportin from 
cell membranes proportionately reduces the effl ux of iron 
into extracellular fl uid   
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     Fig. 14.3      Regulation of cellular iron transport by hepcidin  
 Hepcidin regulates the release of iron from enterocytes (shown in the fi gure) and macrophages by binding to ferroportin and inducing its 
internalization and degradation in lysosomes. Under the infl uence of hepcidin, iron export is decreased and iron accumulates in cytoplasmic 
ferritin. In enterocytes, regulatory effects of increased cellular iron may result in decreased iron uptake.  
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shown that homozygous or compound mutations in a gene 
encoding TMPRSS6 ( T rans m embrane  pr otea s e,  s erine 6, 
also called matriptase 2) are responsible for most cases of 
iron - refractory iron - defi ciency anemia. TMPRSS6 nega-
tively regulates hepcidin, reportedly by cleaving membrane 
hemojuvelin. 

 Most genetic disorders of iron metabolism result in iron 
overload rather than iron defi ciency. They are attributable 
to mutations that affect the regulation of intestinal iron 
absorption and body iron distribution. The prominence of 
mutations that cause iron loading, rather than iron defi -
ciency, can probably be explained by the fact that humans 
live in an iron - rich environment, and the body has devel-
oped strategies to limit iron absorption rather than to 
enhance it.  

  Iron  o verload  d isorders 

 Several years ago, it was widely believed that there was only 
one major genetic disorder leading to iron overload. It is 
now clear that there are many genetic iron overload disor-
ders. They can be generally classifi ed as hemochromatosis 
disorders (iron deposition in parenchymal cells) or siderosis 
disorders (deposition of iron in reticuloendothelial macro-
phages). The known disorders and their genetic causes are 
listed in Table  14.1 . Over the last few years, it has become 
clear that the fi nal common mechanism for most forms of 
hereditary hemochromatosis is relative or absolute hepcidin 
defi ciency or, rarely, resistance to hepcidin. The lack of hep-
cidin or the loss of its effect on ferroportin results in exces-
sive or unrestrained absorption of dietary iron, as well as the 
depletion of the macrophage iron storage compartment. The 
genetically defective proteins in hereditary iron overload 
disease are implicated as regulators of hepcidin (HFE, TFR2, 
hemojuvelin), targets of hepcidin (ferroportin), or mole-
cules that convey iron to the iron - sensing mechanism in 
hepatocytes (transferrin).   

   HFE  -  a ssociated  h emochromatosis 

 The most common form of hemochromatosis was classically 
described as the triad of cirrhosis, diabetes and skin melano-
sis ( “ bronze diabetes ” ). It is a late - onset disorder, inherited 
in an autosomal recessive pattern and characterized by iron 
deposition in parenchymal cells of the liver, pancreas and 
heart. Macrophages of the reticuloendothelial system are 
iron - depleted or at least relatively spared. This disorder 
results from a small but chronic increase in intestinal iron 
absorption, averaging about twofold to threefold above the 
normal level. Over time, the presence of iron causes damage 
by promoting the formation of toxic oxygen radicals, 
which attack cellular structures and thereby cause reactive 

infl ammatory mediators on hepatocytes. In this case, 
induced hepcidin expression leads to decreased intestinal 
iron absorption and decreased macrophage iron release, 
acting as an infl ammation regulator. There is growing evi-
dence that, in response to the infl ammatory regulator, 
increased hepcidin expression contributes to the abnormal 
iron homeostasis observed in the anemia of chronic disease 
(also known as the anemia of chronic disorders). It is likely 
that a useful clinical assay for hepcidin levels in serum and/
or urine will soon become available. 

 Based on recent studies in cellular models, genetically 
altered mice and patients with genetic iron disorders, hepci-
din synthesis in hepatocytes is regulated by iron sensors and 
signaling molecules assembled around the scaffold of the 
bone morphogenetic protein receptor (BMPR) and its sign-
aling pathway. Two molecules that may function as iron 
sensors are TFR1 and TFR2. The transmembrane molecule 
HFE can bind to both transferrin receptors but is displaced 
from TFR1 when the receptor binds its main ligand, iron -
 transferrin. The glycosylphosphatidylinositol (GPI) - linked 
membrane protein hemojuvelin binds to BMPR and its 
BMP ligands, and may act as a co - receptor that converts the 
generic BMPR pathway into an iron - regulatory pathway. 
Although multiple BMPs, including BMP - 2, BMP - 4, BMP - 6 
and BMP - 9, can stimulate hepcidin synthesis in hepatocytes 
and hepatocyte - derived cell lines, BMP - 6 appears to be 
uniquely specialized for signaling in iron homeostasis. How 
all these molecules interact to generate the hepcidin - regula-
tory complex remains largely speculative but this could soon 
change.  

  Iron  d isorders 

 In most general terms, iron disorders represent a failure of 
homeostatic mechanisms that match intestinal iron absorp-
tion and systemic iron distribution to the iron requirements 
of erythropoiesis and other iron - consuming processes. Iron 
homeostasis results in the maintenance of normal plasma 
and extracellular iron concentrations (10 – 30    μ mol/L in 
humans) and normal iron stores in macrophages and hepa-
tocytes that help buffer transient disturbances in the supply 
or demand for iron. Either genetic or environmental causes, 
and often both, can contribute to iron disorders. 

  Iron -  d efi ciency  d isorders 

 Iron defi ciency is a major public health problem and the 
most common nutritional cause of anemia. Very rarely, iron 
defi ciency is genetic and is manifested as hypoferremia, 
hypoferritinemia and iron - restricted microcytic anemia 
refractory to oral iron administration. Recent studies have 
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  Table 14.1    Iron overload disorders. 

   Disorder  

   Chromosomal 
location of 
defective genes  

   Gene (types of 
mutations)     Phenotype     Hepcidin  

   Hemochromatosis disorders   
  HFE - associated 

hemochromatosis 
(also called type 1 
hemochromatosis)  

  6p, near the HLA 
complex  

   HFE  (missense and 
splicing mutations; 
C282Y is the most 
important)  

  Iron accumulation in the parenchymal cells 
of the liver, heart, pancreas; elevated 
transferrin saturation; relative paucity of 
iron in macrophages. Clinical manifestations 
include liver fi brosis, cirrhosis, markedly 
increased incidence of hepatocellular 
carcinoma, cardiomyopathy and diabetes  

  Low or 
inappropriately 
normal for 
iron overload  

  Juvenile 
hemochromatosis 
(also called type 2 
hemochromatosis)  

  1q 
 19q  

  Hemojuvelin 
 Hepcidin (all known 

mutations prevent 
production of any 
hepcidin protein)  

  Similar to HFE - associated hemochromatosis, 
but greatly accelerated, leading to severe 
cardiac and endocrine complications in the 
second decade of life  

  Very low to 
absent  

  TFR2 - associated 
hemochromatosis 
(also called type 3 
hemochromatosis)  

  7q     TFR2  (missense and 
nonsense mutations)  

  Similar to HFE - associated hemochromatosis    Low  

  Autosomal dominant 
hemochromatosis 
(also called type 4 
hemochromatosis)  

  2q    Ferroportin (rare missense 
mutations causing 
resistance to hepcidin). 
Most other missense 
ferroportin mutations 
cause loss of function 
and siderosis  

  Iron accumulation in parenchymal cells    ?  

  Type 5 
hemochromatosis  

  ? (Postulated to 
explain 
hemochromatosis 
in patients 
without 
mutations in 
known genes)  

  ?    Similar to HFE - associated hemochromatosis 
but apparently not due to mutations in  HFE, 
TFR2  or hepcidin  

  ?  

   Siderosis disorders   
  Autosomal dominant 

siderosis (also 
called type 4 
hemochromatosis)  

  2q    Ferroportin (only missense 
mutations)  

  Macrophage - predominant iron loading; in 
some patients parenchymal iron loading 
can occur later. Some patients have anemia 
early in their course (particularly women). 
Ferritin levels are markedly elevated, but 
serum transferrin saturation generally is not  

  Normal or high 
(few patients 
studied)  

  African siderosis    ?    Unknown    Similar to autosomal dominant siderosis but 
ferroportin mutations have not been 
reported. Thought to be a combination of 
genetic and environmental factors  

  ?  

   Disorders of iron balance   
  Atransferrinemia    3q    Transferrin (missense 

mutations)  
  Defi ciency in serum transferrin leading to 

tissue iron overload and severe iron -
 defi ciency anemia  

  Low  

  Aceruloplasminemia    3q    Ceruloplasmin (missense 
and null mutations)  

  Deposition of iron in the brain, liver and 
pancreas. Late - onset neurodegenerative 
disease, dementia and diabetes  

  ?  
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Although it may occasionally be associated with iron over-
load, particularly when it is found in individuals hetero-
zygous for the C282Y mutation, its clinical signifi cance 
remains poorly understood, though clinical laboratories test 
for it. Most other  HFE  mutations are quite rare and are not 
identifi ed by routine screening tests. 

 In the past, the proportion of at - risk C282Y homozygous 
individuals who develop clinical hemochromatosis was esti-
mated to be about 20 – 40%. Recently, Beutler and colleagues 
published the results of a large questionnaire - based study of 
patients seen by a health maintenance organization, in which 
they concluded that fewer than 1% of C282Y homozygotes 
would have severe disease. There is no consensus yet on 
laboratory parameters that identify C282Y homozygotes at 
risk for clinically signifi cant organ damage but recent 
data indicate that few if any patients with serum ferritin 
levels below 1000   ng/mL develop cirrhosis, the main com-
plication of hemochromatosis.  

  Juvenile  h emochromatosis 

 Juvenile hemochromatosis is similar to HFE - associated 
hemochromatosis, but very rare, and characterized by earlier 
onset of iron loading and its complications. The target 
organs are the same as those affected in HFE hemochroma-
tosis, but cardiac and endocrine dysfunction are more prob-
lematic, and untreated patients typically die from 
cardiomyopathy by age 30 years. Liver cirrhosis and failure 
are uncommon. There are several possible explanations for 
this pattern. Firstly, experience with patients who develop 
siderosis from chronic transfusion therapy suggests that 
rapid iron loading is especially toxic for the heart and endo-
crine tissues. Secondly, pathological iron deposition in the 
adolescent years may be particularly bad for young hearts 
which are growing to meet the demands of a larger body 
mass; this is analogous to the problems noted with doxoru-
bicin cardiotoxicity in this age group. Furthermore, endo-
crine problems are probably more apparent in adolescents 
because they fail to go through normal pubertal develop-
ment. Juvenile hemochromatosis is a particularly lethal dis-
order, but it can be effectively treated by phlebotomy. 

 Studies of families with juvenile hemochromatosis have 
shown that there are at least two genetic loci responsible. 
Some individuals are homozygous for ablative mutations in 
the hepcidin gene on human chromosome 19q. However, 
most juvenile hemochromatosis families have homozygous 
or compound heterozygous mutations in hemojuvelin (also 
called HFE2, or repulsive guidance molecule RgmC) on 
chromosome 1q. Hemojuvelin is a GPI - linked membrane 
protein that functions as an essential regulator of hepcidin. 
Disruption of both copies of hemojuvelin has been shown 
to cause profound hepcidin defi ciency. It thus appears that 

fi brosis. The earliest manifestation of HFE - associated 
hemochromatosis is increased transferrin saturation, often 
approaching 100% before tissue iron deposition is noted. 
The treatment for hemochromatosis is phlebotomy, and this 
has been used effectively for more than half a century. 
Initially, blood is removed frequently to rapidly decrease 
storage iron. Later, iron balance is maintained by periodic 
phlebotomy, titrated to meet the needs of the individual 
patient. This treatment apparently produces no signifi cant 
morbidity and has been shown to normalize the life expect-
ancy of affected patients. 

 Hemochromatosis has been recognized as an inborn error 
of iron metabolism since the 1930s. In 1976 a French physi-
cian, Marcel Simon, made the important observation that 
the genetic predisposition to hemochromatosis was linked 
to the human major histocompatibility complex on chro-
mosome 6p, and was most frequently associated with an 
HLA - A3 haplotype. This insight laid the groundwork for the 
discovery of causative mutations in the  HFE  gene 20 years 
later. It is now known that most patients with classical 
hemochromatosis are homozygous for a unique mutation 
(cysteine 282 to tyrosine, or C282Y) in  HFE , perhaps origi-
nating in a northern European ancestor. 

 HFE is an atypical HLA class I molecule, similar to its 
chromosomal neighbors. Although most members of this 
family are involved in immune regulation, HFE has no 
known function in the immune system. It interacts with 
TFR1 on the cell surface, where its binding site overlaps with 
that of transferrin. Recent studies indicate that the binding 
of transferrin to TFR1 displaces HFE, making it active as a 
stimulus for hepcidin synthesis. 

 The C282Y mutation is highly prevalent. In typical 
populations of European descent, the carrier frequency 
has been estimated to be between about 1 in 8 and 1 in 10. 
This indicates that about 1 in 200 individuals are homozygous, 
and at risk of iron loading. However, not all C282Y homo-
zygotes will develop clinical hemochromatosis. There is 
a wide range in iron loading and its complications. Some 
individuals will have severe manifestations by the third 
decade of life, whereas others may never have signs or 
symptoms of hemochromatosis. This variability is probably 
explained by gender (iron loss through menstruation), 
other genetic factors (modifying genes) and environmental 
factors (e.g., alcohol intake, dietary iron consumption). 
The modifying genes have not yet been identifi ed, but their 
characterization is the subject of active investigation in this 
fi eld. 

 In addition to C282Y, other mutations and polymor-
phisms have been identifi ed in the  HFE  gene. The most 
common of these is a histidine - to - aspartic acid substitution 
at amino acid 63 of the protein (H63D). This polymorphism 
is found in about one - fi fth of the world ’ s population. 



    Plate 2.1      BCR - ABL   rearrangement in an interphase cell  
 The reciprocal t(9;22) generates two fusion signals using the Vysis 
dual fusion probes corresponding to the der(9) and der(22). A 
normal  ABL  (red) and  BCR  (green) are present.  

    Plate 2.2      BCR - ABL   dual fusion probe in a patient with deletion 
of sequences around the breakpoint of both the der(9) and 
der(22), thus generating just one fusion signal   

    Plate 2.3      Cryptic insertion (arrowed) of part of   RARA   (green) 
into the   PML   locus (red)  
 The top image (a) shows FISH on metaphase chromosomes. The 
bottom image (b) represents an interphase cell.  

(a)

(b)



    Plate 2.4      Metaphase showing t(11;19)(q23;p13)  
 The  MLL  probe mix mapping above (green) and below (red) the 
breakpoint is split by the translocation. The green signal remains on 
the der(11), the red signal is translocated to the der(19) and the 
normal 11 shows colocalization of both the red and green signal.  

    Plate 2.5      Bone marrow aspirate from a patient with 
neuroblastoma  
 The interphase cell shows multiple copies of N -  myc  (red).  

    Plate 2.6      Numerous FISH probes depicting the presence of 
hyperdiploidy in a patient with ALL  
 There are three copies of  TEL  (12p13),  MLL  (11p23),  BCR  (22q11) and 
centromeres 4, 8 and 10 and four copies of  AML1  (21q22) and the X 
centromere. The probe mapping to  ABL  (9q34) has a diploid copy 
number.  



    Plate 2.7      Whole - chromesome painting  
 The probes used here map to chromosomes 3 (green) and 21 (red), 
showing a t(3;21) in metaphase.  

    Plate 2.8      M - FISH karyotype of a patient with secondary MDS  
 In addition to structural rearrangements of chromosomes 1, 5, 11 
and 19, there is loss of chromosome 7.  

    Plate 2.9      FISH on paraffi n - embedded tissue sections  
 An  EWS / FLI1  - negative tumor (a: top) and an  EWS / FLI1  - positive 
tumor (b: bottom), showing colocalization of an  EWS  (red) and an 
 FLI1  (green) signal.  

(a)

(b)



    Plate 2.10      CGH using a retinoblastoma tumor as the test 
DNA  
 The top image (a) shows a metaphase following CGH. Green 
fl uorescence represents gain and red loss of the region in the 
tumor. The CGH profi le in the bottom image (b) clearly 
demonstrates that this corresponds to gain of 1q and loss of 16q.  

(a)

(b) 1 n = 16

n = 1916

    Plate 2.11      Hierarchical cluster analysis of expression profi les of 
100 cases of AML  
 The expression levels of the 100 most signifi cant genes are illustrated.  
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    Plate 9.1      Detection of the   FIP1L1 – PDGFRA   fusion gene  
 (a)  FIP1L1  and  PDGFRA  loci showing location of breakpoints (arrowed). Nested RT - PCR detects the fusion transcript in three patients with CEL. 
Multiple PCR products are frequently generated due to inclusion of alternatively spliced exons (not shown) from  FIP1L1 . (b) Demonstration of 
the 4q12 deletion in CEL by FISH.  
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    Plate 10.1      FISH analysis of chromosome deletion and addition  
 (a) Deletion 13q. (b) Trisomy 12.  

Deletion 13q(a) (b)Trisomy 12



    Plate 10.2      Dual - color interphase FISH analysis for detection of t(14;18)(q32;q21)  
 (a) Normal cell. (b) Tumor cell.  

Normal cell Tumor cell(a) (b)

    Plate 10.3      Chromosome 13q deletion 
detected by FISH and array CGH   



    Plate 10.4      Trisomy 12 detected by FISH and array CGH   

    Plate 12.1      Bone marrow fi ndings in Pearson marrow – pancreas syndrome  
 The presence of numerous vacuoles in both erythroid and myeloid precursors in an infant is virtually diagnostic of Pearson marrow – pancreas 
syndrome. Note also the presence of neutrophils with the Pelger anomaly of the nucleus.  



    Plate 12.2      The GPI anchor and its genetic disorders  
 The structure of GPI – protein (protein – EtNP - 6Man α 1 - 2Man α 1 - 6Man α 1 - 4GlcN α 1 - 6myoinositol - phospholipid) is shown. GPI biosynthesis takes 
place mostly in the endoplasmic reticulum. The fi rst step involves the addition of acetylglucosamine (GlcN) to phosphatidylinositol (inositol - P). 
Synthesis of the GPI anchor proceeds with the serial addition of a glycan moiety consisting of three mannose (M) molecules each modifi ed by 
phosphoethanolamine (EtNP). Through a transpeptidation reaction, proteins with the appropriate carboxy - terminal amino acid motif are 
attached covalently to the terminal EtNP. The GPI – protein complex subsequently travels to the cell surface, where the protein becomes 
anchored to the lipid bilayer through GPI. In PNH, PIG - A, a protein encoded by the X - linked gene  PIGA  and a member of a multi - subunit 
enzymatic complex that catalyzes the fi rst step (i.e., addition of GlcN to inositol - P), is somatically mutated in one or few HSCs. As a result, very 
little GPI is synthesized, or none at all, with consequent severe defi ciency of GPI - anchored proteins on the surface of the mutated HSCs and 
their progeny. In inherited GPI defi ciency, a germline hypomorphic mutation in the promoter of the  PIGM  gene, an  α 1 → 4 mannosyltransferase 
required for the addition of the fi rst mannose in the glycan core, causes variable GPI defi ciency.  
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    Plate 12.3      Molecular pathogenesis of Fanconi anemia  
 The FA pathway of DNA repair is activated in response to intra -  or inter - strand DNA cross - links. First the DNA damage sensor ATR 
phosphorylates the FCC and ID complexes and subsequently FCC monoubiquitinates FANCD2 and FANCI. The ID complex is recruited to the 
site of DNA damage and in concert with group II FA proteins (FANCD1/BRCA2, FANCN/PALB2 and FANCJ/BRIP1) form the FA DNA repair, 
which also recruits other DNA repair proteins such as BRCA1 and RAD51, leading eventually to the repair of the DNA cross - link through 
processes that include nucleotide excision repair, translesional synthesis and homologous recombination.  
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    Plate 12.4      Telomerases complex and dyskeratosis congenita  
 The telomerase complex and its protein subunits TERT, dyskerin, NOP10, NHP2 and GAR1 interact with the RNA component TERC to 
retrotranscribe a telomeric repeat sequence. The components of the complex mutated in X - linked dyskeratosis congenita (DC), autosomal 
dominant (AD) - DC, autosomal recessive (AR) - DC, aplastic anemia, X - linked Hoyeraal – Hreidarsson (HH) syndrome, idiopathic pulmonary fi brosis 
(IPF) and myelodysplasia (MDS) are shown. From Kirwan M, Dokal I. (2008) Dyskeratosis congenita: a genetic disorder of many faces.   Clinical 
Genetics ,  73 , 103 – 112, with permission.   
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    Plate 13.1      Hepcidin – ferroportin interaction causes iron sequestration in macrophages  
 ( Left ) Macrophages in the spleen and liver ingest senescent erythrocytes and extract their iron. When hepcidin is low, ferroportin molecules on 
macrophage cell membranes rapidly export the recycled iron (gray tint). ( Right ) During infl ammation, hepcidin synthesis is increased; hepcidin 
binds to macrophage ferroportin and induces its internalization and degradation. Export of iron from macrophages slows, and iron remains in 
macrophage cytoplasm bound to ferritin.  
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    Plate 13.2      Iron restriction in anemia of infl ammation  
 Under the infl uence of increased hepcidin concentrations, the release of stored and recycled iron from splenic and hepatic macrophages and 
hepatocytes is decreased, as is the absorption of dietary iron in the duodenum. Continued iron utilization depletes plasma iron, causing 
hypoferremia and limiting iron delivery to erythropoietic tissue. Fpn, ferroportin.  
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    Plate 14.1      Regulators of iron absorption, storage and tissue distribution  
 (a) Iron stores, erythropoietic demand, hypoxia and infl ammation modulate the hepatic production of hepcidin, an iron - regulatory hormone. 
Increased iron stores and infl ammation both increase hepcidin expression ( ↑ ), whereas increased erythropoietic demand and hypoxia decrease 
hepcidin expression ( ⊥ ). (b) Hepcidin controls the major fl ows of iron in the body, including the effl ux of iron into plasma from absorptive 
enterocytes, from splenic and hepatic macrophages involved in recycling of iron from erythrocytes, and from hepatocytes that store iron. 
Plasma iron is destined for hemoglobin synthesis by erythrocyte precursors in the bone marrow, and for other sites of iron utilization.  
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one other gene that plays a role in the regulation of iron 
balance.  

  Autosomal  d ominant  s iderosis 

 Autosomal dominant siderosis, formerly also called auto-
somal dominant (or type 4) hemochromatosis, has a distinct 
clinical picture. Patients with this disorder may have 
iron - defi ciency anemia early in life, but later present with 
increased serum ferritin concentration and macrophage iron 
accumulation. Some may eventually develop parenchymal 
iron deposition in addition to macrophage iron loading, 
probably because their specifi c mutations may also cause 
resistance to hepcidin. 

 This disorder has a very interesting pathogenesis. It is due 
to missense mutations in ferroportin, the cellular iron 
exporter. This seems paradoxical at fi rst, because the muta-
tions alter ferroportin function, and ferroportin acts as the 
basolateral enterocyte transporter involved in intestinal iron 
absorption (see Figure  14.1 ). However, it is important to 
consider that ferroportin also plays a major role in macro-
phage iron release. The lack of nonsense mutations in this 
disorder, and evidence from cellular and animal models of 
this disease, suggest that the mutated ferroportin exerts a 
dominant negative effect on the normal version of the mol-
ecule. The resulting loss of functional ferroportin is severe 
enough to impair macrophage iron release, resulting in 
accumulation of iron in macrophages and decrease in the 
amount of plasma iron available to developing erythroid 
precursors. Iron - restricted erythropoiesis probably signals 
for a compensatory increase in intestinal iron absorption, 
overcoming the genetic defi ciency of ferroportin in the ente-
rocytes. It appears that iron loading of macrophages has few 
if any clinical consequences.  

  African  s iderosis 

 The pathology of African siderosis is strikingly similar to that 
of autosomal dominant siderosis due to ferroportin gene 
mutations, although the genetic basis of African siderosis has 
not been described. Once called Bantu siderosis because of 
the population affected, this disorder was originally attrib-
uted to excessive dietary iron intake. It is common in sub -
 Saharan Africans, many of whom drink a traditional alcoholic 
beverage brewed in non - galvanized steel drums. The iron 
content of the brew is substantial, resulting in massive iron 
ingestion. However, the observations that not all drinkers 
develop iron overload and that some individuals develop 
similar iron overload without drinking the beverage support 
the notion that there is a genetic component to this disorder. 
It is not yet known whether European and American 

the greater severity of the juvenile form of the disease is due 
to the lower levels of hepcidin compared with the adult form 
of hemochromatosis.  

   TFR 2 -  a ssociated  h emochromatosis 

 A third form of autosomal recessive hemochromatosis (type 
3) has been reported to be indistinguishable from HFE -
 associated hemochromatosis in its clinical manifestations, 
but patients have no mutations in the  HFE  gene. Instead, 
their disease is caused by mutations in the  TFR2  gene on 
chromosome 7q. TFR2 is a protein that is highly homolo-
gous to the transferrin receptor (also known as TFR1), and 
highly expressed by hepatocytes and hematopoietic cells. 
TFR2 is capable of binding transferrin and transporting it 
into the cell, but it does so at much lower effi ciency than 
does transferrin receptor. TFR2 is stabilized by interaction 
with iron - transferrin and is also able to bind HFE. Patients 
and mice with homozygous TFR2 mutations have low hep-
cidin expression, implicating this protein in the regulation 
of hepcidin synthesis, possibly as a sensor of transferrin satu-
ration. Some patients have been shown to have nonsense 
mutations, indicating that TFR2 is not an essential protein 
for survival. Type 3 hemochromatosis is effectively treated 
by phlebotomy. 

 Two siblings with combined  HFE  and  TFR2  mutations 
were reported to have the severe juvenile form of the disease, 
suggesting that HFE and TFR2 have additive effects on hep-
cidin expression.  

  Ferroportin -  a ssociated  h emochromatosis 

 Most reported ferroportin mutations cause the loss of 
ferroportin function and the clinical picture of macrophage 
iron overload (siderosis) with few if any clinical 
consequences ( see below ). A rare form of hereditary hemo-
chromatosis is an autosomal dominant disorder (type 4 
hemochromatosis) due to ferroportin mutations that confer 
resistance to hepcidin - induced internalization (gain of func-
tion). Such a lesion would be expected to mimic hepcidin 
defi ciency. Its most severe form involves serine or tyrosine 
substitutions in C326 in the hepcidin - binding site of ferro-
portin. Affected patients presented with early onset of liver 
disease and arthritis.  

  Type 5  h emochromatosis 

 Type 5 hemochromatosis is not yet a defi ned entity, but 
rather a disease that has been inferred to exist because there 
are patients with HFE - like hemochromatosis who have no 
apparent mutations in the  HFE ,  TFR2  or hepcidin genes. 
This designation probably includes a disorder due to at least 
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their interaction. Iron overload is underdiagnosed because 
it produces signs and symptoms that are common in adult 
populations. However, iron overload disorders are usually 
easy to treat and clinicians should be vigilant in considering 
them.  
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individuals of African descent are also more susceptible to 
iron overload as a result of the same iron - loading gene.   

  Abnormal  i ron  d istribution 

 There are two well - characterized (but very rare) disorders 
due to mutations in plasma proteins important in iron 
metabolism. These mutations do not directly affect intestinal 
iron absorption. Rather, they perturb tissue iron 
distribution. 

  Atransferrinemia 

 Atransferrinemia is a severe defi ciency of the plasma iron -
 binding protein transferrin, due to mutations that truncate 
or alter the coding sequence of the transferrin gene. As a 
result, erythroid precursors are iron - starved and severe 
anemia results. Paradoxically, all non - hematopoietic tissues 
are iron - loaded, probably because intestinal iron absorption 
is enhanced to try to provide more iron to erythroid precur-
sors and because non - transferrin - bound iron is avidly taken 
up by many parenchymal cell types. Mice and humans with 
this disorder have low hepcidin, indicating that iron - 
transferrin is an important regulator of hepcidin synthesis. 
This disorder can be treated by transfusion of packed red 
blood cells or, more appropriately, by infusion of human 
transferrin.  

  Aceruloplasminemia 

 Aceruloplasminemia is defi ciency or absence of plasma ceru-
loplasmin. Ceruloplasmin was once thought to be a plasma 
copper carrier but it is now clear that its primary role is as a 
ferroxidase, aiding in the release of iron from macrophages, 
hepatocytes and cells of the central nervous system. Patients 
with this disorder are generally well early in life, but gradu-
ally develop tissue iron deposition in the liver, pancreas and 
brain. They typically present in middle age with retinal 
degeneration, dementia, hepatic iron deposition and diabe-
tes. Treatment with deferoxamine is ineffectual; treatment 
with normal plasma may provide some benefi t.    

  Conclusions 

 Iron disorders are among the most common of human 
affl ictions. They invariably result from abnormalities of iron 
balance, most often due to defects in the iron regulatory 
hormone hepcidin, its receptor/iron channel ferroportin or 
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  Introduction 

 This chapter discusses those hemoglobin disorders that are 
caused by mutations in the exon (i.e., coding) portion of the 
 α  or  β  globin genes. Alterations of globin gene expression 
(thalassemias) are reviewed in  Chapter    1  . We confi ne our-
selves mainly to the structural variants that are responsible 
for clinically signifi cant hemoglobinopathies.  

  Normal  h emoglobin  s tructure 
and  f unction 

 The adult major hemoglobin molecule, Hb A, is a tetramer 
formed by four polypeptide chains: two  α  chains of 141 
amino acids each and two  β  chains of 146 amino acids each. 
Each globin chain harbors a prosthetic group (heme) formed 
by protoporphyrin IX in a complex with a single iron atom 
(Figure  15.1 ). The heme, embedded in globin, is surrounded 
by a hydrophobic niche which favors maintenance of iron 
in the ferrous state. The heme pocket is large enough for 
oxygen to penetrate, but larger ligands capable of binding to 
the iron, such as carbon monoxide, have diffi culty gaining 
access.   

 Oxygen transport to tissues, the principal function of 
hemoglobin, depends on blood fl ow, which in turn is gov-
erned by cardiac output and microcirculatory resistance and 

distribution, and by hemoglobin concentration. Oxygen 
extraction by the tissues depends on the shape of the oxygen 
dissociation curve of hemoglobin and on tissue  P  o  2 . The 
shape of the oxygen equilibrium curve of hemoglobin is 
sigmoid. This shape is determined by the extent of coopera-
tivity, a phenomenon whereby the hemoglobin molecule 
modulates its affi nity for oxygen when partially saturated. 
The fi rst portion of the curve has a gentle slope, refl ecting 
hemoglobin ’ s low affi nity for oxygen at initiation of the 
loading process. In other words, when hemoglobin is totally 
deoxygenated it has a rather poor avidity for oxygen (Figure 
 15.2 ). As loading proceeds and hemoglobin binds more 
oxygen molecules, the slope of the curve steepens, indicating 
that the affi nity for oxygen has increased. This occurs after 
two molecules of oxygen have bound to the heme of deoxy-
hemoglobin tetramers, a property which helps hemoglobin 
to rapidly become fully oxygenated. If red cells are exposed 
to suffi cient oxygen to saturate only half of the hemes avail-
able, most molecules will either not be oxygenated at all or 
will be entirely oxygenated, with a very small component of 
partially oxygenated molecules. The sigmoid shape of the 
oxygen dissociation curve allows hemoglobin to release 
oxygen effi ciently. Abnormal hemoglobins such as Hb Bart ’ s 
( γ  4 ) which lack cooperativity are unable to deliver oxygen to 
the tissues effi ciently.   

 At the molecular level, cooperativity is accounted for by 
the fact that hemoglobin exists stably in only two structural 
forms, the R (relaxed) and T (tense) states, which facilitate 
the switch between the oxy and deoxy state. Transition from 
the deoxy(T) to the oxy(R) state occurs when a molecule of 
hemoglobin has bound two or three molecules of oxygen. 
While this concept has been challenged, postulated interme-
diate stable states have not been generally recognized. 
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     Fig. 15.1      Hemoglobin molecule  
 (a) The front view depicts the hemoglobin tetramer and the three axes of symmetry. The vertical line (marked by a solid ellipse) tracks the true 
twofold axis of symmetry (if you look down this axis you will see fi rst the central cavity constituted by the  β  chains). The dashed ellipses and 
dashed lines mark the two pseudoaxes of symmetry, since the symmetry is only approximate. Only the 21 carbons are shown, with none of the 
side chains. Numbers in bold type depict the residues in direct contact between the  α  1  and  β  2  chains. The  α  1  β  2  dimer (green) never dissociates 
and interacts with the  α  2  β  1  dimer (light shading) to change the conformation from T to R. Alterations in this area can produce high -  or 
low - affi nity hemoglobins. (b) The side view of the tetramer depicts the stable dimer, the one that does not move or dissociate.  
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     Fig. 15.2      The allosteric transition of hemoglobin: R    →    T  
  Right : Deoxygenated (T, tense) conformation of hemoglobin. Notice that the center cavity (space between the two  β  chains, indicated in green) 
is larger than in the oxygenated tetramer ( left ). This space in the molecule is occupied by 2,3 - diphosphoglycerate (2,3 - DPG) when the tetramer 
is in the blue cell. The allosteric effector, 2,3 - DPG, is in a little over equimolar concentration with the tetramer. The T form has low affi nity for 
oxygen.  Left : Oxygenated (R, relaxed) conformational state of hemoglobin. The central cavity has been reduced in size by the movement of the 
 β  chains toward each other. This tetramer cannot bind 2,3 - DPG. The R form has high affi nity for oxygen. The change in conformation forms 
and breaks bonds between the  β  chains (green) and the  α  chains (light shading) on each side of the central cavity. The title says 
 “ methemoglobin ”  but this hemoglobin form is identical to oxyhemoglobin. Perutz did his crystallography for reasons of convenience.  
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 The heme triggering mechanism for conformational 
change has been resolved. The iron in deoxyhemoglobin is 
slightly out of the plane of the heme (domed confi guration) 
because the pyrrole rings are also slightly pyramidal. When 
the ligand binds the sixth coordinating position of the iron, 
signifi cant steric stresses are introduced, and to relieve this 
strain the distal histidine moves 8 °  to become perpendicular 
to the heme, signifi cantly decreasing the doming of the iron 
(the angle between iron and the heme decreases to 4 ° ). There 
is also the displacement of FG5 in the same direction of the 
histidine F8 (a conserved residue to which heme iron is 
covalently linked in all hemoglobins). The confi guration 
around the heme has now changed to the oxygenated (R 
state), and a chain of events takes place involving the critical 
interactions that change the conformation of the hemo-
globin tetramer. 

 Several heterotropic ligands within the red cell shift the 
oxygen dissociation curve to the right, toward lower oxygen 
affi nity. These include CO 2 , hydrogen ions and 2,3 - diphos-
phoglycerate (2,3 - DPG). Hemoglobin binds CO 2  while it is 
offl oading oxygen and releases CO 2  when it binds oxygen, 
serving to dissipate the increase in concentration of CO 2  in 
the tissues and conveniently delivering this metabolic end 
product to the alveoli of the lungs. It accomplishes this par-
ticular task with ease because CO 2  inhibits hemoglobin ’ s 
oxygen - carrying capacity by decreasing the oxygen affi nity 
of the molecule. 

 Hemoglobin binds hydrogen ions more effi ciently in a 
low - pH environment. The  Bohr effect  describes the changes 
in oxygen affi nity secondary to pH changes within a certain 
range: the lower the pH, the lower the oxygen affi nity or 
higher the  P  50 . This means that an increased concentration 
of protons favors a low - affi nity state in hemoglobin. The 
physiological advantage this confers is twofold: in the tissues 
the lower pH consequent on higher CO 2  tension favors 
oxygen unloading, whereas in the lungs there is an increase 
in pH with CO 2  release which enhances oxygen uptake.  

  Sickle  c ell  a nemia 

  Genetics 

 The genetic basis of sickle cell anemia is central to the history 
of medical genetics. Pre - dated for generations by vernacular 
descriptions among West African tribes, the fi rst account of 
sickle cell disease in Western medical literature is attributed 
to James Herrick, the Chicago physician, who in 1910 
observed sickle - shaped red cells (Figure  15.3 ) in the blood 
of a dental student from Grenada who suffered from chronic 
hemolytic anemia. In 1947 James V. Neel concluded that 
with respect to the mode of inheritance sickle cell anemia 

     Fig. 15.3      Sickled cell  
 This is an Hb S homozygous (SS) red cell that has been 
deoxygenated. Notice the digitations stemming in all directions. 
These digitations are the product of the presence of fascicles of 
fi bers, which are the polymerized form of deoxy Hb S.  

was a homozygous state and sickle cell trait (the asympto-
matic carrier state) the heterozygous state for a genetic char-
acter that had yet to be defi ned. Linus Pauling proposed that 
sickling refl ected an abnormality of the hemoglobin mole-
cule, based on the observation of Irving Sherman, then a 
medical student, that under the polarizing microscope sickle 
cells, induced by deoxygenation, exhibited birefringence. 
Birefringence signifi ed to Pauling that some form of molecu-
lar alignment or orientation existed in these cells, and since 
the predominant molecule in the red cell is hemoglobin 
it had to be this that was involved in the pathology. 
Electrophoretic studies, which demonstrated the altered 
mobility of sickle hemoglobin, confi rmed this interpretation 
and the concept of molecular disease was born.   

 The chemical structure of Hb S was defi ned by Vernon 
Ingram, who had developed a technique for probing the 
primary sequence of a protein based on its fi ngerprint after 
cleavage by trypsin. This revealed that the structure of sickle 
hemoglobin differed from normal hemoglobin by only one 
tryptic peptide, subsequently found to have a single amino 
acid change at position 6 of the  β  chain, where a polar 
glutamic acid residue was replaced by a non - polar valine. At 
the DNA level this corresponds to an A    →    T transversion at 
codon 6 (GAG    →    GTG) of the  β  chain. 

 The globin genes were among the fi rst in the human 
genome to be cloned. The  β  and  β  - like globin genes are 
encoded at chromosome 11p15.5 and the  α  and  α  - like genes 
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 The sickle gene has thus arisen around the world on 
at least fi ve separate occasions. The present - day gene 
frequency, which equates to carrier rates that reach 20 – 25% 
in sub - Saharan Africa, refl ects heterozygote advantage 
that outweighs the reduced fi tness in the homozygous 
state (balanced polymorphism). This selection pressure 
in favor of Hb S heterozygotes is attributable to partial 
protection from mortality due to  Plasmodium falciparum  
malaria. The mechanism of protection has yet to be fully 
elucidated. 

 The sickle gene has also spread through gene fl ow; for 
example, the  β  S  gene linked to the Benin haplotype has 
spread to North Africa, Sicily, Greece, Turkey, most of the 
Arab world and the Americas, through the vicissitudes of 
war (e.g., Sudanese troops in Sicily during the Arab con-
quest), commerce and the horrors of the Atlantic slave trade. 
It is estimated that worldwide approximately 250   000 chil-
dren with sickle cell disorders are born annually.  

at chromosome 16p13.3. Utilizing 11 polymorphic sites dis-
tributed across the  β  globin gene cluster, it has been estab-
lished that the  β  S  gene is associated with three distinct 
chromosomal haplotypes (Benin, Bantu or Central African 
Republic and Senegal) in Africa, distinguishable by their 
array of DNA polymorphisms (haplotypes), each exclusively 
present in one of three separate geographical areas after 
which the haplotypes are named (Figure  15.4 ). The multi-
centric origin of the sickle mutation expanded further with 
discovery of a different haplotype linked to the  β  S  gene in 
the eastern oasis of Saudi Arabia and among the  “ tribal ”  
population of central India. It has been proposed that this 
Indo - European sickle mutation originated in the Harappa 
people of the Indus Valley, and was then dispersed, probably 
during the Sassanian Empire, to regions in the Middle East 
(now eastern Saudi Arabia, Bahrain, Kuwait and Oman). 
Finally, an ethnic group in southern Cameroon, the Eton, 
has its own unique haplotype linked to the sickle gene.   
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     Fig. 15.4      The  β  gene cluster haplotypes 
linked to  β  S  in Africa and the Middle East/
Pakistan/India  
 At the top of the fi gure are shown the 
geographic distributions corresponding to the 
haplotypes described below. A haplotype is a 
particular array of polymorphic sites (i.e., sites 
that vary among individuals), defi ned here by 
the capacity of endonuclease enzymes to 
recognize the short sequence and cut the 
DNA.  
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pathophysiological events as well as the pleiotropic effects are 
subject to modifi cation by epistatic genes, which may be 
polymorphic (i.e., differ among individuals). The combined 
impact of all these factors accounts for the great interindi-
vidual variability of the clinical phenotype: some patients are 
severely affected while others have only mild disease and the 
majority span these two extremes.   

 Anemia is present in all cases, with a mean hemoglobin 
concentration of around 8   g/dL (higher levels occur in Indian 
and some Middle Eastern populations), reticulocytosis (typ-
ically 5 – 20%), dense cell fraction [mean corpuscular hemo-
globin concentration (MCHC)  > 38   g/dL or density  > 1.1009] 
of up to 40%, an elevated white cell count (mean 18    ×    10 9 /L) 
and commonly thrombocytosis. Anemia is tolerated 

  Clinical  f eatures 

 Sickle cell anemia refers to the homozygous state for the  β  S  
gene, in which the majority of the hemoglobin in the red cells 
is sickle hemoglobin (Hb S). Polymerization of Hb S when 
ambient oxygen tension is reduced induces sickling (marked 
changes in red cell shape and deformability with the forma-
tion of irreversibly sickled cells), leading to decreased pliabil-
ity, lowering of rheological competence, and hemolysis. In 
addition, there are myriad pleiotropic effects, including 
increased adherence of sickle and other blood cells to 
endothelium, induction of red cell dehydration, procoagula-
bility, and perturbance of vasoregulation due to reduced 
nitric oxide (NO) bioavailability (Figure  15.5 ). The primary 
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     Fig. 15.5      Age - dependency of 
complications in sickle cell anemia  
  From Davies SC, Oni L. (1997) Management 
of patients with sickle cell disease.  British 
Medical Journal , 315, 656 – 660, with 
permission.   



184 Molecular Hematology

infancy there is progressive splenic atrophy, against which 
co - inheritance of  α  thalassemia affords protection. The 
resulting loss of splenic reticuloendothelial function leads to 
susceptibility to infection with capsulated bacteria. Before 
the advent of newborn screening and prophylaxis, over-
whelming  Streptococcus pneumoniae  infection was the 
leading cause of death in children with sickle cell disease. The 
prevalence of avascular necrosis of the femoral or humeral 
head reaches 20% in adulthood and is greater among patients 
whose hematocrit is higher including those with coexistent 
thalassemia. Peripheral retinopathy, characterized by micro-
vascular occlusion and choroidal infarcts, is common in 
sickle cell disease. Abnormal arteriovenous communications 
develop at the border of vascular and ischemic retina and 
are the precursor of proliferative sickle retinopathy. In 
patients with sickle cell anemia, and even heterozygotes, 
glaucoma may occur after traumatic hyphemas since the 
hypoxic milieu of the anterior chamber favors sickling of 
red cells, which are unable to exit through the canal of 
Schlemm. As in other hemolytic anemias cholelithiasis is 
common. The prevalence of gallstones increases with age 
and is also correlated directly with the number of TA repeats 
in the promoter of the hepatic uridine diphosphate 
glucurono syltranferase ( UGT1A1 ) gene and inversely with 
the presence of  α  thalassemia. Hepatopathy in sickle cell 
anemia encompasses several entities that include intrahe-
patic cholestasis and hepatic sequestration. In the latter, 
rapid enlargement of the liver is associated with a precipi-
tous fall in hemoglobin akin to that in acute splenic 
sequestration. 

 Congestive cardiac failure may develop in the absence of 
other recognized causes in sickle cell anemia. This implies 
that the myocardium may be the target of vaso - occlusive 
damage, although overt myocardial infarction is not 
common. The infrequency of vaso - occlusion in the heart 
may be the consequence of the very high perfusion pressure 
of coronary vessels as well as the squeezing effect of ventricu-
lar contraction. Pulmonary arterial hypertension has recently 
emerged as a common and serious complication. Estimated 
pulmonary artery pressure is increased in up to 30% of sickle 
cell anemia patients based on echocardiographic fi ndings 
and this is associated with increased risk of premature death. 
Mortality among patients whose tricuspid regurgitant veloc-
ity is 2.5   m/s or higher approaches 40% at 40 months. 

 In sickle cell anemia, pregnancy poses a signifi cant risk to 
the mother and fetus. The vogue for prophylactic transfu-
sion during pregnancy has been superseded by a more selec-
tive approach allied to close monitoring in the context of a 
 “ high - risk ”  obstetric program, with generally favorable 
outcomes. 

 The basis for the striking individual variability in the clini-
cal course and severity of sickle cell anemia has been the 

relatively well due to the reduced oxygen affi nity of Hb S 
and increased 2,3 - DPG concentration within the red cell. 
Several hematological variables, including total hemoglobin, 
are modulated by the level of fetal hemoglobin (Hb F) 
and co - inheritance of  α  thalassemia ( −  α / −  α  genotype 
more so than  −  α / α  α ), which occurs at a signifi cant fre-
quency among sickle cell anemia patients (20 – 50% of cases, 
according to age). Higher levels of Hb F are associated with 
the Senegal and Asian  β  globin haplotypes. Gender also 
exerts an infl uence; for example, females with sickle cell 
anemia have a signifi cantly higher Hb F level and in males 
hemoglobin concentration increases between 10 and 24 
years, contributing to a higher frequency of vaso - occlusive 
crises. 

 The most characteristic manifestation of sickle cell anemia 
is the painful crisis. This commonly involves multiple sites 
in the extremities, joints, spine, abdomen, ribs and sternum. 
The onset of pain can be insidious or rapid, and may affect 
several sites simultaneously or extend over time from one 
location to others. The pathological basis of the painful crisis 
is infarction of the bone marrow. Systemic embolization of 
bone marrow or fat to the lung, brain or kidneys may occur. 
The site fi rst affected in infancy is often the hands or feet 
(dactylitis). Necrosis of the epiphysis may lead to premature 
fusion with shortening of the digits. Paradoxically, painful 
crises are more frequent in patients with greater red cell 
deformability. Serial observations indicate that during 
painful crises a decrease in low - density cells of greater 
deformability precedes that of dense cells. This may be rec-
onciled with a model whereby cells that are less dense but 
more adherent to the endothelium bedeck the vessels, facili-
tating entrapment of dense cells and ultimately vaso - occlu-
sion. This may be an oversimplifi cation and other 
mechanisms, for example refl ex shunting of blood away 
from the bone marrow and perturbation of vasoregulation, 
have been invoked. Precipitating factors include cold, infec-
tion, dehydration, altitude, excessive exercise, emotional 
stress, sleep apnea, obstruction to the peripheral circulation 
(e.g., tourniquet use) and possibly cocaine abuse. 

 The clinical complications of sickle cell anemia are protean 
and involve almost every organ system. The lungs and 
kidneys are particularly affected. There is an increase in 
glomerular fi ltration rate as well as hyposthenuria from early 
childhood. Papillary necrosis with hematuria, renal insuffi -
ciency and nephrotic syndrome may occur (Plate  15.1 ). The 
lungs are the target of both acute and chronic complications. 
Acute chest syndrome may be associated with infection 
(viral, bacterial or atypical organisms) and fat embolism. 
The latter is associated with a more severe clinical course. 
Repeated episodes of acute chest syndrome predispose to the 
development of chronic sickle lung disease. Cerebral vascu-
lopathy may lead to stroke and neurocognitive defects. From 
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  Adhesion of  s ickle  r ed  c ells and  o ther  b lood  c ells to 
the  e ndothelium 

 Based purely on the kinetics of Hb S polymerization, it is 
predicted that the majority of red cells will not undergo 
sickling  in vivo  because the delay time for polymerization 
exceeds the time taken to traverse the microvascular and 
venous circulation and reach the lungs where reoxygenation 
occurs. From this has emerged the concept that sickle red 
cells are more adherent to the vascular endothelium, which 
has shaped our understanding of the pathophysiology of 
sickle cell anemia. Adhesion of sickle red cells to the vascular 
endothelium plays a key role in vaso - occlusion by retarding 
transit, thereby favoring Hb S polymerization and contribut-
ing to mechanical obstruction. In early studies Hebbel and 
colleagues, originally using human umbilical vein endothe-
lial cell monolayers, established that sickle red cells were 
abnormally adherent to endothelial cells and postulated that 
this was linked to disease severity. The enhanced adherence 
of sickle red cells has been reproduced in more physiological 
systems. Young sickle red cells, which express the integrin 
 α 4 β 1 (VLA - 4) that binds to both vascular cell adhesion mol-
ecule (VCAM) - 1 and fi bronectin displayed on the surface of 
endothelial cells, show increased adherence to the endothe-
lium of post - capillary venules, the principal site of vaso -
 occlusion. This has been demonstrated both in the mesenteric 
circulation  ex vivo  as well as in the cremaster muscle of 
transgenic sickle mice  in vivo . Obstruction of the microcir-
culation is preceded by adhesion of young sickle red cells, 
which trap dense cells and irreversibly sickled cells (ISCs) in 
those areas to which they are adherent. Leukocytes and 
platelets are also implicated in vaso - occlusion. Circulating 
activated leukocytes are present in sickle cell anemia and 
exhibit increased adhesive properties in experimental 
systems. Intravital microscopy in a murine sickle model has 
shown that following an infl ammatory stimulus neutrophils 
are recruited to the endothelium of post - capillary venules, 
where they capture sickle red cells possibly through recogni-
tion of surface IgG, complement or ICAM - 4 (Landsteiner –
 Weiner blood group antigen). Platelets may also contribute 
to the vaso - oclusive process. The platelets of patients with 
sickle cell anemia show increased expression of activation 
markers and adhesion via the glycoprotein IIb/IIIa receptor 
to fi brinogen and form heterocellular aggregates with red 
cells. Thrombospondin released from activated platelets and 
shown to be elevated in plasma during painful crisis may 
bridge CD36 or  α v β 3 integrin expressed on microvascular 
endothelial cells and CD36 or sulfated glycans on sickle red 
cells. Increased levels of platelet - derived soluble CD40 
ligand, which potentially contribute to endothelial activa-
tion and procoagulant activity, are found in patients with 
sickle cell anemia. 

subject of intense study. Not surprisingly, Hb F level emerges 
as a major predictor of morbidity and mortality. Patients 
with a steady - state Hb F level of 8 – 9% or more have a more 
favorable course. Only part of the difference observed in 
Hb F levels is accounted for by genetic variation at the 
 β  globin locus. This has led to genome - wide association 
studies aimed at identifi cation of quantitative trait loci that 
modulate Hb F level in  trans . Single - nucleotide polymor-
phisms at the  HBS1L - MYB  and  BCL11A  loci on chromo-
somes 6 and 2, respectively, have been shown to be associated 
with variation in Hb F level in normal non - anemic popula-
tions and, more recently, sickle cell anemia patients. The 
mechanisms by which these quantitative trait loci act may 
have important implications for the future treatment of  β  
hemoglobinopathies.  

  Pathophysiology 

 There are fi ve major contributors to the pathophysiology of 
sickle cell anemia. 

  Polymerization of  H  b   S  

 The substitution of valine for glutamic acid at  β 6 subverts 
an essential property of hemoglobin, that it should maintain 
solubility at high concentration within the red cell. The 
initial step in polymerization of Hb S, known as nucleation, 
involves the assembly of small aggregates of deoxy Hb S 
molecules. Once nucleation has occurred, propagation of 
the polymer ensues at an exponential rate. The self - associa-
tion of deoxy Hb S molecules to form a nucleus is a stochas-
tic process, hence the reaction has a delay time. This is 
shortened by an increase in intracellular hemoglobin con-
centration, lowering the pH and an increase in temperature, 
which may be one reason dehydration and infection trigger 
vaso - occlusive events in sickle cell disorders. The fi nal 
product of polymerization is a rope - like fi ber composed of 
seven double strands twisted helically around a vertical axis. 
Depending on their orientation within the cell, these poly-
mers deform the shape of the red cell to produce one of 
several morphological forms (Figure  15.6 ). The intermo-
lecular contacts within and between the double strands have 
been extensively characterized. Lateral contact between adja-
cent tetramers in the double strand involves the mutant  β 6 
Val, which is buried in a hydrophobic acceptor pocket 
formed by  β 88 Leu and  β 85 Phe, allowing ingress of water 
molecules which form bridging hydrogen bonds that stabi-
lize the contact. The failure of Hb F and Hb A 2  (and the 
corresponding hybrid tetramers) to copolymerize with Hb S 
has been attributed to specifi c amino acid residues but how 
these disrupt axial and lateral contacts in the Hb S polymer 
is still not fully resolved.    
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ecules and establishes a vicious circle that potentiates 
adherence of sickle red cells and vaso - occlusion.  

  Red  c ell  d ehydration 

 Red cell dehydration represents an integral component of 
the pathophysiology of sickle cell anemia because polymeri-
zation of Hb S is critically dependent on intracellular hemo-
globin concentration. Although the MCHC is close to 
normal, sickle red cells have a wide density distribution. 
After they enter the circulation a proportion of young sickle 
red cells undergo rapid dehydration and conversion to dense 

 The candidate mechanisms proposed for these adhesive 
interactions are complex and full discussion is beyond the 
scope of this chapter. Only a minority has been validated in 
microcirculatory preparations and not all have been proven 
to be relevant to the microvascular bed in which vaso - occlu-
sion occurs. Von Willebrand factor and  α v β 3 integrin 
appear good candidates since antibodies against both inhibit 
cell adhesion in living circulatory preparations. Endothelial 
injury, which may be mediated by sickle cells or NO deple-
tion ( see below ), leads to activation of endothelial cells with 
upregulation of the transcription factor nuclear factor (NF) -
  κ B and enhanced expression of multiple cell adhesion mol-
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     Fig. 15.6      Polymer Hb S structure  
 This is the assembly unit of the Hb S 
polymer: the Werner – Love double strand. 
This double strand is part of the Hb S 
crystal, but in the crystal it propagates in all 
directions to form a lattice. The sickle fi ber 
wraps around to form a helical fi ber. The 
squares depict the four different areas of 
contact that form the double strand.  
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poietin, granulocyte/macrophage colony - stimulating factor 
and stem cell factor and lower levels of the inhibitory 
cytokine transforming growth factor (TGF) -  β , presumably 
refl ecting the need to maintain a more intense erythropoietic 
drive. Sickle cell anemia patients are susceptible to an acute 
anemia superimposed on that resulting from chronic hemo-
lysis, due to infection with parvovirus B19. This can produce 
a life - threatening fall in hemoglobin, which is generally self -
 limiting (after 7 – 15 days). This results from the ability of 
parvovirus B19 to infect BFU - E through the blood group P 
system that serves as its receptor.  

  Nitric  o xide  e ffects 

 In recent years a new paradigm linking vascular dysfunction 
and hemolysis in the pathophysiology of sickle cell anemia 
has come to the fore. This is underpinned by evidence that 
in sickle cell anemia, even in the steady state, the bioavaila-
bility of NO is decreased, leading to perturbance of vascular 
homeostasis. This arises because free hemoglobin, released 
into the plasma as a consequence of intravascular hemolysis 
at a rate which exceeds haptoglobin binding capacity, reacts 
rapidly with NO produced by the endothelium to form 
methemoglobin and nitrate. This scavenging mechanism 
does not occur under physiological conditions because of 
the diffusion barriers presented by the red cell membrane 
and the cell - free zone adjacent to the endothelium. The 
release of arginase - 1 contained in red cells compounds the 
effect on NO bioavailability through conversion of  l  -
 arginine, the substrate for NO synthase, to  l  - ornithine. 
Renal dysfunction in sickle cell anemia may further compro-
mise the supply of arginine as the kidneys are the primary 
site of  de novo  synthesis. Low plasma arginine levels are 
found in adults with sickle cell disease and predict early 
mortality. The consequences of reduced NO bioavailability 
include vasoconstriction, activation of endothelial cells with 
production of endothelin - 1 (a potent vasoconstrictor and 
infl ammatory mediator), and upregulation of adhesion mol-
ecules, platelet activation, tissue factor expression and 
thrombin generation all of which might contribute to the 
complex pathophysiology of sickle cell anemia.   

  Treatment 

 Preventive measures have proved highly effective in reducing 
childhood mortality in sickle cell disorders. These constitute 
prophylaxis against pneumococcal infection in the form 
of penicillin and vaccination and the early detection of 
splenic sequestration through training parents to monitor 
spleen size. The judicious use of transfusion in complications 
such as acute chest syndrome, stroke, splenic sequestration 
and aplastic crisis has also improved outcomes dramatically. 

cells and ultimately ISCs. Cell dehydration is due to loss of 
potassium accompanied by water effl ux. Several membrane 
transport pathways have been implicated in the dehydration 
of sickle red cells. Probably the two most important are the 
Ca 2+  - dependent K +  (Gardos) channel and K + /Cl  −   cotrans-
port. Activation of K + /Cl  −   cotransport occurs in sickle cell 
anemia as well as other hemoglobinopathies due to posi-
tively charged hemoglobin variants such as Hb C. It has been 
proposed that this may be mediated by binding of the abnor-
mal hemoglobin to the inner surface of the cell membrane. 
In normal red cells K + /Cl  −   cotransport is confi ned to reticu-
locytes but in sickle cell anemia activity persists in mature 
red cells. The Ca 2+  - dependent K +  (Gardos) channel is acti-
vated by intracellular accumulation of Ca 2+ , which occurs on 
deoxygenation in sickle red cells. Cells containing Hb F are 
less susceptible to this effect, suggesting it is due to polym-
erization. When red cells undergo sickling there is increased 
cation permeability due to distortion of the membrane suf-
fi cient to activate the Ca 2+  - dependent K +  (Gardos) channel, 
leading to K +  effl ux and cell dehydration. Dense cells and 
ISCs have markedly shortened survival and reduced oxygen 
affi nity.  

  Anemia 

 Anemia is not simply a product of hemolysis in sickle cell 
anemia. The extent of marrow expansion is less than in 
thalassemia major (fi ve as opposed to ten times normal). 
One explanation for this is the right - shift in the oxygen 
equilibrium curve, to which high red cell 2,3 - DPG contrib-
utes as described above. This results in increased oxygen 
delivery to the tissues and explains why erythropoietin levels 
do not increase until the hemoglobin falls below 9   g/dL. Even 
below this threshold, however, the erythropoietin response 
is blunted (i.e., inappropriately low for the degree of anemia). 
The reason for this is not fully understood, but the fact that 
this relative defi ciency of erythropoietin increases with age 
suggests that  “ silent ”  renal damage might be responsible. 

 The hemolysis is also complex because of the heterocel-
lular nature of red cells in sickle cell anemia. There are actu-
ally three red cell populations: the most dense red cells, 
which survive only 4 – 5 days; F cells (which contain pre-
dominantly Hb F), which have close to a normal lifespan; 
and the remaining majority of red cells, which have an inter-
mediate survival. Coexistent  α  thalassemia or high Hb F 
levels reduce hemolysis and consequently anemia. 

 Interestingly, the level of Hb F mirrors the pattern of 
circulating progenitors and hematopoietic cytokines seen in 
sickle anemia. Low - Hb F sickle cell anemia patients have an 
increased number of peripheral blood burst - forming units, 
erythroid (BFU - E), which are in active cycle. In addition, 
these patients have constitutively elevated levels of erythro-
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lated umbilical cord blood or non - myeloablative protocols 
with reduced toxicity may enable the success of conventional 
BMT in sickle cell disease to be extended to older patients 
and for a broader range of indications. 

 Other approaches to pharmacotherapy of sickle cell 
anemia to emerge include prevention of red cell dehydration 
with imidazoles or magnesium pidolate, which inhibit the 
Ca 2+  - activated K +  (Gardos) channel and K + /Cl  −   cotransport 
pathways respectively, and vasodilator therapies. The latter 
are predicated on the role that perturbance of NO metabo-
lism plays in the pathophysiology of sickle cell disease. Plasma 
arginine levels are low in sickle cell anemia, particularly 
during vaso - occlusive crises and in the sickle transgenic 
mouse model ( β  S+S - Antilles ), indicating substrate depletion. In 
transgenic mice arginine supplementation was unexpectedly 
associated with a reduction in MCHC and the proportion of 
dense red cells. These outcomes were found to be the con-
sequence of Gardos channel inhibition. The initial promise 
of arginine supplementation has yet to be borne out in clinical 
trials, although pilot data suggest potential benefi t in the 
treatment of pulmonary hypertension. The successful use of 
inhaled NO has been reported in refractory acute chest syn-
drome and Phase II studies in the acute management of 
vaso - occlusive crisis are in progess. The phosphodiesterase 
5 inhibitor sildenafi l, which augments NO signaling through 
inhibition of cGMP hydrolysis, is the subject of clinical trials 
in patients with and without pulmonary hypertension and 
has been used to treat priapism in sickle cell disease. It is 
likely other mechanisms central to the pathophysiology of 
sickle cell disease will be future targets for therapeutic inter-
vention. Inhibition of cell adhesion to the vascular endothe-
lium is an attractive candidate in this respect. A recent clinical 
trial of tinzaparin, a low - molecular - weight heparin that 
emulates the inhibitory activity of unfractionated heparin 
in blocking P - selectin -  and thrombospondin - mediated 
adherence of sickle red cells to the endothelium, showed 
signifi cant benefi t in the management of painful crisis. 

 The prospect of gene therapy for hemoglobinopathies has 
gained impetus from recent developments. Effi cient trans-
duction of hematopoietic stem cells with a lentiviral vector 
containing an anti - sickling globin construct at a level likely 
to be of clinical benefi t has proved to be attainable in murine 
models. Long - term expression of a  β  A  globin gene modifi ed 
by an amino acid alteration (Gln    →    Thr) at position  β 87, 
which accounts for more than 90% of the anti - sickling effect 
of Hb F, has been achieved in syngeneic recipients. In the 
absence of preselection there was erythroid - specifi c accumu-
lation of the anti - sickling protein in almost all circulating 
red blood cells which accounted for up to 52% of total 
hemoglobin. In two transgenic mouse models of sickle cell 
disease, BERK and SAD, inhibition of red blood cell dehy-
dration and sickling was observed with correction of hema-

 The treatment of painful crises remains a challenge. Rapid 
assessment of the intensity, quality and distribution of pain 
and presence of comorbidities coupled with prompt admin-
istration of opioid analgesia and hydration remain the main-
stay of effective management. Individually tailored analgesia 
regimens with the adjunctive use of non - steroidal anti -
 infl ammatory drugs are favored by many centers. As an 
alternative to treatment in the acute hospital setting, a 
daycare facility dedicated to sickle cell anemia has emerged 
as the best service model. 

 Hydroxycarbamide (hydroxyurea) lowers the incidence of 
painful crises and acute chest syndrome in adult and pedi-
atric sickle cell anemia patients; in addition, hydroxycar-
bamide therapy leads to a reduction in transfusion 
requirement. Predictors of response to hydroxycarbamide 
include high white cell count and absence of the Bantu hap-
lotype. The mechanism by which hydroxycarbamide, a ribo-
nucleotide reductase inhibitor, acts involves recruitment of 
erythroid progenitors programmed to produce Hb F. This 
appears to be mediated through NO - dependent activation 
of soluble guanylyl cyclase. Although predicated on its action 
as an inducer of Hb F, it is apparent that hydroxycarbamide 
exerts other effects of potential relevance to its effi cacy in 
sickle cell disease. These include reduced expression of adhe-
sion molecules, enhanced NO production and red cell 
hydration, and reduction in the leukocyte, platelet and retic-
ulocyte counts. The role of hydroxycarbamide in preserva-
tion of organ function is under investigation in ongoing 
clinical trials. Other agents that have been shown in small -
 scale studies to be effective inducers of Hb F in sickle cell 
anemia include the DNA hypomethylating agents azaciti-
dine (5 - azacytidine) and its analog decitabine (2 - deoxy - 5 -
 azacytidine) as well as the butyrate derivatives sodium 
phenylbutyrate and arginine butyrate, which modify chro-
matin structure through inhibition of histone deacetylase 
and are believed to act through transcriptional derepression 
of the  γ  globin gene. 

 Allogeneic bone marrow transplantation (BMT) has been 
performed in younger patients (up to16 years of age) with 
sickle cell anemia with favorable results, including splenic 
regeneration in some cases. The disease - free survival at 5 
years after BMT for sickle cell disease from a fully HLA -
 matched related donor using conventional myeloablative 
conditioning is currently around 90%. However, overall 
transplant - related mortality remains about 5% with a similar 
risk of graft rejection so the option of BMT is reserved for 
those with a severe clinical phenotype in whom these risks 
can be justifi ed. Selection of patients with a history of central 
nervous system involvement was initially associated with a 
higher probability of stroke in the post - transplant period, 
but protocol amendment has reduced this risk. Alternative 
sources of donor hematopoietic stem cells including unre-
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common but usually clinically benign. The anemia is mild 
to moderate in degree and accompanied by a reduced MCV. 
The peripheral blood fi lm is fairly characteristic and, with 
some experience, diagnostic. The red cells appear hypochro-
mic due to their fl atness (rather than low MCH or MCHC; 
in fact, the red cells have a normal MCH and an increased 
MCHC). Folded and target cells are prominent. Red cells 
may, though infrequently in the absence of splenectomy, 
show intracellular tetragonal crystals of Hb C, best detected 
in reticulocyte preparations, where they retain their red 
color. 

 The  β  C  gene ( β 6 Glu    →    Lys) has a frequency one - quarter 
that of the  β  S  gene among African - Americans. The  β  C  muta-
tion most likely originated in Burkina Faso, where we fi nd 
the highest gene frequency (up to 0.5), decreasing concentri-
cally, and encompassing Mali, Ivory Coast and Ghana, all of 
which lie east of the Niger river. 

 The pathophysiology of Hb C disease is dominated by the 
reduced solubility of hemoglobin that results from replace-
ment of  β 6 glutamic acid by lysine and its effect on mem-
brane transport. The former is manifest as a tendency for oxy 
Hb C to form tetragonal crystals (Plate  15.2 ). Although less 
deformable, the red cells in Hb C disease do not produce 
vaso - occlusion even when present in signifi cant numbers 
after splenectomy. This may be explained by dissolution of 
oxy Hb C crystals under conditions of low  P  o  2  in the micro-
vascular circulation. The red cells are uniformly denser. 
This characteristic is associated with stimulation of K + /Cl  −   
cotransport (higher than in SS cells, despite a lower reticulo-
cyte count), a transport system which, through effl ux of K +  
and accompanying water loss, leads to red cell dehydration. 
The kinetics of K + /Cl  −   cotransport are altered in Hb C disease 
red cells, with delayed switch - off when the stimulus for 
activity (cell volume increase or low pH) is removed. Whether 
this alteration is suffi cient to explain the pathophysiology of 
Hb C disease and its relation to interaction of Hb C with the 
red cell membrane remains to be determined. 

 Epidemiological data from Burkina Faso reveals that indi-
viduals homozygous for Hb C are particularly resistant to 
death from malaria. This is congruent with previous obser-
vations that the red cells of Hb C homozygotes are less able 
to release merozoites than normal or heterozygote (Hb AC) 
red cells. By virtue of this greater protective effect, Hb C may 
eventually supersede the Hb S gene with respect to preva-
lence in those populations where the two mutants coexist. 
The multiplication rate of  P. falciparum  is lower in the red 
cells of Hb C homozygotes than in normal red cells, prob-
ably due to disintegration of ring forms and trophozoites. It 
appears that only a subset of red cells of Hb C homozygotes 
supports normal parasite replication. 

 The structural basis for Hb C crystallization has been elu-
cidated. Hb C crystals form by nucleation and grow by the 

tological parameters, splenomegaly and hyposthenuria. 
There remains a concern surrounding the risk of insertional 
mutagenesis due to random viral integration based on the 
occurrence of leukemogenic activation of LMO - 2 and BCL -
 2A1 in clinical and non - human primate gene therapy studies. 
Gene replacement therapy avoids this problem but until 
recently has been hampered by low effi ciency in hematopoi-
etic cells. Targeted correction of the  β  S  gene has been 
achieved by homologous recombination in murine embry-
onic stem cells. The discovery that induced pluripotent stem 
cells, which resemble embryonic stem cells, can be generated 
from skin fi broblasts by transduction of just four defi ned 
transcription factors (Oct3/4, Sox2, Klf4 and c - Myc) offers 
a potential solution to the problem of deriving suffi cient 
corrected hematopoietic progenitors for transplantation. 
Notwithstanding the challenges which lie ahead, these 
advances give grounds for optimism that gene therapy for 
hemoglobinopathies may soon reach clinical application.  

  Sickle/ β   t halassemia 

 This syndrome is observed in geographical regions in which 
both Hb S and  β  thalassemia are frequent, such as Africa, 
Sicily, Greece, Turkey, the Arab countries, and regions of 
the Americas with African and southern Mediterranean 
admixture. 

 There are two phenotypic forms: S/ β   +   thalassemia, in 
which the red cells contain between 20 and 40% Hb A, the 
remainder comprising Hb S, Hb F and Hb A 2 ; and S/ β  0  
thalassemia, in which the red cells contain only Hb S, Hb F 
and Hb A 2 . The latter may sometimes be diffi cult to distin-
guish from the homozygous state for the  β  S  gene and this 
may require pedigree or genotypic analysis. The relative 
frequency of S/ β  0  and S/ β  +  thalassemia refl ects the preva-
lence of individual  β  thalassemia mutations, which varies 
from one geographic region to another. In people of African 
descent S/ β  +  thalassemia predominates, whereas in the 
Mediterranean S/ β  0  thalassemia is more common. 

 Though similar to that of sickle cell anemia, the clinical 
spectrum of S/ β  thalassemia is broader and in its S/ β  +  tha-
lassemia form signifi cantly milder. The hemoglobin level is 
higher and mean cell volume (MCV) as well as mean cor-
puscular hemoglobin (MCH) typically lower than in sickle 
cell anemia. However, retinopathy, osteonecrosis and hyper-
splenism are more common.  

  Hemoglobin  C   d isease 

 Worldwide, hemoglobin C is the third most common struc-
tural hemoglobin variant (after Hb S and Hb E). Individuals 
who are homozygous for Hb C display a mild hemolytic 
anemia that is generally asymptomatic. Splenomegaly is 
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is around 27 days compared with 17 days in sickle cell 
anemia. Hematologically, Hb SC disease is characterized 
by a higher hemoglobin, lower MCV, lower reticulocyte 
count, fewer dense red cells and lower Hb F level compared 
with sickle cell anemia. The blood fi lm in Hb SC disease may 
be diagnostic. In addition to the red cell forms seen in Hb C 
disease, there are frequent dense cells, some of which 
resemble a broad - beamed canoe and occasionally ISCs. 
Intraerythrocytic crystals are best visualized with supravital 
stains (Plate  15.4 ) or after incubation of blood with 3% 
NaCl.  

  Other  s ickle  h emoglobinopathies 

 Many compound heterozygous states have been described in 
which Hb S is co - inherited with a second  β  globin variant 
most of which are of no clinical signifi cance. Exceptions are 
Hb SO - Arab, Hb SD - Punjab (Los Angeles) and Hb SE. Hb 
O - Arab ( β 121 Glu    →    Lys) and Hb D - Punjab ( β 121 
Glu    →    Gln) interact with Hb S to produce a severe clinical 
phenotype akin to sickle cell anemia. This is explained by the 
fact that these substitutions at the  β 121 residue, a contact 
point in the Hb S polymer, increase the nucleation rate for 
polymer formation. Only a small number of cases of Hb SE 
have been described, all of which displayed a mild pheno-
type. Other compound heterozygous sickling disorders due 
to a second structural variant are rare. Co - inheritance of Hb 
Quebec - Chori ( β 87 Thr    →    Ile) and Hb S is an interesting 
example. Since Hb Quebec - Chori is electrophoretically 
silent, the compound heterozygous state with Hb S mimics 
sickle cell trait; however, its presence can be distinguished 
by mass spectrometry. The proposed mechanism for the 
interaction between the two variant globin chains is that 
substitution of a bulky hydrophobic isoleucine residue at 
 β 87 creates a more favorable environment in the acceptor 
pocket for  β 6 Val which stabilizes intermolecular contacts in 
the polymer. 

 Several dominant sickle mutations in which there is a 
second substitution in addition to  β 6 Val in the same  β  chain 
have been described. This results in assembly of a  “ super - Hb 
S ”  which manifests with symptoms in the heterozygote. Two 
examples have been well characterized. Hb S - Antilles ( β 6 
Glu    →    Val; 23 Val    →    Ile) is expressed in the heterozygote at 
a level of around 40% and produces a syndrome resembling 
a mild sickle cell anemia phenotype. The mechanism is 
complex; the second mutation reduces the solubility from a 
 C  sat  of 18   g/dL for Hb S to 12   g/dL, with the result that polym-
erization is promoted. Hb S - Antilles also has reduced oxygen 
affi nity. This oxygen equilibrium shift favors sickling. The 
other well - documented dominant sickle mutation is Hb 
S - Oman ( β 6 Glu    →    Val; 121 Glu    →    Lys). This generates an 
even more powerful  “ super - Hb S. ”  Even at expression levels 

attachment of individual Hb C molecules from the solution. 
Hb C crystallization is possible because of the huge entropy 
gain, likely stemming from the release of up to 10 water 
molecules per protein intermolecular contact – hydrophobic 
interaction. The propensity of oxy Hb C to form crystals is 
attributable to increased hydrophobicity resulting from the 
conformational changes that accompany the  β 6 Lys muta-
tion. The oxy ligand state is thermodynamically driven to a 
limited number of aggregation pathways, with a high pro-
pensity to form the tetragonal crystal structure. This con-
trasts with deoxy Hb C, which energetically favors equally 
multiple pathways of aggregation, not all of which will cul-
minate in crystal formation, and which has a different crystal 
form.  

  Hemoglobin  SC   d isease 

 The compound heterozygous disorder hemoglobin SC 
disease combines two structural variants, Hb S and Hb C, 
neither of which is associated with a clinical phenotype in 
the simple carrier state. The clinical basis of Hb SC disease, 
a signifi cant sickling disorder, therefore demands an expla-
nation. The pathophysiology of Hb SC disease derives from 
two mechanisms. The relative proportion of Hb S to Hb C 
is 50   :   50, in contrast to sickle cell trait in which the ratio of 
Hb S to Hb A is 40   :   60. This refl ects the variable electrostatic 
affi nity of structurally distinct  β  chains for  α  globin which 
governs the proportion of different  α  β  subunits and hemo-
globin assembly within the red cell. The red cells of Hb SC 
individuals have a higher MCHC, refl ecting dehydration due 
to increased K + /Cl  −   cotransport. Since polymerization is 
dependent on intracellular Hb S concentration, both of these 
factors favor polymer formation. In keeping with this,  in 
vitro  studies have shown that increasing the proportion of 
Hb S from 40 to 50% increased the rate of polymerization 
almost 15 - fold. Hb SC red cells are denser than normal or 
the majority of sickle cell anemia red cells (Plate  15.3 ). 
Interestingly, Hb S favors Hb C crystallization; this explains, 
in addition to loss of splenic function, why crystals are gen-
erally more prominent in Hb SC than Hb C disease. However, 
for the reasons given above, this does not contribute to 
vaso - occlusion. 

 Hb SC disease is milder than sickle cell anemia. Virtually 
all patients survive to adulthood and average life expectancy 
is close to that of matched controls. The clinical spectrum 
resembles that of sickle cell anemia but the frequency and 
severity of most specifi c complications are generally less. 
Three exceptions show a disproportionate prevalence or 
severity in Hb SC disease  –  osteonecrosis, acute chest syn-
drome and retinopathy  –  the latter being more common 
than in sickle cell anemia. Splenomegaly is more frequent 
and functional hyposplenism delayed. Mean red cell survival 
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lethality of infection. This is consistent with the Haldane 
hypothesis of heterozygote protection against severe malaria.   

  Unstable  h emoglobins 

 Cases of non - spherocytic hemolytic anemia due to a struc-
turally unstable hemoglobin were fi rst recognized because 
precipitation occurred on thermal incubation of hemolysate, 
a phenomenon which forms the basis of the heat stability 
test. In many patients Heinz bodies were present. There are 
over 100 mutations that render the hemoglobin molecule 
unstable, of which only a minority are associated with sig-
nifi cant clinical symptoms. About 75% are  β  chain variants. 
Unstable hemoglobins are generally inherited in an auto-
somal dominant manner, although rare homozygous cases, 
for example Hb Bushwick ( β 74 Gly    →    Val) and Hb Taybe 
( α  1 38/39 Thr deletion), have been described. In a signifi cant 
number of cases there is no antecedent family history, indi-
cating that the mutation has arisen spontaneously. The 
unstable variant usually accounts for 10 – 30% of the total 
hemoglobin. Structural alterations render hemoglobin 
unstable by four mechanisms: 
   •      destabilization of the attachment of heme to globin;  
   •      interference with stability of the  α  1  β  1  contact area, which 
does not normally dissociate;  
   •      introduction of either a bulky or charged side chain to the 
hydrophobic interior of the hemoglobin molecule;  
   •      disruption of the secondary structure of the molecule by a 
side chain that is not  α  - helix - friendly (commonly as a result 
of proline substitution).    

 Hb K ö ln ( β 98 Val    →    Met) is the most common of the 
unstable hemoglobins and shows no ethnic predilection. 
Many unstable hemoglobin variants do not alter the surface 
charge of the hemoglobin molecule and therefore have an 
electrophoretic mobility identical to that of Hb A. Light 
bands representing dissociated globin subunits, in some 
cases devoid of heme, may be observed. Clinically, unstable 
hemoglobins are characterized by hemolytic anemia, which 
ranges from mild to severe depending on the causative muta-
tion, and the presence of pigmenturia (due mostly to dipyr-
roles). Unstable hemoglobins due to  γ  chain variants, such as 
Hb Poole ( G  γ 130 Trp    →    Gly), are a rare cause of transient 
neonatal hemolysis. The mechanism of red cell destruction, 
much of which occurs in the bone marrow, involves displace-
ment of heme, which destabilizes the hemoglobin tetramer 
and its composite globin subunits and leads to the formation 
of hemichrome. Globin subunits aggregate and precipitate, 
leading to reduced deformability and removal or entrapment 
of red cells which contain Heinz bodies. Febrile episodes and 
ingestion of oxidant drugs may accelerate hemolysis. 
Hemoglobin level may be modulated by altered oxygen 

as low as 20%, resulting from concomitant inheritance of 
the  α  thalassemia genotype  −  α / −  α , this is associated with a 
phenotype similar to Hb S - Antilles. Since the two dominant 
forms of Hb S have similar solubility in the deoxy state, the 
more severe phenotype of Hb S - Oman implies that the  β 121 
mutation (identical to that in Hb O - Arab) possesses intrinsic 
pathophysiological properties. This hypothesis is supported 
by the hemolysis and perturbance of red cell cation transport 
evident in individuals homozygous for Hb O - Arab. Rare 
symptomatic Hb S heterozygotes in whom defi ciency of 
pyruvate kinase has been identifi ed have been described. The 
mechanism in these cases is attributed to the increased 2,3 -
 DPG content of red cells, with a block in glycolysis distal to 
the Rapoport – Luebering shuttle that shifts the hemoglobin 
oxygen equilibrium in favor of deoxy Hb S.  

  Homozygous  H  b   E  and  H  b   E / β   t halassemia 

 Hemoglobin E ( β 26 Glu    →    Lys), the most common struc-
tural hemoglobin variant worldwide, is prevalent across a 
wide geographic area from the eastern provinces of India to 
the Philippines. Populations living near the common border 
of Cambodia, Laos and Thailand (the Khmer people) have 
the highest incidence (gene frequency reaching 0.5) of Hb E, 
the selection pressure for which is resistance to infection by 
 P. falciparum  malaria. 

 In heterozygotes Hb E constitutes 25 – 30% of the hemo-
globin. In common with the other widespread  β  chain vari-
ants, Hb S and Hb C, this proportion is reduced in the 
presence of  α  thalassemia. Homozygotes exhibit a benign 
thalassemic phenotype because the mutation responsible 
produces both a structurally altered  β  chain and reduced 
expression due to the generation of an alternative splice site. 
The clinical syndrome of homozygous Hb E disease is very 
mild, with no or minimal anemia (once nutritional causes 
of anemia are treated) and low MCV, with target cells in the 
smear and hypochromia. Density gradient separation reveals 
that although the red cells are small they have a normal 
MCHC, as a consequence of a diminished MCH, due to the 
thalassemic component of this disease. People who inherit 
Hb E and  β  thalassemia trait present with the features of 
thalassemia major or intermedia ( see Chapter    1  ). 

 The protective effect of Hb E against  P. falciparum  malaria 
has been assessed in a mixed erythrocyte invasion assay. The 
parasite preferentially invaded normal red cells compared 
with Hb AE, Hb EE or Hb E/ β  thalassemia red cells. 
Heterozygote red cells were the worst target, showing inva-
sion restricted to approximately 25% of the red cells. It has 
been postulated Hb AE red cells might have an unidentifi ed 
membrane abnormality that renders the majority of the red 
cell population relatively resistant to invasion by  P. falci-
parum , consequently reducing parasitemia and hence the 
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variants do not compromise fetal well - being, arguing against 
a physiologically important role for the greater affi nity for 
oxygen of Hb F than Hb A in normal pregnancy. Curiously, 
the degree of erythrocytosis may differ among individuals 
who inherit high - affi nity variants with similar  P  50  values, 
suggesting other factors infl uence the adaptation to hypoxia.  

  Low  o xygen  a ffi nity  h emoglobins 

 Hemoglobins with low oxygen affi nity deliver oxygen to the 
tissues more effi ciently and are associated with anemia due to 
reduced erythropoietic drive. Relatively few hemoglobin 
variants with low oxygen affi nity have been described. 
Cyanosis will be evident if the deoxyhemoglobin level exceeds 
5   g/dL. This may be present at birth in low - affi nity  α  chain 
variants, but its onset is delayed in low - affi nity  β  chain vari-
ants because of the latency in  β  globin expression. The fi rst 
low - affi nity variant to be described was Hb Kansas ( β 102 
Asn    →    Thr). Two other substitutions at  β 102 are associated 
with low affi nity, Hb Beth Israel ( β 102 Asn    →    Ser) and Hb St 
Mande ( β 102 Asn    →    Tyr). This is explained by the fact that 
 β 102 Asn, a highly conserved residue, is required to stabilize 
the hemoglobin molecule at the  α  1  β  2  interface in the R state. 
If cyanosis in the absence of overt cardiopulmonary causes 
and anemia are evident, the diagnosis of a low - affi nity hemo-
globin variant should be considered partly to avoid unneces-
sary investigation. However, neither cyanosis nor anemia are 
universal. In patients in whom the  P  50  is markedly increased, 
anemia is not usually present. Hemoglobin separation tech-
niques are helpful only if the amino acid substitution alters 
the charge of the molecule and measurement of the oxygen 
dissociation curve ( P  50 ) is the gold standard. The oxygen 
delivery properties of high -  and low - affi nity hemoglobins are 
illustrated in Figure  15.7 .    

   M   h emoglobins 

 M hemoglobins result from mutations which stabilize heme 
iron in the oxidized ferric (Fe 3+ ) state. Inheritance is auto-
somal dominant. Nine M hemoglobin variants have been 
described most of which are the product of substitution, in 
all but one case by tyrosine, of the proximal or distal histi-
dine interacting with the heme group. All are rare, with the 
exception of Hb Iwate ( α  2 87 His    →    Tyr) originally described 
in the Iwate prefecture of Japan. The interactions between 
the tyrosine - substituted histidine residues and heme iron 
have been resolved for some M hemoglobins by X - ray crys-
tallography and NMR spectroscopy and suggest a model 
whereby the side group of tyrosine acts as an internal ligand 
preventing interaction with the residual histidine residue. 
One other molecular defect, Hb M - Milwaukee 1 ( β 67 

affi nity, being near normal in those unstable variants with 
increased oxygen affi nity (e.g., Hb K ö ln) and much lower in 
those with reduced oxygen affi nity (e.g., Hb Hammersmith). 

 In most cases treatment revolves around supportive meas-
ures that include folic acid supplementation, prompt treat-
ment of infection and fever, and avoidance of oxidant drugs. 
In severe cases splenectomy has been performed and is gen-
erally, though not universally, benefi cial. Hydroxycarbamide 
has been used to stimulate Hb F in unstable  β  chain variants. 
Some unstable hemoglobin variants result in low hemo-
globin oxygen saturation measurements by pulse oximetry 
due to their altered absorbance spectra.  

  High  o xygen  a ffi nity  h emoglobins 

 The sigmoid curve of the oxygen binding of hemoglobin 
refl ects the transition from the low - affi nity deoxy(T) to the 
oxy(R) state. With this molecular switch hemoglobin 
acquires a high affi nity for oxygen. Mutations that stabilize 
the R state or destabilize the T state produce hemoglobins 
with increased oxygen affi nity. In response, the oxygen - sens-
ing mechanism in the kidney triggers an increased output of 
erythropoietin, which in turn stimulates red cell production. 
This results in erythrocytosis and an elevated hematocrit. 

 There are approximately 100 high - affi nity hemoglobin 
variants most of which are rare. Almost all show a dominant 
mode of inheritance. Variants associated with a marked 
increase in hemoglobin oxygen affi nity are likely to be lethal 
in homozygotes and the few examples of homozygous high -
 affi nity hemoglobins reported are confi ned to less severe 
phenotypes. The fi rst high - affi nity variant to be described 
was Hb Chesapeake ( α  2 98 Arg    →    Leu), which has a  P  50  on 
whole blood of 19   mmHg (normal 26   mmHg) and exhibits 
reduced cooperativity. This mutation results in substitution 
at a conserved residue of the  α  1  β  2  interface between dimer 
subunits that is important for stability of the T conformer. 
The substitution of leucine stabilizes the R state. 

 The molecular defects responsible for high - affi nity hemo-
globins may be divided into those that occur at sites directly 
involved in the R    →    T transition (the  α  1  β  2  contact area or 
the switch region of the molecule, particularly the C and N 
terminals), such as Hb Chesapeake; those which disrupt the 
2,3 - DPG binding site in the central cavity, such as Hb Old 
Dominion ( β 143 Val    →    Met); mutations at the  α  1  β  1  inter-
face that produce a structural change favoring the R state, 
such as Hb San Diego ( β 109 His    →    Tyr); and those which 
constrain quarternary conformational change through 
polymerization, such as Hb Porto Alegro ( β 9 Ser    →    Cys). 

 The clinical course of high - affi nity hemoglobin variants is 
benign. The reduction in tissue oxygen delivery is compen-
sated for by an increased red cell mass and treatment is 
not generally required. Maternal high - affi nity hemoglobin 
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     Fig. 15.7      Oxygen binding curves of 
hemoglobins with high and low oxygen 
affi nity  
 Notice that the extraction of oxygen by the 
tissues, which is the difference between 
pulmonary oxygen pressure (100   mmHg) and 
capillary oxygen pressure (40   mmHg), is lower 
than normal in high - affi nity hemoglobins (low 
 P  50 ) and higher than normal in low - affi nity 
hemoglobins. This is why the former have 
erythrocytosis and the latter (most of the 
time) anemia.  
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     Fig. 15.8      Structure of M hemoglobins  
 Heme environment of two M hemoglobins 
compared with Hb A. Note the diverse 
changes in the distal and proximal tyrosines 
(which have replaced the normal histidines) in 
each of the M hemoglobins. These 
hemoglobins have a characteristic visible 
spectrum around 610   nm.  

Val    →    Glu) has been described in which the carboxyl group 
of the substituted glutamic acid residue binds and stabilizes 
oxidized heme iron. Predictably some M hemoglobins have 
reduced oxygen affi nity. 

 M hemoglobins resulting from mutation of the  α ,  β , or 
 G  γ  genes have been described. The latter were identifi ed in 
newborns with  “ cyanosis ”  that resolved spontaneously in the 
fi rst few months of life. Affected individuals appear slate gray 
in color due to pseudocyanosis (there may in addition be an 

element of true cyanosis in low - affi nity M hemoglobin vari-
ants) but are otherwise asymptomatic and have a normal life 
expectancy. Pulse oximetry measurements are unreliable. 
Although standard hemoglobin separation techniques 
may be helpful, defi nitive diagnosis requires examination 
of the visible absorbance spectrum between 450 and 650   nm 
of a hemolysate, which reveals individual spectral patterns 
that differ from that of methemoglobin (Figure  15.8 ). 
Differential diagnosis includes enzymopathic or acquired 
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methemoglobinemia, sulfhemoglobinemia, and unstable 
hemoglobin variants such as Hb Chile ( β 28 Leu    →    Met) 
associated with accelerated methemoglobin formation. The 
main value in identifi cation of M hemoglobins lies in the 
avoidance of unnecessary medical intervention.    

  Conclusions 

 Structurally abnormal hemoglobins usually present as one 
of several well - defi ned clinical syndromes. 
  1     Homozygous or compound heterozygous inheritance of 
Hb S produces a picture of chronic anemia and cumulative 
organ damage punctuated by intermittent painful crises and 
other acute manifestations.  
  2     Hb C in the homozygous state is associated with mild 
chronic hemolysis, but when co - inherited with Hb S pro-
duces a syndrome similar to but generally milder than sickle 
cell anemia.  
  3     Homozygous Hb E results in hemolysis and a mild micro-
cytic anemia but in combination with  β  thalassemia pro-
duces a phenotype of remarkable variability, ranging from 
mild thalassemia intermedia to transfusion - dependent tha-
lassemia major.  
  4     Unstable hemoglobins lead to a hemolytic anemia of vari-
able severity.  
  5     Low oxygen affi nity variants and M hemoglobins are 
characteristically associated with cyanosis or pseudocyano-
sis, though if unstable may also be associated with hemolysis 
of mild degree.  
  6     High oxygen affi nity mutant hemoglobins present with 
erythrocytosis.    

 This panoply of clinical syndromes can be attributed to the 
following alterations of the hemoglobin molecule: (i) modi-
fi cation of the biophysical properties of the hemoglobin mol-
ecule (e.g., polymerization of deoxy Hb S; (ii) altered ligand 
binding affi nity; (iii) changes in the heme environment (e.g., 
M hemoglobins); (iv) instability of the functional tetramer; 
and (v) reduced globin synthesis (e.g., Hb E). Of over 1000 
genetic variants of hemoglobin described, only Hb S, Hb C 
and Hb E have reached a high frequency in human popula-
tions as a result of the selective pressure of malaria; the 
others, though rare, have provided a wealth of insight into 
the structure and function of human hemoglobin.  
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  Introduction 

 Malaria is a major global public health problem and it is 
estimated that it is responsible for 1 – 3 million deaths annu-
ally and 300 – 500 million infections. The vast majority of 
morbidity and mortality from malaria is caused by infection 
with  Plasmodium falciparum , although  P. vivax ,  P. ovale ,  P. 
malariae  and  P. knowlesi  also cause infection and illness. The 
pathology of malaria is entirely related to growth and devel-
opment of the parasite in red blood cells and indeed a sig-
nifi cant proportion of the mortality and morbidity is due to 
anemia. Malaria could therefore quite reasonably, if some-
what unconventionally, be considered the greatest single 
cause of years of lost life due to a hematological disease. 

 The malarial parasite has a complex life cycle, alternating 
between humans and the female  Anopheles  mosquito, a liver 
and blood stage of growth, complex eukaryotic metabolic 
systems, and a panoply of mechanisms to evade protective 
host responses. The vast landscape of interactions between 
humans, parasites and mosquitoes has been recently illumi-
nated by the completion of sequencing the respective 
genomes. A short review can only highlight some of the 
many key molecular processes involved in growth, pathol-
ogy and prevention or treatment of malaria. Here, we 
examine the basic features of malaria the parasite and malaria 
the disease, the molecular aspects of invasion of red blood 
cells, and adhesion of infected red blood cells to host cells 
and receptors and their role in pathogenesis. We also con-
sider the pathology of anemia, which is a prominent feature 

of disease, and outline drug treatment and vaccine develop-
ment for malaria, and genomic approaches to the study of 
the parasite, pathology and prevention of disease.  

  The  e pidemiology of  m alaria 

 Approximately 1000 million people live in areas where 
malaria parasites are endemic. The most recent estimates of 
global malaria morbidity and mortality suggest that 350 
million cases and 1 million deaths occur annually when the 
prevalence of infection in Southeast Asia is considered 
(Figure  16.1 ). There is some evidence that the incidence 
of severe disease, particularly in East and West Africa, is 
falling, possibly substantially, due to the use of artemisinin 
combination treatment and impregnated bednets as part of 
the Gates Foundation and World Health Organization 
(WHO) initiatives (available at  http://www.gatesfoundation.
org/topics/Pages/malaria.aspx  and  http://rbm.who.int/ ). 
Although there is understandable and appropriate interest 
in the molecular aspects of the disease and new therapies, it 
remains true that in endemic areas the disease is associated 
with poverty and poor access to established treatments or 
simple preventive measures.   

 Malaria occurs when the mean temperature is above 20 ° C 
for  P. falciparum  and 15 ° C for other human malarias, per-
mitting development of the mosquito stages of development 
(sporogony). Transmission rarely occurs above 1500   m, 
in arid regions or in the Central and South Pacifi c, where 
suitable vectors are absent. Moreover,  P. vivax  malaria is 
rare in Africa where the population frequency of the blood 
group Duffy negative (Fya  −   Fyb  −  ) is high. In malarious 
areas, the pattern of clinical malaria is determined by the 
number and timing of infective mosquito bites. Mosquito 
numbers increase after rainfall, leading to an increase in new 
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epidemiology of clinical malaria. Children born in endemic 
areas are protected from severe malaria in the fi rst 6 months 
of life by the passive transfer of maternal immunoglobulins 
and by fetal hemoglobin. Beyond infancy, the most common 
presentation of severe disease changes from anemia in chil-
dren aged 1 – 3 years, in areas of high transmission, to cere-
bral malaria in older children, in areas of lower transmission. 
As transmission intensity declines further, severe malaria is 
most frequently found in older age groups. 

 There is scant evidence to explain the relationships 
between age, transmission and predominant clinical syn-
drome of severe malaria. One possible explanation is the 
age - dependent increase in expression of CR1 on red blood 
cells and so a parallel age - dependent increase in the capacity 
to inactivate complement components absorbed or depos-
ited directly onto the surface of the red blood cell. Another 
explanation, by no means mutually exclusive, is that eryth-
ropoietin (EPO) has a powerful cytoprotective effect on 
neural, cardiac and other tissues and, indeed, increased levels 
of EPO are found in younger children with anemia and with 
malaria. A clinical study showed that there was a signifi cant 
protective effect of high levels of endogenous EPO on sur-
vival after coma, particularly in children under 2 years old. 

 In endemic areas, even today, 1 – 2% of all children may 
die of malaria and this exerts a substantial selection for 
human traits that protect from infection. It is believed that 
selection for these protective alleles has taken place over the 

infections; in naive individuals, parasites can cause chronic 
infection lasting many months. 

 The intensity of transmission determines the distribution 
of clinical symptoms in different age groups. In general, in 
areas of high transmission younger children suffer from 
severe disease; as transmission decreases, older children 
suffer from severe disease. When transmission is sporadic, 
the population can lose much of its natural immunity and a 
sudden increase in mosquitoes can result in epidemics where 
large numbers fall ill in all age groups. 

 The clinical presentation of malaria infection is also wide 
and infl uenced by age, immune status, and pregnancy and 
by the species, genotype and perhaps the geographical origin 
of the parasite. In endemic areas many infections present as 
an uncomplicated febrile illness. In more severe forms of the 
disease children may present with prostration or inability to 
take oral fl uids, or in younger children an inability to suckle. 
Alternatively, they may exhibit a number of syndromes of 
severe disease, including anemia, coma, respiratory distress 
and hypoglycemia and may also have a high rate of bacter-
emia. In most age groups, anemia is frequently accompanied 
by more than one syndrome of severe disease and the already 
substantial case fatality rate of 15 – 20% for severe malaria in 
African children rises signifi cantly when multiple syndromes 
of severe disease are present. 

 The age distribution of anemia and other syndromes of 
severe disease are a consistent but puzzling feature of the 

     Fig. 16.1      Global malaria endemicity  
 Areas are colored according to malaria endemicity (prevalence): light green, hypoendemic (areas in which childhood infection prevalence is less 
than 10%); medium green, mesoendemic (areas with infection prevalence between 11 and 50%); dark green, hyperendemic and holoendemic 
(areas with an infection prevalence of 50% or more). Gray areas are a combined mask of areas outside of the transmission limits and areas of 
population density less than 1 person per km 2 .  From Snow RW, Guerra CA, Noor AM, Myint HY, Hay SI. (2005) The global distribution of 
clinical episodes of  Plasmodium falciparum  malaria.  Nature ,  434 , 214 – 217, with permission.   
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merozoites into the circulation to continue further cycles of 
asexual multiplication. 

 The erythrocytic cycle of growth may yield a 10 - fold 
increase in parasitemia  in vivo  and a patent or microscopi-
cally detectable infection 6 days after the liver stage is 
completed. After two or more cycles the infection becomes 
manifest by the paroxysms of fever that accompany 
the release of merozoites. Growth continues until parasite 
multiplication is reduced by chemotherapy, specifi c or non -
 specifi c defense mechanisms, or occasionally the demise of 
the host. 

last 5000 years, after the widespread introduction of agricul-
ture allowed signifi cant increases in population density, 
transmission and parasite virulence. Sickle cell trait and tha-
lassemia traits protect from infection and are truly polymor-
phic characteristics in many parts of the world. Understanding 
the genetic epidemiology has provided classic examples of 
the principle of genetic selection  in vivo , for example balanc-
ing selection for sickle cell trait and negative epistasis for 
sickle cell trait and  α  thalassemia. The homozygous forms 
of these disorders cause signifi cant clinical disease, such as 
sickle cell disease,  β  thalassemia and glucose 6 - phosphate 
dehydrogenase (G6PD) defi ciency. In endemic areas these 
genetic diseases represent major public health problems.  

  The  l ife  c ycle of  m alaria 

 In  P. falciparum  malaria, the infective sporozoite forms are 
inoculated from the salivary glands of a female  Anopheles  
mosquito into the subcutaneous tissues and sometimes the 
bloodstream (Figure  16.2 ). These thin needle - shaped cells, 
10 – 12    μ m in length, circulate briefl y with a half - life of 
approximately 30   min, traversing macrophages and several 
hepatocytes before residing in a single hepatocyte. Invasion 
depends, at least partly, on the thrombospondin domains on 
the circumsporozoite protein (CSP) and the thrombospon-
din - related adhesive protein (TRAP). CSP and TRAP bind 
to heparan sulfate proteoglycans on the surface of hepato-
cytes. Within these cells rapid multiplication takes place over 
4 – 10 days to produce a liver schizont containing about 
30   000 merozoites. When ready to leave, the parasite induces 
hepatocyte cell death, causing the release of merozoites in 
membrane - enclosed structures or  “ merosomes ”  that are 
extruded from the infected cell, so avoiding host - cell defense 
mechanisms.   

 The merozoites bind and then invade red blood cells ( see 
below ). The host plasma membrane is invaginated to form 
the parasitophorous vacuole. Immediately after invasion, the 
developing parasites appear as fi ne  “ ring forms. ”  Between 10 
and 15 hours, the cytoplasm appears to thicken and 16 hours 
after invasion granules of the black pigment hematin, the 
end product of hemoglobin digestion, begin to appear. At 
this time receptors are expressed at the surface of the infected 
red blood cell that mediate adhesion to host ligands not only 
on venular endothelium but also on placenta, uninfected 
red blood cells, platelets and dendritic cells, and many of 
these interactions have been associated with pathology. 
These mature infected red blood cells or  trophozoites  are 
sequestered in tissue beds as they adhere to post - capillary 
venular endothelium. Nuclear division begins, at about 30 
hours, to form  schizonts  containing up to 32 merozoites. 
At 48 hours the red blood cell is ruptured to release the 
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     Fig. 16.2      Life cycle of   Plasmodium  
 (A) The asexual life cycle begins when sporozoites from a female 
mosquito taking a blood meal enter the circulation and invade 
hepatocytes. (B) Up to 30   000 merozoites are formed. The 
hepatocyte becomes detached and migrates to the liver sinusoid 
where budding of parasite - fi lled vesicles or  “ merosomes ”  occurs. 
Following rupture of the merosome, infective merozoites are 
released and invade erythrocytes (RBC). (C) Within RBCs, the parasite 
develops through the stages of rings, trophozoites and schizonts. 
Mature schizonts burst to release erythrocytic merozoites which 
invade new RBCs. (D) A small proportion of merozoites in RBCs 
transform into male and female gametocytes, which are ingested by 
the mosquito. (E) The male and female gametes fuse and transform 
into an oocyst, which divides asexually into many sporozoites that 
migrate to the salivary gland from where they are released during 
the next blood meal.  
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 When fully grown, some merozoites become committed 
during the previous erythrocytic cycle to form male or 
female gametocytes, which are distinguished by dispersed 
pigment in a single nucleus. They are sequestered for the fi rst 
5 days of their development in the peripheral circulation but 
later appear as circulating, mature, crescent - shaped gameto-
cytes. The sexual phase of the parasite life cycle begins after 
male and female gametocytes are ingested by a feeding 
female  Anopheles  mosquito. In the midgut of the mosquito 
the gametocytes shed the red blood cell membrane, which 
appears to be precipitated by a drop in ambient temperature. 
A female gametocyte forms a single macrogamete, but male 
gametocytes undergo several rounds of nuclear division to 
produced fl agellated motile microgametes, which migrate to 
fertilize a macrogamete. The resulting zygote forms a mobile 
ookinete and migrates through the epithelial wall of the 
midgut to rest on the external surface. The oocyst divides 
repeatedly to form about 10   000 sporozoites, which enter the 
acinar cells of the salivary glands and are infective when 
injected into the host. 

 In  P. vivax  and  P. ovale  infections, some sporozoites enter-
ing the liver form dormant forms or  hypnozoites  which only 
begin to divide some months later to cause further relapses. 
In  P. malariae , erythrocytic development takes 72 hours and 
thus causes quartan fever (i.e., on days 1 and 4).  

  Invasion of  r ed  b lood  c ells 

 The invasion of erythrocytes by malaria parasites is a complex 
process and requires many specifi c molecular interactions. 
These interactions are self - evidently required for the survival 
of the parasite and it would seem likely that the parasite 
proteins involved in these interactions would be promising 
candidates for malaria vaccines. 

 Erythrocyte invasion by malaria parasites is a multistep 
process. After initial binding with an erythrocyte, the mero-
zoite reorients itself so that its apical end faces the erythro-
cyte. A junction forms between the apical surface of the 
merozoite and the erythrocyte, and several apical organelles 
such as the rhoptries, micronemes and dense granules dis-
charge their contents to create an invagination in the eryth-
rocyte surface. As the merozoite moves into this invagination, 
the junction at the apical end transforms into a circumfer-
ential ring that moves around the merozoite and pinches 
closed behind the merozoite when invasion is complete. 

 The receptors that mediate invasion of red blood cells are 
found in the rhoptries, micronemes and on the cell surface 
of merozoites. The intracellular location of many of these 
parasite receptors and a rapid invasion process may, at least 
in part, allow the parasite to evade protective immune 
responses. 

  Use of  h ost  l igands  d uring  r ed  b lood 
 c ell  i nvasion 

  Plasmodium vivax , and the simian (and occasionally human) 
malaria parasite  P. knowlesi , are completely dependent on 
interaction with the Duffy blood group antigen for invasion 
of human red blood cells. Electron microscopy studies have 
shown that the interaction of  P. knowlesi , and by analogy  P. 
vivax , merozoites with the Duffy antigen as ligand is neces-
sary for junction formation during invasion. This blood 
group antigen is a 38 - kDa glycoprotein with seven putative 
transmembrane segments and 66 extracellular amino acids 
at the N - terminus (Figure  16.3 ). The Duffy antigen serves as 
a receptor for a family of proinfl ammatory cytokines that 
includes the chemokines interleukin (IL) - 8, melanoma 
growth stimulating activity and monocyte chemotactic 
peptide 1. Indeed, IL - 8 and melanoma growth stimulating 
activity inhibit invasion of Duffy - positive human erythro-
cytes by  P. knowlesi , with 50% inhibition achieved at 
nanomolar concentrations  in vitro , suggesting that it may be 
possible to block the critical step of junction formation 
during invasion. The binding site for  P. vivax  and  P. knowlesi  
has been mapped to a 35 - amino - acid segment of the extra-
cellular region at the N - terminus of the Duffy antigen. 
Sulfation of tyrosine 41 within this region of the Duffy 
antigen is critical for recognition by  P. vivax  and  P. 
knowlesi.    

 Unlike  P. vivax  and  P. knowlesi ,  P. falciparum  does not use 
the Duffy antigen as a ligand during invasion. Instead, 
studies have shown that sialic acid residues of glycophorin 
A are ligands for  P. falciparum  during invasion. A 175 - kDa 
 P. falciparum  protein, also known as erythrocyte binding 
antigen (EBA) - 175, binds sialic acid residues on glycophorin 
A during invasion. EBA - 175 does not bind En(a  −  ) erythro-
cytes, which lack glycophorin A but retain glycophorin B 
and other sialoglycoproteins, suggesting that sialic acid resi-
dues and the peptides from glycophorin A are required for 
binding. A 63 - amino - acid tryptic glycopeptide from the 
extracellular region of glycophorin A, which blocks binding 
of EBA - 175 to human erythrocytes, serves as the binding 
site. It is possible that EBA - 175 makes contact directly with 
the peptide backbone of glycophorin A or that the peptide 
backbone presents sialic acid residues in the correct confor-
mation for binding. 

 While  P. vivax  is completely dependent on a single 
pathway for invasion,  P. falciparum  uses multiple invasion 
pathways and is not confi ned to using sialic acid residues 
of glycophorin A. Some  P. falciparum  laboratory strains 
use sialic acid residues on glycophorin B as ligands. Others 
invade neuraminidase - treated erythrocytes using sialic 
acid - independent ligands. Field or wild - type isolates col-
lected from patients with malaria commonly use alternative 
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  Structural  b asis for the  i nteraction of  EBP  s  
with  h ost  r eceptors 

 Regions containing binding residues have been mapped to 
domains of PvDBP and  P. knowlesi   β  protein, which contain 
approximately 350 amino acids with 12 conserved cysteines. 
Chimeric binding domains containing stretches of  P. vivax  
region II fused to stretches of  P. knowelsi   β  region II have 
been expressed and used to defi ne binding residues for the 
Duffy antigen; these residues map to a 170 - amino - acid 
stretch between the fourth and seventh cysteines of  P. vivax  
region II and binding residues for sialic acid map to a 
53 - amino - acid stretch between the fourth and fi fth cysteines 
of  P. knowlesi   β  region II. EBPs are localized in micronemes, 
not on the surface of merozoites. Invasion studies using 
another Apicomplexan parasite,  Toxoplasma gondii , have 
showed that discharge of microneme proteins such as MIC2 
is regulated by cytoplasmic free calcium. It is possible that 
cytoplasmic calcium levels may serve as a second messenger 
to trigger release of EBPs to the merozoite surface from 
micronemes during invasion. The external signals that 
trigger microneme release in Apicomplexan parasites during 
host cell invasion are not yet known. 

 The relatively recent ability to transfect malaria parasites 
has allowed functional analysis of parasite proteins. 
Replacement of the EBA - 175 gene with a mutant copy encod-
ing a truncated EBA - 175 protein without region VI and the 
transmembrane and cytoplasmic segments has no effect on 
localization of EBA - 175 in micronemes. Disruption of the 
EBA - 175 gene in the  P. falciparum  strain Dd2/NM, which 
uses sialic acid - independent invasion pathways, has no effect 
on invasion or growth rates. However, when the EBA - 175 

invasion pathways independent of sialic acid residues of 
glycophorin A. These multiple invasion pathways may 
provide  P. falciparum  with a survival advantage when faced 
with host immune responses or receptor heterogeneity in 
natural infections and pose a daunting challenge for vaccine 
design.  

  Parasite  r eceptors  u sed  d uring  i nvasion 

 Parasite proteins that bind erythrocyte receptors during 
invasion belong to the erythrocyte - binding protein (EBP) 
family (Figure  16.3 ). The EBP family includes  P. vivax  and 
 P. knowlesi  Duffy binding proteins (PvDBP and PkDBP), 
 P. knowlesi   β  and  γ  proteins, which bind Duffy - independent 
receptors on rhesus erythrocytes, and  P. falciparum  
EBA - 175. 

 The extracellular region of each EBP contains two con-
served cysteine - rich domains, regions II and VI, which 
contain conserved cysteines and hydrophobic amino acid 
residues.  Plasmodium falciparum  EBA - 175 contains a tandem 
duplication in region II of the N - terminal cysteine - rich 
region. The functional binding domain of each EBP maps to 
region II. Region II of PvDBP binds the human Duffy 
antigen, region II of PkDBP binds both human and rhesus 
Duffy antigens,  P. knowlesi   β  region II binds sialic acid resi-
dues on rhesus erythrocytes, and  P. knowlesi   γ  region II binds 
as yet unidentifi ed Duffy - independent receptors on rhesus 
erythrocytes. In the case of  P. falciparum  EBA - 175, region II 
binds sialic acid residues on human glycophorin A. Several 
EBA - 175 paralogs have been identifi ed and they may mediate 
sialic acid – glycophorin A - independent invasion pathways of 
 P. falciparum .  
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     Fig. 16.3      Apical protein families involved in erythrocyte invasion  
 Bar diagrams represent the various protein families found in apical organelles of  Plasmodium  species merozoites that mediate erythrocyte 
invasion.  
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protein family called MAEBL from  P. yoelii  and  P. berghei  
that infect rodents. MAEBL has a chimeric character in that 
it contains domains found in two different protein families 
(Figure  16.3 ). The carboxyl end of MAEBL contains a 
cysteine - rich domain homologous to region VI of EBPs, 
while the N - terminal end contains paired duplicated 
cysteine - rich domains, M1 and M2, that share homology 
with the  P. falciparum  apical merozoite antigen (AMA) - 1. 
Domains M1 and M2 bind mouse erythrocytes. MAEBL can 
be detected in the rhoptries early in schizogeny. It is also seen 
evenly distributed on the surface of mature merozoites in 
late - stage schizonts. This pattern of localization and the fact 
that regions M1 and M2 of MAEBL bind erythrocytes suggest 
that MAEBL plays a role in invasion.  

  Reticulocyte -  b inding  p roteins 

  Plasmodium vivax  preferentially invades reticulocytes, which 
account for only about 1 – 4% of circulating red blood cells. 
Two  P. vivax  reticulocyte - binding proteins (PvRBP - 1 and 
PvRBP - 2) have been identifi ed and are localized to the apical 
surface of  P. vivax  merozoites (Figure  16.3 ). They may there-
fore be responsible for recognition of reticulocytes by  P. 
vivax  during invasion. The Duffy antigen is expressed on the 
surface of mature erythrocytes as well as reticulocytes, but 
an irreversible junction forms only when the  P. vivax  mero-
zoite encounters a reticulocyte. The interaction of PvRBP - 1 
and PvRBP - 2 with erythrocyte receptors may thus be 
involved in junction formation during invasion. Sequencing 
of the  P. vivax  genome has revealed the presence of addi-
tional PvRBP homologs. Multiple  P. falciparum  PvRBP - 2 
orthologs, referred to as PfRH1, PfRH2a, PfRH3, PfRH4 and 
PfHR5, have also been identifi ed (Figure  16.3 ). Like PvRBP -
 2, the  P. falciparum  orthologs are localized at the apical 
surface of merozoites and may bind erythrocyte receptors to 
mediate invasion. Erythrocyte binding has been established 
for PfRH1, PfRH2 and PfRH4 and the binding sites on 
PfRH1 and PfRH4 for sialic acid - dependent host ligands 
have now been identifi ed. 

 A large family of closely related, high molecular weight 
( ∼ 235   kDa) rhoptry proteins from the murine malaria para-
site  P. yoelii , collectively known as the p235 family, share 
homology with PvRBP - 2 (Figure  16.3 ). Each  P. yoelii  genome 
has as many as 50 copies of p235 rhoptry protein genes. 
Members of the p235 family bind mouse erythrocytes. 
Moreover, immunization with p235 and passive transfer of 
monoclonal antibodies directed against p235 limits  P. yoelii  
infection to reticulocytes and protects mice from death 
on challenge with the lethal  P. yoelii  YM strain, suggesting 
a role for the p235 family of proteins in erythrocyte invasion. 
Individual merozoites isolated from a single schizont 
express different p235 proteins. This unique method of 

gene is disrupted in the  P. falciparum  strain W2Mef, which is 
dependent on sialic acid residues on glycophorin A, invasion 
is reduced.  Plasmodium falciparum  W2Mef transfectants 
expressing truncated EBA - 175 use a sialic acid - independent 
invasion pathway, demonstrating that  P. falciparum  can 
switch to alternative invasion pathways. The ability to switch 
to alternative invasion pathways may allow  P. falciparum  to 
escape intervention strategies that target EBA - 175. 

 Region II of EBA - 175 and PvDBP have been expressed as 
secreted functional proteins that bind erythrocytes with the 
correct specifi city. Antibodies directed against region II of 
PvDBP block the binding of PvDBP to erythrocytes, and 
antibodies to region II of EBA - 175 inhibit the invasion of 
erythrocytes by  P. falciparum in vitro , providing support for 
their development as malaria vaccines. Somewhat surpris-
ingly, high - affi nity antibodies to EBA - 175 inhibit invasion 
by  P. falciparum  strains that use alternate sialic acid – 
glycophorin A - independent invasion pathways. Antibodies 
directed against EBA - 175 region II may inhibit invasion via 
such other pathways by steric hindrance after binding to 
EBA - 175 at the apical surface. Given the limited homology 
between region II of EBP homologs, it is unlikely that anti-
bodies raised against EBA - 175 will cross - react with its 
homologs to block receptor binding. 

 The crystal structures of PvDBP region II (PvRII) and 
region II (F1 - F2) of EBA - 175 (EBA175 - RII), together with 
identifi cation of binding residues, reveal interesting features 
of receptor recognition by these diverse DBL domains. 
While the three - dimensional structures of these domains are 
similar, EBA175 - RII forms dimers whereas PvRII is mono-
meric. The receptor recognition site on PvRII is fully exposed, 
whereas four sialic acid - binding sites lie in channels at the 
dimer interface in the case of EBA175 - RII. Signifi cant con-
formational changes are predicted to be necessary for recep-
tor engagement by EBA175 - RII. Interestingly, the Duffy 
recognition site within PvRII is conserved. Regions of poly-
morphic clusters map to the face opposite the binding site, 
suggesting that the receptor recognition site is not under 
selective immune pressure upon natural infection. Indeed, 
in a fi eld study conducted in children residing in a malaria 
endemic region of Papua New Guinea, high - titer binding 
inhibitory antibodies against PvRII were rare. However, 
once children developed anti - PvRII binding inhibitory anti-
bodies, they were strain - transcending and protected against 
 P. vivax  infection. These observations support development 
of a vaccine for  P. vivax  malaria based on region II of  P. vivax  
Duffy binding protein.  

   MAEBL  

 Attempts to identify genes encoding EBP homologs from 
rodent malaria parasites led to the discovery of a related 
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  Merozoite  s urface  p rotein 1 and  i nvasion 

 Merozoite surface protein (MSP) - 1 was the fi rst merozoite 
surface protein to be identifi ed and has been extensively 
investigated. Homologs of MSP - 1 have been identifi ed from 
a number of primate malaria parasites as well as several 
rodent malaria parasites. Sequence analysis shows that, 
within a species, MSP - 1 contains conserved and more poly-
morphic regions. Interestingly, MSP - 1 undergoes extensive 
proteolytic processing either during schizogeny or soon after 
merozoite release. Proteolysis results in four proteolytic 
fragments of 83   kDa (N - terminus), 30   kDa, 38   kDa, and 
42   kDa (C - terminus). These polypeptides remain non - 
covalently associated at the merozoite surface. The C - 
terminal 42 - kDa fragment is attached to the plasma 
membrane of the merozoite by a glycosylphosphatidylinosi-
tol (GPI) anchor. Final processing steps cleaves the 42 - kDa 
fragment into a 33 - kDa fragment and then into a 19 - kDa 
fragment. Because MSP - 1 is evenly distributed over the 
merozoite surface, it is suggested that MSP - 1 may mediate 
the initial interaction with the erythrocyte. Full - length 
 P. falciparum  MSP - 1 binds erythrocytes in a sialic acid -
 dependent manner. 

 Antibodies directed against MSP - 1 19  block erythrocyte 
invasion, and immunization with recombinant MSP - 1 19  
protects mice as well as monkeys against parasite challenge, 
providing support for a blood - stage vaccine based on MSP -
 1. Invasion - inhibitory antibodies directed against  P. falci-
parum  MSP - 1 19  block proteolytic processing of MSP - 1. 
Following natural exposure to  P. falciparum  infections, indi-
viduals in endemic areas acquire antibodies that can block 
the binding of processing - inhibitory antibodies to MSP - 1. It 
may be important to design a subunit vaccine based on 
MSP - 1 19  that elicits processing - inhibitory antibodies without 
eliciting antibodies that block their binding to MSP - 1. 

 It has not been possible to knock out the  P. falciparum  
MSP - 1 gene using gene targeting methods, indicating that 
MSP - 1 is essential for invasion and survival. Moreover,  P. 
falciparum  MSP - 1 19  has limited sequence diversity, possibly 
because of functional constraints, and this provides a further 
advantage for vaccine development. However, it has been 
shown that  P. chabaudi  MSP - 1 19  can functionally replace the 
 P. falciparum  domain despite the fact that the two sequences 
are highly divergent, suggesting that the sequence of MSP - 1 19  
may not be tightly constrained by function. This observation 
raises the possibility that introduction of a vaccine based on 
MSP - 1 19  may result in selection of  P. falciparum  parasites 
with mutant MSP - 1 19  domains that are functional but anti-
genically divergent, allowing parasites to escape host immune 
responses. 

 Erythrocyte invasion by malaria parasites is a multistep 
process that is mediated by highly specifi c molecular interac-

clonal phenotypic variation allows a schizont to produce a 
set of merozoites with distinct antigenic and adhesive phe-
notypes. This may allow the parasite to escape host immune 
responses or overcome heterogeneity of red blood cell 
surface ligands in host populations. Similar mechanisms for 
clonal phenotypic variation have not yet been found in 
either  P. falciparum  or  P. vivax .  

  Other  i nvasion  p roteins 

 AMA - 1 is a well - characterized rhoptry protein and a leading 
malaria vaccine candidate. Sequence analysis of AMA - 1 from 
different primate and rodent malaria parasites reveals the 
presence of 16 conserved cysteine residues. The pattern of 
disulfi de linkages formed by these cysteine residues in  P. 
falciparum  AMA - 1 has been experimentally determined. 
Based on the pattern of disulfi de linkages, AMA - 1 can be 
divided into three domains (Figure  16.3 ). Regions M1 and 
M2 from the N - terminal cysteine - rich regions of MAEBL 
share homology with the fi rst two domains of AMA - 1. 
AMA - 1 is detected in the rhoptries of mature merozoites in 
late - stage schizonts and is proteolytically processed at the 
time of schizont rupture, and is subsequently evenly distrib-
uted over the merozoite surface. Anti - AMA - 1 antibodies 
inhibit erythrocyte invasion, and immunization with puri-
fi ed AMA - 1 provides protection against parasite challenge. 
Furthermore, the gene for  P. falciparum  AMA - 1 cannot be 
knocked out using gene - replacement methods. This evidence 
suggests that it plays a critical, non - redundant role in inva-
sion, validating its inclusion in a blood - stage malaria vaccine. 

 Two other rhoptry - associated proteins from  P. falciparum,  
referred to as RAP - 1 and RAP - 2, are involved in erythrocyte 
invasion and form a complex with a third protein, RAP - 3. 
Antibodies directed against RAP - 1 block erythrocyte inva-
sion  in vitro,  and monkeys immunized with RAP - 1 and 
RAP - 2 are protected against parasite challenge, suggesting 
that these rhoptry proteins should be considered for malaria 
vaccine development. Gene - replacement methods can be 
used to disrupt the RAP - 1 gene in  P. falciparum  and replace 
it with a mutant gene encoding truncated RAP - 1. Although 
truncated RAP - 1 targets to the rhoptries, it does not form a 
complex with RAP - 2 and RAP - 3. Moreover, RAP - 2 does not 
localize to the rhoptries, indicating that it must complex 
with RAP - 1 to correctly target to the rhoptries.  Plasmodium 
falciparum  transfectants expressing truncated RAP - 1 have 
normal growth and invasion rates  in vitro , indicating that 
full - length RAP - 1 and the presence of the rhoptry complex 
containing RAP - 1, RAP - 2, and RAP - 3 is not necessary for 
invasion.  Plasmodium falciparum  thus appears to have 
redundant mechanisms that mediate invasion in the absence 
of the rhoptry protein complex, raising questions about the 
use of RAP - 1 and RAP - 2 for malaria vaccine development. 
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site protein expressed at the cell surface, the aptly named 
 P. falciparum  erythrocyte membrane protein 1 (PfEMP1). 
PfEMP1 is encoded by a large  var  gene family. As the name 
suggests, these proteins are highly variable, not only anti-
genically but also in their ability to bind host ligands. Each 
parasite cell contains 60 or so different  var  genes but only 
one is expressed at any one time and the cell can rapidly 
switch expression from one gene to another at a rate of 2 – 4% 
per cycle, a phenomenon known as  clonal antigenic variation . 
Isolates of parasites from patients or laboratory lines there-
fore contain infected red blood cells that contain heteroge-
neous antigenic and adhesive phenotypes. 

 PfEMP1 has a complex domain structure (Figure  16.4 ). 
The extracellular region of PfEMP1 is composed of variable 
numbers of different DBL domains, named after their 
homology to the DBL domains involved in red blood cell 
invasion, and one or two cysteine - rich interdomain regions 
(CIDRs). DBL domains have been classifi ed into fi ve differ-
ent classes and the binding domains for several host recep-
tors have been mapped to various DBL and CIDR domains.   

 PfEMP1 is involved in many pathogenic processes (Plate 
 16.1 ). Almost all infected red blood cells can bind to throm-
bospondin and the platelet glycoprotein CD36, while a 
subset of infected cells expressing different members of the 
PfEMP1 family can bind to intercellular adhesion molecule 
(ICAM) - 1, platelet endothelial cell adhesion molecule 
(PECAM) - 1, P - selectin,  α v β 3 integrin, and vascular cell 
adhesion molecule (VCAM) - 1. Adhesion of infected red 
blood cells or  “ rosetting ”  has been associated with severe 
disease, and in different strains may be mediated by CR1, 
ABO blood group antigens, glycosaminoglycans and/or IgM. 
Similarly, the ability of infected red blood cells to adhere to 
platelets and form large clumps has also been associated with 
severe disease and is mediated by adhesion of infected red 
blood cells to CD36 or to the complement receptor gC1qR. 
The exact relationship between these molecular adhesive 
phenotypes and disease is not entirely clear but it seems 
possible that the formation of multicellular aggregates and/
or binding of infected cells to a ligand expressed on a par-
ticular endothelial bed could contribute to microvascular 
obstruction and tissue pathology and organ dysfunction 
(Plate  16.1 ). 

tions that once understood may help in the rational design 
of vaccines that attempt to block erythrocyte invasion and 
prevent malaria.    

  Adhesion of  i nfected  r ed  b lood  c ells 
to  h ost  c ells 

  Plasmodium falciparum  is distinguished from the other 
human malarias by the adherence of a very high proportion 
of the more mature infected red blood cells, containing 
asexual parasites, and the fi rst stages of gametocytes to post -
 capillary venular endothelium. The host ligands and parasite 
receptors that mediate the sequestration of ring - stage para-
sites have been widely studied as there is is considerable 
evidence that adhesion of infected red blood cells to some 
host ligands is associated with the development of severe 
clinical disease and evasion and indeed modulation of the 
immune system. 

 Sequestration of infected red blood cells begins with a 
similar sequence of events seen during adhesion of leuko-
cytes. Using a fl ow cell chamber to mimic the shear forces 
believed to be present  in vivo , infected red blood cells can be 
seen to roll across the substrate (indicating receptor – ligand 
interactions with very rapid on and off rates). Most host 
receptors are involved with tethering and rolling, but only 
two receptors, CD36 and chondroitin sulfate A (CSA), 
support adhesion of infected red blood cells under fl ow. 

 Electron microscopy of post - mortem tissues have shown 
that parasites are sequestered in various organs including 
heart, lung, brain, liver, kidney, subcutaneous tissues and 
placenta. Post - capillary venular endothelium and placental 
syncytiotrophoblasts in placenta express a variety of induci-
ble and non - inducible receptors. Parasites isolated from 
natural infections or laboratory strains can bind in variable 
numbers to many different receptors. The total number of 
parasites, the specifi city and degree of binding to host ligands, 
and the expression of these receptors are thought to deter-
mine the tissue and organ distribution of parasites and quite 
possibly the clinical syndromes observed in severe malaria. 

 Adhesion of falciparum - infected red blood cells to 
endothelium and other host receptors is mediated by a para-

Parasite (protein) Host receptors

CD36, ICAM-1,
CSA, etc.

P. falciparum
(PfEMP1) DBL1α DBL2β CIDR2β ATSDBL3γ DBL4ε DBL5δCIDR1α C2

     Fig. 16.4      Plasmodium falciparum   erythrocyte membrane protein (PfEMP) - 1  
 The extracellular region of PfEMP - 1, which is expressed on the infected red blood cell surface, is composed of variable numbers of fi ve possible 
DBL domains, named after their homology to the DBL domains involved in red blood cell invasion, and one or two cysteine - rich interdomain 
regions (CIDRs).  
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 The exact relationship between the adhesion of infected 
red blood cells and pathology is somewhat obscure but may 
involve obstruction of the microcirculation, initiation of a 
local infl ammatory response and/or endothelial activation, 
damage or death. Understanding such processes may defi ne 
possible routes for therapy of severe disease.  

  Malarial  a nemia 

 In endemic areas the etiology of anemia is complex. In chil-
dren, acute or chronic malaria infection is a major precipi-
tating factor of severe anemia causing admission to hospital. 
Not infrequently, patients present with a hemoglobin level 
of less than 5   g/dL with or without respiratory distress sec-
ondary to metabolic acidosis. The sudden appearance of 
hemoglobin in the urine, indicating severe intravascular 
hemolysis leading to hemoglobinemia and hemoglobinuria 
(so - called blackwater fever), was described in early studies 
of anemia in expatriates living in endemic areas, but is rare 
in Africa and more common in Southeast Asia and Papua 
New Guinea, where some cases are associated with G6PD 
defi ciency and treatment with a variety of drugs including 
quinine, mefl oquine and artesunate. 

 The anemia of falciparum malaria is typically normocytic 
and normochromic, with a notable absence of reticulocytes. 
The anemia of malaria may be accompanied by modest leu-
kocytosis, leukopenia, leukemoid reaction, monocytosis, 
lymphocytosis and thrombocytopenia but these changes are 
neither in themselves diagnostic nor do they help guide 
management. However, malarial pigment is often seen in 
neutrophils and monocytes and has been associated with 
severe disease and an unfavorable outcome. 

 Malaria provides ample reasons for both increased red cell 
destruction and reduced red cell production (see Plate  16.2  
for overview). Destruction of red blood cells is inevitable as 
parasites complete their 48 - hour growth cycle and lyse their 
temporary host cell. Some parasites may be removed from 
erythrocytes as immature ring forms by phagocytic cells, 
leaving the red blood cells with residual parasite antigens to 
continue to circulate, albeit with reduced survival. Infected 
erythrocytes may also be phagocytosed by macrophages fol-
lowing opsonization by immunoglobulins and/or comple-
ment components. Other signals for recognition of infected 
erythrocytes by macrophages include abnormally rigid 
membranes, exposure of phosphatidylserine and other 
altered host antigens. 

 Changes to uninfected red blood cells also contribute to 
their own enhanced clearance by phagocytes. The activity 
and number of macrophages are increased in malarial 
infection, and increased removal of uninfected cells may 
occur. Moreover, the signals for recognition of uninfected 

 For example, sequestration of parasites in the brain may 
be related to cerebral malaria or coma and may involve 
adhesion of infected red blood cells to the ICAM - 1 receptor, 
as vessels containing infected red blood cells are more likely 
to express ICAM - 1 than vessels that do not contain infected 
red blood cells (Plate  16.1 ). Adhesion and accumulation of 
infected cells in the brain is likely to be the result of many 
different processes and pathways. Recent  in vitro  studies 
have demonstrated that platelets may act to bridge infected 
cells and endothelium and contribute to activation of 
endothelial cells. The relative contribution of these factors 
and phenotypes to cerebral malaria is not yet clear. 

 However, the closest linkage between tissue - specifi c adhe-
sion and pathology is for malaria during pregnancy (Plate 
 16.1 ). Pregnant women are more susceptible to malaria and 
not only suffer severe acute malaria and chronic anemia but 
also experience premature delivery, low birthweights and 
increased neonatal mortality. Parasitized red blood cells are 
sequestered in the placenta in pregnant women and, unlike 
isolates from other groups of patients, are able to bind to 
CSA but not to CD36. This adhesive phenotype is linked to 
expression of a single PfEMP1 with a DBL domain that binds 
CSA and a non - CD36 - binding CIDR1, while CD36 - adherent 
parasites express a PfEMP1 with a CD36 - binding CIDR1. 
The apparently restricted molecular structures associated 
with placental malaria suggest that the CSA - binding PfEMP1 
may be a good candidate antigen to prevent malaria in 
pregnancy. 

 Immunity to malaria has a major role in controlling 
disease. Intriguingly, epidemiological evidence suggests that 
immunity to severe forms of malaria may be gained after one 
or two episodes of infection and experimentally this has been 
achieved in the absence of an antibody response. Even after 
many tens of exposures, people may develop immunity to 
disease but are not refractory to asymptomatic infection. 
Again, the immune responses that underlie this form of 
immunity are not clear. However, anti - PfEMP1 antibodies 
do play some role in protecting against pathogenic infec-
tions. Exposure to parasites that sequester in the placenta 
during pregnancy induces strain - transcending immunity 
that stops infected red blood cells adhering to CSA and may 
protect a multigravid mother and fetus from placental 
malaria. During the development of clinical immunity, par-
ticularly during early childhood, strain - specifi c antibodies to 
PfEMP1 are important in preventing infection with previ-
ously encountered isolates. It also appears that virulent iso-
lates from children with severe malaria are not rare, but on 
the contrary are more commonly recognized by childrens ’  
sera than isolates from cases with mild malaria. It remains 
possible that the functionally signifi cant regions of PfEMP1 
that mediate binding to CD36 or CSA have conserved 
epitopes that can be targeted for vaccine development. 
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namely cytoplasmic and nuclear bridging and irregular 
nuclear outline. They later confi rmed that the distribution 
of the erythroid progenitors through the cell cycle is abnor-
mal in malarial anemia, with an increased proportion of cells 
in G 2  phase compared with normal controls. Ineffective 
erythropoiesis also contributes to anemia in animal models 
of malaria. A recent study has shown that vaccinated  Aotus  
monkeys, after a challenge infection, may develop moderate 
to severe anemia following rapid clearance of uninfected 
erythrocytes but with low reticulocyte counts, indicating 
bone marrow dysfunction. 

 Given the importance of EPO to erythropoiesis, attention 
has focused on the levels of this crucial cytokine in malarial 
infection. Serum EPO was appropriately raised in a single 
study of African children suffering from malarial anemia. 
However, other studies in adults from Thailand and Sudan 
have suggested that EPO concentration, although raised, was 
inappropriate for the degree of anemia. The most recent 
studies of EPO in African children have shown a supraphysi-
ological rise in EPO levels compared with age - matched com-
munity controls with non - malarial anemia, and there 
appears to be a defective response to EPO in malaria at least 
in these children. 

 The prime candidates for the host factors mediating dys-
erythropoiesis are imbalances in TNF -  α , IFN -  γ  and IL - 10. 
The concentrations of TNF -  α  and IFN -  γ  have been corre-
lated with the severity of the disease. While low concentra-
tions of TNF -  α  ( < 1   ng/mL) stimulate erythropoiesis, higher 
levels of TNF -  α  have been shown to suppress erythropoiesis. 
Furthermore, it is possible that high levels of these infl am-
matory cytokines may contribute to reduced and abnormal 
production of erythrocytes, and also to increased eryth-
rophagocytosis. Recent evidence has also suggested that the 
release of macrophage inhibitory factor (MIF) inhibits the 
growth of early erythroid and myeloid progenitors during 
murine malaria infection and that MIF  – / –   mice are protected 
from anemia during experimental malaria infection. 
However, the role of MIF in human malaria infection has 
not been established. 

 High levels of the Th2 cytokine IL - 10 might prevent the 
development of severe malarial anemia. Low levels of IL - 10 
have been described in African children with severe malarial 
anemia. It has been suggested that IL - 10 may induce heme 
oxygenase and so reduce oxidative damage to red blood cells 
and/or developing erythroid cells. Similarly, IL - 12 may be 
associated with a protective innate immune response to 
malaria and low IL - 12 levels have been associated with severe 
malaria in African children. 

 There is also substantial evidence that the lysate of infected 
erythrocytes may directly modulate the function of host 
cells. During its blood stage, the malaria parasite proteolyzes 
host hemoglobin in an acidic vacuole to obtain amino acids, 

erythrocytes for removal by macrophages are enhanced. 
Uninfected erythrocytes bind increased amounts of immu-
noglobulin and/or complement as detected by the direct 
antiglobulin test (Coombs test). These antibodies do not 
have a particular specifi city, but are more likely to represent 
immune complexes adsorbed onto the surface of red blood 
cells. More recent studies have shown that red cells from 
malaria patients were not only more susceptible to phago-
cytosis, but also showed increased surface IgG and defi cien-
cies in CR1 and CD55 compared with controls. Uninfected 
red cells in children and adults with severe disease are less 
deformable and this is a signifi cant predictor of the severity 
of anemia and indeed outcome, consistent with the notion 
that these cells are being removed by the spleen. Active 
erythrophagocytosis is a conspicuous feature within the 
bone marrow during  P. vivax  and  P. falciparum  malaria, and 
it is highly probable that this also occurs within the spleen. 
Children with acute  P. falciparum  malaria have high circulat-
ing levels of interferon (IFN) -  γ  and tumor necrosis factor 
(TNF) -  α , a synergistic combination of cytokines that acti-
vates macrophages. 

 Parasite proteins may also contribute to the clearance of 
uninfected red blood cells. The ring surface protein (RSP) - 2 
is expressed shortly after merozoite invasion of red blood 
cells and is widely deposited on uninfected red blood cells 
by contact with merozoites in the circulation. Opsonization 
of these RSP - 2 - bearing uninfected red blood cells could 
contribute to erythrophagocytosis. Indeed, high levels of 
antibodies that could facilitate complement - mediated 
phagocytosis of cells expressing RSP - 2 are found in sera from 
immune adults and children with severe anemia. The RSP - 2 
antigen is also present on the surface of erythroblasts in the 
bone marrow of  P. falciparum  - infected patients and it has 
been suggested that damage to developing erythroid cells by 
RSP - 2 and anti - RSP - 2 could also contribute to the develop-
ment of anemia. 

 Thus, all the available evidence points to increased reticu-
loendothelial clearance in  P. falciparum  malaria, persisting 
long after recovery. These changes are presumably a host 
defense mechanism, maximizing the clearance of parasitized 
erythrocytes.  

  Ineffective  e rythropoiesis in  m alaria 

 Reticulocytopenia has been confi rmed in numerous clinical 
studies of malarial anemia. The histopathological study of 
the bone marrow of children with malarial anemia shows 
erythroid hyperplasia with increased numbers of erythroid 
precursors. However, maturation is abnormal by light and 
electron microscopy. Abdalla and Weatherall described the 
hallmark characteristics of such abnormal maturation, 
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approach to the diagnosis, treatment and prevention of 
malaria. The diagnosis of malaria is based on the identifi ca-
tion of circulating blood - stage parasites in thick and thin 
fi lms. In endemic areas, laboratory staff are skilled at the 
examination of thick fi lms and are routinely able to detect 1 
parasite in 100 high - power fi elds of a thick fi lm, which cor-
responds to a sensitivity of approximately 5 – 50   parasites/ μ L. 
Nevertheless, the diagnosis of malaria by microscopy in non -
 endemic countries has proven problematic. Routine labora-
tories may only achieve sensitivities of the order of 
500   parasites/ μ L using thick fi lms. Detection of circulating 
malarial antigens is another potentially attractive, but ulti-
mately limited, alternative to the laborious method of 
screening blood fi lms. The widely available tests detect 
 Plasmodium  histidine - rich protein 2 and  Plasmodium  -
 specifi c lactate dehydrogenase by immunochromatography. 
The formulation of the tests using dipstick antigens allows 
rapid testing to be performed by laboratory staff. However, 
the sensitivity is 100 – 1000   parasites/ μ L and this is compara-
ble to the sensitivity achieved by inexperienced micro-
scopists. The current recommendations for malaria diagnosis 
in the UK emphasize clearly that these tests only have a place 
when experienced staff are not available. Amplifi cation of 
circulating parasite DNA using the repeated rRNA genes is 
an extremely sensitive method of malaria diagnosis. The 
sensitivity may be as low as 0.005   parasites/ μ L or 5   parasites/
mL. This approach may be developed as a future method for 
routine diagnostic use. 

 Malaria requires urgent effective chemotherapy to prevent 
progression of disease and may be the most crucial public 
health intervention to reduce global mortality from malaria. 
Resistance to the fi rst - line treatment of chloroquine and 
to dihydrofolate reductase inhibitors has led to artemisinin -
 based combination treatments. This group of drugs has 
a remarkable history and represents a novel class of chemical 
compounds known as the artemisinins. Chinese scientists 
rediscovered the activity of extracts of the plant  Artemisia 
annua  from careful re - reading of medieval pharmacopeias. 
The active substance was crystallized and identifi ed as artem-
isinin in 1973, and derivatives dihydroartemisinin (DHA), 
artemether, artesunate and arteether were fi rst prepared 
in China in the 1970s. The mechanism of action of these 
drugs was proposed to be within the  “ food vacuole, ”  where 
the drug could inhibit digestion of hemoglobin. However, 
artemisinins act very early in the parasite life cycle, killing 
ring - stage parasites, and other studies have indicated 
that artemisinins could also inhibit the function of the 
mitochondrion or the translationally controlled tumor 
protein (TCTP) and PfATP6, a parasite - encoded sar-
coplasmic reticulum calcium - ATPase. Understanding the 
mechanism of action and the routes by which drug 
resistance can be developed will be of crucial importance 

releasing heme as a byproduct, which is autoxidized to 
potentially toxic hematin [aquaferriprotoporphyrin IX or 
H 2 O - Fe(III)PPIX].  β  - Hematin forms as a crystalline cyclic 
dimer of Fe(III)PPIX and is complexed with protein and 
lipid products as malarial pigment or hemozoin. Arese and 
colleagues showed that the function of monocytes and of 
monocyte - derived macrophages is severely inhibited after 
ingestion of malaria pigment or hemozoin. These cells are 
unable to repeat phagocytosis and to generate oxidative 
burst when appropriately stimulated. Furthermore, after 
phagocytosis of hemozoin, myeloid cells are unable to kill 
ingested fungi, bacteria and tumor cells and to respond to 
IFN -  γ  stimulation, but instead respond by increased release 
of IL - 1 β , TNF -  α  and macrophage infl ammatory protein 
(MIP) - 1 α  and MIP - 1 β . 

 The hemozoin polymer of heme moieties may be com-
plexed with biologically active compounds. The oxidation 
of membrane lipids catalyzed by ferric heme produces 
lipoperoxides. There is accumulating evidence that 4 - 
hydroxynonenal and other lipoperoxides including 15 - 
hydroxy - arachidonic acid (15 - HETE) may play a role in the 
pathophysiology of malaria. Endoperoxides produced in 
pigment - containing monocytes or macrophages may impair 
erythroid growth. Hemozoin may also directly inhibit eryth-
roid development  in vitro  and increased levels of plasma 
hemozoin and pigment in monocytes have been associated 
with anemia. 

 A further class of parasite products that may contribute to 
malarial anemia are the GPI anchors of merozoite proteins, 
such as MSP - 1, MSP - 2 and MSP - 4, which are found in plasma 
during infections. GPIs are likely to contribute to anemia 
since their injection into mice results in a transient decrease 
in the number of circulating red blood cells, probably through 
induction of TNF -  α  from macrophages. More recently, it has 
been demonstrated that the proinfl ammatory response from 
human monocytes is through interaction of GPIs with TLR2 
and, to a lesser extent, TLR4. Antibodies specifi c to GPIs were 
present in sera of adults from endemic regions in Kenya, but 
the level of these antibodies was less in younger children who 
in general have more severe disease and malarial anemia. 

 Many possible molecular mechanisms of red blood cell 
clearance have been described in a variety of experimental 
and clinical systems. The challenge now is to determine the 
relative contribution of these mechanisms to anemia in chil-
dren with malaria and to seek ways to prevent anemia 
without increasing susceptibility to disease.  

  Future  p rospects 

 Molecular methods and the application of modern pro-
teomic and genomic biology are likely to transform our 
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morphisms associated with protection from malaria, but 
also of the biology of the parasite. The genomic approach to 
unraveling parasite biology has been boosted by the availa-
bility of sequences from many wild isolates and laboratory 
strains of  P. falciparum  and all the major human, simian and 
rodent malaria species. It is to be hoped that the  “ new 
biology ”  will lead to novel methods for diagnosing, treating 
and preventing malaria to complement the huge efforts in 
public health now targeted at rolling back and perhaps one 
day eradicating malaria.  
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given the central role artemisinin - based combination 
therapy has for controlling malaria ( http://www.rbm.who.
int/gmap ). 

 The search for a malaria vaccine could almost be a case 
study in the triumph of hope over experience. However, 
there have been some recent trials showing signifi cant effi -
cacy. The RTS, S vaccine was developed by Joe Cohen at 
GlaxoSmithKline and uses a recombinant  P. falciparum  cir-
cumsprozoite protein, which is naturally expressed in high 
levels on the surface of the infective forms injected by mos-
quitoes, fused to the hepatitis B surface protein. A series of 
trials have shown a reduction in episodes of severe malaria 
by 50% and further Phase III studies are planned. There are 
over 40 subunit vaccines in different stages of development, 
many of which are based on the antigens described above 
(see  http://www.malariavaccine.org ). 

 This chapter has described the essential features of the 
epidemiology, clinical presentations and life cycle of the 
parasite and the main features of our present molecular 
understanding of key features of invasion of red blood cells, 
adhesion of infected erythrocytes to host ligands and how 
these and other host – parasite interactions lead to cerebral 
and placental malaria and anemia. The data revealed by 
sequencing the parasite, human and mosquito genomes are 
just beginning to be applied, increasing our understanding 
not only of the pathogenesis of disease, for example by large -
 scale genetic association studies of single - nucleotide poly-
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  Introduction 

 Venous thrombosis is a major medical problem affecting 
millions of individuals worldwide each year. It is a typical 
multifactorial disease, the pathogenesis involving both envi-
ronmental and genetic risk factors. A mutation in the factor 
V (FV) gene (Arg506Gln or FV Leiden) is the most common 
genetic risk factor known to date. Activated protein C (APC) 
regulates the activity of FVa by cleaving several sites in FVa, 
and Arg506 is one of them. APC resistance, which is the 
consequence of the FV mutation, results in a lifelong hyper-
coagulable state. A point mutation in the prothrombin gene 
is another relatively common risk factor, whereas defi cien-
cies of the anticoagulant proteins antithrombin, protein C 
or protein S are less common. Owing to the high prevalence 
of the FV and prothrombin mutations, combinations 
of genetic defects are relatively common in the general 
population. Such individuals have highly increased risk of 
thrombosis.  

  Blood  c oagulation 

 At sites of vascular damage, circulating platelets adhere to 
subendothelial structures and undergo a series of reactions 
that lead to primary hemostasis due to the formation of a 
platelet plug. Concomitant to these events, the subendothe-
lial membrane protein tissue factor (TF) is exposed to blood. 
A small amount of activated factor VII (FVIIa) present in 

circulating blood binds to TF and triggers a series of proteo-
lytic reactions that culminate in the formation of thrombin 
and the conversion of fi brinogen to insoluble fi brin. 

 FVIIa bound to TF specifi cally cleaves and activates the 
two vitamin K - dependent plasma proteins, factor IX (FIX) 
and factor X (FX) (Plate  17.1 ). Activated FX (FXa) activates 
prothrombin to thrombin, whereas activated FIX (FIXa) 
activates FX. Both FIXa and FXa are poor enzymes that 
require protein cofactors, calcium ions and negatively 
charged phospholipid surfaces for expression of full biologi-
cal activity. The protein cofactors for FIXa and FXa are the 
activated forms of factor VIII (FVIIIa) and factor V (FVa), 
respectively (Plate  17.2 ). As a result of multiple protein –
 protein and protein – phospholipid interactions, enzymati-
cally highly effi cient complexes are assembled on the 
phospholipid surface. 

 The initiation of blood coagulation by TF is usually 
referred to as the  extrinsic pathway  or the TF pathway. In 
association with injury, this is the physiologically most 
important mechanism of blood coagulation. However, coag-
ulation can also be activated through the  intrinsic pathway , 
triggered by activation of the contact phase proteins (FXII, 
FXI, prekallikrein and high - molecular - weight kininogen) 
that follows exposure of blood to certain negatively charged 
surfaces. The intrinsic pathway does not appear to be physi-
ologically important for injury - related coagulation  in vivo , 
illustrated by the lack of bleeding problems in individuals 
with defi ciency of FXII. 

 Thrombin generated at sites of vascular injury expresses a 
number of procoagulant properties. It amplifi es the coagula-
tion process by activating FXI and in addition it activates 
platelets and converts fi brinogen to fi brin. Moreover, in a 
positive feedback reaction, thrombin converts the pro -
 cofactors FV and FVIII into their biologically active coun-
terparts (FVa and FVIIIa).  
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vasculature binds to the endothelial membrane protein 
thrombomodulin, which is a potent modulator of thrombin 
activity and a cofactor to thrombin in the activation of 
protein C (Plate  17.3 ). A recently discovered receptor for 
protein C, the endothelial protein C receptor (EPCR), has 
been shown to stimulate the activation of protein C by the 
thrombin – thrombomodulin complex. APC inactivates 
membrane - bound FVa and FVIIIa by limited proteolysis in 
reactions that are potentiated by a cofactor protein desig-
nated protein S and, in the case of FVIIIa degradation, also 
by the non - activated form of FV (Plate  17.4 ). 

 Under physiological conditions, procoagulant and antico-
agulant mechanisms are balanced in favor of anticoagula-
tion, whereas the anticoagulant system is downregulated and 
procoagulant forces prevail at sites of vascular damage. 
Defects in this ingenious system are associated with increased 
thrombin generation and a hypercoagulable state, leading to 
an increased risk of thrombosis. 

  Protein  C   a nticoagulant  s ystem 

 Protein C is a vitamin K - dependent plasma protein that is 
synthesized mainly in the liver. It is homologous to FVII, 
FIX and FX and shares with them a common modular 
organization. From the N - terminus, these proteins contain 
a vitamin K - dependent  γ  - carboxyglutamic acid (Gla) - rich 
module, two epidermal growth factor (EGF) - like modules 
and a serine protease module. The Gla domains bind calcium 
ions and provide the vitamin K - dependent clotting proteins 
with phospholipid - binding properties. Upon activation by 
the thrombin – thrombomodulin complex, the serine pro-
tease module is converted to an active enzyme. APC is highly 
specifi c in its proteolytic activity, cleaving a limited number 
of peptide bonds in FVa and FVIIIa. 

 Intact FV is a high - molecular - weight protein and shares 
with the homologous FVIII molecule the modular arrange-
ment A1, A2, B, A3, C1 and C2 (Figure  17.1 ). On activation 
of FV by thrombin or FXa, peptide bonds surrounding the 
B - module (positions 709 and 1545) are cleaved, releasing the 
B - module, which is thus not part of FVa. FVIII is activated 
by thrombin in a similar fashion, leading to release of the 
B - module. In circulation, FVIII is bound to von Willebrand 
factor (VWF) and the thrombin - mediated activation of 
FVIII results in the release of FVIIIa from VWF. APC cleaves 
three peptide bonds in FVa at Arg306, Arg506 and Arg679, 
whereas FVIIIa is cleaved at Arg336 and Arg526. As a con-
sequence of the APC - mediated cleavages, FVa and FVIIIa 
lose their procoagulant properties.   

 APC alone has poor anticoagulant activity and it is only 
in the presence of its cofactors protein S and FV that effi cient 
anticoagulant function is expressed. This was demonstrated 
in an experimental system based on the degradation of 

  Regulation of  b lood  c oagulation 

 The effi cient reactions of the coagulation system have con-
siderable biological potential and strict regulation is required. 
For this purpose, several plasma proteins and protein – cell 
interactions are involved in constant monitoring of the cir-
culation. At each level of the coagulation pathway, mem-
brane - bound molecules expressed on the surface of intact 
endothelial cells, circulating inhibitors and negative feed-
back mechanisms provide effi cient control. 

 Antithrombin (AT) is the most important serine protease 
inhibitor (serpin) involved in the regulation of blood coagu-
lation. AT inhibits thrombin as well as FXIa, FIXa and FXa 
and, under certain conditions, also FVIIa. AT forms a highly 
stable complex with the protease and, as a consequence, 
the protease is trapped and eliminated from the circulation. 
The activity of AT is stimulated by heparin, which acceler-
ates the rate of formation of the AT – protease complexes. 
Under normal physiological conditions, heparan sulfate 
proteoglycans present on the endothelial cell surface stimu-
late the activity of AT, whereas heparin injections are used 
in clinical situations. During inhibition of thrombin, an 
important role of heparin is to function as a bridge between 
thrombin and AT. In addition, heparin induces conforma-
tional changes in AT that are associated with the generation 
of a more effi cient inhibitor. In the inhibition of FXa, the 
conformational change appears to be more important than 
the bridging mechanism. 

 The tissue factor pathway inhibitor (TFPI) regulates the 
TF pathway. TFPI is composed of three protease inhibitory 
domains belonging to the Kunitz type of inhibitors. TFPI has 
the unique capacity to inhibit the FVIIa – TF – FXa complex 
and is therefore highly effi cient in turning off the TF pathway. 
The inhibition mediated by TFPI occurs in two steps: the 
fi rst involves inhibition of FXa by the middle Kunitz domain; 
the fi rst Kunitz domain then binds and inhibits FVIIa. The 
majority of TFPI is bound to glucosaminoglycans on 
endothelial cells (approximately 80%) and only a minor 
fraction of TFPI is present in plasma, where it is mainly 
associated with low - density lipoprotein. 

 The highly effi cient procoagulant reactions of thrombin 
are physiologically adequate at sites of vascular injury and 
are instrumental in effi cient hemostasis. However, the same 
reactions pose a threat to the organism as uncontrolled 
coagulation leads to thrombus formation. Nature has solved 
this dilemma in intricate and fascinating ways, one of which 
is the transformation of thrombin into an effi cient initiator 
of a natural anticoagulant pathway, the protein C system. 
The conversion of thrombin from a procoagulant into an 
anticoagulant enzyme depends on the presence of intact 
endothelium. Thus, thrombin generated at sites of intact 
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express both procoagulant and anticoagulant effects. 
However, whereas the anticoagulant effects of thrombin 
depend on its binding to thrombomodulin, the anticoagu-
lant properties of FV are dependent on APC - mediated pro-
teolysis of the non - activated form of FV. The detailed 
mechanisms by which FV functions as an APC cofactor 
remain to be elucidated. 

 Protein S is also a vitamin K - dependent plasma protein, 
but unlike the other vitamin K - dependent coagulation pro-
teins it is not a serine protease. It is a multimodular protein 
containing a Gla module, a thrombin - sensitive module, four 
EGF - like modules and a large module homologous to sex 
hormone - binding globulin (SHBG) ( see Figure    17.4  ). Protein 
S also has functions outside the protein C system and 60 –
 70% of protein S in plasma circulates bound to C4b - binding 
protein (C4BP), a regulator of the complement system. The 
Gla module of protein S provides both free protein S and the 
protein S – C4BP complex with phospholipid - binding ability. 
This is important for the localization of coagulation and 
complement regulatory activities to certain cell membranes, 
for example to the phosphatidylserine that is exposed on 
apoptotic cells. Protein S binding to such cells has been 
shown to be involved in stimulation of phagocytosis of these 
cells.   

 During the degradation of free FVa (i.e., not bound 
to FXa) by APC, the cleavage at Arg506 is faster than that 
at Arg306. The cleavage at Arg506 leads only to partial loss 
of FVa activity, whereas the cleavage at Arg306 leads to 
effi cient inactivation of FVa. Protein S serves as cofactor 
for the cleavage at Arg306 but has minor effects on the 
Arg506 cleavage. This, together with a specifi c protection of 
the Arg506 site exerted by FXa, indicates that the Arg306 
site is the most important site for regulation of FVa activity 
in the prothrombinase complex. On the other hand, FVa 
that is not part of a prothrombinase complex is fi rst cleaved 
at the Arg506 site, because the kinetics of this cleavage 
are more favorable than those for the cleavage site at Arg306. 
In experiments  in vitro , protein S has been shown to 
express an anticoagulant activity that is independent of the 
presence of APC. The exact mechanism is still unclear 
despite considerable research. Recently, it has been sug-
gested that the direct anticoagulant effect of protein S is 
due to interaction with TFPI and direct stimulation of the 
TFPI activity. Other proposals suggest that protein S inhibits 
prothrombin activation through direct interactions of 
protein S with FVa, FXa and the phospholipid membrane. 
The  in vivo  physiological signifi cance of this APC -
 independent anticoagulant activity is unclear. Regardless of 
its mode of action, protein S is an important anticoagulant 
protein  in vivo  as demonstrated by animal studies and by 
the association between protein S defi ciency and venous 
thrombosis.   

FVIIIa. In this system, it was found that full anticoagulant 
activity of APC was obtained in the presence of the combina-
tion of FV and protein S. The synergistic APC cofactor activ-
ity of FV requires APC - mediated proteolysis of at least the 
Arg506 cleavage site (Figure  17.1 ). Thus the Arg506    →    Gln 
mutation is important for understanding the mechanism of 
APC resistance (FV Leiden;  see below ). The APC cofactor 
activity of FV appears specifi c for the degradation of FVIIIa, 
whereas the FVa degradation is unaffected by this FV activ-
ity. FV loses its APC cofactor activity upon proteolysis by 
thrombin, but it gains procoagulant properties as a cofactor 
to FXa. Thus, FV is similar to thrombin in being able to 
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     Fig. 17.1      Procoagulant and anticoagulant properties of factor V  
 Proteolytic modifi cation of single - chain FV results in the expression of 
either procoagulant or anticoagulant properties. Thrombin and FXa 
cleaves peptide bonds in and surrounding the B domain (positions 
709, 1018, 1545) and thus activates FV to procoagulant FVa, which 
functions as a cofactor to FXa in the activation of prothrombin. 
Intact FV is sensitive to cleavage by APC (at positions 306, 506, and 
679), which recruits FV into an anticoagulant path. FV modifi ed by 
APC (FVac) functions as a synergistic APC cofactor with protein S in 
the degradation of FVIIIa. The anticoagulant properties of FV are lost 
on further proteolysis by thrombin or FXa. Likewise, the 
procoagulant effects of FVa are lost as a result of cleavage by APC. 
Thus, FV plays a crucial and central role, balancing procoagulant and 
anticoagulant forces. Arrowheads denote the three APC - cleavage 
sites at position 306, 506 and 679.  
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 The high prevalence of the FV Leiden allele in Western 
societies is the result of a founder effect. It has been esti-
mated that the mutation event occurred around 21   000 years 
ago, after the  “ Out of Africa Exodus ”  that took place 100   000 
years ago and also after the separation of Asians from 
Europeans. This explains why the mutant FV allele is 
common among European populations but is not present 
among Japanese, Chinese or in the original populations of 
Africa, Australia or America. 

 A large number of studies have demonstrated a relation-
ship between the presence of APC resistance (FV Leiden) 
and an increased risk of venous thrombosis. Differences in 
selection criteria of patients and in the prevalence of the 
mutant allele in the general population explain the wide 
variation in results obtained from different studies. However, 
the general consensus is that the FV Leiden allele is the most 
common genetic risk factor for venous thrombosis in 
Western societies. The odds ratio, describing the increased 
risk of thrombosis in affected individuals, has been calcu-
lated to be sixfold to eightfold for those carrying the defect 
in a heterozygous form, whereas homozygous individuals 
are at 30 – 140 - fold increased risk of thrombosis. The FV 
Leiden allele does not appear to be a strong risk factor for 
arterial thrombosis, such as myocardial infarction. Two dif-
ferent mutations affecting the Arg306 site have recently been 
found in thrombosis cases, FV Cambridge and FV Hong 
Kong, but such mutations appear to be rare. They do not 
result in APC resistance and are not major risk factors for 
thrombosis. 

 The FV Leiden allele is associated with a hypercoagulable 
state, which is refl ected by increased levels of prothrombin 
activation fragments in plasma of individuals with inherited 
APC resistance. Two molecular mechanisms are involved 
(Figure  17.1  and Plate  17.4 ). One is that an APC cleavage 
site in FVa is lost, which impairs the normal degradation of 
FVa by APC. The other surprising observation is that FV 
Leiden is a poor APC cofactor in the degradation of FVIIIa 
because the cleavage at Arg506 is required for expression of 
APC cofactor activity of FV. 

 In the degradation of normal FVa, the APC cleavage at 
Arg506 has favorable kinetics compared with cleavages at 
other sites. The Arg506 cleavage is approximately 10 - fold 
faster than the cleavage at Arg306 and the activity of 
FVa:Q506 (FVa Leiden) is therefore inhibited at an approxi-
mately 10 - fold lower rate than FVa:R506. Generated FVa 
Leiden persists longer than normal FVa and can form active 
prothrombinase complexes with FXa. However, degradation 
of free FVa (i.e., FVa not bound to FXa) is different from 
that of FVa which is part of the prothrombinase complex. 
In the prothrombinase complex, the Arg506 site is protected 
from degradation by APC by both FXa and prothrombin. In 
addition, protein S functions as an APC cofactor primarily 

  Molecular  g enetics of 
 v enous  t hromboembolism 

 The annual incidence of venous thrombosis in Western soci-
eties is approximately 1 – 2 per 1000. Thrombotic episodes 
tend to occur in conjunction with surgery, fractures, preg-
nancy, the use of oral contraceptives, and immobilization. 
In addition, genetic defects are frequently involved and 
many patients report positive family histories. Genetic 
defects known to predispose to thrombosis include inherited 
APC resistance due to FV Leiden, a point mutation in the 
prothrombin gene (G20210A) and defi ciencies of anticoagu-
lant protein C, protein S or AT. These inherited causes 
of thrombophilia are autosomal dominant disorders and 
the prothrombotic mutations result in a lifelong increased 
risk of thrombosis. However, the penetrance of the disease 
may be variable and the individual risk profi le is still diffi cult 
to predict. 

  Factor  V   g ene  m utation ( FV  Leiden) 
 c ausing  APC   r esistance 

 In 1993, APC resistance was described as a cause of inherited 
thrombophilia and it was soon demonstrated to be highly 
prevalent (20 – 60%) among thrombosis patients. In APC 
resistance, APC does not give a normal prolongation of the 
clotting time. In more than 95% of cases the molecular 
defect associated with APC resistance is a single point muta-
tion in the FV gene,  F5  (GeneID 2153, OMIM ID 227400). 
The mutation is a G    →    A substitution at nucleotide position 
1691 in the FV gene, which predicts replacement of Arg506 
with a Gln (Figure  17.1 ). The mutant FV is known as 
FVR506Q, FV Leiden or FV:Q506 (R and Q are one - letter 
codes for Arg and Gln, respectively). 

 The FV Leiden allele is found only in Caucasians, and its 
prevalence varies considerably in the general population of 
Western societies. High prevalence (up to 15%) is found in 
southern Sweden, Germany, Greece, Arab countries and 
Israel. In the Netherlands, the UK and the USA, around 
3 – 5% of the population carry the mutant allele. Lower prev-
alence (around 2%) is found in Hispanics. The high preva-
lence of the FV Leiden allele in certain populations suggests 
a possible survival advantage, and there is a reduced risk of 
bleeding after delivery in women carrying the mutation. In 
the history of humankind, the slightly increased risk of 
thrombosis associated with the FV Leiden allele has presum-
ably not been a negative survival factor because thrombosis 
develops relatively late in life and does not infl uence fertility. 
In addition, many of the circumstantial risk factors for 
thrombosis, such as a sedentary lifestyle, surgery and the use 
of oral contraceptives, did not affect our ancestors. 
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of thrombosis  –  somewhat higher than estimated for APC 
resistance. AT defi ciency may be of either type I or type II. 
Type I defi ciency is characterized by low levels of both 
immunological and functional AT, whereas type II denotes 
functional defects. Type II cases can be further divided into 
three subtypes: RS (reactive site mutants), HBS (heparin -
 binding site mutants) or PE (mutants giving pleiotropic 
effects). A large number of AT defi ciencies are caused by 
missense mutations, which alter key amino acid residues in 
the primary structure of the protein (Figure  17.2 ).   

 According to the AT defi ciency database maintained at 
Imperial College in London ( www1.imperial.ac.uk/medi-
cine/about/divisions/is/haemo/coag/antithrombin ), there 
are at least 127 distinct mutations causing a defi ciency phe-
notype. In a majority of cases, the genetic defect is a point 
mutation leading to missense, nonsense or splice - site muta-
tions. Other mutations involve small deletions or insertions, 
which result in frameshift alterations that are often deleteri-
ous. Partial or whole gene deletions are relatively uncom-
mon causes of AT defi ciency ( < 10% of the reported 
mutations). Type II RS variants are defective in protease 
inactivation and mutations in the vicinity of the reactive site 
have been found. The type II HBS defi ciency carries muta-
tions in the heparin - binding site, and type II PE variants are 
caused by a limited number of mutations between amino 
acids 402 and 429.  

for the Arg306 cleavage. As a consequence, APC - mediated 
degradation of FVa, which is part of the prothrombinase 
complex, follows a different pathway compared with that of 
free FVa. Therefore, when FVa:R506 and FVa:Q506 are part 
of assembled prothrombinase complexes, the rates of their 
degradation by APC plus protein S are similar. 

 Laboratory investigation of inherited APC resistance 
due to the FV Leiden allele can be done using both a func-
tional APC - resistance test and molecular biology assays. 
A modifi ed APC - resistance test involving dilution of the 
patient ′ s plasma in FV - defi cient plasma is highly sensitive 
and specifi c for the presence of the FV Leiden allele. The 
most commonly used molecular biology assay for FV Leiden 
involves polymerase chain reaction (PCR) amplifi cation 
of genomic DNA and subsequent allele - specifi c mutation 
analysis.  

  Defi ciency of  a ntithrombin 

 Subjects with inherited AT defi ciency are, with few excep-
tions, heterozygotes. It is caused by mutations in the AT 
gene,  SERPINC1  (GeneID 462, OMIM ID 107300), which is 
located at chromosome 1q23 – q25. Heterozygous AT defi -
ciency is found in 0.02 – 0.05% of the general population and 
in 1 – 2% of thrombosis patients, suggesting that the genetic 
defect to be associated with a 10 -  to 20 - fold increased risk 
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     Fig. 17.2      Structure of the human antithrombin gene and location of detrimental missense mutations in the antithrombin molecule  
 The gene for antithrombin ( SERPINC1 ) is localized to chromosome 1q23 – q25 and spans 13.4   kb of DNA (upper part). It comprises seven exons 
and results in an mRNA of 1.7   kb (middle part). The antithrombin molecule (lower part) is synthesized as a single polypeptide chain comprising 
a mature protein of 432 amino acid residues and a signal peptide (shaded) of 32 amino acid residues. Many mutations of different types 
causing antithrombin defi ciency have been described. Shown here are only missense mutations leading to amino acid substitutions associated 
with type I defi ciency (indicated by open circles below the polypeptide chain) or type II defi ciency (open, shaded and fi lled circles denote type II 
HBS, type II RS and type II PE variants, respectively).  
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tially similar to the risk associated with APC resistance. 
Protein C defi ciency is not a risk factor for arterial throm-
bosis, although there are studies claiming that protein C 
defi ciency may have an impact on the onset of arterial occlu-
sive diseases. Homozygous or compound heterozygous 
protein C defi ciency is a rare condition (1 in 200   000 to 1 in 
400   000) that often leads to severe and fatal thrombosis in 
the neonatal period. The clinical picture is that of purpura 
fulminans and the symptoms include necrotic skin lesions 
due to microvascular thrombosis. Other major symptoms 
are thrombosis in the brain and disseminated intravascular 
coagulation. Several cases have been successfully treated with 
fresh frozen plasma or with protein C concentrates. 

 Genetic analysis has been performed in a large number of 
cases with protein C defi ciency and there are more than 200 
mutations in the Human Gene Mutation Database ( www.
hgmd.cf.ac.uk/ac ) associated with protein C defi ciency. 
Most genetic defects are missense mutations, which lead to 
single amino acid substitutions, or nonsense mutations 
located within the coding region of the gene. The locations 
of reported missense mutations are indicated in Figure  17.3 . 

  Protein  C   d efi ciency 

 Protein C defi ciency is caused by mutations in the protein 
C gene,  PROC  (GeneID 5624, OMIM ID 176860), which is 
located on chromosome 2q13 – q21. Clinically, there are two 
types of protein C defi ciency. Type I is characterized by a 
parallel reduction in protein C antigen and functional activ-
ity. Type II is characterized by a functional defect in the 
protein, and its plasma concentration may be normal. The 
majority of reported cases of protein C defi ciency are of type 
I. However, plasma assays can sometimes have limited dis-
criminative power between the different types. There is also 
an overlap between plasma concentrations at the low end of 
the normal distribution and at the upper end of protein C 
defi ciency, which can complicate correct phenotyping. 

 Heterozygous defi ciency of protein C is identifi ed in 2 – 5% 
of thrombosis patients. The prevalence of protein C defi -
ciency in the population is estimated to be approximately 
0.3%. The 10 - fold higher prevalence of protein C defi ciency 
in thrombosis cohorts suggests that carriership is associated 
with a 10 - fold increased risk of venous thrombosis, essen-
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     Fig. 17.3      Structure of the human protein C gene and location of detrimental missense mutations in the protein C molecule  
 Human protein C is encoded by the  PROC  gene, localized to chromosome 2q13 – q14, which spans approximately 11   kb of DNA (upper part). 
The gene comprises nine exons which yield about a 1.8 - kb mRNA transcript (middle part). The protein C mRNA encodes a pre - pro - protein C 
sequence of 461 amino acid residues (lower part). The pre - sequence (dark shading) serves as a signal peptide and the pro - sequence (light 
shading) functions as a signal for proper  γ  - carboxylation of the protein. The mature protein consists of 419 residues and can be divided into a 
 γ  - carboxyglutamic acid (GLA) domain, two epidermal growth factor (EGF) domains and a serine protease domain. During processing of the 
protein, an internal dipeptide is removed from the protein and the mature protein circulates as a covalently linked two - chain molecule. 
Between the second EGF domain and the protease part of the molecule is an activation peptide (AP) region, which is released on protein C 
activation. The open circles indicate the location of known missense mutations, leading to amino acid substitutions associated with type I 
defi ciency (indicated below the polypeptide chain) or type II defi ciency (above the polypeptide chain).  
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similar to the rates in protein C defi ciency and APC resist-
ance. Homozygous protein S defi ciency is extremely rare but 
appears to give a similar picture to homozygous protein C 
defi ciency, with purpura fulminans in the neonatal period. 

 The  PROS1  database, published by the International 
Society on Thrombosis and Haemostasis in 2000, contained 
more than 200 entries, in which 131 different mutations 
were considered to be detrimental. In the Human Gene 
Mutation Database there are 178 different  PROS1  mutations 
that may be associated with a protein S defi ciency pheno-
type. Most of the gene defects are missense or nonsense 
mutations, and mutations affecting splicing or small 
insertion/deletion defects are less common (Figure  17.4 ). 
Due to the large size of the protein S gene and the presence 
of a closely linked and highly similar pseudogene, identifi ca-
tion of mutations is not easy. Furthermore, in many families 
with phenotypically established protein S defi ciency,  PROS1  
gene mutations are not found although linkage between 
the  PROS1  locus and protein S defi ciency has been estab-
lished. The reason for the diffi culties in identifying protein 
S gene mutations in some families may be explained by the 
fact that common genetic screening techniques may miss 
large deletions as a cause for quantitative protein S defi -
ciency. This was also shown to be the case by extensive 
segregation analysis using a dense set of genetic single - nucle-
otide polymorphism (SNP) and microsatellite markers in 
families where mutations in the  PROS1  gene have not been 
found. By this approach, three of eight investigated families 
could be explained by large and unique deletions. If this 
fi nding, of an unusually high frequency of large deletions, is 
reproduced in other family materials, then such mutations 
must be considered a major explanatory factor for protein S 
defi ciency.  

  Prothrombin  m utation 

 A point mutation in the prothrombin gene,  F2  (GeneID 
2147, OMIM ID 176930), has been identifi ed as the second 
most common independent risk factor for venous thrombo-
sis. The mutation involves a G    →    A base substitution at 
nucleotide position 20210, which is located in the 3 ′  untrans-
lated regions of the  F2  gene (Figure  17.5 ). Thus the point 
mutation does not lead to protein structure alterations. 
Instead, the mutation is associated with increased plasma 
levels of prothrombin through a gain - of - function phenotype 
that has been explained by increased effi ciency of the  F2  gene 
mRNA. The prevalence of the mutation in the general popu-
lation is 1 – 2% and the mutation is associated with an 
approximately threefold increased risk of thrombosis. 
Similar to the FV Leiden mutation, the  F2  20210A variant 
originated from a single mutational event and the allele is 
only found in Caucasian populations.     

Missense mutations causing type I defi ciency are scattered 
over the entire polypeptide chain. Mutations leading to 
type II defi ciency are less common but have also been 
found in almost all the modules of protein C, including the 
propeptide, the Gla module, EGF1, the activation peptide, 
and the serine protease domain. Mutations in the promoter 
region of the gene, which affect the plasma protein concen-
tration, and mutations affecting RNA splicing have also 
been found.    

  Protein  S   d efi ciency 

 Protein S defi ciency is linked to the protein S gene,  PROS1  
(GeneID 5627, OMIM ID 176880). The  PROS1  gene is 
located close to the centromere at chromosome 3p11.1 –
 q11.2. A homologous pseudogene ( PROSP , GeneID 5628) is 
located in close vicinity and shares more than 95% similarity 
with  PROS1  exon and intron sequences, which must be 
taken into consideration when designing genetic investiga-
tions of  PROS1 . 

 Phenotyping for protein S defi ciency is dependent on the 
correct measurement of protein S plasma concentration in 
the laboratory. This is not a simple task to perform and will 
be further complicated by the presence of pools of free and 
C4BP - bound protein S. However, the level of free protein S 
discriminates better between those with and without protein 
S defi ciency than the level of total protein S. This is because 
the concentrations of protein S and C4BP β  + , which is the 
protein S - binding isoform of C4BP, are equimolar in protein 
S - defi cient individuals and most of the protein S is bound 
to C4BP β  + . Protein S defi ciency with low levels of both free 
and total protein S is called type I, whereas protein S defi -
ciency with low free protein S and normal total protein S has 
been believed to constitute a separate genetic type (type III). 
However, coexistence of the two types in many protein 
S - defi cient families demonstrates that they represent differ-
ent phenotypic variants of the same genetic disease. 
Mutations that cause functional defective protein S are 
referred to as type II defi ciency. To date, very few type II 
defi ciencies have been found, presumably related to the poor 
diagnostic performance of available functional protein S 
assays. 

 Heterozygous protein S defi ciency is present in 1 – 10% of 
thrombosis patients; the wide variety may be explained by 
several factors such as different inclusion and exclusion cri-
teria and geographical/ethnic differences between studies. 
The prevalence of protein S defi ciency in the general popula-
tion has been estimated to be 0.03 – 0.13% in European pop-
ulations but higher fi gures have been reported from Japanese 
and Thai populations. Family studies suggest that hetero-
zygous carriers have a fi vefold to tenfold increased risk of 
thrombosis compared with their healthy relatives, which is 
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     Fig. 17.4      Structure of the human protein S gene and location of detrimental missense mutations in the protein S molecule  
 The gene for human protein S ( PROS1 ) comprises 15 exons (upper part) and spans 100   kb of DNA and is localized to chromosome 3p11.1 –
 q11.2. Exons are denoted by open bars and introns by lines. Introns denoted by dashed lines between exons indicate gaps and are not drawn 
to scale. The  PROS1  mRNA is approximately 3.5   kb in size (middle part). The mRNA is translated into a pre - pro - protein S of 676 amino acid 
residues (lower part). The polypeptide chain can be divided into a signal peptide (dark shading), a pro - peptide (light shading), a thrombin -
 sensitive region (TSR), a  γ  - carboxyglutamic acid (GLA) domain, four epidermal growth factor (EGF) - like domains, and a large carboxy - terminal 
domain homologous to sex hormone - binding globulin (SHBG). The circles indicate the location of known missense mutations, leading to amino 
acid substitutions associated with type I defi ciency (indicated below the polypeptide chain) or type II defi ciency (above the polypeptide chain).  
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     Fig. 17.5      Structure of the human prothrombin gene and location of the prothrombin 20210 G      →      A mutation  
 The human gene for prothrombin ( F2 ) comprises 14 exons and spans approximately 20   kb of DNA on chromosome 11p11 – q12. The nucleotide 
sequence fl anking the G    →    A transition at nucleotide 20210 (indicated in bold) in the 3 ′  untranslated region of the  F2  gene is shown below. 
The putative polyadenylation signal is boxed. The 20210A allele represents a gain - of - function mutation associated with elevated levels of 
plasma prothrombin and an increased risk of venous thrombosis.  
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thrombotic events at an early age. This depends on the par-
ticular genotype, the coexistence of other genetic defects, 
and the presence of environmental risk factors such as oral 
contraceptives, trauma, surgery and pregnancy. Thus, 
women with heterozygosity for the FV Leiden allele who also 
use oral contraceptives have been estimated to have a 35 -  to 
50 - fold increased risk of thrombosis, whereas those with 
homozygosity have a several hundred - fold increased risk.  

  Management of  t hrombophilia 

 Decisions about medical intervention due to the presence of 
one or more genetic defects should be based on careful con-
sideration of the clinical picture, including the patient ′ s 
family history. The impact of the medical history on the use 
of oral anticoagulants is perhaps even more important in 
individuals with APC resistance (FV Leiden) or the pro-
thrombin mutation than in those with the more rare defi -
ciencies of protein C, protein S or AT. The risk of bleeding 
complications due to anticoagulant therapy must always be 
weighed against the benefi ts of anticoagulation, especially if 
an oral anticoagulant is used for periods exceeding 3 – 6 
months when the risk of thrombotic recurrence probably 
declines. New clinical data are continually emerging and 
no general consensus regarding screening, prophylaxis 
and the treatment of symptomatic patients has yet been 
established. 

 When the FV Leiden allele is present in homozygous 
form, or heterozygosity is combined with a second genetic 
defect, prophylactic treatment with heparin or oral antico-

  Severe  t hrombophilia  i s a 
 m ultigenic  d isease 

 Venous thrombosis is a typical multifactorial disease involv-
ing one or more environmental and/or genetic risk factors. 
In Western societies, many individuals carry more than one 
genetic risk factor because the FV Leiden allele is so common. 
In contrast, in countries where the FV Leiden allele is rare, 
few individuals carry more than one genetic defect. This may 
explain the difference in incidence of thromboembolic 
disease between Japan and China on the one hand and 
Europe and the USA on the other. The frequency of indi-
viduals carrying two or more genetic defects can be calcu-
lated on the basis of the prevalence of the individual genetic 
defects in the general population. In a country where the 
prevalence of FV Leiden is 10%, combinations of protein C 
defi ciency and FV Leiden are expected to be present in 
between 1 in 3000 and 1 in 10   000 individuals. A similar 
calculation for the combination of the prothrombin muta-
tion and FV Leiden allele suggests the prevalence of com-
bined defects to be 1 – 2 per 1000 individuals. Thus, a large 
number of people carry more than one genetic defect and 
such individuals have considerably increased risk of throm-
bosis. The FV Leiden allele is thus found to be an additional 
genetic risk factor in certain thrombophilic individuals with 
defi ciency of protein C, protein S or AT as well as in cases 
with the prothrombin mutation (Figure  17.6 ).   

 The thrombotic tendency in individuals with inherited 
genetic defects is highly variable and some individuals never 
develop thrombosis, whereas others develop recurrent severe 
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     Fig. 17.6      Thrombosis - free survival curves for individuals 
with different FV genotypes and co - inherited protein S 
defi ciency  
 (a) The increased risk of thrombosis with combined defects is 
illustrated with thrombosis - free survival curves for 21 individuals 
with single defects, FV Leiden or protein S defi ciency, and 18 
individuals with both defects. There was no signifi cant difference 
between those with single defects, whereas differences between 
individuals with the FV Leiden allele or protein S defi ciency and 
those with combined defects were signifi cant. (b) Probability of 
being free of thrombotic events at a certain age for 146 normal 
individuals, 144 heterozygotes and 18 homozygotes for the FV 
Leiden allele (Kaplan – Meier analysis). Highly signifi cant differences 
were observed between normals and heterozygotes and between 
heterozygotes and homozygotes.  
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agulants is recommended in situations known to be associ-
ated with a high risk of thromboembolic complications, such 
as surgery or pregnancy, even if the patient has never expe-
rienced any thrombosis or has no family history of such 
complications. For heterozygous asymptomatic carriers 
lacking a family history of thrombosis, short - term prophy-
laxis has been recommended in high - risk situations, but it 
remains to be established whether prophylaxis should be 
given in all situations associated with a risk of thrombosis. 

 Symptomatic heterozygous patients should be managed 
in the same way as any other patient with thrombotic events 
until more specifi c recommendations are established. It is 
not known whether the presence of a genetic defect is associ-
ated with an increased risk of recurrence, even though most 
studies on APC resistance tend to suggest that this is indeed 
the case. Patients with combined defects, and probably also 
patients with single gene defects, may be at increased risk of 
recurrence and should accordingly be given long - term anti-
coagulation therapy beyond 6 months, even after an isolated 
thromboembolic event. However, more data are needed 
before these recommendations can be considered generally 
applicable. 

 The potential benefi ts of general screening for APC resist-
ance and/or the FV Leiden allele prior to thrombotic events 
or in the presence of such circumstantial factors as oral 
contraceptive use, pregnancy and surgery are obvious, 
but more prospective data are needed, not least in terms of 
cost – benefi t ratios before any general recommendations can 
be made.  

  Conclusions 

 Inherited APC resistance, caused by the Arg506Gln muta-
tion in the FV gene (FV Leiden), is the most common genetic 
risk factor for thrombosis identifi ed to date. The mutated 
FV has normal procoagulant properties, but the loss of the 
APC cleavage site at position 506 in FV results in impaired 
regulation of coagulation and a hypercoagulable state. The 
prevalence of FV Leiden in Caucasian populations varies 
between 2 and 15%. A genetic variant in the prothrombin 
gene (G20210A) is another common prothrombotic risk 
factor, with a prevalence of approximately 2% in the general 
population. Other less common independent genetic risk 
factors include abnormalities in the genes for AT, protein C 
and protein S. Families with thrombophilia present with 
variable penetrance of thrombosis explained by different 
combinations of genetic defects and environmental risk 
factors. Patients with combined genetic defects are at higher 
risk of thrombosis than those with single gene defects. Thus, 
evaluation of patients with thrombosis must be performed 
in order to fully estimate the risk for thrombosis in each case.  
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  Introduction:  c linical  f eatures 
of  h emophilia 

 The clinical severity (phenotype) is critically determined by 
the concentration of circulating factor VIII (or IX) in the 
blood, and severe hemophilia is defi ned by a clotting factor 
concentration below 1   IU/dL (Table  18.1 ). The hallmark of 
severe hemophilia is recurrent and spontaneous hemarthro-
sis. Typically, hinge joints such as the knees, elbows and 
ankles are affected but bleeds may also occur in the wrist or 
shoulder. Bleeding into the hip joint is unusual. The affected 
joint is swollen and warm, and held in a position of fl exion 
(Figure  18.1 ), with no external discoloration or bruising 
around the joint. It is unusual for an infant to suffer spon-
taneous hemarthroses in the fi rst few months of life, and the 
fi rst joint to be affected tends to be the ankle as the child 
learns to crawl. The fi rst sign of a hemarthrosis in an infant 
will often be obvious discomfort and distress, accompanied 
by limping or reluctance to use a limb. Recurrent bleeds into 
a joint lead to synovitis and joint damage resulting in crip-
pling arthritis (Figure  18.2 ). Bleeding into muscles is also a 
feature of hemophilia, but this is usually a consequence of 
direct injury, albeit often minor (Figure  18.3 ). Bleeds into 
certain areas are particularly dangerous because of the risk 
of compression of neighboring structures. Patients with 
inhibitory antibodies are particularly at risk in this regard, 
as bleeds may be more diffi cult to control. Bleeds in the 
tongue can obstruct the airway, and retroperitoneal bleeding 
within the iliopsoas muscle may result in femoral nerve 
compression, causing weakness and wasting of leg muscles 
(Figure  18.3 ). Bleeding from the gastrointestinal tract 

(melena) and bleeding into the urinary tract (hematuria) 
may also occur. There is also a signifi cant risk of intracranial 
hemorrhage in severe hemophilia, which in the past was a 
signifi cant cause of mortality when treatment was not so 
readily available. Higher levels of factor VIII (or IX) above 
5   IU/dL are associated with a milder form of the disease, with 
no spontaneous joint bleeds but a defi nite risk of bleeding 
after even relatively minor injury.     

 Treatment of bleeding episodes involves the intravenous 
injection of coagulation factor concentrates; the total dose 
and frequency of treatment will also be determined by the 
severity and site of bleeding. The great majority of joint 
bleeds will resolve with a single infusion, if the bleed is rec-
ognized early and treated promptly. There is an increasing 
move to prophylactic therapy, in which patients inject coag-
ulation factor concentrate two or three times a week to 
prevent bleeds rather than just treating on demand when 
bleeds occur. Patients on prophylactic therapy experience 
few or even no spontaneous bleeds, and thus progressive 
joint damage and arthritis can be avoided. The quality of life 
of patients on prophylaxis may be greatly enhanced, allow-
ing them to lead much more independent lives. 

 Approximately 15% of patients with severe hemophilia A 
can be expected to develop inhibitory antibodies to factor 
VIII at some stage. In contrast, inhibitor development in 
hemophilia B is very rare and encountered in less than 1% 
of patients. The development of such antibodies poses con-
siderable problems in treatment as these immunoglobulins 
(IgG) are capable of rapidly inactivating infused factor VIII, 
and furthermore the antibody titer may rise dramatically 
after a course of factor VIII. Very occasionally, acquired 
hemophilia may arise in a previously normal individual due 
to the formation of autoantibodies directed against factor 
VIII, and both males and females may be affected. 
Hemarthrosis is unusual in acquired hemophilia, and the 
principal manifestations are usually extensive superfi cial 
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     Fig. 18.1      Acute hemarthrosis in severe hemophilia  
 This usually arises in the absence of injury. The joints most frequently 
involved are the knees, elbows and ankles. The joint is swollen, 
warm and tender but there is no external bruising or discoloration.  

     Fig. 18.2      Radiograph of the knee of a patient with severe 
hemophilic arthropathy  
 Joint replacement surgery was subsequently carried out in this case.  

     Fig. 18.3      Magnetic resonance imaging (MRI) scan showing 
bilateral iliopsoas hemorrhage  
 This bleed was associated with a complete but transient paralysis in 
both legs, as the femoral nerve is located on the anterior surface of 
the muscle and may be compressed in such cases.  

  Table 18.1    The relation of blood levels of factor  VIII  (or  IX ) to the 
severity of hemorrhagic manifestations. 

   Level (IU/dL)     Hemorrhagic manifestations  

  50 – 100    Normal level, no bleeding problems  
  25 – 50    No problems in day - to - day life. Tendency to 

bleed after major surgery  
  5 – 25    Mild hemophilia. Bleeding typically occurs only 

after signifi cant injuries  
  2 – 5    Moderately severe hemophilia: occasionally 

apparently spontaneous bleeds. Most bleeds 
associated with injury, albeit often relatively 
minor  

   < 1    Severe hemophilia with spontaneous and 
recurrent bleeding into muscles and joints  

purpura and muscle bleeds. Acquired hemophilia arises 
most often in the elderly, and there is an association with 
underlying malignant or autoimmune diseases.  

  Inheritance of  h emophilia 

 The genes for factors VIII and IX are both located at the 
telomeric end of the X chromosome and thus hemophilia is 

inherited as an X - linked recessive condition (Figure  18.4 ). 
The daughters of affected males are obligate carriers but the 
sons are normal. The phenotype remains constant within a 
family, so the daughter of a man with only mild hemophilia 
may be reassured that she will not pass on a severe form of 
the condition. However, approximately one - third of all cases 
of hemophilia arise in the absence of a previous family 
history and are due to a new mutation. The most famous 
example is that of Queen Victoria, who had a hemophilic 
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(exon 5) to 3.1   kb (exon 14). The factor VIII message is 
nearly 9   kb in size and encodes a mature protein of 2332 
amino acids. Approximately half of all cases of severe hemo-
philia and all cases of mild and moderate hemophilia result 
from heterogeneous mutations that occur throughout the 
factor VIII gene.   

 By far the commonest single genetic defect causing severe 
hemophilia is an inversion in intron 22, which is encoun-
tered in as many as 45% of people with severe hemophilia 
in all ethnic groups (Figure  18.6 ). The inversion mechanism 
involves an intronless gene of unknown function, designated 
 F8A . Two copies of this gene are located near the tip of the 
X chromosome and there is another copy within intron 22 
of the factor VIII gene itself. During meiosis, either of the 
two telomeric copies may cross over with the intronic copy, 
resulting in a division of the gene into two halves facing in 
opposite directions and separated by approximately 500   kb. 
Crossover with the distal copy is much more common than 
crossover with the proximal copy, and accounts for approxi-
mately 80% of all inversions. It is now recognized that 

son (Leopold) and two daughters (Alice and Beatrice) who 
turned out to be carriers. There are instances of hemophilia 
affecting females due to inheritance of the defective gene 
from both parents, and there are also case reports of hemo-
philia in females with Turner syndrome (XO karyotype) and 
androgen insensitivity syndrome (XY karyotype).    

  Molecular  b asis of  h emophilia  A  

 Factor VIII is an essential cofactor for the activation of factor 
X by activated factor IX ( see Chapter    17  ). Factor VIII must 
itself undergo proteolytic cleavage at two distinct sites 
through the action of thrombin before it becomes physio-
logically active. It circulates in plasma as a large glycoprotein 
bound non - covalently to the larger protein, von Willebrand 
factor (VWF). The factor VIII gene ( F8 ) was fi rst cloned in 
1984. It is 186   kb in length and is situated on the long arm 
of the X chromosome at Xq28 (Figure  18.5 ). The factor VIII 
gene consists of 26 exons, which range in size from 69   bp 
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     Fig. 18.4      The inheritance of hemophilia  
 The gene for factors VIII and IX are both encoded on the X chromosome, and inheritance is thus sex - linked. The daughter of a man with 
hemophilia is an obligate carrier, but the son of a hemophiliac will not be affected. Hemophilia may thus be transmitted to a grandson via a 
carrier daughter. Color blindness and Duchenne muscular dystrophy are other examples of conditions which are X - linked disorders.  
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     Fig. 18.5      The factor VIII gene  
 The factor VIII gene was cloned in 1984 and is 
located toward the telomeric end of the long arm of 
the X chromosome (Xq28). It maps distal to the gene 
encoding glucose 6 - phosphate dehydrogenase 
(G6PD), about 1   Mb from the Xq telomere. The gene 
is composed of 26 exons, of which exon 14 is the 
largest. The large intron 22 contains a nested 
intronless gene termed  F8A  (the function of the 
gene and its transcript are unknown). There are two 
further copies of  F8A  located about 400   kb telomeric 
to the factor VIII gene. The spliced factor VIII mRNA 
is  ∼ 9   kb in length and the mature factor VIII molecule 
is composed of 2332 amino acids.  
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     Fig. 18.6       “ Flip tip inversion ”   
 This unique inversion of the tip of the X 
chromosome is now recognized to be 
responsible for about half of all cases of severe 
hemophilia in all ethnic groups. Crossover occurs 
between a copy of  F8A  within the factor VIII 
gene and one of the two telomeric copies. 
Crossover with the distal copy is more common, 
occurring in approximately 80% of cases where 
an inversion is identifi ed.  

inversion almost always forms during a male meiosis. It is 
believed that the presence of a large region of non - homology 
between the X and Y chromosomes during meiotic pairing 
may favor a misalignment and the presence of a second X 
chromosome with a complementary region may act as a 
stabilizing factor. An important clinical consequence of this 
observation is that when an apparently new and spontane-
ous case of hemophilia is diagnosed in which the gene inver-
sion is identifi ed, it is likely that the defect arose in the 
maternal grandfather ’ s allele and thus the mother can gener-
ally be assumed to be a carrier and at risk of having another 
affected male child. The resulting truncated protein product 
is presumably unstable, resulting in severe hemophilia. The 
inversion is not found in individuals with mild forms of 
hemophilia. The inversion is easily detected and the identi-

fi cation of this defect as the commonest cause of severe 
hemophilia has simplifi ed both screening for carriers and 
antenatal diagnosis of hemophilia. The inversion may be 
identifi ed with Southern blotting, although many laborato-
ries now use either inverse polymerase chain reaction (PCR) 
or long - range PCR for identifi cation of this inversion. More 
recently, inversions in intron 1 of the factor VIII gene have 
been identifi ed as a cause of severe hemophilia and this 
abnormality appears to be responsible for approximately 5% 
of all cases of severe hemophilia. Since approximately half of 
all cases of severe hemophilia are associated with these two 
inversions, it is usual practice to screen samples from new 
cases for these two abnormalities fi rst.   

 Developments in molecular biology have permitted 
more rapid identifi cation of defects in hemophilia. Southern 
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 Approximately 40% of all missense mutations arise at CG 
dinucleotide sites, resulting in a change to TG or CA 
sequences. It is generally believed that CG nucleotides rep-
resent genomic hotspots. Cytosine is predominantly methyl-
ated in human DNA, but this is relatively unstable and 
5 - methylcytosine is prone to spontaneous deamination to 
yield a GT mismatch that is ineffi ciently repaired. It is also 
of interest that a missense mutation may be associated with 
varying degrees of clinical severity. Thus a C    →    T mutation 
at nucleotide 1689 within exon 14 resulting in replacement 
of arginine by cysteine has been reported in association with 
both severe and mild clinical phenotypes.  

  Molecular  b asis of  h emophilia  B  

 The factor IX gene ( F9 ) is also located on the long arm 
of the X chromosome at band Xq27, and is encoded by a 
stretch of DNA spanning 33.5   kb that contains eight exons 
(Figure  18.7 ). The basic structure of the gene is similar in 
organization to that of protein C and coagulation factors VII 
and X, and it is likely that they all originated in the distant 
past from a common ancestral gene by duplication. Factor 
IX mRNA comprises 2.8   kb and encodes a mature protein of 
415 amino acids. This is made up of a glutamic acid - rich 
sequence (Gla domain) and two epidermal growth factor 
(EGF) - like domains separated from the serine protease 
domain by an activation region. The 12 glutamic acid 
residues in the Gla domain undergo post - translational 
 γ  - carboxylation, which is necessary for binding of calcium, 
and exon 2 encodes a recognition site for the carboxylase. 
Exon 1 encodes the signal peptide necessary for tran-
sport into the endoplasmic reticulum. Exon 6 encodes the 

blotting has been superseded by methods involving PCR 
amplifi cation of either patient DNA or material derived from 
the reverse transcription of mRNA (RT - PCR). Although 
automated sequence analyzers have been developed, gene 
sequencing of the entire factor VIII gene is both expensive 
and labor - intensive. Methods have been developed to iden-
tify restricted areas of abnormal DNA in patients with hemo-
philia, which may then be targeted for specifi c attention. 
These methods include amplifi cation and mismatch detec-
tion (AMD), conformation - sensitive gel electrophoresis 
(CSGE), denaturing gradient gel electrophoresis (DGGE), 
high - resolution melting analysis (HRM), and pyrosequenc-
ing. Approximately 4% of cases of hemophilia are the con-
sequence of gene deletions, which have been reported 
throughout the gene and which are very variable in size. As 
with the intron 22 inversion, most deletions are associated 
with a severe clinical phenotype. To date, around 650 differ-
ent single base substitutions have been described, of which 
approximately 75% predict a single amino acid change from 
the wild - type sequence (missense). Such mutations affect 
RNA processing, mRNA translation or the fi ne structure of 
factor VIII itself. A further 100 lead to creation of preliminary 
peptide chain termination or Stop codons and the produc-
tion of truncated factor VIII molecules devoid of any func-
tional activity. Frameshift mutations resulting from insertions 
or small deletions have also been identifi ed as a cause of 
severe hemophilia. Duplications within one or more exons 
of the factor VIII gene have recently been identifi ed in a small 
minority of patients with hemophilia A using multiplex 
ligation - dependent probe amplifi cation (MLPA). A full list 
of mutations described in association with hemophilia is 
outside the scope of this chapter, but additional information 
is provided in the Further reading section. 
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     Fig. 18.7      The factor IX gene  
 The factor IX gene was fi rst cloned in 1982. It is located on the long arm of the X chromosome at band Xq27. The gene spans 34   kb and 
encodes eight exons (exons are shown as colored boxes, and dotted lines between the gene and protein indicate protein domains encoded by 
each exon). The signal peptide and propeptide sequences are cleaved during processing and activation of factor IX. GLA,  γ  - carboxyglutamic 
acid domain; EGF, epidermal growth factor domains.  
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Inhibitory antibodies interfere with the normal function of 
factor VIII in a number of different ways. The most frequent 
site of inhibitor binding occurs within the A2 and C2 
domains. Inhibitors may thereby block the ability of acti-
vated factor VIIIa to bind and activate factors IXa and X, or 
inhibit the binding of factor VIII to VWF or negatively 
charged phospholipid surfaces. Inhibitors may also hinder 
the activation of factor VIII by thrombin, or the subsequent 
release of factor VIII from VWF. Proteolysis of factor VIII 
has recently been identifi ed as a novel additional mechanism 
of inactivation in some cases. 

 Activated prothrombin complex concentrates (e.g., 
FEIBA) and recombinant activated factor VIIa (NovoSeven) 
are valuable therapeutic materials in controlling bleeding in 
those patients with inhibitory antibodies. Recombinant 
porcine factor VIII has also been developed for this indica-
tion and is under evaluation in clinical trials. The rationale 
is that the porcine molecule is suffi cient similar to human 
factor VIII to exert a hemostatic effect but at the same time 
suffi ciently different to avoid rapid neutralization by anti-
bodies. Another important strategy in the management of 
these patients who develop inhibitory antibodies is immune 
tolerance, which involves the daily administration of coagu-
lation factor concentrate over a period of some months. This 
usually results in the eventual disappearance of the antibody, 
as the body becomes tolerant of the protein and inhibitor 
formation is suppressed. 

 Following the elimination of the risk of transmission of 
viruses by coagulation factor concentrates, the risk of inhibi-
tor development is perhaps the principal danger faced by 
people with hemophilia nowadays. Data from the UK registry 
suggest that approximately 15% of all patients with severe 
hemophilia A will develop antibodies at some time, but it is 
quite likely that this fi gure underestimates the true prevalence 
as transient and low - titer inhibitors may not be detected. As 
a general rule, if an individual is susceptible to inhibitor 
development, they will become apparent at a fairly young age. 
Data from prospective studies involving recombinant factor 
VIII products suggests a median of approximately 10 expo-
sure days for inhibitor development if this is to occur. 

 It is now clear that the major factor which determines the 
predisposition to inhibitor development is the underlying 
molecular defect. Certain types of gene defects in hemophilia 
are undoubtedly associated with a signifi cantly increased risk 
of inhibitor development (Figure  18.8 ). The risk of inhibitor 
development in patients with severe molecular defects, such 
as large deletions, nonsense mutations and the intron - 22 
inversion, is seven to ten times higher than in patients with 
other defects such as missense mutations, small deletions 
and splice - site mutations. The overall risk of inhibitor devel-
opment in patients with the common intron - 22 inversion is 
approximately 30%.   

activation peptide that is cleaved off during the activation of 
factor IX by either factor XI or a complex of tissue factor and 
factor VII. Exons 7 and 8 encode the catalytic regions of 
factor IX, which are responsible for subsequent activation of 
factor X in the coagulation cascade. The gene is controlled 
by a promoter.   

 The gene for factor IX, which was cloned in 1982, is con-
siderably smaller than that of factor VIII, and patients with 
hemophilia B have been studied more extensively than those 
with hemophilia A. The fi rst defects identifi ed in hemophilia 
B were gross deletions, detected by Southern blotting. 
However, it is now recognized that gene deletions account 
for only approximately 3% of all cases of hemophilia B. No 
equivalent of the factor VIII gene inversion has been encoun-
tered in hemophilia B and it is now clear that point muta-
tions account for the vast majority of cases of hemophilia B; 
over 500 have been described from families around the 
world. The great majority involve single base changes, which 
have been identifi ed in all domains of the protein. The unu-
sually high frequency of mutations at CG dinucleotide sites 
in hemophilia B probably refl ects the high number of CG 
dinucleotides at critical sites in the factor IX gene. Exon 8 is 
the largest at 1.9   kb in length and half of all mutations are 
found in this exon. However, about 20 – 30% of cases of mild 
hemophilia B are due to a small number of founder muta-
tions. The original case of Christmas disease has been identi-
fi ed as a G    →    C mutation at nucleotide 31170, resulting in 
substitution of cysteine by serine within exon 8. 

 Mutations in the promoter region of the factor IX gene 
(e.g., T    →    A at  − 20 and G    →    A at  − 6) are relatively rare and 
account for around 2% of all cases. However, they are of 
particular interest as they can give rise to the unique hemo-
philia B Leyden phenotype, where the factor IX level rises 
signifi cantly after puberty with loss of the bleeding tendency. 
Most of these mutations have been shown to be located in 
regions that contain binding sequences for liver - enriched 
transcription factors, which are presumably infl uenced by 
androgenic steroids. 

 Full details of the many genetic abnormalities associated 
with hemophilia B can be found at the websites listed at the 
end of this chapter.  

  Inhibitor  f ormation:  e tiology and 
 c linical  i mplications 

 A minority of patients with hemophilia will develop immu-
noglobulins directed against infused factor VIII (or IX) after 
exposure to these blood products for treatment of bleeding 
episodes. This is potentially very serious, as patients are gen-
erally refractory to conventional doses of coagulation factor 
concentrates and bleeding can be very diffi cult to control. 
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 Inhibitor development in hemophilia B is a rare event, 
occurring in probably less than 1% of patients, and these 
patients often have an underlying large gene deletion. In 
contrast with the immunoglobulin inhibitors in patients 
with hemophilia A, inhibitory antibodies in patients with 
hemophilia B are often capable of fi xing complement pro-
teins. The administration of coagulation factor concentrate 
in such cases may therefore trigger severe, often anaphylac-
tic, allergic reactions. The development of nephrotic syn-
drome has also been reported in patients with hemophilia B 
and inhibitors undergoing immune tolerance induction 
treatment with factor IX concentrates.  

  Therapeutic  a pplications of  m olecular 
 b iology to  p atient  c are 

  Carrier  t esting 

 Ideally, carriers of hemophilia should be identifi ed before a 
pregnancy, and offered counseling. The inheritance of 
hemophilia is sex - linked, as with other disorders such as 
color blindness and Duchenne muscular dystrophy. The 
daughters of men with hemophilia are thus obligate carriers 
of the condition, with a 50   :   50 chance of passing on the 
condition to a son, and there is a similar chance that a 
daughter of a carrier will also herself be a carrier of the con-
dition. No special genetic tests are therefore required to 
determine the carrier status of daughters of men with hemo-
philia, although the results of DNA - based studies are likely 
to be useful for subsequent antenatal diagnostic procedures. 
The phenotype of hemophilia remains constant within a 
family, so that the daughter of a man with only mild hemo-
philia may be reassured that she can only transmit a similarly 
mild form of the condition. However, a more common 
problem is to be confronted with a woman with only a vague 
history of a bleeding disorder in a distant relative. National 
patient registers can be very helpful in establishing the type 
and severity of bleeding disorder of an affected relative as a 
fi rst step in determining which tests need to be carried out. 
It may seem logical to initiate carrier testing to determine 
carrier status as soon as possible in girls with a family history 
of the condition, as this would facilitate management in the 
case of an early and possibly unexpected pregnancy. There 
are signifi cant differences in legislation as well as clinical 
practice among healthcare professionals in various countries 
with regard to the timing of testing of children for genetic 
disorders. Some take the view that it is unethical to test very 
young children in order to determine carrier status for 
inherited disorders for conditions which have no immediate 
implications for their own health. In the UK, most hema-
tologists would generally be prepared to offer carrier testing 

 However, there is also additional evidence from family 
and twin studies that other subtle genetic factors play a role, 
although no associations with specifi c human leukocyte 
antigens (HLA) or other linkages have been conclusively 
identifi ed. Race may also infl uence the risk of inhibitor 
development, and several studies have shown that people of 
Afro - Caribbean origin are more susceptible to inhibitor for-
mation. Major histocompatibility complex (MHC) mole-
cules on cell surfaces play a pivotal role in such reactions but 
to date no strong association between any one particular 
MHC molecule and an increased risk of inhibitor develop-
ment has been shown. Links between structural variants 
(polymorphisms) in the genes of two important proteins 
involved in infl ammatory and immunological responses, 
interleukin (IL) - 10 and tumor necrosis factor (TNF) -  α , have 
been reported. Such variants might have an impact on inhib-
itor development by increasing the production and secretion 
of chemicals that ultimately enhance the production of anti-
bodies directed against factor VIII. In the case of IL - 10, one 
particular polymorphism (134 - bp variant of a CA repeat 
microsatellite in the promoter region of the  IL10  gene) was 
found to be associated with a 4.4 - fold increased risk of inhib-
itor development. This same polymorphism has already 
been shown to infl uence the level of antibody production in 
such diverse diseases as myasthenia gravis, multiple myeloma 
and systemic lupus erythematosus. More recently, the same 
group reported that a particular polymorphism (C/T at 
 − 318) in the cytotoxic T - lymphocyte - associated protein - 4 
receptor of certain immune cells actually confers protection 
against inhibitor development. It is to be hoped that increas-
ing knowledge about the role of molecular genetics in inhibi-
tor development will lead to new strategies to prevent and 
treat patients with inhibitors or even prevent their develop-
ment in the fi rst place. 
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     Fig. 18.8      Mutation types and risk of inhibitor development   
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that the mother of a child with hemophilia is not a carrier, 
even when the mutation is not identifi ed in her somatic 
DNA.  

  Antenatal  d iagnosis of  h emophilia 

 As a general rule, it is the practice in the UK to perform 
antenatal procedures to determine whether or not a fetus has 
hemophilia  only  where a termination is being contemplated. 
The general experience in the UK has been that only a 
minority of women subsequently take up the offer of ante-
natal diagnosis with a view to termination if an affected fetus 
is identifi ed. This may well refl ect the fact that many women 
with affected relatives appreciate that major advances in 
treatment in recent years, such as the introduction of recom-
binant products for children and the wider adoption of 
prophylaxis, offer the prospect of an essentially normal life 
for the younger generation of people with hemophilia. 

 Amniocentesis was the fi rst technique employed for ante-
natal diagnosis of hemophilia and other X - linked disorders 
such as muscular dystrophy. Whilst amniocentesis is both 
technically simple and safe, an important limitation is the 
fact that it may only be employed in the second trimester of 
pregnancy, after approximately 15 weeks ’  gestation. 
Chorionic villus sampling (CVS) was fi rst applied to ante-
natal diagnosis of a number of genetic disorders in the early 
1980s, but is now the principal method used for antenatal 
diagnosis of hemophilia and several other single gene disor-
ders. The main advantage is that the method may be applied 
for antenatal diagnosis during the fi rst trimester, so that if 
termination of the pregnancy is required this is easier to 
carry out. Furthermore, the results of the test are often avail-
able within only a few days of the procedure as (in contrast 
to amniocentesis) there is no need to culture cells before 
genetic analysis. A sample is obtained by either a transab-
dominal or transvaginal route, under ultrasound guidance 
(Figure  18.9 ). CVS should not be undertaken before 11 
weeks of pregnancy in order to minimize the risk of inducing 
congenital limb abnormalities. A recent development has 
been the determination of fetal sex early in pregnancy 
through fl ow cytometric analysis of maternal blood at 
around 8 weeks. The advantage of this non - invasive tech-
nique, which is now widely available, is that identifi cation of 
a female fetus obviates the need for CVS. It is likely that in 
the not too distant future this technique will be developed 
to allow full antenatal diagnosis of hemophilia (and other 
genetic disorders) based on isolation of fetal cells such as 
normoblasts from the maternal circulation.   

 Direct fetal blood sampling may also be used for antenatal 
diagnosis of hemophilia but this method is usually only 
offered as a last resort, either because it was not possible 
to carry out DNA - based family studies in time or because 

to girls in their early teens, with the proviso that the issues 
must be discussed with the family and the children deemed 
able to understand the implications of such testing. 

 It is important to emphasize that the plasma level of factor 
VIII (or IX) alone should not be used to determine whether 
a female is a carrier of hemophilia and that only DNA - based 
tests should be used. Indirect testing of carrier status using 
the tracking of restriction fragment length polymorphisms 
(RFLPs) has now been superseded by direct identifi cation of 
the underlying causative genetic abnormality such as muta-
tion or inversion. Once the molecular defect has been identi-
fi ed in an individual with either hemophilia A or B, direct 
screening for that defect could be applied in subsequent 
generations for both carrier testing and also antenatal diag-
nosis. It is recommended that hemophilia centers collate 
information on the family pedigree ( “ family tree ” ) to iden-
tify potential carriers and facilitate screening. 

 RFLP analysis may still be employed in the few cases 
where, for example, a mutation has not been identifi ed or 
verifi ed in a potential carrier. This technique is also still 
widely used in countries around the world which do not yet 
have access to more sophisticated technology. The method 
is based on the fact that there are some genetic polymor-
phisms that represent natural variations of the genome 
sequence, without any adverse impact on the function of the 
molecule. The polymorphisms are detected by cleavage of 
patient DNA with restriction enzymes, which generate frag-
ments of varying size according to the presence or absence 
of the polymorphism. Only intragenic markers should be 
used because the small possibility of recombination may 
result in erroneous diagnoses when extragenic probes are 
used. The most widely intragenic markers used are dinucle-
otide repeats in introns 13 and 22;  Xba I dimorphism in 
intron 22; and digestion products using  Bcl I in intron 18. 
The limitations of this approach include the fact that samples 
have to be taken from several members to permit the track-
ing of the mutant gene responsible for hemophilia in the 
family. Blood from an affected family member will be 
required, and this may not be possible in some cases. It 
should also be appreciated that there is ethnic variation of 
the allelic frequencies of the various polymorphisms, more 
so with factor IX than factor VIII, and this may infl uence the 
choice of probes used in some family studies. Furthermore, 
non - paternity may confound attempts to track the gene 
in families. 

 Germline and somatic mosaicism may complicate the 
picture. This needs particular consideration in cases of spo-
radic hemophilia where the mother of a child with hemo-
philia does not appear to carry the mutation in her own 
leukocyte DNA. This has been reported to be a particular 
problem when the apparently  de novo  mutation is a point 
mutation. For this reason, it is recommended not to state 
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plantation sex determination, using fl ow cytometry to sort 
spermatozoa labeled with a fl uorescent dye that binds to 
DNA. The resulting higher fl uorescence of X chromosomes, 
which contain more DNA than Y chromosomes, facilitates 
separation.  

  Recombinant  b lood  p roducts 

 The development of plasma - derived coagulation factor con-
centrates in the early 1970s dramatically improved both the 
longevity and quality of life of patients with hemophilia, and 
the demand for factor VIII and IX has risen steadily. The 
burgeoning global demand for factor VIII can no longer be 
met by products derived from volunteer blood donors. The 
manufacture of recombinant coagulation factor proteins 
offers the promise of unlimited supplies, albeit at increased 
cost. However, the most important advantage of recom-
binant products is safety with regard to transmission of 
human pathogens. Many patients with hemophilia were 
infected with HIV and/or hepatitis C before the introduction 
of physical methods of viral inactivation of plasma - derived 
coagulation factor concentrates in 1985. More recently, 
there has been concern about the possibility of transmission 
of variant Creutzfeldt – Jakob disease (vCJD) via blood prod-
ucts, as the prions believed to be the cause of this neurologi-
cal disorder are extremely resistant to the usual viral 
inactivation procedures such as heat treatment and exposure 
to a solvent/detergent mixture. Many clinicians now regard 
recombinant products as the treatment of choice for all 
patients with hemophilia as they offer the best possible pro-
tection from transmission of blood - borne pathogens. 
However, the increased cost with regard to conventional 
plasma - derived products has limited the availability of these 
products in many parts of the world. 

 Recombinant coagulation factor concentrates are manu-
factured by insertion of the human gene into mammalian 
cell lines (such as Chinese hamster ovary cells or baby 
hamster kidney cells), which are then grown in culture on 
an industrial scale. Factor VIII (or IX) is then secreted into 
the growth medium, from which it is subsequently extracted 
by monoclonal or other immunoaffi nity chromatography 
(Figure  18.10 ). The original recombinant factor VIII prod-
ucts all contained added human albumin as a stabilizer. 
However, third -  and fourth - generation products are now 
available in which alternative stabilizers are used. Human 
albumin and all bovine proteins have also been eliminated 
from the culture media of these modern products and the 
incorporation of specifi c viral elimination/inactivation steps 
further increases the margin of safety. Recombinant factor 
VIII has an essentially identical structure and glycosylation 
profi le to natural plasma factor VIII (although one brand 
has no B domain).   

such studies were carried out but did not yield results. In 
this technique, fetal blood is taken from fetal umbilical 
vessels under ultrasound guidance. The procedure requires 
considerable expertise and will thus not be available in all 
hospitals. It is usually carried out at a minimum of 18 weeks ’  
gestation. The levels of factor VIII and IX in a normal fetus 
at around 19 weeks ’  gestation are signifi cantly lower than 
those in an adult, approximately 40   IU/dL and 10   IU/dL, 
respectively. 

 The need to abort an implanted fetus is a formidable 
ethical concern for many female carriers of hemophilia. 
Preimplantation diagnosis is another technique that has 
been developed, and this may prove to be particularly attrac-
tive to women who would not be prepared to undergo con-
ventional termination of a well - established pregnancy. The 
female partner must undergo an  in vitro  fertilization cycle 
and the fertilized ova are then biopsied. Embryos shown to 
be unaffected by hemophilia can then be transferred to the 
uterus. The initial approach was to offer determination of 
embryonic sex alone using dual fl uorescence  in situ  hybridi-
zation of blastomere cells with labeled probes specifi c for the 
sex chromosomes. More recently, specifi c mutation analysis 
has become possible, although it must be emphasized that 
this has only been performed in a very limited number of 
cases and is still far from being a service that is available on 
a routine basis even in major hospitals. Sperm sorting has 
been developed as a cheaper and easier method for preim-
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     Fig. 18.9      Chorionic villus sampling (CVS)  
 A sample of trophoblastic tissue from the placental area is aspirated 
with a fi ne needle under general anesthesia. The procedure is usually 
carried out after 11 weeks ’  gestation. DNA isolated from the fetal 
tissue can then be analyzed to determine fetal sex and status with 
regard to hemophilia.  
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glutamic acid residues. Vitamin K is a vital cofactor in this 
process, which is essential for its activity, but recombinant 
factor IX is not as effectively carboxylated. The post - infusion 
recovery does appear to be reduced when compared with 
plasma - derived products, although the plasma half - life is 
identical. It is a smaller molecule than factor VIII and 
requires no albumin, or other material, to be added to the 
fi nal product as a stabilizer. The cell line is grown in media 
that contain no animal or human - derived proteins but the 
product is subjected to nanofi ltration to enhance its safety 
profi le. There is no suggestion of an increased risk of inhibi-
tor development associated with the use of recombinant 
factor IX. 

 Another useful recombinant product is recombinant acti-
vated factor VII (NovoSeven; Novo Nordisk). It is now rec-
ognized that factor VII plays a key role in initiation of the 

 The pharmacokinetic profi les and post - infusion recover-
ies are also essentially identical to those observed for plasma -
 derived concentrates. Initial concerns about a potential 
increase in the incidence of inhibitors among people with 
hemophilia receiving recombinant products have proved 
unfounded. Although randomized and controlled trials 
comparing the incidence of inhibitor development in previ-
ously untreated patients receiving recombinant and plasma -
 derived products have never been conducted, it would be 
fair to say that the consensus is that the incidence of 
inhibitor development is similar for both types of product. 

 Recombinant factor IX is also available. Recombinant 
factor IX is identical in amino acid sequence to the Ala148 
(as opposed to the less common Thr148) human polymor-
phic variant. Plasma factor IX is synthesized in the liver and 
undergoes post - translational glycosylation of a number of 
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     Fig. 18.10      Manufacture of recombinant 
factor VIII  
 The gene for human factor VIII is 
incorporated into a bacterial vector (a, b). 
Inclusion of the von Willebrand factor gene 
also enhances production of factor VIII. The 
vector is then inserted into a mammalian 
host cell (c). The cells grow and multiply in a 
nutrient medium, and then secrete factor VIII 
(d). Factor VIII can be extracted and purifi ed 
by immunoaffi nity chromatography (e). The 
fi nal product also contains no von 
Willebrand factor.  
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tion factors is already available for patients with both hemo-
philia A and B. The use of viral vectors introduces risks such 
as oncogenesis and infection, or even modifi cation of patient 
germlines. 

 There are two basic approaches to gene delivery into cells. 
The fi rst technique involves the direct injection of transduc-
ing vector into the bloodstream or target tissue, with subse-
quent  in vivo  transformation of the cells which take up the 
gene. Alternatively, target cells may be modifi ed by removal 
of cells from a patient, with subsequent modifi cation  ex vivo  
of these cells followed by reinfusion. Retroviruses and ade-
noviruses have been used extensively as vectors. The princi-
pal advantage of using retroviruses as vectors is that the 
genetic material is actually integrated into the genome of the 
target cell, so expression of the transfected gene is perma-
nent. However, integration is random, introducing the 
potential for oncogenesis through disruption of oncogenes. 
A further problem with the use of retroviruses as vectors is 
that there is a physical size limit of approximately 8   kb in the 
size of cassette that can be accommodated within the virus. 
The factor IX gene may be accommodated, but the full -
 length factor VIII gene cannot. Lentiviruses have the advan-
tage that they transduce non - dividing cells. Adenoviruses 
permit transfer of larger genes and can transfect non - divid-
ing cells but transferred DNA does not integrate perma-
nently, so expression of the transfected gene is only transient. 
A further limitation is that immune response to adenoviral 
proteins, commonly encountered in everyday life, may limit 
effi ciency of transfer. It is likely that gene therapy for hemo-
philia B will be achieved earlier than gene therapy for clas-
sical hemophilia A since the smaller size of the factor IX gene 
compared with the factor VIII gene permits the use of ret-
roviral vectors; furthermore, factor IX (in contrast to factor 
VIII) may be absorbed from subcutaneous tissues after local 
injection. Although the liver is the site of synthesis of factor 
IX, a number of other cells can produce factor IX very effec-
tively after transfection with the human factor IX gene, even 
in the absence of vitamin K. Both human fi broblasts and 
keratinocytes can produce factor IX, but keratinocytes are 
particularly attractive cells for gene therapy as they are very 
accessible, grow well in culture and can be grafted with ease. 

 A total of six small clinical trials have been conducted in 
humans so far. The results have yielded encouraging results, 
with expression of low levels of coagulation factor in the 
blood for up to 3 months and apparent reduction in bleed-
ing tendency.   

  Conclusions 

 Hemophilia is an inherited disorder of coagulation, associ-
ated with congenital defi ciency of factor VIII (or IX). It is 

coagulation cascade through contact with tissue factor 
released from damaged tissues, to form activated factor VII 
( see also Chapter    17  ). Recombinant activated factor VII is 
very useful in the clinical management of patients with either 
hemophilia A or B and inhibitory antibodies, as well as those 
with acquired hemophilia. 

 Looking to the future, it is likely that the direction of future 
research in genetic engineering will increasingly be applied 
to production of modifi ed molecules with more favorable 
properties. For example, it would obviously be useful to 
produce factor VIII molecules with a longer plasma half - life 
or reduced propensity to stimulate inhibitor development. 
A number of companies are developing pegylated coagula-
tion factor molecules (including both factors VIII and IX as 
well as VWF) for clinical trials. The stability and thus dura-
tion of action of factor VIII can be enhanced by structural 
modifi cations, for example cross - linking of the A2 and A3 
domains by covalent disulfi de bonding. Circulating factor 
VIII is cleared from the bloodstream by binding to lipopro-
tein receptor - related protein (LRP), a hepatic receptor with 
broad ligand specifi city. Pharmacological blockade of these 
catabolic receptors represents another potential target for 
prolonging the plasma - half life of infused factor VIII in 
patients with hemophilia. Hybrid factor VIII molecules have 
been developed in which epitopes within the A2 and C2 
domains have been replaced by porcine equivalents. Since 
almost 90% of inhibitory antibodies bind to these two 
domains of the human factor VIII molecule, it is hoped that 
these new constructs may be of clinical use in the treatment 
of people with inhibitory antibodies. A further development 
has been the generation of transgenic livestock, such as sheep, 
pigs and goats, for production of human coagulation pro-
teins. Transgenic animals that secrete antithrombin, factor 
VIII or factor IX into their milk have been produced, and 
this approach is being explored with a view to production of 
relatively cheap and unlimited supplies of biologically active 
products free of the risk of transmission of human pathogens 
(Figure  18.11 ). More recently, this work has been extended 
by successful cloning of sheep. Production of transgenic 
animals by nuclear transfer may permit the establishment of 
large breeding colonies of livestock more quickly and effi -
ciently than would be possible through production of indi-
vidual transgenic sheep by pronuclear microinjection.    

  Gene  t herapy for  h emophilia ( see  a lso Chapter  
  25  ) 

 Gene therapy offers the prospect of a cure for hemophilia in 
the long term, but it must be emphasized that there is no 
prospect of widescale application for some years. Gene 
therapy poses a number of ethical problems, particularly 
since effective and safe treatment with recombinant coagula-
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mission of serious viral infections such as HIV and hepatitis 
to many patients. In recent years, the development of recom-
binant blood products has eliminated the risk of transmis-
sion of these infections, and also offers the prospect of 
unlimited supplies. The life expectancy of the younger gen-
eration of hemophiliacs now approaches that of the normal 
population. 

 The commonest molecular defect in severe hemophilia A 
is an inversion in intron 22 of the factor VIII gene on the X 
chromosome, which accounts for approximately half of all 

inherited in a sex - linked fashion, so that only males are 
affected. Approximately one - third of cases arise in families 
with no previous family history, and represent new muta-
tions. The typical features of severe hemophilia include 
spontaneous bleeding into joints, but in the absence of treat-
ment more serious complications (such as intracranial hem-
orrhage) will lead to early death. 

 The fi rst products used for the treatment of hemophilia 
were derived from human plasma, but unfortunately the use 
of pooled plasma products before 1985 resulted in the trans-
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  Introduction 

 Von Willebrand disease (VWD) is a common inherited 
bleeding disorder. Precise data regarding its prevalence are 
not available due to the extreme variability in clinical symp-
toms of mild VWD. However, population - based studies give 
an estimate of clinically signifi cant VWD, with a prevalence 
of at least 100 per million. VWD is caused by the defi ciency 
or dysfunction of a multimeric plasma glycoprotein, von 
Willebrand factor (VWF). Because of its ability to bind to a 
number of ligands, VWF is involved in hemostasis via a 
number of mechanisms but can be considered as having two 
main roles: in primary hemostasis and in intrinsic blood 
coagulation. VWF is directly involved in platelet binding to 
the subendothelium and in platelet – platelet interactions, 
and also acts as the carrier of procoagulant factor VIII 
(FVIII). Mutations at the  VWF  locus can affect VWF syn-
thesis, its complex biosynthetic assembly, stability in the 
circulation, and its binding interactions with specifi c ligands.  

  Function of  v on Willebrand  f actor in 
 p rimary  h emostasis 

 At the time of a hemostatic challenge, VWF acts as a bridge 
between platelets and the subendothelium of blood vessels, 
and is involved in the formation of the platelet plug. The role 
of platelets in hemostasis is to become irreversibly attached 

at sites of injury. The primary physical factor that affects 
platelet binding to the vessel wall is the rate of blood fl ow in 
the vessel, which is faster at the center and slower close to 
the wall. These variations in velocity create a shearing effect, 
or shear stress, between layers of fl uid. Disruption of the 
vascular endothelial surface leads to exposure of the suben-
dothelium and results in an alteration of the rate of blood 
fl ow and an increase in shear stress. Plasma VWF binds 
rapidly and tightly to subendothelial collagen. VWF does not 
constitutively bind platelets, but in high blood fl ow condi-
tions is capable of tethering platelets and to expose throm-
bogenic surfaces through the interaction of its A1 domain 
with the platelet receptor glycoprotein (GP)Ib. However, the 
VWF – GPIb interaction does not provide irreversible platelet 
adhesion because of the fast dissociation rate, and platelets 
tethered to the vessel wall still move constantly in the direc-
tion of the fl ow, but at a much slower rate. A second mol-
ecule on the platelet surface is required to obtain fi rm platelet 
adhesion: the integrin GPIIb - IIIa ( α IIb β 3). This molecule is 
responsible for platelet – platelet interaction, which is medi-
ated by VWF and, under slow - fl ow conditions, by fi brino-
gen.  α IIb β 3 does not appear to be involved in the fi rst events 
of platelet adhesion, probably because its rate of binding to 
VWF is too slow to mediate the initial platelet attachment 
to the vessel wall under high - fl ow conditions. However, 
when platelets become activated as a consequence of the 
VWF – GPIb interaction,  α IIb β 3 increases its affi nity for its 
ligand VWF. This event, together with the slow motion of 
platelets due to the VWF – GPIb interaction, allows  α IIb β 3 
to bind platelets irreversibly to the vessel wall (Figure  19.1 ). 
In all vessels with a high shear rate, VWF is the primary 
mediator of platelet binding to the vessel wall and of platelet 
aggregation.    
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from exon 23 to exon 34 and shares a high degree of 
homology with the gene (97%). VWF is synthesized in 
megakaryocytes and endothelial cells as a precursor of 
2813 amino acids, the prepro - VWF. It is composed of a 22 -
 residue signal peptide, a 741 - residue propeptide and a 2050 -
 residue mature subunit. More than 95% of the sequence 
accounts for structural domains that are arranged in the 
following order: D1 - D2 - D ′  - D3 - A1 - A2 - A3 - D4 - B1 - B2 - B3 -
 C1 - C2 - CK (Figure  19.2 ). The biosynthesis of VWF is 
a complex process, involving post - translational processing 
of the protein prior to storage or release into the circulation. 
The initial dimerization occurs by disulfi de bonding between 
cysteine residues in the cysteine knot (CK) carboxyl - 
terminal region of the monomer (tail - to - tail dimerization). 
The signal peptide is cleaved before it enters the Golgi 
apparatus. The tail - to - tail glycosylated dimers are then 
transported to the Golgi apparatus where multimerization 
and further glycosylation occur. The propeptide of VWF 
mediates the assembly of VWF multimers. This process 
requires the presence of the D1 and D2 domains (propep-
tide) and the D ′  and D3 domains of the mature polypeptide. 
This is followed by cleavage of the propeptide sequence 
(Figure  19.3 ) and secretion of both the mature polypeptide 
and the propeptide into the circulation, or storage within 
the Weibel – Palade bodies of endothelial cells or the  α  -
 granules of platelets. The molecular mass of the mature 
subunit is 220   kDa but circulates as multimers of up to 
20   000   kDa.    

  Function of  v on Willebrand  f actor in 
 b lood  c oagulation 

 Von Willebrand factor circulates in plasma as a complex 
associated with FVIII. The binding of VWF to FVIII is 
required to stabilize FVIII in the circulation, preventing 
cleavage by activated protein C (APC) or factor Xa. 
This interaction with VWF is crucial in prolonging the 
half - life of FVIII and concentrating FVIII at the point of 
bleeding. When patients with severe VWD (type 3) are 
treated with purifi ed FVIII, this is cleared with a half - life of 
less then 2 hours, whereas the VWF – FVIII complex infused 
in the same patient has a half - life of about 12 – 14 hours. 
VWF binds to FVIII via regions within the fi rst 272 residues 
of the mature polypeptide, in the D ′  and D3 domains 
of VWF.  

  Gene  o rganization,  s ynthesis and 
 m ultimeric  s tructure of  v on 
Willebrand  f actor 

 The gene encoding VWF has been mapped on chromosome 
12, has a length of approximately 178   kb with 52 exons, and 
transcribes an mRNA of about 8.2   kb. Analysis of the  VWF  
gene is complicated by the existence of a partial unprocessed 
pseudogene on chromosome 22. The pseudogene extends 
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     Fig. 19.1      Schematic representation of platelet adhesion to immobilized von Willebrand factor (VWF)  
 At fi rst, platelets are tethered to the subendothelium through the interaction of their GPIb α  with VWF (A1 domain), and the inactivated  α IIb β 3 
does not bind to the RGDS sequence of VWF. Because of the torque imposed by the fl owing fl uid, platelets begin to roll. New bonds are 
formed as different regions of the membrane of the rolling platelets come into contact with the surface and the translocation continues until 
 α IIb β 3 becomes activated and binds fi rmly to the RGDS of VWF.  Adapted from Ruggeri ZM. (1997) von Willebrand factor.  Journal of Clinical 
Investigation , 99, 559 – 564, with permission.   
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ized by qualitative abnormalities of VWF and is further cat-
egorized into subgroups (2A, 2B, 2M and 2N) depending on 
the nature of the qualitative defect ( see below ). Type 3 is the 
most severe form of the disease and is characterized by the 
complete absence of VWF in plasma and platelets. 
Transmission of type 1 VWD is usually dominant, type 2 is 
dominant in the majority of cases, whereas transmission of 
type 3 is recessive (Figure  19.4 ). The severity of the disease 
due to the same mutation can be variable, even within the 
same family.     

 In the last decades, many molecular defects of the  VWF  
gene have been identifi ed in VWD patients. At fi rst, most of 
the mutations were identifi ed in patients with the functional 
variants (types 2A, 2B and 2N), then in the more rare type 
3 and, quite recently, in the most common type 1. The 
unique phenotypes of the type 2 variants made it possible to 
restrict the genetic analysis to the exons encoding for specifi c 
structural domains, such as the A1 domain for the variants 
2B and 2M, A2 domain for the variant 2A, and D ′  – D3 
domains for the variant 2N. On the other hand, characteri-
zation of molecular defects in types 1 and 3 VWD requires 
extensive screening, since mutations are not restricted to 
specifi c regions and are usually scattered throughout the 
 VWF  gene. In addition, whereas the identifi cation of a non-
sense mutation or a small deletion, more common in type 3 
VWD, can undoubtedly be considered the cause of the 

  Von Willebrand  d isease and 
 i ts  c lassifi cation 

 The most common symptoms of mild VWD are mucosal 
bleeding (epistaxis, gingival bleeding, menorrhagia) and 
prolonged bleeding after surgical procedures and dental 
extractions. Hemarthroses and soft - tissue hematomas are 
rare, but they occur in severely affected individuals (type 3). 
The diagnosis of VWD is suspected in individuals with these 
symptoms and a family history of bleeding. Several VWF 
assays are used in the diagnosis of VWD and its subtypes, 
such as those that measure the plasma levels of VWF antigen 
(VWF:Ag), VWF binding to type I or type III collagen (col-
lagen binding activity, VWF:CB), the ability of VWF to bind 
FVIII (VWF:FVIIIB), and VWF interactions with the antibi-
otic ristocetin and platelet GPIb (VWF ristocetin cofactor 
activity, VWF:RCo; and ristocetin - induced platelet aggrega-
tion, RIPA, in platelet - rich plasma). This large number of 
measurements refl ects the fact that none is by itself sensitive 
and specifi c enough for a diagnosis of VWD. 

 VWD is a highly heterogeneous disease in which there are 
quantitative and qualitative abnormalities of VWF, caused 
by mutations at the  VWF  locus. The classifi cation identifi es 
three basic types (Table  19.1 ). Type 1 is characterized by 
partial quantitative defi ciency of VWF. Type 2 is character-
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     Fig. 19.2      Structure of the VWF gene, pseudogene and protein  
 The schematic structure of the prepro - VWF is shown, along with the homologous repeated domain. Also shown are the locations of 
intersubunit disulfi de bonds involved in dimerization and multimerization, and the binding sites for several ligands.  
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disease, the identifi cation of missense mutations, more 
common in type 1 VWD, requires supplementary studies in 
order to confi rm their relationship with the disease, causing 
further complexity in the molecular characterization of the 
most common variant. In most type 2 cases the mutations 
consist of amino acid substitutions (missense mutations), 
although small in - frame deletions or insertions have been 
reported. In type 3 VWD the majority of molecular defects 
identifi ed are responsible for null alleles (nonsense muta-
tions, splice - site mutations, small deletions, small insertions 
and, more rarely, large gene deletions). Nevertheless, several 
missense mutations have been identifi ed. In type 1, the 
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  Table 19.1    Current classifi cation of von Willebrand disease. 

  Type 1    Partial quantitative defi ciency of VWF  
  Type 2    Qualitative defi ciency of VWF  
     2A    Decreased platelet - dependent VWF function, with lack 

of high - molecular - weight multimers (HMWM)  
     2B    Increased VWF platelet - dependent VWF function, with 

lack of HMWM  
     2M    Decreased platelet - dependent VWF function, with 

normal multimeric structure  
     2N    Decreased VWF affi nity for FVIII  
  Type 3    Complete defi ciency of VWF  

     Fig. 19.3      Processing steps of VWF multimer synthesis and subcellular localization of the post - translational modifi cation events  
 The propeptide is shown as a dark tint, the mature subunit as a light tint. The N and C prefi xes represent, respectively, the amino -  and 
carboxyl - terminal ends of the protein. Monomers are linked together at the C - termini by disulfi de bonds to form dimers (endoplasmic 
reticulum), which further multimerize in the Golgi apparatus. The cleavage of the propeptide occurs prior to secretion.  
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     Fig. 19.4      Inheritance of VWD  
 (a) A family pedigree with autosomal dominant segregation as found in VWD types 1, 2A, 2B and 2M. (b) A family pedigree with autosomal 
recessive segregation as found in VWD types 2N and 3.  
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homodimers and heterodimers. Retention of all mutant 
subunits in the endoplasmic reticulum reduces the transport 
of wild - type subunits to the Golgi apparatus by about 50%, 
whereas subunits reaching the Golgi assemble into large 
multimers and are normally secreted (25% of the total VWF 
subunits). In this group also, accelerated clearance can cause 
dominant type 1 VWD, similar to the effects of the mutation 
S2179F which produces a VWF with a reduced half - life after 
desmopressin treatment. 

 In the second group, incomplete penetrant mutations, 
such as Y1584C, have been identifi ed. In the heterozygous 
state this mutation does not always results in low VWF levels 
and bleeding symptoms. Apparently, only the co - inheritance 
of blood group O, which has been linked with increased 
VWF proteolysis, results in type 1 VWD in individuals with 
the mutation Y1584C. The third group of patients, with no 
identifi ed mutations, remains to be clarifi ed. These are 
usually patients with low borderline VWF levels, who should 
perhaps not be classifi ed as type 1 VWD. In this group of 
patients there is the highest percentage of subjects with 
blood group O. However, it cannot be excluded that muta-
tions in genes other than  VWF  engaged in VWF biosynthesis 
and processing could be the cause of reduced plasma levels 
of VWF. The classifi cation of VWD has recently changed 
and is not now restricted to  VWF  gene mutations.  

  Type 2  VWD  

 Type 2 VWD accounts for approximately 20% of all VWD 
cases, is caused by a variety of mechanisms, and is associated 
with a variety of specifi c defects, refl ecting the multifunc-
tional role of VWF and the complicated post - translational 
processing of this moiety. 

  Type 2 A  

 This is characterized by decreased platelet - dependent func-
tion due to the reduction or absence of high -  and interme-
diate - molecular - weight multimers (Figure  19.5 ). The 
bleeding diathesis is caused by the lack of the most biologi-
cally active high - molecular - weight multimers. At least two 
mechanisms are known to produce type 2A VWD, subclas-
sifi ed as group 1 and group 2. Group 1 mutations lead to a 
VWF subunit that is improperly folded, retained in the 
endoplasmic reticulum by the cell quality control machin-
ery, and subsequently degraded. Multimers formed by the 
interactions between normal and mutant subunits are 
retained in the cell. The largest multimers, as a result of a 
greater content of the mutant subunit, are more effi ciently 
retained, accounting for the characteristic type 2A multimer 
pattern and autosomal dominant inheritance. The defect of 
group 2 does not interfere with biosynthesis and secretion, 

opposite seems to be the case, with a majority of missense 
mutations and a minority of splice - site mutations, small 
deletions and insertions (sometimes in - frame) and more 
rarely nonsense mutations.  

  Genetic  d efects in  v on 
Willebrand  d isease 

  Type 1  VWD  

 This is the most common form, comprising approximately 
70% of all cases of VWD. Patients have mild to moderate 
bleeding symptoms, a normal or variably prolonged bleed-
ing time, decreased levels of VWF in plasma, and a normal 
multimeric structure of VWF, although some cases show a 
slightly decreased level of high - molecular - weight multimers. 
Type 1 VWD may be diffi cult to diagnose due to natural 
variations in circulating VWF levels related to the infl uence 
of environmental factors, such as exercise, thyroid hormone, 
estrogens and ABO blood type. VWF levels are lower by as 
much as 30% in individuals with blood group O compared 
with individuals with other blood groups. 

 Quite recently, a number of studies have signifi cantly 
advanced our knowledge of type 1 VWD, in particular the 
genetic basis of the disorder. Linkage analysis has showed 
complete cosegregation of the  VWF  gene and VWD in just 
over 50% of the families investigated. Direct sequencing 
analysis of the whole coding region and exon/intron bound-
aries has allowed the identifi cation of mutations in about 
67% of patients with type 1 VWD. Most of these are mis-
sense mutations (75%), with the remainder being splice - site 
mutations (7%), small insertions and deletions (5%; one -
 quarter in - frame), nonsense mutations (2%), and promoter 
changes (11%). Only 15% of the mutations cause null alleles. 
Further studies are currently investigating the causative role 
of mutations such as missense, splice - site and promoter 
changes. At variance with that found in type 2 VWD, the 
missense mutations are found throughout the entire  VWF  
gene, even though approximately one - third of them are in 
exon 28. Patients with type 1 VWD could be divided roughly 
into three groups: (i) patients with a fully penetrant domi-
nant mutation with low VWF levels; (ii) patients with an 
incomplete penetrant mutation, where not all the family 
members with the mutation have low VWF levels; and (iii) 
patients with no apparent mutations in the  VWF  gene. 

 The fi rst group is characterized by penetrant missense 
mutations like C1130F or C1149R. An  in vitro  study has 
clarifi ed the molecular mechanism of these dominant - 
negative mutations found in the D3 domain. In a random 
dimerization process occurring in the endoplasmic reticu-
lum, mutant and wild - type pro - VWF subunits form both 
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to be secondary to the formation of platelet – VWF aggregates. 
Type 2B is inherited as a dominant trait. Mutations respon-
sible for this subtype are nearly all contained within the A1 
domain, which binds to the GPIb receptor. With a few excep-
tions, all mutations result in amino acid substitutions, and a 
few of them (R1306W, R1308W, V1316M and R1341Q) 
account for 80 – 90% of reported cases. Type 2B VWD is 
sometimes misdiagnosed and treated as autoimmune throm-
bocytopenia. Thrombocytopenia and the absence of the 
larger multimers are not constantly present in type 2B VWD. 
For instance, mutation P1266L causes increased GPIb 
binding with no apparent loss of large multimers and absence 
of thrombocytopenia before and after desmopressin, leading 
to earlier classifi cation among type 1 variants (type 1 New 
York or type 1 Malmo). Patients carrying this mutation 
usually have mild bleeding symptoms and in some cases may 
have none.  

  Type 2 M  

 Type 2M VWD refers to qualitative variants with decreased 
platelet - dependent function not caused by the absence of the 
largest VWF multimers (Figure  19.5 ). With a pattern of 
VWF laboratory measurements similar to that of type 2A, 
type 2M shows a normal multimer distribution (hence M 
for multimer) or may even show the presence of ultra - large 
multimers (2M Vicenza). Type 2M is inherited as a domi-
nant trait. The molecular defects are identifi ed in the A1 
domain, but in a region different from that of the 2B muta-
tions. These defects, which in most cases are missense muta-
tions (G1324S, R1374H, R1374C and R1379C), seem to 
downregulate the binding of the A1 domain to its platelet 
receptor. An important exception is the 2M Vicenza variant, 
the candidate mutation being in the D3 domain (R1205H). 
It is characterized by low levels of VWF:Ag, normal platelet 
VWF and ultra - large plasma VWF multimers. Compared 
with healthy controls, the half - life of VWF Vicenza is reduced 
4.4 - fold after desmopressin, suggesting that rapid clearance 
accounts for the moderately severe VWF defi ciency. In addi-
tion, rapid clearance decreases the time during which large 
circulating VWF multimers can be cleaved by ADAMTS - 13, 
resulting in partial preservation of ultra - large multimers. 
The classifi cation of this variant has been controversial; 
recently, on the basis of the proportionately low level of 
VWF:Ag and VWF:RCo, it was classifi ed under type 1 VWD.  

  Type 2 N  

 Type 2N VWD refers to all the qualitative variants character-
ized by decreased affi nity for FVIII. The fi rst description of 
this type of variant was that of a patient from Normandy 
(hence the N). This subtype is characterized by low levels of 

but instead renders the mutant subunit more susceptible to 
proteolytic cleavage (between amino acids Y1605 and M1606 
of the A2 domain) by the plasma metalloproteinase 
ADAMTS - 13. This enhanced plasma proteolysis results in 
the selective loss of the largest VWF multimers, similar to 
that seen in group 1. More recently, computer modeling 
suggests that mutations of both groups impaired the folding 
of the VWF A2 domain, exposing the proteolytic site and 
causing increased degradation by ADAMTS - 13. Group 1 
mutations appears to have a more disruptive effect on A2 
domain structure, which may account for their additional 
effect on multimer assembly. At least 50 distinct mutations 
have been reported, responsible for both groups, and 30 of 
these are in the A2 VWF structural domain, the most fre-
quent being R1597W and I1628T.    

  Type 2 B  

 This uncommon subtype accounts for approximately 5% of 
all VWD cases. The 2B variant VWF shows increased affi nity 
for platelet GPIb and is usually associated with the absence 
of high - molecular - weight multimers in circulating plasma 
but not in platelets (Figure  19.5 ). Therefore, type 2B muta-
tions do not impair the assembly of large VWF multimers, 
but after secretion the multimers bind spontaneously to 
platelets leading to low plasma levels. The variable thrombo-
cytopenia, which may be present in these patients, is believed 

HMW
multimer

N 2M 2A 2B N

     Fig. 19.5      Comparison of multimeric structure of plasma VWF 
from VWD patients and normal subjects  
 Lane 3 (VWD type 2A) and lane 4 (VWD type 2B) show the lack of 
high - molecular - weight multimers. Lane 2 (VWD type 2M) shows a 
normal multimeric pattern. Lanes 1 and 5 show a normal multimeric 
structure from a normal control.  
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  Treatment of  v on Willebrand  d isease 

 While the treatment of patients with hemophilia A and B is 
facilitated by the close relationships between the content 
of FVIII or factor IX in the replacement material, the 
plasma levels attained after infusion and clinical effi cacy, this 
model cannot be easily translated into the evaluation of 
products for treatment of VWD, because it is still unclear 
which FVIII or VWF measurement in therapeutic products 
or in patient plasma better correlates with the severity of 
clinical bleeding and the effi cacy of treatment. The situation 
is further complicated by the fact that VWD subtypes may 
respond differently to treatment. Two main therapeutic 
agents are currently used to stop spontaneous bleeding and 
to prevent bleeding at the time of surgical procedures: the 
non - transfusional agent desmopressin and blood products 
that contain FVIII and VWF concentrated from plasma. 
Ancillary forms of treatment include platelet concentrates, 
synthetic fi brinolysis inhibitors, and combined estrogen/
progestogen preparations, which in some clinical situations 
are adjunctive or sometime alternative to the two main 
treatments. 

  Desmopressin 

 Desmopressin (1 - deamino - 8 -  d  - arginine vasopressin, 
DDAVP) is a synthetic analog of the antidiuretic hormone 
vasopressin that, when administered to healthy volunteers 
or patients with mild hemophilia and VWD, transiently 
increases FVIII and VWF by releasing these moieties from 
storage sites into plasma. Endothelial cell Weibel – Palade 
bodies appear to be the source of VWF, but the source of 
FVIII has not been determined as yet. Desmopressin induces 
VWF release into plasma by binding to the vasopressin V 2  
receptor and thereby activating cyclic AMP - mediated signal-
ing in vascular endothelial cells. 

 The advantage of this compound is that it is relatively 
inexpensive and carries no risk of transmitting blood - borne 
infectious agents. When infused intravenously over 30   min 
at a dose of 0.2 – 0.3    μ g/kg, desmopressin is expected to 
increase plasma FVIII and VWF twofold to fourfold above 
basal levels. In general, high FVIII/VWF concentrations last 
in plasma for at least 8 – 10 hours. Patients with baseline 
plasma levels of FVIII/VWF in the range of 10 – 20   IU/dL or 
more are those who are more likely to reach post - 
desmopressin levels suffi cient to attain hemostasis, taking 
into account variables such as the type and severity of the 
bleeding episode and the levels of FVIII/VWF that must be 
attained and maintained to secure hemostasis. Even though 
most patients with mild hemophilia A treated repeatedly 
with desmopressin become less responsive to therapy, this 

FVIII; however, VWF levels are usually normal and have an 
intact VWF multimeric pattern. It is diffi cult to distinguish 
type 2N from mild hemophilia A. Hemophilia is an X - linked 
disease, whereas type 2N VWD is an autosomal recessive 
disease. A defi nitive diagnosis can be made by demonstrat-
ing the reduced binding of FVIII to VWF with assays explor-
ing this VWF property. Since the majority of mutations are 
located in the N - terminus of the mature VWF subunit 
(D ′  – D3), diagnosis can be confi rmed by screening for muta-
tions in exons 18, 19 and 20. Three mutations (T791M, 
R816W and R854Q) account for 90% of the type 2N 
mutations.   

  Type 3  VWD  

 Type 3 VWD is an autosomal recessive, clinically severe dis-
order characterized by the complete or nearly complete 
absence of VWF. As in type 2N VWD, there is a secondary 
defi ciency of FVIII and the patients therefore present a 
double defect of primary hemostasis and intrinsic coagula-
tion. Type 3 VWD is rare and accounts for 1 – 2% of all VWD 
cases, with a prevalence in the general population of 0.5 – 1 
per million. The parents of type 3 patients are obligatory 
heterozygotes and in most cases are asymptomatic, but a 
minority of them have mild bleeding symptoms. Because of 
the large size of the gene, the presence of the pseudogene, 
the low prevalence of the disease and the absence of a specifi c 
location for the mutations, the characterization of the 
molecular defects in type 3 has been relatively slow. Southern 
blot analysis fi rst allowed the identifi cations of large gene 
deletions, found in the majority of the patients who had 
developed alloantibodies to VWF after transfusion. However, 
the use of more specifi c and sensitive screening methods, 
such as single - stranded conformational polymorphisms, 
chemical cleavage mismatch analysis, conformation - sensi-
tive gel electrophoresis and others, allowed the identifi cation 
of most of the mutations in these patients. The most common 
mutations in type 3 VWD are nonsense mutations, small 
deletions, small insertions and splice - site mutations. Among 
the nonsense mutations, a few hotspot mutations at the 
arginine codons (R365X, R1659X, R1853X and R2535X) 
have been found repeatedly in different populations. A 
single cytosine deletion, in a stretch of six cytosines in exon 
18 appears to be particularly common in patients from 
Sweden and Germany. Although most of the mutations 
cause null alleles, a few in - frame deletions and several mis-
sense mutations have been identifi ed. Patients with type 3 
VWD may develop alloantibodies to VWF, which render 
replacement therapy ineffective. This complication is 
strongly associated with the presence of homozygous large 
gene deletions, although a few cases have been reported due 
to nonsense mutations.   
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  Transfusional  t herapies 

 Transfusional therapy with plasma products containing 
both FVIII and VWF is the treatment of choice when bleed-
ing occurs or must be prevented and the predicted response 
to desmopressin is considered suboptimal for hemostasis. 
FVIII and VWF may be infused as fresh frozen plasma but 
the large volumes required severely limit its use. 
Cryoprecipitate contains fi ve to ten times more FVIII and 
VWF than fresh frozen plasma (each bag contains approxi-
mately 80 – 100   IU). Early studies indicated that cryoprecipi-
tate administered every 12 – 24 hours normalized plasma 
FVIII levels and stopped or prevented bleeding in VWD. On 
the basis of these observations, cryoprecipitate has been the 
mainstay of treatment for many years. However, virucidal 
methods cannot be applied to cryoprecipitate as produced 
by blood banks, so that this product carries a small risk of 
transmitting blood - borne infectious agents. Therefore, 
virus - inactivated FVIII/VWF concentrates, originally devel-
oped for the treatment of hemophilia A, are currently per-
ceived as safer and are preferred in the management of VWD 
patients unresponsive to desmopressin or unsuitable for 
treatment with this drug. 

 Two commercially available concentrates have been evalu-
ated in prospective clinical studies and these have demon-
strated their effi cacy in preventing or stopping bleeding. One, 
licensed in the USA and in several European countries for the 
treatment of VWD, contains relatively larger amounts of 
VWF (measured as VWF:RCo) than of FVIII (approximately 
two to three times more in terms of IU). The virucidal method 
adopted is pasteurization. The other, licensed in Europe and 
in the USA, differs because it contains similar relative amounts 
of FVIII and VWF:RCo. Two virucidal methods, solvent/
detergent and heating at high temperatures, are included in 
the manufacturing step, with the goal of inactivating both 
enveloped and non - enveloped virus. Other virally inactivated 
FVIII/VWF concentrates have been employed in VWD 
patients, but clinical experience is much more limited. 
Recently, a chromatography - purifi ed concentrate particu-
larly rich in VWF but with a very low FVIII content has also 
been produced. As many as three viral inactivation methods 
are used in the production of this concentrate (solvent/deter-
gent, heating and nanofi ltration). The concentrate was clini-
cally effi cacious when tested in a large number of European 
patients with clinically severe forms of VWD at the time of 
spontaneous bleeding episodes and surgical procedures. 

 The dosages recommended for the control or prevention 
of bleeding are summarized in Table  19.3 . Dosages are 
expressed in IU/kg of FVIII because the majority of the 
available concentrates, being originally manufactured for 
treatment of patients with hemophilia A, are labeled in terms 
of FVIII content only. Since FVIII has a longer half - life in 

  Table 19.2    Indications for desmopressin in different types of von 
Willebrand disease. 

   Type        Response 

  1    Usually effective  
  2A    Usually ineffective  
  2B    May be contraindicated  
  2M    Predicted to be ineffective  
  2N    Rarely effective  
  3    Ineffective  

problem is less frequent and prominent in patients with type 
1 VWD. The drug is also available in concentrated forms for 
subcutaneous and intranasal administration (at doses of 
0.3    μ g/kg and 150 – 300    μ g, respectively), which can be con-
venient for home treatment. 

 Side effects of desmopressin usually include mild tachy-
cardia, headache and facial fl ushing. Hyponatremia and 
volume overload due to the antidiuretic effect of desmo-
pressin are relative rare if fl uid intake is not excessive during 
treatment. Even though no thrombotic episodes have been 
reported in VWD patients treated with desmopressin, this 
compound should be used with caution in elderly patients 
with cardiovascular disease, because a few cases of myocar-
dial infarction and stroke have occurred in treated patients 
with hemophilia and uremia. Desmopressin has little or 
no oxytocic activity and has been used without mishap 
during the early period of pregnancy in 31 women with low 
FVIII levels (including carriers of hemophilia A and VWD 
patients) in order to prevent bleeding at the time of invasive 
diagnostic procedures such as chronic villus sampling and 
amniocentesis. 

 Desmopressin is particularly effective in patients with type 
1 VWD. In these patients, FVIII, VWF and the bleeding time 
are usually corrected to normal values by desmopressin. In 
other VWD subtypes, responsiveness is less certain (Table 
 19.2 ). In type 2A, FVIII levels are usually increased by 
desmopressin but the bleeding time is shortened in only a 
minority of cases. Desmopressin is contraindicated in type 
2B, because of the transient appearance of thrombocytope-
nia. There is little experience in type 2M, but a poor response 
is predicted because VWF is dysfunctional in this subtype. 
In type 2N, FVIII coagulant activity (FVIII:C) levels increase 
following desmopressin, but released FVIII circulates for a 
relatively short time in patients ’  plasma because the stabiliz-
ing effect of VWF on FVIII is impaired. Therefore, plasma 
concentrates containing FVIII and VWF are usually prefer-
able. Patients with type 3 VWD are unresponsive to desmo-
pressin, because they lack releasable stores of VWF.    
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  Table 19.3    Dosages of  FVIII  coagulant activity ( FVIII : C ) recom-
mended in patients with von Willebrand disease treated with 
 FVIII / VWF  concentrates.  *   

   Type of 
bleeding  

   Dose 
(IU/kg)  

   Number of 
infusions     Target  

  Major surgery    40 – 60    Once a day    Maintain plasma 
FVIII:C  > 50   IU/dL 
until healing is 
complete depending 
on the type of 
surgery  

  Minor surgery    30 – 50    Once a day 
or every 
other day  

  FVIII:C  > 30   IU/dL 
until healing is 
complete depending 
on the type of 
surgery  

  Dental extractions    20 – 30    Single    FVIII:C  > 30   IU/dL for 
at least 12 hours  

  Spontaneous 
bleeding episodes  

  20 – 30    Single    FVIII:C  > 30   IU/dL  

    *    For concentrates labeled in terms of VWF:RCo, the recommended 
doses for adults, the number of infusions and the target plasma 
levels are the same as those for FVIII:C.   

  Table 19.4    Summary of management of different types and 
subtypes of von Willebrand disease. 

        Treatment of 
choice  

   Alternative or 
adjunctive therapy  

  Type 1    Desmopressin    Antifi brinolytic 
amino acids  

  Type 2A    Factor VIII/VWF 
concentrates  

  Antifi brinolytic 
amino acids  

  Type 2B    Factor VIII/VWF 
concentrates  

  Antifi brinolytic 
amino acids  

  Type 2M    Factor VIII/VWF 
concentrates  

  Antifi brinolytic 
amino acids  

  Type 2N    Factor VIII/VWF 
concentrates  

  Desmopressin  

  Type 3    Factor VIII/VWF 
concentrates  

  Antifi brinolytic 
amino acids, platelet 
concentrates  

  Type 3 complicated 
by alloantibodies  

  Recombinant 
factor VIII  

  Recombinant 
activated factor VII  

to measure in the clinical setting and less standardized than 
the FVIII level. It remains to be demonstrated whether labo-
ratory measurements such as the collagen binding assay will 
be simpler and more predictive of outcome. 

 Monitoring the bleeding time is usually not necessary. The 
prolonged bleeding time is frequently not normalized nor 
even shortened in patients treated with FVIII/VWF concen-
trates. Despite no or partial correction of the bleeding time, 
major surgical procedures are successfully carried out and 
spontaneous bleeding episodes controlled following the infu-
sion of FVIII/VWF concentrates. In the relatively rare 
instances when bleeding is not controlled and the bleeding 
time remains prolonged, platelet concentrates (given imme-
diately after FVIII/VWF - containing preparations, at doses of 
4 – 5    ×    10 11  platelets) are effective, particularly in patients with 
type 3 VWD, both in terms of bleeding time correction and 
control of hemorrhage. Platelets from type 3 VWD patients 
lack VWF completely and there is no uptake of the protein 
from plasma after infusion of concentrates. The hemostatic 
effectiveness of the transfusion of normal platelets is likely to 
be due to the fact that these cells transport and localize VWF 
at sites of vascular injury. From a practical standpoint, it must 
be emphasized that in one of the largest prospective studies 
carried out so far in VWD patients, platelet concentrates 
became necessary to prevent or stop bleeding in one case only. 

 In conclusion, the different options currently available for 
the management of VWD are summarized in Table  19.4 . 
Treatment of spontaneous bleeding episodes and their pre-
vention at the time of invasive procedures is relatively simple 
and can certainly be tackled by the average clinical hema-

VWD patients than in patients with hemophilia A (20 – 24 vs. 
12 – 14 hours), the infusion of one daily dose is suffi cient to 
reach and maintain adequate plasma levels for the treatment 
of spontaneous bleeding episodes and to prevent excessive 
bleeding. Since in the USA the Food and Drug Administration 
(FDA) requires that plasma products licensed for treatment 
of VWD patients are labeled in terms of the actual defective 
protein to be replaced, most concentrates are now also 
labeled in terms of VWF:RCo content. The doses of this con-
centrate recommended for their demonstrated effi cacy in 
large prospective clinical trials are 40 – 60   IU/kg of VWF:RCo 
(50 – 75   IU/kg in children because of the lower  in vivo  recov-
ery), which usually results in VWF:RCo plasma levels of 80 –
 120   IU/dL or higher. Even though the plasma half - life of 
VWF:RCo is much shorter than that of FVIII:C (8 – 10 vs. 
20 – 24 hours), usually these doses do not need to be repeated 
more often than every 24 hours, although sometimes treat-
ment intervals must be tailored to the clinical situation.   

 It is usually not necessary to carry out laboratory tests to 
monitor replacement therapy in patients with spontaneous 
bleeding episodes. For surgical procedures, we recommend 
measuring FVIII every 12 hours on the operation day and 
then every 24 hours. Those who use concentrates labeled in 
terms of VWF:RCo content may choose to monitor the 
plasma levels of this moiety, although this is more complex 
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  Introduction 

 Over the past few decades a large number of disorders caused 
by genetic mutations in platelet components have been diag-
nosed at a molecular level. These include defects in platelet 
receptors, signaling pathways and cytoskeletal proteins. 
Generally, these were originally detected in bleeding disor-
ders, varying from severe through moderate to mild. Platelets 
have a major role in hemostasis, particularly primary hemos-
tasis, where platelets adhere to sites of vascular damage, 
become activated and bind further platelets by aggregation 
to form a thrombus. The platelet plug formed is then stabi-
lized by secondary hemostasis, which involves coagulation 
factors that assemble on the surface of the activated platelets, 
becoming activated in turn and leading to formation of 
thrombin and cleavage of fi brinogen to form fi brin. Many 
components have active roles in the overall process, from 
fi rst platelet contact to stable platelet plug. Most large hos-
pitals see over 100 patients annually with mild to moderate 
bleeding disorders that are not caused by coagulation factor 
problems and which can be ascribed to uncharacterized con-
genital platelet defects. While major defects in known recep-
tors may lead to severe bleeding and are relatively easy to 
diagnose, others are often very diffi cult to diagnose at a 
molecular level and each represents a challenging research 
project; most remain effectively undiagnosed. However, new 
methods are beginning to become available, which could 
make such diagnoses more straightforward. This chapter 
deals with genetic defects in platelet components that cause 
human disease. Although these are mostly bleeding disor-

ders, genetic differences leading to an enhanced tendency to 
thrombosis are increasingly suspected.  

  Normal  p latelet  f unction 

 Following damage to the endothelium that protects the vas-
cular system, which may simply be caused by loss of  “ old ”  
endothelial cells due to the high shear stress in the arterial 
system, platelets adhere to the subendothelium via glycopro-
tein (GP)Ib on the platelet and von Willebrand factor (VWF) 
attached to extracellular matrix proteins, particularly colla-
gen (Plate  20.1 ). This interaction alone is suffi cient to start 
platelet activation, but following initial platelet adhesion 
other receptors such as the collagen receptor GPVI are 
recruited. GPVI comes into contact with collagen and signals 
via its Fc γ  subunit to enhance platelet activation and recruit 
integrins, which increase the binding of adherent platelets 
and provide attachment for further aggregating platelets. 
Activation of  α IIb β 3 allows platelet – platelet aggregation via 
ligands such as fi brinogen. Activated platelets release ADP, 
ATP, serotonin and Ca 2+  from dense granules and a wide 
range of proteins from  α  - granules that contribute to platelet 
activation and aggregation, including fi brinogen, high - mul-
timer VWF and thrombospondin, as well as growth factors 
and chemokines that affect endothelial cells and leukocytes 
involved in wound repair. The major collagen adhesive 
receptor  α 2 β 1 is also activated, increasing platelet adhesion 
to the exposed collagen of the subendothelium. Both these 
integrins use disulfi de bond reshuffl ing mechanisms via 
thiol isomerase to change disulfi de bond patterns in the  β  
subunits to control the resting or active state. 

 Activated platelets also show surface changes, with expo-
sure of negatively charged phospholipids that act, together 
with surface receptors such as GPIb, to assemble and activate 
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V – IX receptor complex (Figure  20.1 ). With a few still unclear 
exceptions, it is inherited in an autosomal recessive way and 
homozygous cases are often associated with consanguinity. 
BSS is characterized by thrombocytopenia, giant platelets (up 
to 20    μ m diameter), decreased platelet adhesion, reduced 
platelet survival, and abnormal prothrombin consumption. 
BSS platelets do not aggregate in response to ristocetin or 
botrocetin and show weaker and slower responses to thrombin 
due to the lack/defi ciency of GPIb as thrombin receptor that 
accelerates responses. As well as interacting with VWF and 
thrombin, GPIb is a receptor for a wide range of ligands with 
various physiological roles, including P - selectin, throm-
bospondin 1, factors XI and XII,  α M β 2 and high - molecular -
 weight kininogen; its absence in BSS may therefore contribute 
to other aspects of this disorder. Four separate genes,  GPIBA  
(chromosome 17),  GPIBB  (chromosome 22),  GP5  and  GP9  
(chromosome 3), code for the subunits of the GPIb complex, 
which are expressed relatively late in megakaryocyte matura-
tion. All four subunits belong to the leucine - rich repeat (LRR) 
family of proteins, with eight, two, 16 and two repeats present, 
respectively. GPIb α  and GPIb β  are linked covalently via 
disulfi de bonds, probably in a 1   :   2 ratio, while GPIX and GPV 
associate non - covalently with GPIb, probably in 1   :   1 and 2   :   1 
ratios, respectively (Plate  20.2 ). While GPIb β  and GPIX are 
certainly critical for the function of the complex, with struc-
tural and signaling roles, the function of GPV remains con-
troversial; it has been suggested that it has a role in the 
thrombin response (it contains a thrombin - binding and 
cleavage site) as well as in platelet collagen binding.   

 Mutations and other genetic defects causing BSS have 
now been collected on a website ( http://www.bernardsoul-
ier.org ) and will therefore not be listed in detail here. Many 
of the mutations found to cause BSS lie in the LRR domains 
and appear to destabilize their folding. The subunits also 
contain typical disulfi de bridge patterns and thus mutation 
of the constituent cysteines or of other amino acids close to 
cysteine have deleterious effects on folding, leading to lack 
of expression of the affected subunit and hence decrease in 
expression of the rest of the complex. 

 No cases of BSS due to defects in GPV have been described 
and mice lacking GPV express GPIb – IX normally. On the 
other hand, expression of GPIb – IX appears to be essential 
for stable expression of GPV on platelets, possibly by pro-
tecting it from proteolysis. Most mutations in GPIb α  either 
cause folding problems or are nonsense mutations leading 
to premature termination. Rare BSS variants have been 
described as having dominant inheritance and lead to 
expression of non - functional GPIb, although only one allele 
is affected. The molecular mechanism involved is not under-
stood, although it has been suggested that the defective 
GPIb α  molecule prevents the normal one from functioning. 
This class of mutation includes Leu57Phe, Leu129Pro, 

coagulation factors, leading to conversion of prothrombin 
to thrombin. The major effect of thrombin is to convert 
fi brinogen to fi brin, stabilizing and solidifying the throm-
bus. However, thrombin also feeds back to platelets via 
receptors including GPIb and the seven - transmembrane 
PAR1 and PAR4, activating them further.  

  Diagnosis of  p latelet  d efects 
in  b leeding  d isorders 

 Most patients with clinically relevant platelet defects seek 
medical assistance because of bleeding problems, ranging 
from easy or excessive bruising, epistaxis, gingival bleeding, 
menorrhagia to excessive bleeding following tooth extrac-
tion or other surgery. Such patients are normally screened 
for coagulation defects; if none are detected, examination for 
platelet problems is the next logical step. Normally, a com-
plete blood count is done to exclude thrombocytopenia and 
a peripheral blood smear is examined to check platelet mor-
phology. A number of whole - blood techniques are now 
available to check platelet function including PFA - 100 and 
Impact technologies. These should indicate the presence of 
a platelet defect and its likely origin. Platelet aggregation 
tests with a battery of agonists, including ADP, collagen, 
TRAP (thrombin receptor activation peptide), arachidonic 
acid, epinephrine and ristocetin, should also help to narrow 
down which responses are defective. Flow cytometry or 
Western blotting with specifi c monoclonal antibodies may 
be used to check for the absence of receptors or to determine 
the amounts present. Flow cytometry may also be used to 
examine the expression of P - selectin or the activation of 
 α IIb β 3 or the exposure of negatively charged phospholipids 
in response to the classic agonists. All these techniques can 
provide valuable information in leading to a molecular diag-
nosis. If a defect can be ascribed to a given platelet molecule, 
coding regions can be amplifi ed from genomic DNA and 
sequenced. In rare cases it may also be necessary to sequence 
non - coding regions to establish a genetic reason for a par-
ticular platelet protein defi ciency. Regardless of whether a 
disorder is homozygous or compound heterozygous in 
recessive disease, or present in only one allele in dominant 
disease, it is extremely useful to establish the familial inherit-
ance by analyzing DNA from other family members.  

  Platelet  a dhesion  d isorders 

   B ernard –  S oulier  s yndrome 

 Bernard – Soulier syndrome (BSS) is a rare bleeding disorder 
caused by defective expression or function of the GPIb – 
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     Fig. 20.1      Diagram of a resting platelet indicating the major receptors implicated in inherited bleeding disorders   

major differences in phenotype using the present selection 
criteria and, in particular, do not have characteristics of BSS .   

  Platelet -  t ype  v on Willebrand  d isease 

 Platelet - type von Willebrand disease (VWD) is an inherited 
dominant bleeding disorder resembling VWD type IIB but 
caused by mutations in GPIb α  rather than in the A1 domain 
of VWF (see Figure  20.1  and Plate  20.2 ). Unlike BSS, plate-
let - type VWD shows a gain of function, with spontaneous 
binding of VWF to platelets. In platelet - type VWD, platelets 
are often enlarged like those in BSS, although the reasons for 
this are not yet clear. It may be due to enhanced binding of 
VWF to GPIb, which blocks other GPIb functions. The 
platelet - type VWD mutations that have been described 
include Gly233Val/Ser and Met239Val, and a 27 - bp deletion 
in the region of the gene coding for the macroglycopeptide 
domain of GPIb α  has been reported to produce a similar 
effect. Studies on mutant proteins suggest that similar muta-
tions in other amino acids of the fl exible  β  - loop structure of 
GPIb α  can also produce this phenotype.  

Ala156Val (known as BSS Bolzano) and Leu179del (known 
as BSS Nancy). Mutations in GPIb β  generally have the same 
effect as those in GPIb α  concerning expression. Mutations 
in GPIX, while causing many of the classic symptoms of BSS, 
generally do not produce such a severe phenotype because 
trace amounts (up to 10%) of functional GPIb are often still 
expressed, enough to support basic levels of hemostasis if 
other aspects, such as coagulation factors, are normal. The 
Asn45Ser mutation in GPIX is the commonest cause of BSS 
among northern Europeans, accounting for the majority of 
cases among these populations. Because this mutation gen-
erally does not cause such a marked phenotype as many of 
the GPIb α  and GPIb β  mutations, patients have not been 
easily detected and diagnosis is only now catching up. This 
mutation has also been found in patients of Turkish origin. 

 Mice models of BSS have been produced through targeted 
knockout of GPIb α  or GPIb β  but so far not GPIX. The 
phenotype is essentially the same as in humans. Research 
on megakaryocytes from these mice indicates that pro-
platelet formation and microtubule coil assembly are defec-
tive. As noted above, GPV knockout mice do not show 
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insertion of fi ve nucleotides in exon 4 of the other allele, 
leading to a premature nonsense codon and absence of the 
corresponding mRNA. Expression of the R38C mutation 
gave an abnormal protein migration and loss of collagen 
binding. This composite genetic GPVI defect leads to absence 
of platelet responses to collagen and a mild bleeding 
phenotype. 

 Platelets from GPVI  − / −   mice do not adhere to collagen 
under static conditions, probably because the  α 2 β 1 integrin 
is not activated. GPVI is probably important for platelet 
activation on subendothelium under low - shear conditions. 
Under high - shear conditions in GPVI  − / −   mice,  α 2 β 1 is prob-
ably activated via GPIb/VWF interactions, with VWF bound 
to collagen. Stable adhesion and spreading are strongly 
affected in GPVI  − / −   platelets, indicating that GPVI has an 
important role in downstream signaling to molecules critical 
for thrombus formation. Tail bleeding times in GPVI  − / −   mice 
are only slightly prolonged compared with wild type. 
Thrombosis models using both GPVI  − / −   and Fc γ   − / −   (the GPVI 
signaling subunit) mice are controversial because the type of 
vascular wall damage involved is variable. Thus, laser -
 induced injuries did not implicate GPVI as a major factor in 
thrombosis, whereas FeCl 3  - induced injuries suggested a 
more substantial role. Other research pointed to thrombin 
production as a major factor in overcoming GPVI/Fc γ  
defi ciencies in mice thrombosis models. There is a clear need 
for research involving mouse thrombosis models that are 
more closely related to human pathology, such as in the 
presence of fragile vascular plaque, before any defi nitive 
conclusions can be reached about collagen receptors in 
human thrombosis.    

  Platelet  a ggregation  d efects 

  Glanzmann  t hrombasthenia 

 Glanzmann thrombasthenia (GT) is an autosomal recessive 
bleeding disorder caused by defects in the  α IIb β 3 integrin 
or its signaling (see Figure  20.1  and Plate  20.4 ). If this recep-
tor is absent or defective, it is unable to interact with its 
ligands, including fi brinogen and VWF but also fi bronectin 
and vitronectin. Thus, platelet aggregates are not formed or 
are limited in extent, preventing effi cient recruitment of 
platelets to a damaged vessel site. In addition,  α IIb β 3 –
 fi brinogen binding has an important role in clot retraction, 
the process by which wound edges are drawn together to 
help seal the wound. Thus, GT patients form more scar 
tissue than normal because wounds tend to reopen. Patients 
with platelets lacking, or with a severe defi ciency ( < 5% of 
normal) in,  α IIb β 3 are traditionally designated as type I, 

  Collagen  r eceptor  d efects 

   α 2 β 1  i ntegrin 

 A few patients have been reported with bleeding problems 
related to an  α 2 β 1 integrin defi ciency, showing defective 
platelet adhesion to collagen while responses to other ago-
nists were normal. Both patients were female and became 
normal following the menopause, suggesting a hormonal 
role in the disorder. Neither  α 2  − / −   nor  β 1  − / −   mice have major 
hemostatic problems but defects were reported in aggrega-
tion to fi brillar collagen and adhesion to soluble collagen. 
Differences in occlusion times in thrombosis models in  α 2  − / −   
or  β 1  − / −   mice seem to be dependent on the model used and 
remain controversial.  

   GPVI  

 Several patients have been described with mild bleeding 
disorders related to low levels or defi ciency of GPVI 
(Plate  20.3 ). Most of the defects have not been diagnosed on 
a molecular level. There are two recent reports of bleeding 
disorders caused by compound heterozygous mutations in 
GPVI. One patient with a lifelong history of bleeding prob-
lems had structurally normal platelets but a functional plate-
let defect. Platelet aggregation was normal except for an 
absent response to collagen, convulxin and the collagen -
 related peptide. ATP dense granule secretion was normal 
with ADP but defective with collagen. Thrombus formation 
on a collagen surface in fl owing blood was reduced but 
more single platelets are attached. PFA - 100 analysis showed 
a shortened collagen/ADP closure time. Flow cytometry 
showed absence of GPVI expression while immunoblotting 
showed strongly reduced levels of GPVI. The patient is com-
pound heterozygous for an out - of - frame 16 - bp deletion and 
a missense mutation S175N in a highly conserved residue of 
the second immunoglobulin - like GPVI domain. The parents, 
who do not have clinical bleeding problems, are hetero-
zygous carriers. The mother carries the S175N mutation 
and has a mild platelet functional defect.  In vitro  studies 
showed reduced membrane expression and convulxin 
binding in the S175N mutant compared with the wild - type 
GPVI receptor. 

 The other patient, a 10 - year - old girl, had a tendency to 
bruising since infancy, a prolonged bleeding time despite a 
normal platelet count and no antiplatelet antibodies. 
Collagen - induced platelet activation was null, although 
there was an incomplete defi ciency of GPVI detected by fl ow 
cytometry. Immunoblotting showed abnormal residual 
GPVI, and no Fc γ R defect. DNA sequencing revealed an 
R38C mutation in exon 3 of one allele of GPVI and an 
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platelets that spontaneously bind fi brinogen because the  β 3 
in their  α IIb β 3 has its disulfi de bridges blocked in the acti-
vated pattern and because the disulfi de isomerase activity 
that normally switches between resting and activated and 
vice versa is unable to do so. A heterozygous cytoplasmic 
domain mutation in the  α IIb subunit Arg995Gln within the 
critical GFFKR sequence reduces expression of the complex 
and produces mild  “ thrombasthenia - like ”  symptoms. There 
is some evidence for cases of GT caused by replacement of 
DNA segments lying outside coding regions and affecting 
mRNA stability. A more general syndrome affecting inside -
 out activation of several classes of integrins present in plate-
lets, neutrophils and lymphocytes has been shown to be due 
to mutations in the  CalDAG - GEFI  gene, preventing signal-
ing to the small GTPase Rap1.   

  Agonist  r eceptor  d efects 

   ADP  and  ATP   r eceptor  d efects 

 Platelets interact with ADP via the purinergic seven - trans-
membrane receptors P2Y 1  and P2Y 12 . P2Y 1  signals to release 
Ca 2+  from the dense tubular system and cytoskeletal changes 
leading to shape change. P2Y 12  signals to  α IIb β 3 leading to 
platelet aggregation. Thus, platelet defects in P2Y 12  were fi rst 
thought to be GT variants. Platelets from rare patients in 
both France and Italy showed decreased and reversible plate-
let aggregation to ADP but normal shape change and calcium 
mobilization. This was due to an autosomal recessive heredi-
tary disease affecting one allele of the P2Y 12  gene. No patients 
with P2Y 1  defects have been described so far but knockout 
mice lacking this receptor have been prepared. P2X 1  is the 
platelet receptor for ATP. Three molecules form a calcium 
channel that is regulated when platelets are activated, to 
control intracellular calcium levels. One case of a young girl 
with a bleeding syndrome caused by deletion of a single 
amino acid in P2X 1  has been described. That this is a domi-
nant inherited disease is presumably due to the defective 
molecule preventing the active calcium channel from 
forming.  

  Other  p rimary  a gonist  r eceptor  d efects 

 Rare examples of an Arg60Leu mutation in the thrombox-
ane (TX)A 2  receptor have been reported in some Japanese 
families that result in defective signaling. Mutations in other 
agonist receptors have been reported but it is not clear that 
these affect platelet function. In particular, there have been 
no reports of bleeding disorders linked to defects in the 
PAR1 and PAR4 thrombin receptors.   

those with a moderate defi ciency (10 – 50% of normal) as 
type II, and others as variants. The latter includes patients 
who express non - functional  α IIb β 3 on their platelets. There 
is a very wide range of molecular defects in  α IIb or  β 3 and 
as a consequence the clinical symptoms are highly variable. 
However, even the same defect may show some variability 
in symptoms in different patients depending on other factors 
such as levels of coagulation factors. Typical symptoms 
include purpura, epistaxis, gum bleeding and menorrhagia, 
but gastrointestinal and interjoint bleeding and hematuria 
are rare. Problems generally follow trauma and are rarely 
spontaneous. Diagnostic criteria are prolonged bleeding 
time and defective clot retraction. Platelet aggregation to all 
agonists except ristocetin is absent or defective. Molecular 
diagnosis of GT includes fl ow cytometry and/or Western 
blotting to establish whether both subunits are absent or 
present in reduced amounts. 

 Mutations and other genetic defects causing GT have 
now been collected on a database ( http://sinaicentral.mssm.
edu/intranet/research/glanzmann ) and are therefore not 
listed in detail here. GT can be caused by mutations in 
either subunit  α IIb or  β 3 and may show some distinct dif-
ferences. Since fi brinogen is not synthesized in the meg-
akaryocyte but in the liver and transported to the  α  - granules 
from the plasma by  α IIb β 3 - dependent endocytosis, GT 
patients often lack or are defi cient in platelet  α  - granule 
fi brinogen, a contributory factor to their poor hemostatic 
function. In patients lacking  β 3, who as a consequence lack 
the vitronectin receptor  α v β 3 as well as  α IIb β 3, the platelet 
 α  - granules, in addition to fi brinogen defi ciency, also 
contain up to fi ve times normal amounts of vitronectin. 
Vitronectin is synthesized in megakaryocytes so these results 
suggest a possible role for  α v β 3 in transporting vitronectin 
from  α  - granules out of platelets. Both  α IIb and  β 3 have a 
complex gene structure, with the  α IIb gene ( ITGA2B ) com-
posed of 30 exons and spanning 17   kb, while the  β 3 gene 
( ITGB3 ) consists of 15 exons and spans 46   kb. Both are 
located on chromosome 17q21 – 23. Genetic defects are dis-
tributed over the entire region. 

 Mutations/deletions may prevent subunit biosynthesis or 
transport of precursors from the endoplasmic reticulum to 
the Golgi or plasma membrane. When mutations do not 
affect folding too seriously, expression of lower levels of the 
complex may occur with some functions retained. Several 
GT mutations lead to expressed dysfunctional receptor. 
Thus, an Asp119Tyr mutation in  β 3 affects the key RGD 
binding site, while Ser752Pro removes a key phosphoryla-
tion site involved in outside - in signaling. A stop codon trun-
cating  β 3 (Arg724tTer), so that only eight of the normal 47 
amino acids of the cytoplasmic domain are present, removes 
binding sites for the cytoskeletal proteins talin and kindlin - 2. 
Cys560Arg and Cys598Tyr mutations in  β 3 produces 



Platelet disorders 251

     Fig. 20.2      Diagram of a resting platelet indicating the major internal organelles and other structures implicated in inherited 
bleeding disorders   

isoform or a specifi c decrease in platelet G  α q  have been 
reported.   

 Defects in signaling molecules probably account for many 
of the undiagnosed patients with mild to moderate bleeding 
problems. Techniques to diagnose these on a molecular basis 
are only starting to be developed and even proteomics by 
itself cannot be expected to detect all of these. There is still 
a large unmet need here.  

  Platelet  s ecretion  d efects 
( s torage  p ool  d isease) 

 This is a large and heterogeneous group of inherited disor-
ders caused by intracellular defects of platelets (Figure  20.2 ). 
Since secretion is a function of many cell types, it is clear that 
the phenotype may extend beyond hemostasis depending on 
which molecule is affected. 

  Defects of  α  -  g ranules 

 Proteins in  α  - granules are either synthesized in megakaryo-
cytes or endocytosed from plasma. Membranes of  α  - granules 

  Defects in  i ntracellular  
s ignaling  p athways 

 A wide range of defects in signaling molecules are known, 
often affecting other cells as well as platelets (Figure  20.2 ). 
These include defects in phospholipase C (PLC) activation, 
calcium mobilization and plekstrin phosphorylation. Studies 
in one of these patients with impaired PLC activation indi-
cated a decrease only in PLC -  β 2 while other isoforms were 
normal. Coding sequence was normal but mRNA for PLC -
  β 2 was decreased, suggesting sequence changes in the gene 
outside the coding region affecting mRNA stability. Eight 
patients were described with bleeding problems and 
abnormal aggregation and secretion in response to several 
different agonists. Receptor - mediated calcium mobilization 
and/or plekstrin phosphorylation were abnormal in seven 
of these patients. Several patients have been reported 
with platelet cyclooxygenase defi ciency, a milder bleeding 
disorder and impaired platelet aggregation responses. 
Thromboxane synthase defi ciency has been described in 
two patients. In other patients a defi ciency of the PLC -  γ 2 
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caused by a frameshift due to a 16 - bp duplication in exon 
15 of the  HPS - 1  gene, which normally encodes a 79 - kDa 
protein with two membrane - spanning domains. Defects in 
at least eight genes cause distinct subtypes of Hermansky –
 Pudlak syndrome in humans.  

   C h é diak –  H igashi  s yndrome 

 Severe immunological defects and progressive neurological 
dysfunction accompany bleeding problems. The major 
diagnostic criterion is the presence of giant inclusion bodies 
in a variety of cells with granules, including platelets. The 
gene responsible ( LYST ) has been cloned and a series of 
frameshift and nonsense mutations identifi ed that produce 
a truncated LYST protein. A milder form of the disease is 
thought to be due to rare missense mutations. LYST protein 
is large and complex with domains suggesting that it 
regulates organelle protein traffi cking and membrane –
 membrane interactions.  

  Griscelli  s yndrome 

 Patients with Griscelli syndrome are partially albino with 
silver hair. Neurological defects and/or immunodefi ciency 
are linked to lymphocyte cytotoxicity defects. Clinical mani-
festations include fatal complications caused by lymphoid 
cell activation and cytokine release. Griscelli syndrome is 
associated with mutations in the genes for myosin Va, 
Rab27a (a small GTPase) or melanophilin. A mouse model 
for this disease has recently been characterized with a muta-
tion in Rab27a, a variant of the ashen mouse with a pheno-
type resembling Hermansky – Pudlak syndrome. Rab27a 
defi ciency in humans was identifi ed in a young patient with 
psychomotor retardation. The patient ’ s platelets lacked 
dense granules but had normal  α  - granules; epinephrine -
 induced aggregation was defective.   

   W iskott –  A ldrich  s yndrome 

 Platelets in Wiskott – Aldrich syndrome (WAS) aggregate 
poorly and have few granules. This is an X - linked recessive 
disease characterized by thrombocytopenia, small platelets, 
eczema, immunodefi ciency and increased autoimmunity 
and malignancy problems. Hereditary X - linked thrombocy-
topenia is a milder form lacking the immune problems. T 
lymphocytes are the other major blood cells affected. The 
502 - amino - acid WAS protein is encoded by the large  WAS  
gene, which consists of 12 exons. Mutations in exons 1 and 
2 mostly lead to the mild form. WAS protein regulates actin 
polymerization in hematopoietic cells and its defi ciency 
leads to premature proplatelet formation in the bone 
marrow.   

also contains specifi c receptors, such as P - selectin and CD63, 
synthesized in megakaryocytes that translocate to the plasma 
membrane during platelet activation and secretion and are 
good markers for these processes. Inherited defi ciencies of 
plasma proteins that are taken up into  α  - granules will be 
refl ected in their content. 

  Gray  p latelet  s yndrome 

 Gray platelet syndrome is characterized by the absence of 
platelet contents and has a mostly autosomal recessive inher-
itance. Packaging or storage of proteins during platelet pro-
duction in megakaryocytes is defective and the proteins are 
directly released from the megakaryocytes. The platelets are 
often larger than normal and the patients are somewhat 
thrombocytopenic. Platelet aggregation responses are vari-
ously affected and differ between patients. Tissue inhibitors 
of metalloproteinases (TIMPs) are still present in gray plate-
let syndrome and may account for some of this variability. 
The genetic defect underlying gray platelet syndrome has not 
yet been convincingly described.  

  Quebec  p latelet  d isorder 

 As the name implies, this autosomal dominant bleeding dis-
order was described in this region of Canada. Many  α  -
 granule proteins are degraded proteolytically, including 
membrane receptors such as P - selectin. Defective platelet 
aggregation is particularly strong with epinephrine as 
agonist. The problem is caused by overexpression of uroki-
nase plasminogen activator, a protease normally stored in 
 α  - granules and released on platelet activation.   

  Dense ( δ )  g ranule  d efects 

 Platelet dense granules are storage sites for a number of small 
molecules including ADP, ATP, serotonin and calcium. 
Defects in these granules therefore affect platelet aggregation 
responses (Figure  20.2 ). Granule defi ciencies are variable 
and disorders are known in which  α  - granules are also 
affected, in which common pathway molecules are defective 
( α  δ  - storage pool defi ciency). Since similar types of organelles 
exist in other cells, these are often disorders that affect pig-
mentation of the skin and hair, such as Hermansky – Pudlak, 
Ch é diak – Higashi and Griscelli syndromes. Mouse models 
exist for several of these. 

   H ermansky –  P udlak  s yndrome 

 Hermansky – Pudlak syndrome manifests as albinism and 
absence of ceroid - lipofuscin storage in the reticuloendothe-
lial system. The syndrome is common in Puerto Rico and is 
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tissues, the presence of the IIB and IIC forms may compen-
sate in some of these. 

 Giant platelets have also been reported in patients with 
mutations in the  FLNA  gene coding for fi lamin A. As well as 
platelets, neuronal migration was abnormal in these patients. 
In platelets, fi lamin A is a major attachment site for the GPIb 
complex, stabilizing the connection between the membrane 
and the cytoskeleton, and anchoring GPIb in platelets when 
they attach during adhesion under high shear. Myosin IIA 
may play a role in this process as well providing a rationale 
for the giant platelets in these disorders as well as BSS. It is 
important to distinguish these large platelet syndromes 
(including BSS), particularly when accompanied by throm-
bocytopenia, from idiopathic thrombocytopenic purpura 
and to avoid treatments such as splenectomy, which are not 
useful in these disorders.  

  Transcription  f actor  d efects 

 Autosomal dominant Paris – Trousseau syndrome is a typical 
example of this class of disorder, with decreased platelet 
production and a mild bleeding tendency associated with a 
deletion at 11q23. Platelets are often larger than normal with 
giant  α  - granules. The defect leads to a hemizygous loss of 
the  FLI1  gene coding for Fli1 transcription factor. A sub-
population of megakaryocyte precursors fails to mature 
adequately to produce platelets. Other disorders including 
thrombocytopenia are caused by mutations in the  GATA - 1  
gene. Platelets may be larger than normal with poor response 
to collagen. The phenotype depends on whether the muta-
tions affect GATA - 1 interactions with DNA or FOG - 1. 
GATA - 1 - dependent platelet molecules include members of 
the GPIb complex and  α  - granule components. Defects in 
RUNX1 lead to platelets with a defi ciency in protein kinase 
C -  θ  and lack of phosphorylation of its downstream targets 
but also an increased tendency to develop leukemia.  

  Platelet  p rotein  p olymorphisms 
and  t endency to  t hrombosis 

 Platelet activation responses vary widely in the population 
but are reproducible for individuals and show a strong 
genetic component. Following the demonstration of major 
polymorphisms in coagulation factors affecting thrombotic 
tendencies, there has been a major effort to identify poly-
morphisms in platelet proteins such as receptors that could 
explain the interindividual variation. There is also consider-
able interest in polymorphisms that affect patient responses 
to antithrombotic treatments because this could be an 
important way to improve treatment and reduce mortality. 

  Procoagulant  r egulation  d efects 

  Scott  s yndrome 

 Scott syndrome is a very rare disorder found in a few humans 
and some dogs. So far there is no mouse model. When 
normal platelets are activated, one of the changes produced 
is the exposure of negatively charged phospholipids on the 
surface, critical for procoagulant activity. This is absent in 
Scott syndrome platelets and as a consequence less thrombin 
and fi brin are formed in the platelet plug, leading to bleeding 
complications. This defect also affects membrane vesicula-
tion, suggesting a common mechanism. Under  in vitro  con-
ditions, this phenomenon requires platelet activation by 
thrombin and collagen (or a GPVI agonist such as convulxin 
or collagen - related peptide). Despite much research on 
platelet scramblases, a convincing molecular defect in Scott 
syndrome has not yet been demonstrated.  

  Stormorken  s yndrome 

 Stormorken syndrome is an even rarer disorder confi ned so 
far to one family, implying a dominant inheritence. Unlike 
Scott syndrome, the platelets are constitutively activated 
with surface exposure of negatively charged phospholipids 
and raised levels of microvesicles even under resting condi-
tions. As with Scott syndrome the molecular basis remains 
unknown.   

  Giant  p latelet  s yndromes 
and  c ytoskeletal  d efects 

 Although this group is diverse, many of the patients have 
mutations or other defects in the  MYH9  gene coding for 
non - muscle myosin heavy chain IIA (see Plate  20.2  and 
Figure  20.2 ). Since this is expressed in a variety of cells, not 
only platelets are affected. Macrothrombocytopenia (varia-
ble, up to leukocyte size) is accompanied by variable pheno-
types in other cells/tissues. D ö hle bodies in leukocytes with 
distinctive distribution of myosin IIA detected by immun-
ofl uorescence is a major diagnostic criterion. Hearing loss 
caused by defective cilia, nephritis and cataracts are all pos-
sible symptoms in later life. Characteristic mutation zones 
in the protein seem linked to particular symptoms: muta-
tions in the head reagion can affect folding of the entire 
molecule and can yield more serious symptoms, whereas 
mutations toward the C - terminus have less dramatic effects 
possibly because function is partly maintained and there is 
less tendency to form denatured protein clusters. While 
non - muscle myosin has an important role in many cells/
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 Common polymorphisms in  α IIb β 3 were among the fi rst 
targets for statistical investigation. Each of the subunits con-
tains a common amino acid dimorphism:  β 3 has two iso-
forms, Leu33/Pro33, that lead to conformational differences 
in the proteins; the Ile843/Ser843 dimorphism in  α IIb has 
also been intensively investigated. Most of the studies were 
controversial, with only minor effects detected. 

 The situation in GPIb α  is more complicated, with 
two major polymorphic systems present: (i) a Thr145/
Met145 dimorphism and (ii) several versions of a tandem 
repeat structure of 13 amino acids within the macrogly-
copeptide domain; these have the nomenclature VLTR - A, 
 - B,  - C and  - D with four, three, two and one copies, respec-
tively, of the tandem repeat. The incidence varies widely 
depending on ethnic origins between Europe and East Asia. 
Again there has been no consensus reached about a role in 
thrombosis susceptibility and many studies have given con-
tradictory results. Polymorphisms in collagen receptors 
 α 2 β 1 and GPVI have also been implicated in thrombosis 
susceptibility but these studies still remain controversial. 

 Perhaps if one considers that many individual genetic dif-
ferences may contribute to the overall thrombosis suscepti-
bility, it is not so surprising that these single differences do 
not have more pronounced effects. However, several newly 
discovered polymorphisms, particularly in signaling mole-
cules, are still under investigation. 

 One area which is less controversial is the effect of cyto-
chrome P450 polymorphisms on activation of clopidogrel 
and therefore on its ability to inhibit the ADP receptor P2Y 12 . 
Among persons treated with clopidogrel, carriers of a 
reduced - function  CYP2C19  allele had signifi cantly lower 
levels of the active metabolite of clopidogrel, diminished 
platelet inhibition, and a higher rate of major adverse cardio-
vascular events, including stent thrombosis, than did 
non - carriers.  
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  Introduction 

 The transfusion of blood and fetal – maternal hemorrhage 
during pregnancy have provided unique models for studying 
the immune response against a plethora of polymorphic 
blood cell surface markers, including the alloantigens of the 
human leukocyte antigen (HLA) system. Many blood cell 
membrane determinants show allelic variation, which can 
elicit the formation of alloantibodies. In nearly all transfu-
sion situations and pregnancies, the recipient ’ s immune 
system is challenged by blood cells mismatched for multiple 
alloantigen systems. As the difference between self and non -
 self is limited, alloantibodies are only formed by a subset of 
recipients. Red cell alloantibodies are detected in 1 – 1.5% of 
pregnant women and in 2 – 3% of transfused individuals, and 
can increase signifi cantly in multitransfused patients. The 
HLA alloantigens are more immunogenic than those of the 
red cells, and 15 – 25% of multiparous women and 30 – 40% 
of patients on long - term prophylactic platelet transfusions 
are positive for HLA class I antibodies. 

 Alloantigens were initially defi ned as polymorphic mem-
brane determinants identifi ed by polyclonal alloantibodies 
in serum samples from alloimmunized patients or pregnant 
women, but the molecular basis of most alloantigens has 
now been resolved and it is possible to use DNA - based tech-
niques to further characterize their polymorphism. 
Alloantigens can be categorized as those shared by all blood 
cells, for example HLA class I and those unique to one blood 
cell type, such as Rh on red cells and human platelet antigen 
(HPA) on platelets (Table  21.1 ). When expression is limited 

to one type of blood cell, destruction of cells in the newborn 
by maternal blood cell alloantibodies may lead to the devel-
opment of immune - mediated anemia, thrombocytopenia or 
neutropenia of the newborn. In contrast, HLA class I alloan-
tibodies do not cause cytopenias in the newborn but may 
compromise the effectiveness of platelet transfusions, com-
plicate organ transplantation, cause febrile non - hemolytic 
transfusion reactions or, on rare occasions, precipitate trans-
fusion - related acute lung injury and occasionally delay 
engraftment in hemopoietic stem cell transplantation.   

 The formation of alloantibodies after an incompatible 
challenge in the form of blood transfusion is more the excep-
tion than the rule. In contrast to our detailed understanding 
of the molecular basis of blood cell alloantigens, we remain 
relatively ignorant about the mechanism of non - responsive-
ness. We have learned from animal experiments that restric-
tion in the ability to mount an immune response is largely 
controlled by genes of the major histocompatibility complex 
(MHC) or HLA. However, the reason why, for example, 
some 25% of RhD - negative individuals fail to mount an 
anti - D response on repeated challenge with RhD - positive 
red cells remains elusive. An exception to this is our detailed 
understanding of the immune response against the HPA - 1a 
alloantigen on platelets. There is a near - complete restriction 
on the ability to form HPA - 1a antibodies by the HLA class 
II allele DRB3 * 0101. However, except for this example, 
our ability to identify the genes controlling the risk of 
alloimmunization remains limited and further research is 
needed to identify the genetic basis of this variability in 
responsiveness. 

 This chapter reviews the recent developments in the 
molecular aspects of blood cell alloantigens and highlights 
their impact on clinical management. Recognizing the wide 
variety of clinical conditions in which the HLA alloantigens 
play a role, we have placed the main emphasis on: 
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and cellular techniques. With the development of gene 
cloning and DNA - based molecular techniques, it is now 
possible to perform a detailed analysis of these molecules at 
the single - nucleotide level. The result of this analysis has 
shown the existence of shared nucleotide sequences between 
alleles of the same and/or different loci. Similarly, it has been 
shown that there are certain locus - specifi c nucleotide 
sequences in both the coding regions (exons) and the non -
 coding regions (introns) of the various genes. 

 DNA sequencing of a number of alleles at various MHC 
loci has demonstrated that most of the nucleotide substitu-
tions are located in exons 2 and 3 of HLA class I and exon 
2 of HLA class II molecules. These exons code for the distal 
membrane domains of the molecules, which form the 
peptide - binding groove (Figure  21.1 ). On the basis of this 
information, a number of techniques have been developed 
to identify this polymorphism using the polymerase chain 
reaction (PCR) to amplify specifi c genes or regions to 
be analyzed. These include PCR - SSOP (sequence - specifi c 
oligonucleotide probing), PCR - SSP (sequence - specifi c 
priming) and sequencing - based typing (SBT).   

   PCR  -  SSOP  

 In this technique the gene of interest is amplifi ed by PCR 
using generic primers complementary to highly conserved 
gene segments. The PCR products are then immobilized 
onto support membranes (e.g., nylon membranes) and ana-
lyzed by probing the membranes with labeled oligonucle-
otides designed to anneal with polymorphic sequences 
present in the various alleles. By scoring the probes that bind 
to specifi c regions, it is possible to assign an HLA type. A 

   •      antibody - mediated cytopenias in the newborn by mater-
nal blood cell - specifi c alloantibodies;  
   •      the complication of HLA class I alloimmunization in 
patients receiving prophylactic platelet transfusions.    
 The HLA antigens have also been used to introduce the 
molecular techniques currently used to identify alleles of 
genes.  

  Identifi cation of  HLA  
 g ene  p olymorphism 

 The impact of molecular biological techniques on our ability 
to scan and identify allelic variation of human genes is best 
exemplifi ed by the HLA system. For decades the enormous 
diversity of the alloantigens of the HLA system has been a 
challenge in both the technical and the clinical sense. It is 
now obvious that the use of molecular techniques, including 
sequencing - based high - resolution typing, is contributing to 
improved outcome in transplant patients. Improved match-
ing allows graft maintenance at lower levels of immunosup-
pression, which is of great importance with the emerging 
evidence that long - term use of potent immunosuppressive 
drugs is not without side effects. The following sections 
review a number of current molecular techniques used to 
defi ne alleles of the HLA genes. The same techniques may 
be used to defi ne allelic variation in genes encoding other 
blood cell alloantigens. 

  Molecular  t yping  t echniques 

 Initially, the defi nition and characterization of the HLA mol-
ecules and polymorphisms was carried out using serological 

  Table 21.1    Antigen expression on peripheral blood cells. 

   Antigens     Erythrocytes     Platelets     Neutrophils     B lymphocytes     T lymphocytes     Monocytes  

  A, B, H     +   +   +       +   +  /( + )     −      −      −      −   
  I     +   +   +       +   +      +   +      −      −      −   
  Rh  *       +   +   +       −      −      −      −      −   
  K     +   +   +      −      −      −      −      −   
  HLA class I     − /( + )     +   +   +      +   +   +      +   +   +      +  +  +      +  +  +   
  HLA class II     −      −      − / +   +   +   †       +   +   +      − / +  +  +   †       +  +  +   
  GPIIb/IIIa     −      +   +   +     ( +  )  ‡       −      −      −   
  GPIa/IIa     −      +   +   +      −      −      −      −   
  GPIb/IX/V     −      +   +   +      −      −      −      −   
  Fc γ RIIIB     −      −      +   +   +      −      −      − / +  +  +   §    

    *    Non - glycosylated.  
   †    When activated.  
   ‡    Inconclusive.  
   §    When differentiated to macrophages expressing Fc γ RIIIA.   
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     Fig. 21.1      a Schematic presentation of HLA 
class I  
 The non - covalent association between the 
HLA class I protein (with three 
immunoglobulin - like domains,  α  1 ,  α  2  and  α  3 ) 
and  β  2  - microglobulin ( β  2  - m) is shown. The 
three  α  domains are encoded by three exons 
of the HLA class IA gene on chromosome 6. 

Fig. 21.1   b Schematic presentation of HLA 
class II  
 The  α  and  β  chains of the HLA class II protein 
(each with two distinct immunoglobulin - like 
domains,  α  1  and  α  2 , and  β  1  and  β  2 ) are 
non - covalently associated. Both domains of 
each chain are encoded by their respective 
exons of the  α  and  β  class II genes on 
chromosome 6.  
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(ddATP). When this is incorporated into the DNA strand, 
elongation is interrupted, leading to chain termination. In 
each reaction there is random incorporation of the chain 
terminators and therefore products of all sizes are generated. 
The products of the four reactions are then analyzed by 
electrophoresis in parallel lanes of a polyacrylamide – urea gel 
and the sequence is read by combining the results of each 
lane using an automated DNA sequencer.    

   HLA   a ntigens 

 These are a group of highly polymorphic cell surface mole-
cules that play a central role in the induction and regulation 
of immune responses, and as such they are involved in self/
non - self recognition, tolerance, rejection of allografts and 
graft - versus - host disease. The genes coding for these mole-
cules form part of a complex genetic system called the MHC, 
located on the short arm of chromosome 6. This region 
spans a distance of approximately 4000   kb and is divided 
into HLA class I, class II and class III genes. Class III includes 
a group of non - MHC genes coding for proteins with various 
immunological functions, such as the complement factor 4 
and tumor necrosis factor (TNF) -  α . 

 The development of recombinant DNA technology has 
led to increased understanding of the genetic complexity, 
structure and function of the HLA genes and molecules. 

   HLA   c lass  I   g enes 

 The HLA class I genes have been classifi ed according to their 
structure and function as classical and non - classical, or class 
Ib genes. The classic HLA class I genes, HLA - A, HLA - B and 
HLA - Cw, code for heterodimers formed by a heavy ( α ) 
chain of approximately 43   kDa, non - covalently linked to 
the  β  2  - microglobulin light chain of 12   kDa. The latter is 
coded for by a gene located outside the HLA region on 
chromosome 15. The extracellular portion of the  α  chain has 
three domains ( α  1 ,  α  2  and  α  3 ) encoded by exons 2, 3 and 
4, respectively. Each domain is approximately 90 amino 
acids in length. The transmembrane and cytoplasmic 
domains are encoded by exons 5, 6 and 7, respectively. 
The  β  2  - microglobulin, which confers stability on the 
molecule, is non - covalently linked to the  α  3  domain 
(see Figure  21.1 a). 

 The  α  1  and  α  2  domains are the most polymorphic regions 
of these molecules and form a groove consisting of two  α  
helices, with an antiparallel - running  β  - pleated sheet forming 
the fl oor of the groove. This groove, which is approximately 
2.5   nm long and 1   nm wide, can accommodate a variety of 
antigen - derived peptides of about eight to ten amino acids 
to be presented to T cells. 

recent modifi cation includes the addition of PCR - amplifi ed 
product to labeled probes immobilized on membranes or 
plates. This technique, which has been called reverse SSOP, 
is particularly useful when testing large number of samples, 
such as those required for bone marrow donor registries. 

 A modifi cation of the reverse SSOP technique has recently 
been described whereby the relevant PCR product is labeled 
with biotin and, following denaturation and neutralization 
steps, the product is hybridized with oligonucleotide - spe-
cifi c probes coupled to color beads. Following the addition 
of  r  - phycoerythrin - conjugated streptavidin (SAPE) to the 
reaction, the fl uorescence is then measured using a fl ow 
cytometer - based instrument, the Luminex LABtype. 
Currently, there are two commercial kits to perfom this test, 
Tepnel LIFECODES and One Lambda LABType. There are 
a number of advantages and disadvantages of these two kits 
but the main difference is that in the Tepnel LIFECODES kit 
there is asymmetric amplifi cation of double - stranded and 
single - stranded products and therefore there no need for 
denaturation prior to the hybridization step (Plate  21.1 ).  

   PCR  -  SSP  

 This technique involves the use of allele - specifi c primers in 
the PCR. The amplifi ed DNA is detected by gel electrophore-
sis and this allows the rapid identifi cation of the HLA alleles 
in individual samples, since the read - out of this method is 
the presence or absence of an amplicon for which a specifi c 
primer was used. PCR - SSP was fi rst developed to defi ne the 
various HLA - DRB3 alleles (Figure  21.2 ). Although this is a 
rapid technique, many PCR reactions have to be set up for 
each sample, for example 24 reactions for low - resolution DR 
typing. An obvious advantage of PCR - SSP is that, as two 
sequences are detected in  cis , ambiguities which may arise 
from PCR - SSOP typing can be resolved. For PCR - SSP 
typing, however, the target sequence of the alleles must be 
known, and novel unknown sequences may not always be 
detected. PCR - SSP is also the technique of choice for HPA 
typing ( see section The molecular basis of platelet - specifi c anti-
gens or HPA ). Using the PCR - SSP technique, it is possible to 
determine whether the detected sequences are in  cis  or in 
 trans .    

  Sequencing -  b ased  t yping 

 The principle of DNA sequencing is relatively straightfor-
ward. It involves the denaturation of the DNA to be analyzed 
to provide a single - strand template; a sequencing primer is 
then added and the extension is performed by the addition 
of polymerase in the presence of excess nucleotides. The 
sequencing mixture is divided into four tubes, each of which 
contains a specifi c dideoxyribonucleoside triphosphate 
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 More recently, two MHC class I chain - related genes 
(MIC - A and MIC - B), located centromeric to HLA - B, have 
been described. Unlike the classical and non - classical HLA 
class I, MIC genes do not require binding to the  β  2  -
 microglobulin or peptide in order to be expressed on the cell 
surface. So far, MIC expression has been detected on freshly 
isolated endothelial cells, fi broblasts, keratinocytes and 
monocytes. They have also been found to be expressed on 
intestinal epithelial cells as a result of stress, and on a variety 
of tumors of epithelial origin. 

 In addition to the classical HLA class I genes, the non -
 classical HLA class I genes are also located in this region. They 
include HLA - E, HLA - F and HLA - G and their exon/intron 
organization is similar to that of the classical class I genes, 
but they have a more restricted polymorphism. The HLA 
class I genes are expressed on most tissues and blood cells, 
including T and B lymphocytes and platelets (Table  21.1 ). 
The non - classical class I genes HLA - E and HLA - F are 
expressed on most tissues tested so far, whereas HLA - G has 
so far only been detected on trophoblasts and monocytes. 

Allele-specific PCR (PCR–SSP)

Complete complementarity of PCR primers

Amplification
A

PCR primer mismatch 3'-end

No amplification

A B

Control: non-polymorphic PCR
product

Allele-specific PCR product

B

HLA–DR/DQ
PCR–SSP

HLA–DR1, DR13
DRB3

HLA–DQ5, DQ6

(a)

(b)

     Fig. 21.2      a PCR - SSP  
 With allele - specifi c PCR, specifi city is obtained 
during the PCR. A single nucleotide mismatch 
at the 3 ′  - end of the allele - specifi c primer (B 
primer in the fi gure) will prevent the 
polymerase from commencing DNA 
amplifi cation. Therefore, no amplifi cation of 
template DNA will occur with the B allele 
primer, whereas with the A allele primer a 
product is obtained. Ethidium bromide is used 
to reveal amplifi ed DNA with ultraviolet light 
after DNA gel electrophoresis. Allele - specifi c 
DNA is obtained in the A reaction (lower 
band) but not in the B reaction. In both 
reactions a control PCR product is generated 
by amplifi cation of a segment of the growth 
hormone gene (upper two bands). 

  b PCR - SSP for DR and DQ alleles  
 Results of PCR - SSP with template DNA from a 
single donor. Each lane represents the result 
of gel electrophoresis of a single PCR reaction 
with one of the allele - specifi c DR or DQ 
primers. From the pattern of positive results, a 
DR (upper panel) and DQ (lower panel) type 
can be concluded, in this case DR1, DR13, 
DRB3 and DQ5, DQ6.  

Fig. 21.2
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and DOB genes, which participate in the loading of peptides 
in the HLA class II molecules .  

 The HLA class II genes (DR, DQ and DP) are constitu-
tively expressed on B lymphocytes, monocytes and dendritic 
cells, and on activated T lymphocytes and granulocytes 
(Table  21.1 ). HLA class II expression can also be induced on 
non - hematopoietic cells such as fi broblasts and endothelial 
cells, as the result of activation or by the effect of certain 
infl ammatory cytokines, such as interferon (IFN) -  γ  and 
TNF -  α .  

  Function 

 The HLA molecules play a pivotal role in the induction and 
regulation of the immune response. Both the phenomenon 
of MHC restriction and the development of tolerance, learnt 
as T cells pass through the thymus, result in the selection of 
a T - cell repertoire that will form the basis of an individual ’ s 
capacity to respond to antigens. HLA class I molecules are 
primarily but not exclusively involved in the presentation of 
endogenous antigens to CD8 +  cytotoxic T cells, whereas 
HLA class II molecules present primarily, but not exclu-
sively, exogenous antigenic peptides to CD4 +  helper T cells. 
These cells, once activated, can initiate and regulate a variety 
of processes leading to the maturation and differentiation of 
cellular and humoral effector cells, including the secretion 
of cytokines. The presentation of antigenic peptides is a 
highly regulated process and requires fi ne interaction 
between the antigenic peptide, the antigen - binding groove 
of the HLA molecules, and the T - cell receptor. Allelic vari-
ation of the HLA molecules can profoundly affect the ability 
to present certain peptides because of the presence or absence 
of critical contact residues in the peptide - binding groove. 

 HLA molecules on donor cells loaded with donor - derived 
peptides can also be recognized directly by T cells of the host 
by a mechanism called allorecognition. Two pathways of 
allorecognition, direct and indirect, have been identifi ed, 
both of which lead to the strong alloimmunization seen in 
patients receiving blood transfusions or a solid organ or 
bone marrow/stem cell transplantation. 

 More recently, it has been shown that both classical and 
non - classical HLA class I molecules interact with two func-
tionally distinct types of receptors, inhibitory and activating, 
present on natural killer (NK) cells. These receptors belong 
to two families, the immunoglobulin superfamily, also called 
killer immunoglobulin receptors (KIRs), and the C - type 
lectin superfamily CD94, which can covalently assemble 
with several members of the NKG2 family. The KIRs interact 
with products of the HLA - A,  - B,  - Cw and  - G loci, whereas 
CD94 - NKG2 recognize the non - classical HLA - E molecule 
presenting peptides derived from several HLA class I, A, B 
or C alleles and from HLA - G. MIC - A and MIC - B gene prod-

 HFE is another non - classical class I gene, located 4   Mb 
telomeric of HLA - A. This gene has been found to be respon-
sible for the development of hereditary hemochromatosis 
(HH). A single point mutation, 845A, replacing cysteine 
with tyrosine at position 282 (C282Y) is found in over 90% 
of HH patients in the UK. The other two mutations, replac-
ing histidine by aspartate at amino acid position 63 (H63D) 
and serine by cysteine at amino acid 65 (S65C), appear to be 
associated with milder forms of HH. This gene does not have 
a direct immune function as it has lost the ability to bind 
antigenic peptides due to closure of the antigen - binding 
groove. However, since HFE can bind to the transferrin 
receptor, and in this way regulate iron uptake and availabil-
ity, it is possible that HFE may indirectly be involved in the 
regulation of immune responses.  

   HLA   c lass  II   g enes 

 The HLA class II genes DR, DQ and DP are all located within 
the HLA class II region. There is one non - polymorphic 
DRA and nine highly polymorphic DRB genes, of which 
DRB2, B6 and B9 are pseudogenes. These genes code for 
heterodimers formed by an  α  and a  β  chain both encoded 
by genes within the MHC. The extracellular portion of these 
molecules has two domains ( α  1  and  α  2  and  β  1  and  β  2 ) 
encoded by exon 2 and 3 of each gene respectively. The  α  1  
and  β  1  domains form the peptide - binding groove (see 
Figure  21.1 b). 

 The number of DRB genes expressed in each haplotype 
varies depending on the DRB1 allele expressed; for example, 
HLA DR1, DR103, DR8 and DR10 haplotypes only express 
the DRB1 gene. DR15 and DR16 haplotypes additionally 
express the DRB5 gene, which codes for the DR51 product. 
The HLA DR17, DR18, DR11, DR12, DR13 and DR14 hap-
lotypes also express the DRB3 genes, which code for the 
DR52 specifi city, while the HLA DR4, DR7 and DR9 alleles 
also express the DRB4 gene, which encodes the DR53 
product. There are a few exceptions to this gene distribution; 
for example, a DRB5 gene has been found linked to a DR1 
haplotype, and null DRB5 and DRB4 genes have been 
identifi ed. 

 In contrast, there are two DQA and three DQB genes; 
of these, only A1 and B1 are expressed and both are 
polymorphic. Similarly, there are two DPA and two DPB 
genes of which only DPA1 and DPB1 are expressed and 
are polymorphic. There are more x number of alleles identi-
fi ed so far ( http://web17110.vs.netbenefi t.co.uk?HIG/data.
html  ).  

 Other HLA - related genes located within the MHC class II 
region include LMP2, LMP7, TAP1 and TAP2, which are 
involved in the transport and processing of peptides pre-
sented by class I molecules, and the HLA DMA, DMB, DOA 
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donor platelet infusions. In 10 – 20% of patients the problem 
of poor increments is further compounded by antibody -
 mediated destruction of donor platelets. Despite this, the 
clinical defi nition of refractoriness remains much disputed; 
clinically, the picture of an increased frequency of platelet 
transfusions to maintain satisfactory platelet counts and 
effective hemostasis requires further laboratory investiga-
tions for HLA class I and for HPA alloantibodies, platelet 
autoantibodies or high - titer anti - A or anti - B antibodies. 

 The ability to type donors and patients for HLA class I A 
and B and HPA by molecular techniques using genomic 
DNA ( see sections  Molecular typing techniques ,    p. 260,    and 
 The molecular basis of platelet - specifi c antigens or HPA ,  
  p. 270  ) has resulted in more accurate matching of donors 
with patients, with improved platelet recovery. The algo-
rithm currently used for the management of the alloimmu-
nized patient with poor increments is shown in Figure  21.3 .   

 Traditionally, HLA matching for the provision of compat-
ible platelets for patients who have become immunologically 
refractory to random platelet transfusion has been based on 
the serological defi nition of these antigens at the specifi city 
level. More recently, a new approach based on the identifi ca-

ucts are recognized by receptors present on both NK and  γ  δ  
T cells. 

 Thus, HLA molecules have become increasingly relevant 
in a variety of clinical situations, such as susceptibility to 
certain autoimmune and infectious diseases and in solid 
organ and stem cell transplantation and blood cell alloim-
munization. With regard to the latter, two examples will be 
discussed: refractoriness for prophylactic platelet transfu-
sion by HLA alloimmunization and HLA class II restriction 
of the formation of anti - HPA - 1a antibodies.   

  Prophylactic and  t herapeutic 
 p latelet  t ransfusions 

 Prophylactic platelet transfusions are essential for prevent-
ing bleeding during intensive chemotherapy or other myelo-
ablative therapies. Increments in the platelet count after the 
infusion of an adult dose of donor platelets ( > 250    ×    10 9 /L) 
are frequently disappointing. Non - immune factors, such as 
splenomegaly, bleeding, sepsis, fever and certain drugs (e.g., 
amphotericin), can compromise the benefi cial effect of 

Refractory to ABO matched
<48 hours old platelet

concentrate

Give HLA class I matched
platelets and measure
increments after each

transfusion

Positive

Screen for anti-HLA
class I

Negative

If refractoriness is
confirmed, discuss with
blood center a trial of
HLA matched platelets

Screen for
anti-HPA

Good increment,
continue with HLA

class I matched platelets
and screen for anti-HLA

every 4 weeks

No increment, return
 to ABO matched 

platelets

If poor, discuss
cross-match

negative platelets
and screen

for anti-HPA

Good increments, continue
with HLA class I matched

platelets and screen for anti-
HLA every 4 weeks

Exclude non-immune

Bleeding and DIC
Use of amphotericin

Splenomegaly
Sepsis, fever

     Fig. 21.3      Platelet transfusions in 
alloimmunized patients  
 An algorithm outlining the decision process 
for the management of alloimmunized 
patients refractory for random donor 
platelets. After confi rmation of refractoriness 
for random donor platelets, patients are 
screened for HLA class I alloantibodies and, 
if positive, HLA class I - matched platelets are 
transfused. In 20 – 30% of patients, 
increments with HLA class I - matched 
platelets are poor and screening for HPA 
antibodies should follow. Also, the possible 
presence of potent anti - A or anti - B should 
be excluded since platelets do carry ABO 
blood group antigens. If there are no 
detectable HLA class I antibodies, a trial of 
HLA - matched platelets and screening for 
HPA antibodies should be considered (right 
arm of algorithm).  
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   R  h   g enes 

 Cloning of the  RhD  and  RhCE  genes (carrying the RhD 
antigen and the RhC/c and RhE/e antigens, respectively) 
revealed a high level of sequence homology (Table  21.2 ), 
confi rming the observation made by gel electrophoresis. 
These molecular studies suggested that the C/c and E/e anti-
gens are localized on a single protein, the RhCE protein 
encoded by the  RhCE  gene and its allelic variants. The recent 
expression of the  RhD  and  RhCE  genes in K562 cell lines by 
retroviral transfection provided the ultimate proof that the 
RhD alloantigen and the RhC/c and E/e alloantigens are 
localized on two distinct proteins encoded by these two 
genes and their respective allelic variants.   

 The 75 - kb  RhD  gene, with 10 exons, encodes a 30 - kDa 
non - glycosylated protein of 417 amino acids of unknown 
function which traverses the red cell membrane 12 times 
(Figure  21.4 ). The gene is deleted in RhD - negative individu-
als (15% of the Caucasian population). The RhC/c and E/e 
alloantigens are carried on the highly homologous 30 - kDa 
RhC/cE/e protein, which differs by only 36 of the 417 amino 
acids from RhD (Table  21.2 ). The difference between RhC 
and Rhc is associated with six nucleotide substitutions, of 
which four result in a replacement. One of these, residue 
103, is exofacial and seems to be the most critical one of the 
C/c polymorphism. The difference between RhE and Rhe is 
defi ned by a single Pro226Ala replacement in the fourth 
extracellular loop of the RhCE protein (Figure  21.4 ).    

  Immunogenicity of  R  h  D  and  p revention of  i mmunization 

 The absence of the RhD protein in RhD - negative individuals 
is the most plausible explanation of its relatively high immu-
nogenicity, as the immune system has not been tolerized by 
a lookalike RhD protein encoded by an allele of the  RhD  
gene. Until the late 1960s, the formation of anti - D in RhD -

tion of conformational epitopes present in each HLA allele 
has been described. According to this strategy, each HLA 
antigen is converted into a string of potentially immuno-
genic epitopes, which are represented by amino acid triplets 
(called eplets) on exposed parts of the HLA chains accessible 
to alloantibodies. These eplet epitopes are amino acid resi-
dues located within small clusters (with diameters of about 
0.3 – 0.35   nm) around a non - self residue and are formed by 
amino acids in linear sequences as described in the triplet 
model but also include amino acids from discontinuouss 
regions of the sequence brought together by the folding of 
the molecule. This is therefore considered to be a more 
accurate representation of the epitope than that derived 
from the triplet HLAMatchmaker model developed by 
Duquesnoy. Consequently, it is possible to determine the 
number of triplets (eplets) which are either shared or differ-
ent between the donor and the recipient The algorithm also 
performs intra -  and inter - locus comparisons of polymor-
phic eplets in amino acid sequence positions in order to 
determine the spectrum of non - shared eplets between HLA 
antigens of the donor and the patient.  

  Hemolytic  d isease of the  n ewborn 

  Rh  s ystem 

 The Rh system is the most immunogenic red cell blood 
group system after the ABO system. While the antigens of 
the latter have a carbohydrate nature, the Rh antigens are 
non - glycosylated proteins. Two - dimensional gel electro-
phoresis of trypsin digests of Rh proteins, which could be 
performed once human monoclonal antibodies specifi c for 
Rh alloantigens became available, provided evidence of a 
high level of homology between the proteins carrying the 
RhD and the RhC/c and RhE/e alloantigens. 

  Table 21.2    Amino acid sequence of the  R  h  D  and  R  h  CE  proteins. 

   CE      MSSKYPRSVRRCLPLWALTLEAALILLFYFFTHYDASLEDQKGLVASYQVGQDLTVMAALGLGFLTSNFRRHSWSS   

   D       -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - I -  -  -  -  -  -  - S -  -  -  -  -  -  -  -    

   VAFNLFMLALGVQWAILLDGFLSQFPPGKVVITLFSIRLATMSAMSVLISAGAVLGKVNLAQLVVMVLVEVTALGT   

    -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - S -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - L -  -  -  -  - VD -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - N   

   LRMVISNIFNTDYHMNLRHFYVFAAYFGLTVAWCLPKPLPKGTEDNDQRATIPSLSAMLGALFLWMFWPSVNSPLL   

    -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - MM - I -  -  -  -  -  -  -  -  - S -  -  -  -  -  -  -  -  -  - E -  -  -  - K -  - T -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - I -  -  -  - F -  - A -  -    

   RSPIQRKNAMFNTYYALAVSVVAISGSSLAHPQRKISMTYVHSAVLAGGVAVGTSCHLIPSPWLAMVTLGLVAGLI   

    -  -  -  - E -  -  -  - V -  -  -  -  -  - V -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - G -  -  - K -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -    

   SIGGAKCLPVCCNRVLGIHHISVMHSIFSLLGLLGEITYIVLLVLHTVWNGNGMIGFQVLLSIGELSLAIVIALTS   

    - V -  -  -  - Y -  - G -  -  -  -  -  -  -  - P - S - I - GYN -  -  -  -  -  -  -  -  -  - I -  -  -  -  -  -  - D -  - GA -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -    

   GLLTGLLLNLKIWKAPHVAKYFDDQVFWKFPHLAVGF   

    -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - E -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -    

   Amino acids are given in single - letter code. Identicity has been underlined.   
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whereas the latter technique, which is non - invasive, will 
need further validation before routine application in genetic 
counseling. The immunogenicity of RhE in RhE - negative 
individuals is low and the change in severe HDN because of 
anti - E is infi nitely small when compared with anti - D. Its 
poor immunogenicity is best explained by the relatively 
small difference between self and non - self. The greater 
sequence difference between RhC and Rhc is refl ected in a 
greater risk of potent alloantibody formation during preg-
nancy, although severe HDN by anti - C and anti - c antibodies 
is relatively uncommon.   

  Kell  s ystem 

 The K antigen of the Kell system is, after RhD, the second 
most immunogenic protein blood group alloantigen system 
on the red cell membrane. The Kell alloantigens K and k are 
carried on a 93 - kDa, type II transmembrane protein of 732 

 negative pregnant women had a high incidence and was 
associated with signifi cant neonatal morbidity and mortality 
because of hydrops fetalis and kernicterus. The discovery 
that the formation of anti - D could be prevented by the 
administration of passive IgG anti - D, combined with a 
much reduced family size, has led to a steep decline in mor-
tality associated with hemolytic disease of the newborn 
(HDN). It is estimated that, per annum in the UK, approxi-
mately 150 – 200 cases of severe RhD immunization require 
intrauterine treatment. The offi cially reported annual mor-
tality for RhD HDN is nine cases, but estimates from screen-
ing laboratories suggest that the fi gure is closer to 50. 

 Knowledge of the structure of the  RhD  gene now makes 
it possible to give better support to RhD - immunized women, 
as the fetal  RhD  genotype can be determined in the fi rst 
trimester from amniocyte DNA or from maternal serum. 
The former is now routinely used in cases of severe RhD 
immunization with an  RhD  ( D / d ) heterozygous partner, 
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     Fig. 21.4      RhD and RhCE proteins  
 Schematic representation of the topography of the RhCE (upper fi gure) and RhD (lower fi gure) proteins. Both 30 - kDa non - glycosylated proteins 
traverse the red cell membrane 12 times. The difference between RhD and RhCE is defi ned by 36 of the 417 amino acids (colored circles 
indicate RhD - specifi c residues; shaded circles indicate C/c and E/e polymorphisms). The rectangular boxes (1 – 10) indicate the positions of 
exon – exon boundaries in the RhD mRNA, and a hydropathy plot of the RhD protein is shown at the bottom.  
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  Frequency 

 Of all pregnant women, 1 – 1.5% screen positive for red cell 
alloantibodies. In roughly half of them, the antibodies are of 
possible clinical signifi cance, and antibody potency needs 
monitoring during pregnancy to determine the risk of sig-
nifi cant hemolysis requiring therapy. Severe disease with 
intrauterine intravascular transfusion therapy occurs in 
approximately 1 in 5000 pregnancies and is mainly due to 
anti - D or anti - K.  

  Pathology 

 Maternal alloantibodies can be formed against a blood group 
alloantigen present on the fetal red cells but absent from the 
maternal ones. RhD, K, Rhc and RhC are the main culprits 
with respect to HDN. Red cell alloantibodies of the IgG class 
can cross the placenta, bind to the fetal red cells and shorten 
their survival. In K immunization, hyperbilirubinemia is a 
less reliable parameter for the prediction of the severity of 
fetal anemia, and these pregnancies can be complicated by 
early fetal loss.  

  Treatment of  HDN  

 An increased concentration of unconjugated bilirubin in the 
neonate poses the risk of kernicterus. Treatment of severe 
hemolytic anemia and hyperbilirubinemia in the post - deliv-
ery setting is by exchange transfusion with compatible donor 
red cells. When a pregnancy is preceded by one with a history 
of severe HDN, intrauterine intravascular transfusion of 
compatible donor red cells by PUBS is the treatment of 
choice and has a good outcome in 90% of cases. Genetic 
counseling of couples with a heterozygous partner has been 
greatly helped by the discovery of the  Rh  and  K  genes 
( see above ).  

  Prevention of  HDN  

 Before the introduction of anti - D prophylaxis, most HDN 
cases were caused by RhD immunization. The routine RhD 
testing of all pregnant women, combined with anti - D 
prophylaxis for RhD - negative individuals carrying an RhD -
 positive infant, has been extremely successful in lowering 
HDN - associated morbidity and mortality. Screening for 
clinically signifi cant red cell alloantibodies in pregnant 
women is the standard of care in most European countries 
and cases of possible severe disease should be identifi ed early 
in pregnancy to allow the prevention of morbidity or 
mortality.   

amino acids. The  KEL  gene spans about 21.5   kb, with 19 
exons, and has sequence homology with genes of the protein 
family of zinc - binding endopeptidases, like the CALLA 
(CD10) antigen and human common acute lymphoblastic 
leukemia antigen. The difference between K and k is a single 
base change in exon 6, causing a Met193Thr replacement. It 
is of interest to note that despite this minor difference 
between the two forms, K is one of the most immunogenic 
blood group substances. This is possibly explained, although 
not proven, by the absence of an  N  - glycosylation site in the 
k protein at residue 191. 

  Immunogenicity of  K  and the  m echanism of  f etal  a nemia 

 Transfusion frequently triggers the formation of anti - K. As 
anti - K antibodies can cause severe HDN, it is recommended 
that K - negative blood should be transfused to all girls and 
women of childbearing age. In K alloimmunization, fetal 
anemia seems to be mainly caused by antibody - mediated 
inhibition of erythroid maturation. The question of why 
anti - K downregulates erythropoiesis has not been answered, 
but it points to a possible regulatory role of the K - carrying 
endopeptidase in erythroid differentiation and maturation. 
Owing to the aplastic nature of the anemia, the degree of 
fetal anemia cannot be assessed by measurement of bilirubin 
levels in the amniotic fl uid, but should be based on the 
obstetric history, maternal anti - K level, and paternal K 
status. If there is a high - risk scenario, with a K - positive 
partner, the fetal K type should be determined by PCR on 
amniocyte DNA. If the fetus is K - positive, fetal anemia 
should be assessed and treated by periumbilical blood sam-
pling (PUBS).   

  Red  c ell  a lloantigens  o ther  t han  R  h  and  K  

 As is the case for the Rh and K systems, the molecular struc-
ture of most other blood group alloantigens has been 
resolved over the last two decades. Detailed discussion of 
these systems is beyond the scope of this chapter, but PCR -
 based typing can now be performed for most clinically rel-
evant blood group systems (e.g., Duffy, Jk, M/N and S/s). 
This knowledge is of use when blood group alloantibodies 
are associated with severe HDN. These users include patients 
with thalassemia, in whom blood transfusion has been given 
before a complete red cell phenotype is established. 

 The high level of sequence homology between the  RhD  
and  RhCE  genes and the occurrence of crossover events, 
which are often associated with reduced expression of the 
Rh antigens, requires ample expertise in the use of PCR for 
prenatal diagnosis. Therefore, such tests should be per-
formed in laboratories with a scientifi c interest in blood 
group genetics.  
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 NAITP was fi rst described by van Loghem in  1959  and 
was initially thought to be a rare disorder. Prospective 
screening studies in pregnant (Caucasian) women have 
shown that 1 in 1100 neonates have severe thrombocytope-
nia ( < 50    ×    10 9 /L) due to maternal anti - HPA - 1a, confi rming 
the notion that the most frequent cause of severe thrombo-
cytopenia in the term newborn is maternal alloantibodies 
against a fetal HPA alloantigen. 

 This serious clinical condition is caused by the destruction 
of fetal/neonatal platelets by maternal HPA alloantibodies of 
the IgG class. Cerebral bleeds in the perinatal period are the 
most concerning complication, which either occur  in utero  
or during delivery. In cases of severe thrombocytopenia 
( < 20    ×    10 9 /L), there remains a small but defi nite risk of this 
serious complication in the fi rst days of life, warranting 
treatment. For proper clinical management, the cause of 

  Neonatal  a lloimmune 
 t hrombocytopenia 

  Platelet -  s pecifi c or  HPA  
 a lloantigen  s ystems 

 Besides the alloantigens shared with other blood cells (e.g., 
HLA class I A and B alloantigens), platelets also express 
alloantigens which are carried on proteins uniquely expressed 
on platelets but not on other blood cells (see Table  21.1 ). 
Alloimmunization against platelet - specifi c antigens or HPA 
is associated with three clinical syndromes: 
  1     neonatal/fetal alloimmune thrombocytopenia (NAITP);  
  2     post - transfusion purpura;  
  3     refractoriness for platelet transfusions.    

  Table 21.3    Platelet - specifi c alloantigen systems. 

   System     Antigen     Alternative names     Glycoprotein     Nucleotide change     Amino acid change  

  HPA - 1    1a    Zw a , Pl A1     GPIIIa    T196    Leucine33  
  1b    Zw b , Pl A2         C196    Proline33  

  HPA - 2    2a    Ko b     GPIb  α      C524    Threonine145  
  2b    Ko a , Sib a         T524    Methionine145  

  HPA - 3    3a    Bak a , Lek a     GPIIb    T2622    Isoleucine843  
  3b    Bak b         G2622    Serine843  

  HPA - 4    4a    Yuk b , Pen a     GPIIIa    G526    Arginine143  
  4b    Yuk a , Pen b         A526    Glutamine143  

  HPA - 5    5a    Br b , Zav b     GPIa    G1648    Glutamic acid505  
  5b    Br a , Zav a , Hc a         A1648    Lysine505  

  HPA - 6w            GPIIIa    G1564    Arginine489  
  6bw    Ca a , Tu a         A1564    Glutamine489  

  HPA - 7w            GPIIIa    C1267    Proline407  
  7bw    Mo        G1267    Alanine407  

  HPA - 8w            GPIIIa    T2004    Arginine636  
  8bw    Sr a         C2004    Cysteine636  

  HPA - 9w            GPIIb    G2603    Valine837  
  9bw    Max a         A2603    Methionine837  

  HPA -
 10w  

          GPIIIa    G281    Arginine62  
  10bw    La a         A281    Glutamine62  
          GPIIIa    G1946    Arginine633  
      Gro a         A1946    Histidine633  
      Iy a     GPIb β     G141    Glycine15  
              A141    Glutamic acid15  
      Oe a     GPIIIa          
      Va a     GPIIb/IIIa          
      Gov a     CD109          
      Gov b               
      Pl T     GPV          
      Vis    GPIV          
      Pe a     GPIb α           
      Sit a     GPIa          
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  The  m olecular  b asis of  p latelet -  s pecifi c 
 a ntigens or  HPA  

 So far, 19 platelet - specifi c alloantigen systems have 
been described. All are biallelic and have been mapped to 
certain membrane proteins. Of the 19 alloantigen systems, 
11 are on the integrin heterodimer  α IIb β 3 or glycoprotein 
(GP)IIb/IIIa (Table  21.3  and Figure  21.5 ); of the remaining 
eight, three are on GPIb – IX – V, two on the integrin  α 2 β 1 
or GPIa/IIa and one each on GPIV, GPV and CD109. With 
the advent of PCR, the molecular basis of all but fi ve 
of the systems has been resolved in the last decade. With 
the exception of one system, the difference between 
the two alleles is a single - nucleotide substitution in the 
gene encoding the relevant glycoprotein (Table  21.3 ). 
Amplifi cation of genomic DNA by PCR - SSP (Figure  21.6 ) 
and SBT can be used to type donors and patients, even when 
the latter are thrombocytopenic. High - throughput donor 
HPA typing can also be performed using the 5 ′  - nuclease 
(TaqMan) assay.      

severe thrombocytopenia in an otherwise healthy term 
neonate should be determined with urgency and correction 
of a count less than 20    ×    10 9 /L by platelet transfusion is of 
utmost importance. This should precede the outcome 
of platelet antibody investigation, as this can be 
time - consuming.  
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     Fig. 21.5      Schematic presentation of GPIIb/IIIa  
 Schematic presentation of platelet GPIIb/IIIa or the  α IIb β 3 integrin. GPIIIa is recognized by murine monoclonal antibodies of the CD61 cluster 
and the heterodimer by antibodies of the CD41 cluster. The amino acid substitutions arising from allelic variation of the GPIIb and GPIIIa genes 
are depicted by black dots and the name of the HPA system is noted. Amino acids are given as three - letter acronyms. The fi brinogen - binding 
site is indicated in color and the Arg - Gly - Asp (RGD) - binding site in dark gray. The RGD peptide is the minimal fi brinogen - derived peptide that 
binds GPIIb/IIIa.  

     Fig. 21.6      PCR - SSP for HPA alleles  
 Results of agarose gel electrophoresis of PCR products obtained by 
amplifi cation of segments of the GPIIIa, GPIb α , GPIIb and GPIa genes 
using allele - specifi c primers for the  “ a ”  and  “ b ”  alleles of the 
HPA - 1, HPA - 2, HPA - 3, HPA - 4 and HPA - 5 systems. The results for this 
donor are HPA - 1b1b, 2a2a, 3a3b, 4a4a and 5a5a. Products of the 
allele - specifi c amplifi cation are the lower bands. In all reactions a set 
of control primers has been included to produce an amplicon (upper 
band) derived from the growth hormone gene.  
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the effi ciency of presentation of the GPIIIa - Leu33 (HPA -
 1a) - derived oligopeptide between DRB3 * 0101 - positive and 
 - negative antigen - presenting cells to CD4 +  T cells is the most 
likely explanation of this restriction in alloimmunization. 
The frequency of the HLA DRB3 * 0101 allele in Caucasians 
is 33%, and this marker therefore has a high negative pre-
dictive value but a low positive one for anti - HPA - 1a 
formation.    

  Allele  f requencies 

 In Caucasians, the allele frequency for most HPA systems is 
skewed toward the  “ a ”  allele. The allele frequencies vary 
between populations; for example, GPIIIa - Pro33 (HPA - 1b) 
is extremely rare or absent in the Far East, while the opposite 
is the case for the GPIIIa - Gln143 form (HPA - 4b).  

  Incidence of  NAITP  

 Alloantibodies against the HPA - 1a (Pl A1 , Zw a ) alloantigen 
occur in 1 in 365 pregnancies and cause severe thrombocy-
topenia, with a neonatal platelet count of less than 50    ×    10 9 /L 
in 1 in 1100 term neonates.  

  Pathology 

 Maternal IgG alloantibodies against a fetal HPA alloantigen 
can cross the placenta and bind to the fetal platelets, thus 
reducing platelet survival. HPA - 1a and HPA - 5b are the two 
clinically most relevant alloantigens.  

  Immunogenicity and  i mmune 
 r esponse  r estriction 

 As the difference between self and non - self is defi ned by a 
single amino acid substitution, the immunogenicity of the 
HPA alloantigens is relatively poor when compared with that 
of some of the other blood cell alloantigens (e.g., RhD and 
HLA class I). The two most clinically relevant HPA antigens 
are HPA - 1a and HPA - 5b on the  β 3 and  α 2 integrins, namely 
those on platelet glycoproteins GPIIIa and GPIa, respec-
tively. Alloantibodies against other HPA alloantigens are 
observed infrequently in pregnancy but do occur, albeit at a 
low frequency, in hemato - oncological and other patients on 
long - term prophylactic platelet transfusion. 

 The HPA - 1a and  - 1b alloantigens are based on a C    →    G 
mutation in the GPIIIa gene, resulting in a Leu33Pro muta-
tion. Why the immunogenicity of HPA - 1a (Leu33) is mag-
nitudes higher than that of its antithetical antigen HPA - 1b 
(Pro33) was initially not well understood. In the early 1980s, 
it was discovered that the formation of anti - HPA - 1a in preg-
nancy was positively associated with the HLA haplotype A1, 
B8, DR3. Further study revealed that nearly all antibody 
formers were positive for the 0101 allele of the DRB3 gene 
(DRB3 * 0101 or DR52a;  see section HLA class II genes, p  .  •  •  ) 
(Figure  21.7 ). A prospective study in 25   000 pregnant women 
showed that this class II marker has an odds ratio of 140, 
which makes it one of the most reliable HLA associations 
reported to date, with negative predictive power equal to 
that of HLA B27 in ankylosing spondylitis. A difference in 

CHO
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     Fig. 21.7      Structure of HLA DRB3 * 0101 
molecule  
 A view of the peptide - binding site of the HLA 
class II DRB3 * 0101 molecule as seen by the 
T - cell receptor of a T lymphocyte. Two  α  
helices (see Figure  21.1 b) are resting on a base 
of antiparallel - running  β  - pleated sheets. The 
antigen - derived peptide is not shown, but in 
our example of immune response restriction an 
oligopeptide derived from fetal GPIIIa - Leu33 
will be juxtaposed between the two helices. 
The presence of this peptide defi nes the 
difference between self and non - self and 
triggers the proliferation of GPIIIa - Leu33 
(HPA - 1a) alloantigen - specifi c helper T cells.  
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is lacking. However, weekly platelet transfusion by PUBS, 
although invasive and technically demanding, has shown 
good outcome in families with previously severely affected 
children. Repeated infusion of intravenous IgG to the mother 
remains highly controversial, as the initial report of its pos-
sible effectiveness made use of a historical control group. 
The costs are high and there remains a small but defi nite risk 
of transmission of infectious agents by a protein concentrate 
obtained from large plasma pools. The precise mechanism 
of action, if any, of corticosteroids administered to 
the mother on the severity of fetal disease is poorly 
understood.  

  Counseling 

 Counseling of couples with an index case about the risks of 
severe fetal/neonatal thrombocytopenia in a subsequent 
pregnancy needs to be based on the severity of disease in the 
index case and the outcome of immunological investiga-
tions. The following should be taken into account. 
   •      Thrombocytopenia in subsequent cases is as severe or gen-
erally more severe.  
   •      Antibody specifi city and titer have some correlation with 
severity; for example, HPA - 5b antibodies generally cause 
mild thrombocytopenia, which rarely results in a cerebral 
bleed. The latter is generally associated with HPA - 1a 
antibodies.  
   •      A high - titer HPA antibody is more likely to be associated 
with severe thrombocytopenia, but cerebral bleeds also 
occur with low titers.      

  Neonatal  a lloimmune  n eutropenia 

 Maternal alloimmunization against neutrophil - specifi c 
alloantigens on fetal/neonatal neutrophils is rare, although 
there are no precise prevalence fi gures. Clinical presentation 
is one of mainly bacterial infection with a selective neutro-
penia on a whole blood cell count. The number of 
well - characterized neutrophil - specifi c alloantigen systems is 
limited. 

   HNA   s ystem 

 Neutrophils, like all other cells present in blood, express 
polymorphic molecules that are able to induce strong anti-
bodies when transfused or transplanted or during preg-
nancy. These antigens are now called human neutrophil 
antigens (HNA). On the other hand, HNA - specifi c antibod-
ies have been implicated in the development of neonatal 
alloimmune neutropenia, transfusion - related acute lung 
injury (TRALI), and other alloimmune or autoimmune neu-

  Characteristics 

 Neonatal alloimmune thrombocytopenia presents in the 
otherwise healthy newborn as petechiae or ecchymoses, or 
is found coincidentally by a whole blood count. Severe cases 
can present with neurological symptoms because of cerebral 
bleeds or with hydrops fetalis or cerebral cysts. Diagnosis is 
based on the detection of HPA alloantibodies in the mater-
nal serum combined with a parental HPA incompatibility, 
as determined by PCR - SSP.  

  Inheritance 

 All systems described to date are biallelic with codominant 
expression of both alleles. Homozygous women can produce 
alloantibodies against a paternally inherited platelet alloan-
tigen present on the fetal platelets but absent from the 
maternal ones. In cases where the partner is homozygous for 
the relevant alloantigen, there is a 100% chance that his 
future offspring will be at risk, whereas in the case of hetero-
zygosity 50% will be affected.  

  Treatment 

 A neonatal platelet count below 20    ×    10 9 /L should be cor-
rected immediately, preferably with HPA - 1a -  and HPA - 5b -
 negative donor platelets, as these will be compatible with the 
maternal HPA alloantibody in over 95% of cases. In cases of 
absence of HPA - compatible platelets, initial transfusion of 
random ABO/RhD - compatible platelets should be consid-
ered, followed by the transfusion of compatible ones if the 
platelet count dips again. In a typical case the platelet count 
should recover to normal within a week, although a more 
protracted recovery can occur. 

 In a subsequent pregnancy a decision needs to be taken 
on whether treatment of the fetus, the mother or both is 
indicated, or whether conservative management is accepta-
ble. When conservative management is acceptable, the preg-
nancy should be closely monitored and the mother should 
be advised to avoid any non - steroidal anti - infl ammatory 
drugs and aspirin. The delivery needs careful planning 
between obstetric and pediatric teams in close consultation 
with the consultant hematologist. Treatment during preg-
nancy should be reserved for cases in which the estimated 
risk of severe fetal/neonatal thrombocytopenia is consider-
able, and the treatment should be in collaboration with a 
fetal medicine unit. The available treatments for the mother 
during pregnancy are (i) intrauterine intravascular transfu-
sion of compatible platelets by PUBS at weekly intervals or 
just before delivery, (ii) intravenous IgG or corticosteroids 
or (iii) a combination of both. As no randomized trials have 
been performed on either therapy, fi rm evidence of effi cacy 
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brane and secondary granules of neutrophils. This 
glycoprotein is linked to the plasma membrane by a GPI 
anchor and is coded for by a gene located on chromosome 
19. HNA - 2 is expressed in approximately 50% of the total 
neutrophils by 95% of individuals. Some individuals do not 
express HNA - 2 due to a CD177 transcription defect. The 
gene encoding the NB protein has not been cloned and NB 
alloantigen typing is based on the use of human immune 
antisera and immunofl uorescence. The clinical relevance 
of HNA - 2 antibodies is not yet clear but they have been 
found in patients with alloimmune and autoimmune 
neutropenia.  
   •      HNA - 3 (previously known as 5b) is located on a 70 – 90   kDa 
glycoprotein and so far only one allele has been identifi ed 
serologically, HNA - 3a. HNA - 3 antibodies are rare but they 
are known to be implicated in TRALI reactions.  
   •      HNA - 4 (previously known as Mart a ) is located on the  α M 
chain (CD11b) of the  β 2 integrin MAC - 1. This system has 
one antigen, the result of a single amino acid substitution at 
position 61.  
   •      HNA - 5 (previously known as Ond a ) is located on the  α L 
integrin unit of the leucocyte function - associated antigen 
(LFA) - 1, also known as CD11b. The antigen is determined 
by a single amino acid substitution at position 766. The 
clinical signifi cance of both HNA - 4 and HNA - 5 antibodies 
is not yet certain (Table  21.4 ).      

 Some HNA antigens are uniquely expressed on neu-
trophils (HNA - 1 and HNA - 2), whereas others are also 
present on other cells or tissues (HNA - 3, HNA - 4 and HNA -
 5). The detection of these antigens was for many years 
limited by the lack of specifi c and reliable alloantisera, and 
by the diffi culties in preserving viable cells to perform these 
tests. With the development of monoclonal antibodies and 
the cloning of some of the genes coding for these molecules, 
it is now possible to detect most of the polymorphism 
present on HNA using the monoclonal antibody immobili-
zation of granulocyte antigens (MAIGA) or DNA - based 

tropenias. So far fi ve HNA antigenic systems have been 
described (HNA - 1 to HNA - 5), all of them with a limited 
degree of polymorphism. 
   •      HNA - 1 is located on a glycosylphosphatidylinositol (GPI) -
 anchored glycoprotein that forms the low - affi nity Fc γ  recep-
tor. HNA - 1 is encoded by the Fc γ RIIIB ( FCGR3B ) gene 
located on chromosome 1 and mediates IgG - induced phago-
cytosis. Three HNA - 1 alleles have been described, HNA - 1a, 
HNA - 1b and HNA - 1c (previously known as NA1, NA2 and 
SH respectively). Four amino acid substitutions at positions 
36, 65, 82 and 106 determine the a and b alleles whereas the 
c allele is determined by a single substitution at position 78 
of the b allele (Plate  21.2 ). In individuals expressing the 
HNA - 3c allele, a third  FCGR3B  gene has been identifi ed. 
Some individuals who do not express the  FCGR3B  gene and 
carry a null phenotype can develop isoantibody of known 
clinical signifi cance in cases of NAITP. The Fc γ RIIIB null 
phenotype is rare and is based on a double deletion of the 
 FCGR3B  gene, and is in some cases associated with a deletion 
of the Fc γ RIIC ( FCGR2C ) gene. Defi ciency for the most 
abundant Fc receptor on neutrophils does not seem to be 
associated with an obvious clinical phenotype. This is in 
contrast with a mutation in the Fc γ RIIIA ( FCGR3A ) gene, 
which encodes a Leu48His substitution in the fi rst extracel-
lular domain of the NA cell Fc γ RIIIA which, although only 
described in one infant, was associated with recurrent and 
serious respiratory tract viral infection from birth. The 
Fc γ RIIIB null phenotype can cause immune neutropenia in 
the newborn due to maternal anti - Fc γ RIIIB isoantibodies. 
PCR techniques can be used to determine the NA, SH and 
Fc γ RIIIB null genotypes, and transfectants expressing the 
Fc γ RIIIB NA allotypes are useful probes for alloantibody 
detection. HNA - 1 alloantibodies have also been implicated 
in cases of autoimmune and alloimmune neutropenia, 
including neonatal alloimmune neutropenia and TRALI.  
   •      HNA - 2 (previously known as NB1) is expressed on a 58 –
 64   kDa glycoprotein (CD177) found on the plasma mem-

  Table 21.4    Human neutrophil antigens ( HNA ). 

   Antigen system     Antigen     Former name     Alleles/genes     Location     CD  

  HNA - 1    HNA - 1a    NA1     FCGR3B * 1     Fc γ RIIIB    CD16  
  HNA - 1b    NA2     FCGR3B * 2     Fc γ RIIIB    CD16  
  HNA - 1c    SH     FCGR3B * 3     Fc γ RIIIB    CD16  

  HNA - 2  *      HNA - 2a    NB1        58 – 64   kDa glycoprotein    CD177  
  HNA - 3    HNA - 3a    5b    Not defi ned    70 – 95   kDa glycoprotein    Not known  
  HNA - 4    HNA - 4a    Mart     ITGAM * 01  (230G)    MAC - 1; CR3;  α M β 2 integrin    CD11b  
  HNA - 5    HNA - 5a    Ond     ITGAL * 01  (2372G)    LFA - 1;  α L β 2 integrin    CD11a  

    *    HNA - 2 is defi ned by isoantibodies.   
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of high responders, in order to target these for more specifi c 
manipulation of their immune system with the aim of estab-
lishing alloantigen - specifi c non - responsiveness.  
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techniques including PCR - amplifi ed DNA and PCR - SSP, 
PCR - SSOP, a combination of PCR - SSP and restriction frag-
ment length polymorphism (RFLP), or direct DNA sequenc-
ing. However, the detection of HNA - specifi c antibodies is 
still diffi cult, unreliable and time - consuming and involves 
use of the granulocyte agglutination test, granulocyte 
immunofl uorescence test, chemiluminescence test, and 
MAIGA. Indeed, the majority of these techniques (with the 
exception of MAIGA) are not able to distinguish specifi c 
HNA from HLA antibodies. There is a need to develop a new 
generation of techniques for the detection and characteriza-
tion of HNA - specifi c antibodies. Once these are available, it 
may be possible to reassess the clinical signifi cance of these 
antibodies. 

 In addition to neonatal neutropenia, neutrophil - specifi c 
antibodies are implicated in non - hemolytic febrile trans-
fusion reactions, TRALI and autoimmune neutropenia. 
Severe but reversible neutropenia in the newborn might 
require treatment with antibiotics to control bacterial 
infection. So far, there is minimal or no evidence that 
the mutations in the Fc γ RIIIB protein have any functional 
consequences, exemplifi ed by the recently described 
Fc γ RIIIB null phenotype, which is not linked with an obvious 
pathological phenotype. In sharp contrast, the single amino 
acid mutation in the NK cell  FCGR3A  gene, which might be 
rare, may be associated with a more grave clinical 
condition .    

  Conclusions 

 The molecular basis of most blood cell alloantigens, includ-
ing those of the HLA system, has been discovered over the 
last two decades. The use of molecular techniques allows 
their reliable defi nition at high resolution, replacing previ-
ous less reliable techniques that were based on the use of 
polyclonal antibody reagents. This new body of knowledge 
has already made a signifi cant contribution to current clini-
cal management. On the one hand, fi rst - trimester fetal 
typing for blood cell - specifi c alloantigens can now be used 
in cases of severe maternal alloimmunization to prevent fetal 
and neonatal morbidity, and improved selection of HLA -  
and HPA - matched donor platelets aids the management of 
hemato - oncological patients. On the other hand, it is envis-
aged that in the near future bone marrow and solid organ 
transplants across apparent mismatches can progress because 
of the identifi cation of so - called permissive mismatches, and 
better HLA matching will allow accommodation of the graft 
at lower levels of immune suppression. Finally, more com-
plete understanding of the molecular rules defi ning a sub-
ject ’ s immune response status should lead to the identifi cation 
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  Introduction 

 Erythrocyte blood group antigens are, by defi nition, 
polymorphic epitopes of red cell surface structures that 
are recognizable by antibodies. These epitopes generally 
represent relatively small changes, such as the substitution 
of one amino acid, in molecules that are largely the same 
from one individual to another. After the initial discovery 
of ABO blood groups at the beginning of the 20th century, 
red cell serologists went on to discover hundreds of such 
polymorphic epitopes and gradually succeeded in organizing 
them into blood groups, antigens that arise from polymor-
phisms of a single parent molecule. During the late 20th 
century, most of these blood groups were localized to carrier 
structures (proteins or polysaccharides). Discovery of the 
biochemical and genetic basis for blood group antigens has 
now led to exploration of the function of these proteins 
beyond their importance in transfusion medicine. 

 This chapter reviews current knowledge about erythrocyte 
membrane proteins that bear blood group antigens and 
whose functional importance has been characterized. 
Primary attention is paid to two of the most interesting of 
these proteins: the anion exchanger protein, which bears 
antigens of the Diego blood group system, and the Rh pro-
teins. Functional information about other proteins is sum-
marized briefl y.  

  Anion -  e xchanger  p rotein 1 
( b and 3  p rotein) 

 Anion - exchanger protein 1 (AE1) is the most prevalent 
integral protein of the red blood cell (RBC) membrane 

( ∼ 1 million copies/cell), constituting 25 – 30% of the 
protein mass. Previously referred to as band 3 protein, 
on the basis of its original electrophoretic migration 
profi le, AE1 is a 95 – 102   kDa variably glycosylated protein 
constructed of 911 amino acids, yielding three distinct 
structural and functional domains: the N - terminal 45 - kDa 
cytoplasmic domain, the 55 - kDa C - terminal hydrophobic 
transmembrane domain, and a small 28 - amino - acid 
acidic cytoplasmic C - terminus (Figure  22.1 ). Extracellular 
domains of AE1 express the Diego blood group system, 
composed of two sets of antithetical antigens, Diego 
(Di a /Di b ) and Wright (Wr a /Wr b ). AE1 also expresses ABH 
and Ii antigens on a single multibranched N - linked oli-
gosaccharide attached to the fourth extracellular 
domain.   

  Transmembrane  d omain 

 The transmembrane segment of AE1 (amino acids 404 – 882) 
is responsible for the electroneutral cotransport of   HCO3

− 
for Cl  −  , accommodating the tide of   HCO3

− generated by the 
activity of erythrocytic carbonic anhydrase on CO 2  entering 
the RBC, thus increasing the capacity of the blood to carry 
CO 2  from the tissues to the lungs. In the peripheral tissues, 
CO 2  taken up by RBCs is converted to H +  and   HCO3

− by the 
action of carbonic anhydrase. The transmembrane domain 
of AE1 exports   HCO3

− in exchange for Cl  −   to maintain physi-
ological pH in the plasma, while H +  binds to hemoglobin 
(Hb), right - shifting its oxygen affi nity to facilitate O 2  unload-
ing. The reverse occurs in the lungs. The anion exchange 
domain is not specifi c for   HCO Cl3

− − and can also transport 
other anions (   SO4

2− ,   H PO2 4
− ), anionic phospholipids, and 

even divalent cations. Of particular interest, AE1 also trans-
ports   NO2

− ,   NO3
−  and OONO  −  , all products of nitric oxide 

(NO) metabolism ( see below ). An N - terminal truncated 
form of AE1 is expressed by the basolateral membrane of the 
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projects into the RBC cytoplasm with a spatial orientation 
that is strongly pH - dependent. Under alkaline conditions 
(pH 10) the appendage is fully extended, whereas a slightly 
acidic milieu (pH 6.5) induces fl exion such that the 
N - terminus is brought close to the cell membrane. Flexibility 
in this part of AE1 is conferred by a proline - rich hinge region 
between amino acids 175 and 190. The actual orientation of 
CDAE1 is likely to be a semi - fl exed state because the internal 
pH of RBCs is closer to 7.0 – 7.2. However, given that car-
bonic anhydrase II binds to the C - terminus of AE1 in a 
juxtamembrane location and that each AE1 channel can 
export 2000 – 3000 molecules of   HCO3

− per second, the 
micromilieu immediately adjacent to CDAE1 may experi-
ence much lower pH values under certain conditions, induc-
ing greater degrees of CDAE1 fl exion. These regions were 
once thought to be discrete operational units, but it is now 
clear that remote alterations in membrane domain structure 
can infl uence cytoplasmic domain activity, suggesting that 
these regions are functionally linked. 

 CDAE1 contains high - affi nity binding sites for three 
peripheral membrane proteins that link AE1 to the underly-
ing cytoskeletal meshwork. Ankyrin is a 206 - kDa pyramidal 
protein that interacts with several sites throughout the length 
of CDAE1, hinting that ankyrin binds to a fl exed conforma-
tion of CDAE1  in vivo . Ankyrin also possesses three struc-
tural – functional domains: an N - terminal AE1 and 
tubulin - binding domain, a middle spectrin - binding domain, 
and a C - terminal domain containing sequences that regulate 
ankyrin binding to AE1 and spectrin. CDAE1 also binds 
protein 4.2, or pallidin, a 77 - kDa protein that binds to 
ankyrin as well, acting to reinforce the AE1 – ankyrin interac-
tion. Pallidin shows striking homology to transglutaminases 
but lacks enzymatic activity owing to loss of a necessary 
conserved active site residue. Finally, CDAE1 interacts (at 
least  in vitro ) with protein 4.1, a 66 - kDa moiety that fi rmly 
binds spectrin near the actin - binding site, thus intensifying 
the spectrin – actin interaction. The spectrin - binding activity 
of protein 4.1 is concurrently regulated by phosphorylation/
dephosphorylation, Ca 2+  – calmodulin association, and phos-
phatidylinositol pathways. 

 The N - terminus of CDAE1 also includes specifi c 
high - affi nity binding sites for the glycolytic enzymes glycer-
aldehyde 3 - phosphate dehydrogenase (GAPDH), phospho-
fructokinase (PFK), and aldolase. Binding to CDAE1 results 
in a decrease in enzymatic activity (90% for aldolase and 
100% for GAPDH), while at the same time enzyme 
substrates, products and cofactors displace the bound 
enzyme, suggesting that specifi c CDAE1 – enzyme interac-
tions take place at the catalytic site or a linked allosteric site. 
Aldolase and PFK mutually inhibit each other from binding 
CDAE1, but neither enzyme can displace bound GAPDH, 
indicative of a unique binding site for GAPDH. 

 α  - intercalated cells in the renal collecting ducts and medi-
ates acid secretion.  

   C  -  t erminal  c ytoplasmic  d omain 

 The C - terminus of the transmembrane domain of AE1 con-
cludes in a 33 - residue cytoplasmic protrusion consisting 
predominantly of acidic amino acids and has been shown to 
possess a binding site for the carbonic anhydrase II isoform. 
Using glutathione  S  - transferase (GST) fusion proteins with 
normal and mutated constructs, Vince and colleagues dem-
onstrated that the critical binding site for carbonic anhy-
drase II is the acidic residue 887 – 890 region of AE1. A GST 
fusion protein containing the C - terminal 33 amino acids of 
AE2 could also bind carbonic anhydrase II, suggesting that 
this tethering of carbonic anhydrase II to anion exchangers 
is a general mechanism promoting bicarbonate transport 
across membranes. AE2 is the most widely expressed form 
of AE, located in the basolateral membrane of nearly all 
epithelial cells.  

   N  -  t erminal  c ytoplasmic  d omain 

 The primary function of the N - terminal cytoplasmic domain 
(amino acids 1 – 403) of AE1 (CDAE1) is to maintain eryth-
rocyte integrity and stability by bracing the cytoskeleton to 
the plasma membrane. This large hydrophilic domain 
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     Fig. 22.1      Schematic representation of an anion - exchanger 1 
protein dimer  
 The cytoplasmic domains (CDAE1) are enclosed by the tinted circle. 
CDAE1 cysteine thiols are indicated by  – SH, and –    indicates the 
negative charges of acidic amino acids in the N - terminus. Proteins 
known to bind specifi cally to the N - terminus are also listed.  
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tion would be expected to lower tissue  P  o  2 . The implications 
for disorders of RBCs such as sickle cell disease are consid-
ered below.   

 Compartmentalization of SNO in the erythrocyte mem-
brane by SNO - Hb requires close interaction between the 
hemoprotein and the inner membrane surface. Hemoglobin 
binds to the cytoplasmic face of the RBC membrane via both 
non - specifi c binding and specifi c protein – protein interac-
tions. The predominant site of specifi c interaction between 
Hb and the RBC membrane is through high - affi nity binding 
to the N - terminal cytoplasmic domain of AE1. More specifi -
cally, the site of Hb binding within CDAE1 has been local-
ized to the polyanionic extreme N - terminus, which contains 
18 acidic amino acids, thus forming an anionic milieu at 
physiological pH. Analysis of co - crystals of Hb and a CDAE1 
N - terminal peptide has shown that this stretch of acidic 
residues inserts deeply into the 2,3 - diphosphoglycerate -
 binding pocket formed between  β  - globin subunits of tetra-
meric Hb. CDAE1 thus binds with higher affi nity to deoxyHb 
than to oxyHb (in which the  β  - cleft is occluded), and con-
sistent with the requirements of thermodynamic linkage, the 
oxygen affi nity of Hb is reduced in the presence of isolated 
CDAE1. Interestingly, the AE1 of kidney intercalated cells is 
a truncated isoform, lacking the N - terminal 65 residues of 
the CDAE1, and does not bind Hb, suggesting that these 
residues perform an AE1 - related function specifi c to the 
RBC. Binding of Hb to CDAE1 is non - cooperative but 
causes a rightward shift in the oxygen dissociation curve. 
Simply stated, binding of Hb to CDAE1 stabilizes the  “ T ”  or 
deoxy conformation of Hb. CDAE1 also binds oxidized Fe 3+  
or metHb more avidly than oxyHb. Because AE1 is present 
in insuffi cient quantity to bind a signifi cant fraction of the 
total Hb in an RBC, the infl uence of AE1 on overall Hb 
oxygen delivery is probably negligible. This raises the pos-
sibility that AE1 may select a subpopulation of Hb molecules 
(e.g., SNO - Hb) to interact with, subserving an alternate 
function suffi ciently executed by a small fraction of total Hb 
molecules. Specifi cally, SNO - Hb binding to AE1 would 
promote the T structure and enhance NO group release. 
Thus, the CDAE1/SNO - Hb interaction would appear 
designed to accelerate NO release from SNO - Hb (Figure 
 22.3 ). In support of this assertion, sequestration of SNO in 
RBC membranes following treatment with NO is markedly 
reduced by prior treatment with AE1 inhibitors such as 
DIDS (4,4 ′  - diisothiocyanostilbene - 2,2 ′  - disulfonic acid), 
phenyglyoxal and nifl umic acid. Further, SNO - Hb can tran-
snitrosylate inside - out vesicles (IOVs) of RBC membranes, 
an effect blocked in IOVs purifi ed from RBCs treated with 
AE1 inhibitors. CDAE1 contains two cysteine residues 
(Cys201 and Cys317) with reactive thiols that are clustered 
at the subunit interface of dimeric AE1. These thiols are 
removed by chymotrypsin (which cleaves CDAE1 from the 

Phosphorylation of tyrosine 8 of AE1 also regulates glyco-
lytic enzyme binding, and thus activity. Binding affi nities of 
the glycolytic enzymes for CDAE1 are strongly dependent 
on H +  and salt concentration, decreasing dramatically as the 
pH and ionic strength are raised into the physiological range, 
calling into question the extent of binding  in vivo . However, 
several studies support the notion of signifi cant enzyme –
 CDAE1 binding in the intact erythrocyte.  

  Nitric  o xide  e xport 

 The role of NO as a critical third gas in the human respira-
tory cycle (in addition to O 2  and CO 2 ) is gaining rapid 
acceptance. Vascular NO is generated chiefl y by endothelial 
NO synthase and is a principal vasodilator and inhibitor of 
platelet activation. A portion of vascular NO penetrates cir-
culating RBCs, where it interacts with Hb at the heme pros-
thetic groups or with  β  - chain cysteine thiols (Cys β 93) to 
form biologically active  S  - nitrosohemoglobin (SNO - Hb). 
Under low oxygen tension or oxidative conditions, SNO - Hb 
can release NO to effect vasodilation (and potentially inhibit 
platelet activation) (Figure  22.2 ). However, effective NO 
export from the RBC requires that the reactive NO species 
be shielded from the scavenging activities of the heme 
groups. Erythrocytes protect bioactive NO by complexing it 
with cysteine thiols (SNO). These  “ SNO - RBCs ”  elicit relaxa-
tion of vascular tissue  in vitro  at physiological tissue  P  o  2  
(5 – 30   mmHg), while contracting smooth muscle under nor-
moxic arterial conditions ( > 60   mmHg). RBCs can therefore 
sense ambient O 2  levels through an Hb - O 2  binding function 
and adjust NO bioavailability. In turn, RBCs can cause 
microvessels to dilate or constrict using SNO - Hb as a vasoac-
tive intermediate. To the extent that tissue  P  o  2  is determined 
principally by blood fl ow, impairment in RBC - SNO func-
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     Fig. 22.2      Simplifi ed allosteric model of NO – hemoglobin 
interactions  
 Nitric oxide (NO) binds to the heme groups of deoxygenated or 
T - state hemoglobin (Hb). On oxygenation, Hb assumes the R 
conformation and NO is transferred to the cysteine thiol in position 
93 of the  β  - chain (Cys β 93) to form S - nitrosohemoglobin (SNO - Hb). 
During transit through the physiological oxygen gradient, Po2 falls, 
SNO - Hb converts to the T state, and NO is released from Cys β 93 to 
evoke vasodilation (thus regulating blood fl ow) or to inhibit platelet 
activation.  
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disease, which is characterized by a triune defect in SNO 
processing: SNO - Hb synthesis is reduced (an intrinsic prop-
erty of Hb S); the interaction between Hb S and AE1 is 
disrupted; and the transfer of NO into the membrane is 
impaired. Most notably, Cys residues of AE1 that would 
otherwise accept the NO groups are oxidized in sickle RBCs. 
Membrane SNO is therefore greatly diminished. Impaired 
vasodilation in sickle patients corresponds with clinical 
symptoms (painful crises and organ damage) and may there-
fore represent a molecular corollary of vaso - occlusive disor-
ders. A defi ciency in plasma membrane SNO - AE1 has also 
been found in banked blood, which likewise exhibits 
impaired vasodilation.  

  Defi ciencies and  m utations of  AE 1 

 Clinical conditions resulting from mutations or defi ciencies 
in AE1 range from asymptomatic to severe, with manifesta-
tions predictably refl ecting perturbation of one or both of 
the two primary functions of AE1,   HCO Cl3

− −  exchange and 
cytoskeletal membrane stability. A signifi cant segment of the 
population (5 – 20%) are heterozygous for an AE1 polymor-
phism called  “ band 3 Memphis, ”  involving a lysine to 
glutamic acid substitution in codon 56 resulting in a func-
tionally normal AE1. 

 Southeast Asian ovalocytosis (SAO), characterized geno-
typically as a deletion of amino acids 400 – 408 in AE1, results 
in oval RBCs with increased rigidity, decreased osmotic fra-
gility, and reduced expression of certain red cell antigens. 
Natural selection dramatically increases the prevalence of 
SAO in areas with endemic malarial infection, given that this 
defect confers reduced parasitemia and disease severity. 
However, homozygosity for the SAO mutation appears to be 
incompatible with life, as homozygotes have never been 
observed (even in areas with 40% prevalence), and the inci-
dence of miscarriage in heterozygous parents is twice that 
for normals (20% vs. 9.8%). 

 Over 40 mutations of the AE1 protein have been found to 
be associated with a subset of individuals with dominant 
hereditary spherocytosis, a condition characterized by loss 
of erythrocyte surface area and a mild to severe hemolysis 
almost invariably improved by splenectomy. Despite being 
scattered throughout the entire protein, many mutations in 
the membrane - spanning domain involve substitutions of 
highly conserved arginine residues thought to be important 
in maintaining proper membrane orientation. Other 
mutations causing hereditary spherocytosis, including 
those in the cytoplasmic domain, lead to decreased binding 
affi nities for the cytoskeletal bridging proteins ankyrin and 
pallidin. 

 Complete AE1 deletion in a murine model results in a 
deadly hypercoagulable state in which only 5 – 10% of AE1 

transmembrane domain) and are surrounded by amino 
acids that fi t an  S  - nitrosylation motif. Accordingly, transn-
itrosylation of RBC IOVs by SNO - Hb is blocked by thiol -
 alkylating agents or enzymatic digestion of the IOVs with 
chymotrypsin. In cross - linking studies, Hb forms a disulfi de 
bond ( – S – S – ) between its Cys β 93 thiols and the cytoplasmic 
domain cysteines of AE1, suggesting close spatial interplay 
in this region. Hemichromes, which are native Hb molecules 
with altered conformation near the heme, have a very high 
affi nity for CDAE1. Moreover, hemichromes formed by the 
covalent modifi cation of the Cys β 93 thiol (an SNO - Hb 
mimetic) bind preferentially to AE1. Therefore, trans-
nitrosylation of a vicinal thiol within the cytoplasmic domain 
of AE1 is a strong candidate mechanism for transfer of 
the NO group from Cys β 93 of SNO - Hb to the RBC mem-
brane (Figure  22.3 ). In fact, like Hb, SNO - Hb forms disulfi de 
links with AE1 under oxidative conditions, confi rming 
the proximity of SNO - Hb and CDAE1 thiols. Further, 
 S  - nitrosylated AE1 can be immunoprecipitated from the 
membranes of RBCs and from IOVs treated with SNO - Hb. 
Thus, a role for the anion exchange function of AE1 in 
transmembrane movement of NO bioactivity is enticing. 
It is important to note in this regard that RBCs can release 
small  S  - nitrosothiols, but AE1 - mediated transport of an 
NO congener has not been shown. AE1 - liganded (S)NO 
may directly exchange NO groups with receptors on the 
vascular wall.   

 SNO - Hb in RBCs is distributed equally between the 
cytosol and plasma membrane. However, only the plasma 
membrane fraction is bioactive. Defi ciency of plasma mem-
brane SNO can result from defects in either SNO - Hb syn-
thesis or its transfer of NO groups into the membrane. In 
either case, RBC vasoactivity is compromised. Vasodilation 
by RBCs is impaired in several diseases, including sickle cell 
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     Fig. 22.3      Interaction between S - nitrosohemoglobin (SNO - Hb) 
and the cytoplasmic domain of erythrocyte anion - exchanger 1 
(CDAE1)  
 Binding to CDAE1 stabilizes the T state of SNO - Hb and reduces NO 
affi nity. SNO - Hb transfers NO to vicinal thiols in CDAE1, which can 
then release NO bioequivalents to effect vasodilation or inhibit 
platelet activation.  
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dce, DCE, dcE, dCe, and dCE. The D antigen is a collection 
of conformation - dependent epitopes along the entire RhD 
protein. Deletion of the  RHD  gene characterizes most 
D - negative Caucasians, while in other populations (mainly 
Japanese and African blacks) the D - negative phenotype 
appears to arise from a variety of missense and nonsense 
mutations in otherwise intact  RHD  genes. In addition, there 
are multiple  “ weak D, ”   “ D category ”  and other variant D 
phenotypes. These are cataloged by several websites, includ-
ing RhesusBase ( www.uni-ulm.de/~fwagner/RH/RB/ ). 
RhAG is a glycosylated 409 - amino - acid 50 - kDa protein that 
appears to serve as a chaperone for RhD and RhCE to the 
RBC membrane; Rh antigens are only expressed if RhAG is 
also present. 

 Using known amino acid sequences, studies using both 
topology prediction and immunochemical analysis suggest 
that Rh proteins span the erythrocyte membrane 12 times, 
with both termini in the cytoplasm. Many multi - spanning 
membrane proteins have a transporter function. Thus, its 
structure, as well as its partial homology to a family of 
ammonium transport proteins, led to investigation of a pos-
sible transport function for Rh proteins. Interestingly, RhAG 
and the related proteins RhBG and RhCG found in non -
 erythroid tissues share a molecular architecture much more 
similar to the  Escherichia coli  AmtB channel than do RhD 
and RhCE. Marini and colleagues, having found sequence 
similarity between RhAG, and to a lesser extent RhCE, and 
the   NH4

+ transporters Mep1 protein in yeast and the Amt1 
protein in the plant  Arabidopsis thaliana , explored this 
possible function of Rh proteins. They showed that 
RhAG expressed in a yeast mutant with deletions in the 
three endogenous ammonium transporters ( mep1  Δ   mep2  Δ  
 mep3  Δ ) could restore growth defects elicited by low - ammo-
nium medium. However, this study has been criticized 
because the expressed RhAG was not glycosylated and the 
authors failed to show actual   NH4

+  uptake. Westhoff and 
colleagues showed that  Xenopus  oocytes expressing solely 
human RhAG protein were able to specifi cally transport 
  NH4

+  in a saturable, non - electrogenic, and pH - dependent 
manner, suggesting that the RhAG transport mechanism 
involves exchange of   NH4

+  for H + , resulting in the net trans-
port of NH 3  into the cell. More recent work has suggested 
that erythroid RhAG may serve to sequester ammonia in red 
cells, since it has been noted that blood plasma NH 3  and 
  NH4

+  levels are three times lower than the levels found in 
erythrocytes. Furthermore, in non - erythroid tissues, RhBG 
and RhCG are located at specifi c cellular surfaces where 
there is a disparate concentration of ammonia, such as at the 
luminal surface in the kidney. 

 Others have argued that Amt proteins act as gas channels 
handling NH 3 , rather than as transporters of   NH4

+  cations, 
and that both erythrocytic and non - mammalian Rh proteins 

null mice survive the neonatal period. Almost uniformly, 
animals were found at necropsy to have large thrombotic 
lesions of the heart, subcapsular liver necrosis suggesting 
arteriolar ischemia, and large vein thrombi. Inaba and col-
leagues similarly described a total defi ciency of AE1 in 
Japanese black cattle homozygous for a nonsense mutation 
(CGA → TGA) in codon 646 causing an early stop signal. 
These animals exhibit moderate uncompensated anemias, 
spherocytosis, and mild acidosis at rest that is exacerbated 
by exercise. The only reported human case of total absence 
of AE1 occurred in a Portuguese female delivered by cesar-
ean section at 36 weeks of gestation. The neonate was 
hydropic and severely anemic and had massive hepat-
osplenomegaly. Polymerase chain reaction (PCR) demon-
strated homozygosity for the Coimbra mutation (V488M), 
complete absence of AE1 and protein 4.2, and reduction of 
spectrin and ankyrin by 43 and 57%, respectively. Spherocytes 
and erythroblasts dominated the peripheral blood morphol-
ogy, while hyperchloremic acidosis was identifi ed by age 3 
months. The patient is being treated with an intensive trans-
fusion regimen, chelator therapy, and oral base replacement 
to counteract the acidosis. Other than slightly delayed psy-
chomotor development and stable nephrocalcinosis, her 
condition remains stable. 

 In addition, hereditary renal tubular acidosis can result 
from mutations in the genes encoding AE1, carbonic anhy-
drase II, or different subunits of the H +  - ATPase. Mutations 
of AE1 may account for up to 70% of cases in some areas of 
the world. These mutations, which affect the renal isoform 
of AE1, cause defects in urinary acidifi cation and also lead 
to hypokalemia.   

   R  h   p rotein 

 The rhesus (Rh) blood group antigens constitute the most 
polymorphic family of human erythrocyte antigens and are 
also the most frequent inducers of transfusion -  and parturi-
tion - related alloantibodies. Three separate proteins make up 
the Rh family of proteins, including RhD and RhCE, which 
are unglycosylated proteins of 417 amino acids with 97% 
homology, and Rh - associated glycoprotein (RhAG), which 
shows about 40% homology to RhD/CE. While scores of 
individual Rh antigens are recognized, only fi ve epitopes (D, 
C, c, E and e) carried on the RhD or CE proteins are rou-
tinely identifi ed; RhAG is thought to carry only the high -
 frequency Duclos antigen. RhCE expresses the antithetical 
Cc/Ee antigens, while no antithetical antigen exists for D. 
However, the presence (Rh - positive) and absence (Rh -
 negative) of the D antigen have sometimes been designated 
as D and d, respectively. Thus, the eight most common 
haplotypes associated with the Rh system are DCe, DcE, Dce, 
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for the importance of GPC/GPD in membrane/cytoskeletal 
stability originally arose from observations in cells contain-
ing natural defects in one or more members of this bridge. 
For instance, complete absence of erythrocyte GPC/
GPD  ( termed the Leach phenotype) results in a rare form 
of hereditary elliptocytosis characterized by impaired red 
cell mechanical properties. However, these same GPC/
GPD - defi cient elliptocytic cells were also found to contain 
reduced amounts of protein 4.1. In addition, GPC interacts 
with p55, a member of the membrane - associated guanylate 
kinase family. The C - terminal region of GPC and GPD 
interacts with the PDZ domain in p55 as part of the ternary 
complex. 

 GPC/GPD defi ciency is relatively common in Southeast 
Asia. One particular variant, the Melanesian Gerbich nega-
tivity phenotype, has been shown to reach a high frequency 
(46.5%) in coastal areas of Papua New Guinea, where 
 Plasmodium falciparum  malaria is hyperendemic, suggesting 
that it may confer protection against erythrocyte invasion 
by the parasite. This polymorphism is characterized 
genotypically by deletion of exon 3 (thus  GPC Δ ex3 ) and 
phenotypically by ovalocytic RBCs. The  P. falciparum  
erythrocyte - binding antigen EBA - 140 appears to bind 
with high affi nity to GPC, and this interaction mediates 
a principal invasion pathway into human erythrocytes. 
EBA - 140 does not bind to GPC in Ge - negative erythrocytes 
from Papua residents homozygous for  GPC Δ ex3 , nor 
can  P. falciparum  infect such cells using this invasion 
pathway. 

 Interestingly, while the invasion of  GPC Δ ex3  erythrocytes 
by  P. falciparum  parasites is less effi cient  in vitro , no differ-
ences in infection rates for either  P. falciparum  or  P. vivax  in 
Ge - negative subjects have been observed to date. However, 
subjects with other RBC polymorphisms that are found in 
high frequencies in endemic malaria regions, notably sickle 
cell hemoglobin (Hb S), also demonstrate infectivity rates 
similar to those of subjects lacking the sickle trait phenotype. 
Nevertheless, individuals with Hb S trait show reduced para-
site density and experience fewer cases of cerebral or severe 
malaria. Thus, it may be that the  GPC Δ ex3  phenotype is 
selected for by reducing erythrocyte invasion rates by malaria 
parasites, thus lessening disease severity. Studies to deter-
mine whether there has been natural selection of the 
 GPC Δ ex3  allele as a safeguard against severe malaria remain 
to be conducted.  

  Blood  g roup  a ntigen  p roteins that 
 f unction  a s  a dhesion  m olecules 

 A number of erythrocyte membrane proteins have been 
identifi ed as adhesion molecules. As shown in Table  22.1 , 

represent CO 2  transporters. Supporting this assertion, 
Soupene and colleagues found that Rh protein expression in 
the green alga  Chlamydomonas reinhardtii  was signifi cantly 
higher under elevated CO 2  conditions (air   +   3% CO 2  for 3 
hours) than in air alone (0.035% CO 2 ). Further, Rh mRNA 
and protein expression remained low under conditions 
in which methylammonium uptake was high (nitrogen -
 limiting, with arginine as the sole nitrogen source instead 
of NH 4 Cl). The same group went on to show that mutant 
algae without RH1 mRNA or protein grow slowly at 
high CO 2 . Other evidence suggests that such algae fail to 
equilibrate this gas normally, and that gene regulation 
downstream of the effect of CO 2  is also abnormal. At 
this point, further studies in mammalian systems will be 
needed to confi rm the function(s) of Rh and RhAG 
proteins. 

 Rh null  disease is characterized by the complete absence of 
Rh proteins in the RBCs of affected subjects. The resulting 
erythrocytes exhibit stomatocytic and spherocytic changes, 
increased osmotic fragility, and deviations in ionic fl uxes 
and cell volume. Two variations of Rh null  disease have been 
identifi ed, historically termed  “ amorph ”  and  “ regulator, ”  
based on the underlying molecular defect from which they 
arise. The amorph variety involves a genetic change in the 
 RhCE  gene coupled with deletion or inactivation of  RHD , 
while the regulator phenotype results from two mutant 
 RHAG  genes (homozygote or compound heterozygote). 
These null phenotypes also display marked reductions in 
Rh - associated membrane proteins, including the LW glyco-
protein (ICAM - 4), integrin - associated protein (IAP) and 
glycophorin B (a type I membrane glycoprotein that bears 
the Ss antigens and may serve to couple Rh with larger com-
plexes containing AE1 and GPA).  

  Glycophorins  C  and  D  

 Glycophorins C and D (GPC/GPD) are 32 -  and 23 - kDa 
membrane glycoproteins arising from the same four - exon 
gene (2q14 – q21) via alternative in - frame mRNA translation 
initiation sites, giving rise to the Gerbich erythrocyte anti-
gens, Ge:2 and Ge:3. GPC and GPD are identical except that 
GPD has been truncated by 21 amino acids at the N - terminus. 
There are two or three copies per cell of GPC for each copy 
of GPD. While being infrequent targets of alloantibodies, 
GPC/GPD appear to be vital membrane - stabilizing com-
ponents serving as high - affi nity binding sites for the 
peripheral membrane protein 4.1, which acts to affi x actin 
and spectrin elements. In addition to AE1 – ankyrin – spectrin, 
the GPC/GPD – protein 4.1 – spectrin/actin bridge is believed 
to constitute the other major connection site between the 
erythrocyte membrane and its spectrin skeleton. Evidence 
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stration that CD44 also bound to this component of extra-
cellular matrix and basement membranes. On leukocytes, 
CD44 appears to be involved in the interaction of leukocytes 
with endothelial cells, including the homing of lymphocytes 
to peripheral lymphoid organs and sites of infl ammation. 
Ligand binding to CD44 can also induce cytokine release and 
T - cell activation. However, on erythrocytes the functional 
signifi cance of CD44 remains unclear, although one report 
has indicated that CD44 contributes to the ability of early 
erythroid precursors to bind to bone marrow fi bronectin. 
CD44 also plays an important role in the metastatic behavior 
of tumor cells. 

 The molecule that bears Lutheran blood group antigens 
has been identifi ed as a laminin receptor. Lutheran antigens 
are expressed by two proteins that arise from alternate splic-
ing of a single gene. These two proteins (sometimes called 
B - CAM and LU) are identical except for their cytoplasmic 
domains, and they both appear to function equally well as 
laminin receptors. Interestingly, B - CAM/LU expression and 
function are increased on red cells from patients with sickle 
cell disease, and this function can be activated further by 
exposure of sickle red cells to epinephrine and other reagents 
that lead to increased intracellular cyclic AMP. Increase in 
cyclic AMP leads to activation of protein kinase A, which 
appears to phosphorylate B - CAM/LU. Genetic studies of red 
cell adhesion in patients with sickle cell disease have shown 
that higher adhesion to laminin is associated with specifi c 
polymorphisms in the genes encoding the  β  2  - adrenergic 
receptor and adenylyl cyclase 6, one of the more ubiquitous 
isoforms of adenylyl cyclase. B - CAM/LU has also been 
implicated in the abnormal behavior of red cells from 
patients with polycythemia vera. In this disease, red cells are 
also abnormally adherent to laminin and bear constitutively 
phosphorylated B - CAM/LU. Finally, B - CAM/LU has also 
been shown to mediate adhesion to the  α 4 β 1 integrin, also 
known as VLA - 4, which is expressed by reticulocytes and 
leukocytes, among other cells. However, the contribution of 
B - CAM/LU - mediated red cell adhesion to the pathophysiol-
ogy of vaso - occlusion or to the frequent thrombotic compli-
cations of polycythemia remains unproven. 

 The LW protein also appears to be an adhesion receptor, 
although, unlike CD44 and B - CAM/LU, LW interacts with 
cell surface proteins rather than extracellular matrix compo-
nents. LW has also been called intercellular adhesion mol-
ecule (ICAM) - 4 because it is highly homologous to other 
members of the ICAM family of adhesion molecules. Like 
other ICAMs, LW can bind to the leukocyte integrins CD11a/
CD18 (LFA - 1,  α L β 2), CD11b/CD18 (MAC - 1,  α M β 2) 
and CD11c/CD18. Recently, it has also been shown that LW 
can bind to  α V integrins, as well as to the  α IIb β 3 integrin 
of platelets. LW contributes to the adhesion of sickle red cells 
to the endothelium by binding to  α V β 3. This interaction 

these include the proteins that bear the Lutheran, LW and 
Indian blood group antigens.   

 CD44 bears the Indian antigens and was fi rst described on 
erythrocytes as  In(Lu)  - related p80, because expression on 
erythrocytes is downregulated by the  In(Lu)  gene. CD44 was 
the fi rst erythrocyte membrane protein to be characterized 
as an adhesion molecule and bears homology to the cartilage 
link and proteoglycan core proteins, which are known to 
interact with hyaluronan. This similarity led to the demon-

  Table 22.1    Adhesion molecules of erythrocytes. 

   Blood group 
antigen     Alternative name(s)  

   Ligand/adhesive 
function  

  In a /In b     CD44,  In(Lu)  - related 
p80  

  Hyaluronan, possibly 
also fi bronectin  

  JMH    CD108, semaphorin 
K1 (SEMA7A)  

  Possible role in 
adhesion of activated 
lymphocytes  

  Lutheran    B - CAM/LU, CD239    Laminin containing the 
 α 5 chain,  α 4 β 1 
integrin  

  LW    CD242, ICAM - 4, LW    Leukocyte, endothelial 
and platelet integrins, 
including  α V β 3, LFA - 1 
( α L β 2), Mac - 1 ( α M β 2), 
 α V β 1,  α V β 5,  α IIb β 3  

  Nak a  (platelets)    CD36 (reticulocytes 
only), platelet GPIV, 
Nak a  (platelets)  

  Thrombospondin 
(platelets), LDL  

  Ok a     CD147, neurothelin    Type IV collagen, 
fi bronectin. Laminin in 
other tissues  

  None known    VLA - 4 (reticulocytes 
only),  α 4 β 1 integrin 
(CD49d/CD29)  

  Thrombospondin, 
VCAM - 1, possibly 
fi bronectin  

  None known    CD47, integrin -
 associated protein 
(IAP)  

  Thrombospondin, 
SIRP - 1 α   

  None known    CD58, lymphocyte -
 associated antigen - 3 
(LFA - 3)  

  CD2  

  RAPH1    CD151,  MIC 2 gene 
product  

  Proposed role in 
kidney and skin 
morphogenesis, 
possibly through 
adhesion to laminin or 
collagen  

  Scianna    ERMAP (erythroid 
membrane - associated 
protein)  

  Possible adhesion 
molecule that localizes 
to points of cell – cell 
contact  
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  Summary 

 Proteins that bear blood group antigens have diverse func-
tions, and some proteins, such as AE1, encompass several 
functions within a single protein molecule. Abnormalities of 
these proteins, in the form of either defi ciencies or muta-
tions, can lead to red cell disorders, such as hemolytic 
anemia, or have more far - reaching effects, as in the associa-
tion of Kx defi ciency with neuroacanthocytosis and 
mutations of AE1 with renal tubular acidosis. Finally, 
these proteins undoubtedly contribute both to normal 
physiology and to the pathophysiology of human diseases, 
including sickle cell anemia, malaria, and perhaps 
others.  
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appears to be the dominant high - affi nity interaction 
between sickle red cells both  in vitro  and  in vivo . Interestingly, 
LW adhesive function is also activated by exposure of 
red cells to epinephrine, which leads to cyclic AMP -  and 
protein kinase A - dependent LW phosphorylation. In addi-
tion, some investigators speculate that LW may be impor-
tant in facilitating the adhesion of erythroid precursors to 
bone marrow macrophages in erythroid islands during 
erythropoiesis.  

  Blood  g roup  a ntigen  p roteins 
with  o ther  f unctions 

 Table  22.2  lists blood group antigens associated with func-
tions other than adhesion. As indicated, proteins bearing 
blood group antigens have a broad diversity of functions. 
Some, such as the proteins that bear the Kidd and Colton 
blood group antigens, are transporters. Others, such as those 
that bear the Cartwright and Kell antigens, are ectoenzymes. 
In addition, erythrocytes bear receptors for complement 
components and chemokines. The degree to which poly-
morphisms and defi ciency of these proteins contribute to 
human disease remains to be further explored.    

  Table 22.2    Diverse functions of blood group antigen proteins. 

   Blood group     Alternative name(s)     Function  

  Cartwright    ACHE    Acetylcholinesterase  
  Colton    Aquaporin - 1 (AQP - 1)    Water channel  

  Cromer    Decay accelerating 
factor, CD55  

  Promotes the 
degradation of C3 and 
C5 convertases  

  Dombrock    DOK    ADP - ribosyltransferase 
ectoenzyme  

  Duffy    DARC    Chemokine receptor  

  Kell    KEL    Zinc - binding neutral 
endopeptidase; cleaves 
big endothelin - 3 to 
endothelin - 3  

  Kidd    UT1    Urea transporter  

  Knops/McCoy    C3b/C4b receptor 
(CD35), complement 
receptor type 1  

  Binds C3b and C4b 
and facilitates immune 
clearance  

  Kx        Possibly a 
neurotransmitter 
transporter; defi ciency 
causes 
neuroacanthocytosis or 
McLeod syndrome  
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  Introduction 

 Autoimmune diseases are disorders where antibodies or cells 
react against self antigens to cause disease, at which point an 
adaptive immune response is mounted against the self 
antigen or antigens. This results in clearance of the antigen 
from the body. The normal adaptive response results in 
complete removal of the non - self antigen, whereas in 
autoimmune disease there is incomplete clearance of the 
antigen, which leads to perpetuation of the immune response. 
Autoimmune disorders occur in about 5% of the popula-
tion, although many individuals have no symptoms. In all, 
there are more than 70 different disorders, most of which 
are uncommon, apart from rheumatoid disease and autoim-
mune thyroiditis. Autoimmune diseases are clinical syn-
dromes mediated by activation of T or B lymphocytes, or 
both, in the absence of infection or other discernible cause. 
Until recently, although we could describe the pathological 
features of autoimmune disease, we had little idea as to their 
actual cause. Through the development of animal models 
and the identifi cation of target genes, we have gained con-
siderable insight into the pathogenetic basis of these complex 
diseases. Autoreactive cells may affect virtually any body 
tissue, including blood, and blood disorders in which 
autoantibodies are found include cytopenias such as autoim-
mune hemolytic anemia, idiopathic thrombocytopenic 

purpura (ITP) and autoimmune neutropenia, in addition to 
coagulation disorders such as acquired hemophilia. 

 Although autoimmune disease is clinically and pathologi-
cally diverse, the common end result is damage to antigen, 
which may result in disease. Factors that play a role in this 
process include immune dysregulation, genetic factors and 
triggering events. We discuss all of these after briefl y review-
ing the structure and function of the immune system.  

  The  i mmune  s ystem 

 The immune system comprises cells and molecules whose 
main role is defense against invading pathogens. The two 
principal components are the  innate  immune system, com-
prising skin, mucous membranes, neutrophils, macro-
phages/dendritic cells that serve as antigen - presenting cells 
(APCs) and other scavenging cells, in addition to the com-
plement system and natural killer (NK) cells; and the  adap-
tive  immune system, which involves exclusively B and T 
lymphocytes (Figure  23.1 ). The B cells are responsible for 
secreting antibody, aided by T cells. Key features of the adap-
tive system include antigen receptor diversity, antigen spe-
cifi city and immunological memory. This is in sharp contrast 
to the innate system, which lacks these features.   

  The  i nnate  i mmune  s ystem 

 Despite varied challenges by many antigens, because the 
innate system lacks the ability to develop immunological 
memory the responses remain the same throughout life. In 
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surface, targeting their removal. Dendritic cells also play a 
key role in innate immunity, and activation of dendritic cells 
occurs following exposure to heat - shock proteins, interferon 
(IFN) -  α  and other stimuli. Dendritic cells are professional 
APCs that are able to migrate to lymph nodes, process 
antigen and present this to T cells in conjunction with major 
histocompatibility complex (MHC) molecules, of which 
there are two classes, class I and class II.  

  The  a daptive  i mmune  s ystem 

 Two requirements of an effective immune system are (i) the 
ability to recognize millions of potential antigens and (ii) the 
prevention of self - reacting lymphocytes from causing tissue 
damage. The former is achieved through irreversible somatic 
recombination of immunoglobulin and T - cell receptor 
(TCR) genes, generating many millions of different antibody 
and TCR molecules.  

   B  and  T   c ells  p ossess  a ntigen 
 r eceptors on  t heir  s urface 

 The antigen receptor of the B cell is an immunoglobulin and 
that of the T cell is the TCR. These molecules are expressed 
on their respective cell surfaces and interact with antigen, 
either as native (immunoglobulin) or processed (TCR) anti-
gens. The TCR is a transmembrane protein and consists of 
a heterodimer of either  α  β  or  γ  δ  subunits. TCRs, like immu-
noglobulins, contain hypervariable regions and in evolu-
tionary terms the two receptors are probably related. Unlike 
TCRs, antibody molecules are both expressed on the B - cell 

evolutionary terms, the innate system probably developed 
before the adaptive system. The innate immune system is 
composed of physical, chemical and cellular components 
that act together to mediate the fi rst line of defense against 
invading microorganisms. These components are intimately 
linked with infl ammatory processes and ultimately lead to 
the removal of most of the infectious organisms encountered 
by a host. The innate immune response activates quickly 
(within seconds) after exposure of foreign infectious agents 
and is antigen non - specifi c in that there is no memory asso-
ciated with the immunity. These characteristics distinguish 
the innate immune system from the adaptive immune 
response, which is mediated exclusively by B and T cells, is 
slower to activate and is exquisitely antigen - specifi c, generat-
ing memory with subsequent exposure to the stimulating 
antigen. 

 APCs are key players of innate immunity and physically 
link innate and adaptive immune responses by presenting 
antigens to T cells. APCs additionally possess surface recep-
tors for antibody (immunoglobulin) and complement. 
Microorganisms opsonized by antibody and/or complement 
are recognized by these receptors, phagocytosed and broken 
down within the interior of the APCs. Within cells such as 
neutrophils, killing and digestion of the pathogen involves 
the generation of superoxide and hydroxyl radicals, nitric 
oxide and proteolytic enzymes. In addition to the removal 
of pathogens, the innate system also plays a role in the 
removal of dead cells and remodeling of tissue during 
healing. Cells undergoing programmed cell death (apopto-
sis) express molecules such as phosphatidylserine on their 
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     Fig. 23.1      Innate and adaptive immune systems  
 The innate system comprises physical barriers (e.g., skin) along with scavenger cells, while the adaptive system comprises B and T lymphocytes. 
Temporarily, the innate system is the immediate fi rst line of defense but lacks specifi city. The adaptive system comes into play later and 
possesses immunological specifi city and memory.  From Abbas AK, Lichtman AH, Pober JS. (2000)  Cellular and Molecular Immunology , 4th edn. 
 ©  2000, with permission from Elsevier.   
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(TNF) -  α , which have membrane - bound forms. Cytokines 
are small molecules of around 15 – 25   kDa whose actions 
include promotion of cell growth, infl ammation, immunity 
and repair of tissues. These molecules are responsible for the 
regulation and orchestration of the entire immune response. 
Their effects are short - lived and their actions are largely 
local. In order to exert their effect, cytokines interact with 
specifi c receptors and promote signal transduction. Their 
main routes of action are via the Janus kinase (JAK)/STAT 
and Ras/MAP pathways. The cytokine profi le may be proin-
fl ammatory or anti - infl ammatory and the cytokine balance 
will dictate whether a helper T - cell clone engages in a Th1 
or Th2 response. In general, Th1 responses are effective 
against intracellular pathogens and Th2 responses aid B cells.  

  Cytokine  p rofi les of  T  h 1 and  T  h 2  r esponses  
(Table  23.1 )  

 Antigen - presenting cells, and in particular dendritic cells, 
are responsible for T - cell differentiation toward the Th1 or 
Th2 phenotype; the cytokine IL - 12 plays a key role in the 
Th1 response, IL - 4 in the Th2 response. Since cytokines play 
such a key role in orchestrating an effective immune response, 
it is likely that dysregulation of cytokine levels may induce 
an autoimmune response in some disorders. This has been 
shown to be the case in experimental models and also in 
human disease. For example, transfection of the gene for 
IFN -  γ  on the insulin promoter has been shown to induce 
infl ammation within the pancreas, with aberrant expression 
of MHC class II and the development of diabetes. In 

surface and secreted into body fl uids. One feature that both 
receptors share is the ability to generate enormous diversity 
through irreversible recombination of germline variable (V), 
diversity (D) and joining (J) region segments in addition 
to random mutations within the rearranged genes. 
Immunoglobulin molecules possess two key regions: the 
hypervariable region (antigen binding) and the Fc portion 
at the C - terminal end which, as outlined above, is recognized 
by the Fc receptor (e.g., Fc γ R) on macrophages. Antibodies 
may be of the IgG, IgA, IgM, IgD or IgE class, with subclasses 
within some of the groups (e.g., there are four IgG subclasses 
and two IgA subclasses). Having such enormous diversity 
ensures that there is an antibody for every potential antigen, 
but the downside of this extreme diversity is that antibodies 
are generated that recognize self antigens ( autoantibodies ), 
and it is likely that in normal healthy subjects autoantibodies 
are generated against a wide variety of antigenic targets. 
Since autoimmune disease is not common, there must exist 
a mechanism for removing self - reacting antibodies. In effect, 
an immunological lack of responsiveness or  tolerance  must 
exist, whereby self - reactive cells are prevented from causing 
damage. Recent research has shown this to be the case.  

  The  m ajor  h istocompatibility  c omplex 

 Class I MHC molecules comprise human leukocyte antigen 
(HLA) - A,  - B and  - C, and class II molecules consist of HLA -
 DP,  - DQ and  - DR. Class II molecules are responsible for 
presentation of antigen to the TCR on helper T cells. 

 NK cells have receptors for the immunoglobulin Fc region 
and are responsible for antibody - dependent cellular cyto-
toxicity following Fc γ R linkage of NK cells and antibody -
 opsonized targets. In addition, NK cells can effect killing 
using killer - activating receptors, which recognize specifi c 
molecules on nucleated cells. An inhibitory molecule (killer 
inhibitory) recognizes MHC class I on nucleated cells, pre-
venting killing, but if MHC class I is lost (e.g., during infec-
tion of the cell by virus or after malignant transformation) 
the nucleated cell is recognized as being abnormal and is 
therefore targeted for destruction.  

  Soluble  m olecules:  c ytokines  o rchestrate 
the  i mmune  r esponse 

 The innate system relies on a complex network of soluble 
molecules, such as cytokines and complement components, 
that coordinate the entire immune response. We discuss 
these briefl y here since they are implicated in the pathogen-
esis of autoimmune disease. 

 Cytokines are mediators secreted by one cell that infl u-
ence the behavior of other cells. Most cytokines are soluble, 
apart from interleukin (IL) - 1 and tumor necrosis factor 

  Table 23.1    Cytokine profi les of  T  h 1 and  T  h 2 responses. 

   Th1 response 
(activates macrophages)  

   Th2 response 
(deactivates macrophages)  

  IL - 2     –   
  IL - 3     –   
   –     IL - 4  
   –     IL - 5  
   –     IL - 6  
   –     IL - 10  
   –     IL - 13  
  TNF -  α      –   
  TNF -  β     TNF -  β   
  IFN -  γ      –   
  GM - CSF    GM - CSF  

   These are the principal cytokines involved in generation of Th1 and 
Th2 responses. Imbalance in Th1 or Th2 cytokines may play a role 
in the development of autoimmune disease, allergy and other 
disorders.   
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tion is to prevent apoptosis. T cells expressing TCRs with 
high or low affi nity for self molecules are negatively selected 
and undergo apoptosis.    

  Immunological  t olerance  p revents  d amage 
to  s elf  a ntigens 

 Tolerance defi nes the body ’ s ability to recognize, but not 
react with, self antigens, while retaining the ability to respond 
to non - self antigens. This process involves the negative selec-
tion of T cells, as outlined above. In addition, the process 
involves the control of autoreactive B cells. The process of 
selecting T cells and B cells in the thymus and bone marrow 
respectively is known as  central tolerance . For autoreactive 
lymphocytes that escape into the periphery there are addi-
tional  peripheral tolerance  mechanisms to provide a safety 
net for unwanted autoreactivity. 

   T  -  c ell  t olerance:  c entral  m echanisms 

 Immature T cells from the bone marrow migrate to the 
thymus, where they complete their development. The T cells 
within the thymus interact with MHC molecules in low -  or 

addition, proinfl ammatory cytokines, such as IL - 12, TNF 
and IFN -  γ , can induce organ - specifi c autoimmunity.   

 Because of limitations of space, the role of complement is 
only very briefl y discussed here. Following infection, cells of 
the immune system migrate toward the affected site. 
Complement component C3b coats the pathogen surface. 
The molecules C3b, C3a, C4a and C5a, in addition to neu-
trophil chemoattractant, trigger mast cells to release hista-
mine. This induces smooth muscle contraction and increased 
blood vessel permeability, allowing neutrophils to pass 
through the blood vessel walls more easily, an essential 
requirement for an effective innate response.  

   T   c ells  (Figure  23.2 )  

 These develop within the thymus. T cells bearing  α  β  TCRs 
recognize processed antigen presented to them by APCs, 
including dendritic cells. Within the thymus, T cells are 
selected in order to prevent autoreactivity; that is to say, 
mechanisms exist whereby T cells are prevented from react-
ing with self antigens. Positive selection occurs when T cells 
express TCRs that are able to interact with MHC complexes 
on thymic cortex epithelial cells. The effect of positive selec-
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     Fig. 23.2      T - cell selection within the thymus  
 T cells undergo positive and negative selection. CD4 + CD8 +  T cells interact with MHC – peptide complexes. Depending on the strength of the 
interaction, the T cells either undergo apoptosis (the majority) or survive and leave the thymus (the minority).  Reproduced with permission from 
Delves PJ, Roitt IM. (2000) The immune system. First of two parts.  New England Journal of Medicine,   343 , 37–49.   
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   TCR   s ignaling 

 TCR molecules are found on the T - cell surface complexed 
with CD3 molecules. CD3 transmits signals intracellularly, 
with tyrosine phosphorylation of residues in the CD3 cyto-
plasmic tail. This transmits signals to the nucleus, resulting 
in T - cell proliferation. Co - receptor molecules on T cells are 
important since they play a major role in T - cell activation 
following engagement of the TCR. The generation of a spe-
cifi c immune response to a pathogen requires the recogni-
tion of the foreign agent by specialized cells in the body, 
presentation of the foreign antigen to T cells, and the orches-
tration of the subsequent immune response. T cells must 
receive two signals from the APCs for a complete immune 
response to occur. One signal involves the presentation of 
antigens in context of the MHC on the surface of the APC 
to the TCR complex on the T cells. This interaction provides 
the specifi city of the immune response. This signal alone is 
not suffi cient to trigger an optimal immune response and a 
second signal is required. The second, or costimulatory, 
signal involves the interaction of B7 on the APC with CD28 
receptors on the T cells. The interaction of B7 with CD28 is 
required for the T cells to proliferate, produce lymphokines, 
and provide help for the induction of antibody -  and cell -
 mediated immune responses directed at the original antigen. 
The B7 - induced CD28 signal is delivered to the T - cell 
nucleus via several intermediate steps and results in the 
direct induction of the IL - 2 gene and the receptor for this 
lymphokine. T cells stimulated via their TCR (antigen - spe-
cifi c signal) and the costimulatory signal proliferate, produce 
many lymphokines and direct the specifi c immune response 
against the presented antigen. 

 The principal co - receptors on APCs are CD80 (B7 - 1), 
CD86 (B7 - 2) and CD40, binding respectively to CD28, cyto-
toxic T - lymphocyte antigen (CTLA) - 4 and CD40 ligand on 
T cells. Dendritic cells express large quantities of both B7 
and CD40, are professional APCs and are the most effective 
stimulators of naive T cells. Following activation, the T cells 
undergo clonal expansion, generating effector cells that 
move toward the site of infl ammation after leaving the lym-
phoid tissue (Figure  23.3 ).    

  Mechanisms for  c ontrolling  a utoreactive  T   c ells 

 Harmful autoreactive T cells may be eliminated by several 
mechanisms, including apoptosis, anergy, inhibition, clonal 
deletion and suppression. Anergy refers to T cells that do not 
produce IL - 2 after their encounter with antigen. Such cells 
are not activated and may produce IL - 10, which further sup-
presses T - cell activation. Inhibition of T cells is mediated by 
CTLA - 4, also known as CD152. This molecule binds to the 
B7 family of receptors (B7 - 1 and B7 - 2) on APCs, including 

high - affi nity interactions. If the TCRs have low affi nity for 
the peptide (e.g., self peptide), they receive apoptotic signals 
and die within the thymus. T cells participating in high -
 affi nity interactions have a similar fate and it is only when 
the interaction is of intermediate affi nity that the T cells 
survive and migrate to the periphery, a process termed  posi-
tive selection . In general, positive selection occurs when 
CD4 + CD8 +  T cells interact with TCR – MHC – peptide com-
plexes. For most T cells the interaction is of low avidity and 
the T cells die before leaving the thymus. A minority of 
CD4 + CD8 +  T cells have intermediate avidity reactions and 
hence these cells survive, after which they mature into 
CD4 + CD8  −   and CD4  −  CD8 +  cells. CD4 +  T cells are the main 
effectors of autoimmune disease.  

   T  -  c ell  t olerance:  p eripheral  m echanisms 

 From studies of animal models it is apparent that self - reac-
tive lymphocytes are present peripherally, having escaped 
central tolerance checkpoints. Furthermore, some form of 
immunological ignorance is invoked whereby such circulat-
ing autoreactive T cells fail to respond to the specifi c self 
antigen. The mechanisms for such ignorance are not fully 
characterized but may involve low levels of circulating 
antigen (i.e., below a critical threshold), or the antigen may 
be in a separate compartment from the autoreactive cells 
(e.g., the blood – brain barrier), or there may be an absence 
of the costimulatory signals required for T - cell costimula-
tion and activation.  

   T  -  c ell  a ctivation:  r ole of  c ostimulatory  m olecules 

 Antigen reaches lymphoid tissue via the lymphatic system 
or, in some cases, within dendritic cells that have ingested 
and processed antigen. In general, antigen in blood is taken 
to the spleen and tissue antigen is taken to the lymph nodes. 
Antigen is then processed and presented on MHC molecules 
by two major routes: (i) the antigen may be produced within 
the cell itself, for example viral antigens may be expressed 
within cells and complexed with MHC class I molecules; or 
(ii) APCs may take up antigen exogenously and then phago-
cytose, process and express the antigen on MHC class II 
molecules.  

  Recognition of  a ntigen by  T   c ells 

 Antigen recognition differs between CD4 +  and CD8 +  T cells. 
For example, CD4 +  cells can only recognize antigen on class 
II molecules and CD8 +  cells recognize antigen in association 
with MHC class I molecules. In this way the MHC dictates 
the type of response generated.  
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B cells and dendritic cells, with higher affi nity than to CD28, 
a counter - receptor for B7. CTLA - 4 mediates suppression of 
the T cell.  

  Loss of  i mmunological  t olerance  l eads to  a utoimmunity 

 In order for autoimmune disease to occur, there must 
be loss of tolerance to self antigens. This occurs despite 
central and peripheral T - cell tolerance controls. Possible 
mechanisms leading to loss of tolerance include variability 
in intrathymic T - cell deletion and activation of harmful 
T cells in the periphery, for example by infection. The 
latter has been postulated to cause type 1 diabetes 
(insulin - dependent diabetes mellitus) in some individuals 
(Figure  23.4 ).     

  Benefi cial  e ffects of  a utoimmunity 

 The concept of clonal deletion has been central to immunol-
ogy for many years. This process deletes self - reactive 
lymphocytes in order to prevent the harmful effects 
that these might otherwise cause. We now know that 
low - level autoreactivity is found in normal healthy indivi-
duals and autoantigens play a role in generating our 
normal immune repertoire. Self and non - self antigens have 
few differences and lymphocytes have probably not evolved 
in order to distinguish between the two; their role is rather 
to respond to antigen under specifi c circumstances, 
for example as directed by the cytokine network. In 
addition, autoreactive cells are also responsible for the 
remodeling of tissues, wound healing and other physiologi-
cal processes.  Autoimmunity  therefore differs from  autoim-
mune disease . In fact, transient autoimmune attack of self 
antigens has been shown to occur when there is tissue 
damage, but this type of autoimmune response is generally 
not sustained.   
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     Fig. 23.3      Interaction between APCs (e.g., dendritic 
cells or B cells) and CD4 +  T cells  
 The fi rst signal to the T cell is via MHC and T - cell 
receptor (TCR). This signal is not suffi cient for 
proliferation and IL - 2 production and a second signal, 
such as interaction of B7 - 1 or B7 - 2 with CD28, is 
required. If no second signal is received, the T cells 
undergo apoptosis.  Figure kindly supplied by Dr 
Masataka Kuwana, Institute for Advanced Medical 
Research, Keio University School of Medicine, Tokyo.   
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     Fig. 23.4      Autoimmunity is multifactorial  
 Central tolerance is achieved within the bone marrow or thymus but 
some self - reacting cells leak out into the periphery, where peripheral 
tolerance checkpoints exist. Self - reactive lymphocytes escaping 
central  and  peripheral tolerance may cause autoimmune disease in 
predisposed individuals (the  “ wrong ”  genes) when they encounter a 
specifi c trigger (the  “ wrong ”  environment).  Reproduced from 
Mackay IR. (2000) Science, medicine, and the future: tolerance and 
autoimmunity.  British Medical Journal,   321 , 93–96.   

  The  s pectrum of  a utoimmune 
 d iseases 

 For clinical convenience, autoimmune diseases are subdi-
vided arbitrarily into those that are  organ - specifi c , such as 
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ter with antigen. The disorder is autosomal dominant and 
involves Fas or its receptor, both of which are involved 
in the downregulation of activated cells following antigen 
exposure. 

 However, most autoimmune diseases are not caused by 
single gene mutations but rather are multigenic, several 
genes acting together to cause the disease phenotype. Type 
1 diabetes is a prime example of a disease in which multiple 
genes are implicated. For example, 95% of Caucasians with 
type 1 diabetes possess HLA - DR3, HLA - DR4 or both (only 
found in 40% of normal subjects), and 40 – 50% of patients 
are heterozygous for HLA - DR3/DR4 (found in 5% of normal 
subjects). Other non - HLA genes are also implicated in type 
1 diabetes, including IL - 2 polymorphism and another region 
that maps close to CTLA - 4. Surprisingly, some of these 
genetic polymorphisms occur in normal individuals who 
have normal immune function with no evidence of autoim-
mune disease. So it would appear that there is a need for 
specifi c genetic polymorphisms in conjunction with other 
susceptibility polymorphisms. The MHC is one candidate 
for this role. 

 Most autoimmune diseases described to date have linkage 
with specifi c MHC class I or II polymorphisms, but again 
these do not produce the disease phenotype in isolation; 
rather they require the presence of polymorphisms within 
other genes, such as those for cytokines (e.g., TNF -  α ). For 
diseases such as ankylosing spondylitis, type 1 diabetes and 
rheumatoid disease, certain HLA subtypes induce disease 
susceptibility. The link between MHC genotype and disease 
susceptibility is logical given the fact that autoimmune dis-
eases involve autoreactive T cells. The ability of a T cell to 
respond to a particular antigen depends largely on the MHC 
since the MHC determines how the antigen is presented to 
the autoreactive T cells. In addition, the MHC has a powerful 
infl uence on determining the body ’ s T - cell repertoire. Other 
HLA alleles appear to be able to offer protection from 
autoimmune disease. For example, when the disease - causing 
allele HLA - DQB1 * 0301 or 0302 is present together with 
HLA - DQB1 * 0602, the latter appears to offer protection 
from disease. The mechanism underlying such protection is 
not known. Some HLA alleles cause disease only within spe-
cifi c populations. For example, HLA - DRB1 * 0401 and  * 0402 
are associated with rheumatoid disease in Europeans but not 
in black or Hispanic individuals. Again, the mechanism here 
is not clearly understood. 

  Some  a utoimmune  d iseases  h ave  s trong 
 a ssociation with  c ytokine  g ene 
 p olymorphisms 

 Since cytokines, through interaction with their ligands, 
orchestrate the immune response, it is possible that dysregu-

Hashimoto thyroiditis, and those that are  non - organ - specifi c , 
such as systemic lupus erythematosus (SLE). Many diseases 
lie between these two extremes. Conditions in which there 
are circulating immune complexes tend to be systemic, while 
conditions associated with autoantibodies or autoreactive 
T - cell responses are organ - specifi c. However, in general this 
classifi cation tells us nothing about the causes of disease and 
it may be better to classify them into those diseases in which 
there is disturbed selection, regulation or death of T and B 
cells (e.g., mediated by Fas or Fas receptor abnormalities), 
and a second group in which there is abnormal expression 
of an antigen, for example the demyelination syndrome that 
follows gut infection with the bacterium  Campylobacter 
jejuni . This method of classifi cation may help guide 
treatment. 

 The factors that may play a role in the development of 
autoimmune disease include: 
   •      failure of tolerance to self antigens  
   •      infection  
   •      tissue injury  
   •      abnormalities of APCs  
   •      imbalance between proinfl ammatory and anti - infl amma-
tory cytokines  
   •      genetic factors  
   •      variable effector mechanisms, for example production of 
immune complexes, autoantibodies or autoreactive T cells.     

  Role of  g enetic  f actors 

 It has long been recognized that genetic factors play a key 
role in autoimmune disease, the strongest correlation being 
with MHC genes, especially MHC class II. Support for a 
genetic basis comes from a variety of observations. For 
example, autoimmune diseases often cluster within families 
and twin studies show that there is much higher concord-
ance between monozygotic than dizygotic twins: in monozy-
gotic twins the chance of both twins having autoimmune 
disease is higher than in dizygotic twins. Examples of dis-
eases with high concordance rates between monozygotic 
twins include type 1 diabetes, rheumatoid arthritis and SLE; 
the concordance rate for monozygotic twins is around 20% 
and for dizygotic twins it is less than 5%. Some disorders are 
due to mutations in a single gene, for example autoimmune 
polyglandular endocrinopathy with candidiasis and ectoder-
mal dysplasia (APECED) and the autoimmune lymphopro-
liferative disorder. In APECED there is a mutation in the 
gene for an autoimmune regulator protein that is active 
within the thymus. The mutation leads to autoimmunity 
and immune defi ciency. In the autoimmune lymphoprolif-
erative disorder the autoreactivity is due to an inability to 
induce apoptosis of activated lymphocytes following encoun-
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However, one of the actions of IVIg is to attach to Fc recep-
tors on the macrophages, thereby blocking the receptor. 
Once the receptor is blocked it cannot bind antibody bound 
to platelets and the antibody - coated platelets are spared 
destruction by the immune system. 

 Recent reports have highlighted genetic variations in 
Fc γ R genes which alter their ability to recognize and bind 
antibody. The genetics of Fc γ R genes is complex, but 
essentially there are three major types: Fc γ RIA, Fc γ RIIA 
and Fc γ RIIIA. A recent study of Fc γ RIIA suggests that a 
polymorphism in the  FCGR2A  gene may be responsible for 
causing refractory ITP (ITP that responds poorly to treat-
ment). The polymorphism infl uences the effi ciency of the 
receptor to bind with antibody molecules. A similar poly-
morphism in the  FCGR2A  gene has been shown to alter the 
function of the receptor and may predispose individuals to 
autoimmune disease such as ITP, and in those individuals 
developing ITP the disease is more likely to be chronic. 
Human  FCGR2A  - transgenic mice have been shown to have 
a more severe form of ITP than normal mice, which provides 
further evidence that Fc γ RIIA contributes to platelet 
destruction.   

  Mouse  m odels of  a utoimmune 
 d isease 

 These have provided much insight into autoimmune disease 
and to date around 25 genes have been shown to play a role 
in the development of disease, either when the genes are 
deleted or overexpressed. The genes encode cytokines or 
their receptors, costimulatory molecules or proteins involved 
in apoptotic pathways. Whether a mutation within one of 
these critical genes induces disease depends on the genetic 
background of the animal, which would tend to imply that 
other genes can infl uence the phenotype. One other point 
worth noting is that mutations within a gene may be involved 
in more than one clinical disorder. 

 With respect to hematological autoimmune diseases, 
there have been several animal models of ITP, including the 
secondary autoimmune model, where thrombocytopenia is 
secondary to lupus nephritis; the passive transfer model, 
where continuous injection of platelet - specifi c antibodies is 
required to maintain a steady state of thrombocytopenia; 
and the viral acute ITP model, where thrombocytopenia 
develops following a viral infection. Although these models 
have been important in studying treatments such as IVIg, 
they are not ideal for pathophysiological studies since the 
induced thrombocytopenia is either secondary, or there is 
no endogenous antibody production. Recently, however, 
a platelet - specifi c immune model of fetal/neonatal 
alloimmune thrombocytopenia was developed using CD61 

lation of cytokines may play a role in autoimmune disease. 
Indeed, many single - nucleotide polymorphisms (SNPs) 
have been described within cytokine or cytokine receptor 
genes and such SNPs may alter cytokine structure or their 
expression. This may result in overexpression or underex-
pression. In the blood disorder ITP and other autoimmune 
diseases, abnormal cytokine profi les have been described. In 
chronic ITP, IL - 2, IFN -  γ  and IL - 10 levels are increased, sug-
gesting a Th1 activation profi le (Table  23.2 ).   

 Not only do cytokine gene SNPs predispose to disease, but 
data from animal models such as the rheumatoid rat indicate 
that specifi c polymorphisms may determine disease chronic-
ity and severity. In addition, there are data to suggest that 
specifi c genetic polymorphisms may correlate with responses 
to specifi c treatments, but it is probably too early to draw 
fi rm conclusions from such studies.  

  Antibody  F  c   r eceptor  g ene  p olymorphisms 

 For autoimmune blood diseases in which autoantibody -
 opsonized cells are sequestered and destroyed within the 
reticuloendothelial system, there are data from a number of 
studies showing that polymorphisms within the Fc γ  recep-
tors may infl uence disease. Antiplatelet antibodies, as with 
other antibodies, possess two distinct functional compo-
nents: a Fab end, which binds to the targeted antigen, and 
an Fc end, which is recognized by scavenger cells (e.g., mac-
rophages) in the spleen, liver and bone marrow. The recep-
tors on the macrophages that sense the presence of antibodies 
are termed Fc receptors. How well the Fc receptors recognize 
and bind antibody attached to platelets determines, in part, 
how aggressively the platelets are destroyed. Polymorphisms 
of the Fc γ RIIA ( FCGR2A ) gene have been implicated in 
heparin - induced thrombocytopenia, SLE and childhood 
recurrent bacterial infections. 

 Intravenous immunoglobulin (IVIg) is effective in ITP, 
although its mechanisms of action are not fully understood. 

  Table 23.2    Autoimmune diseases in which strong associations 
with cytokine  SNP  s  have been described. 

   Disease  
   Implicated cytokine 
polymorphism  

  Juvenile chronic arthritis    IL - 6  
  Myasthenia and multiple sclerosis    TGF -  β   
  Rheumatoid disease    IL - 10  

   Associations have now been reported for many autoimmune dis-
orders and a full database is provided at  http://www.bris.ac.uk/
pathandmicro/services/GAI/cytokine4.htm    
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burgdorferi . Another example is Epstein – Barr virus (EBV), 
which appears to have a role in the development of SLE, 
from case – control studies using stored serum from patients 
with SLE. Whether signifi cant or not, there is one antigenic 
determinant on EBV that is shared with SLE. However, this 
evidence is fairly circumstantial at present.  

  How  m ight  i nfection  c ause  a utoimmunity? 

 Pathogens may be able to induce autoimmunity through a 
variety of mechanisms: 
   •      production of local infl ammation  
   •      change in reticuloendothelial function, e.g., 
phagocytosis  
   •      production of neoantigens  
   •      molecular mimicry.    

 Local infl ammation can expose costimulatory molecules 
on APCs and lead to the breakdown of T - cell anergy and the 
development of autoimmune disease. Tissue injury may 
result in the production of neoantigens for which an autoan-
tibody may have specifi city. Lastly, in molecular mimicry, 
antigens on microorganisms may resemble those on the host 
tissues such that antibodies produced against the pathogen 
will cross - react with the host tissue. Examples may include 
multiple sclerosis, type 1 diabetes and childhood acute ITP, 
if the antibody produced in a childhood viral infection by 
chance cross - reacts with antigen(s) on the platelet surface. 
Although elegant, there is little apart from circumstantial 
evidence at present to support the existence of molecular 
mimicry in humans.  

  Non -  i nfectious  t riggers 

 Infection may play a role in autoimmune disease, but what 
non - infectious triggers might there be which could induce 
autoimmune disease in susceptible individuals? Hormones 
may play a role since we know that most autoimmune dis-
orders are commoner in women than men, and in mice with 
SLE the administration of estrogens worsens the disease; this 
effect is believed to be due to an alteration of the B - cell 
repertoire. Also in SLE, complement defi ciency (e.g., C1 or 
C4 components) may worsen the disorder. Haptens such as 
drugs can also induce autoimmune disease. For example, 
penicillin acts as a hapten when it binds to the red cell mem-
brane, inducing an autoimmune response that leads 
to autoimmune hemolytic anemia. Complexes formed 
between two proteins may trigger disease. For example, 
celiac disease is an autoimmune disorder in which trans-
glutaminase and its substrate gliadin form a complex that 
induces autoantibody generation against both gliadin and 
transglutaminase.  

(GPIIIa) knockout mice. In this model, fetal platelet antigen 
is the cause of the autoimmunity. With the advent of trans-
genic mice expressing human Duffy and glycophorin anti-
gens, there are now murine models of autoimmune hemolytic 
anemia.  

  Human  s tudies 

 A number of candidate genes have been studied in human 
autoimmune disease, including variants of CTLA - 4. This 
molecule is a natural downregulator of activated T cells. One 
polymorphism within this gene causes a reduction in the 
inhibitory signal normally induced by the CTLA - 4 molecule 
and this polymorphism has been found to be associated with 
human type 1 diabetes, thyroid disease and primary biliary 
cirrhosis. 

  Critical  e vents in the  g eneration 
of  a utoreactivity 

 Since autoimmune diseases are multifactorial, there are 
obviously triggering events within genetically predisposed 
individuals that lead to the development of autoimmune 
disease. Animal models show that if animals genetically sus-
ceptible to autoimmune disease are injected with self anti-
gens from genetically identical animals with an appropriate 
adjuvant (e.g., bacterial), the animal will mount an immune 
response against the self antigen. In humans autoimmune 
disease usually arises spontaneously, although it is accepted 
that there must be triggering events giving rise to the disease 
phenotype. What factors might be responsible for inducing 
autoimmune disease? Several have been proposed, including 
infectious and non - infectious triggers. 

  Environmental  f actors in the  d evelopment 
of  a utoimmune  d isease 

 If the development of autoimmune disease were entirely 
genetic, then we would expect complete or near - complete 
concordance in monozygotic twins. However, the concord-
ance rate for the second twin if the fi rst twin has autoim-
mune disease is less than 50%, which suggests that additional, 
possibly external, factors are required for autoimmune 
disease. Possible external infl uences might include infection. 
Evidence for a role of infection in the development of 
autoimmune disease is provided by disorders such as Lyme 
disease and its associated arthritis. In this condition there is 
cross - reactivity between the pathogen and host tissue anti-
gens. The self protein targeted is leukocyte function - associ-
ated antigen (LFA) - 1, also called CD11a and CD18. LFA - 1 
shares determinants with protein antigens of  Borrelia 
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that loss of tolerance to a self antigen alone is insuffi cient to 
generate the autoimmune disorder. Rather, patients proba-
bly require (i) a specifi c set of genetic determinants (e.g., 
polymorphisms within MHC, CTLA - 4, or other genes); 
(ii) dysregulation of the immune response (involving den-
dritic cells, T or B cells, or all three); and (iii) an environ-
mental trigger. Autoimmune disease arises only when all 
these determinants are present in an individual at one par-
ticular time. This is reinforced by the observation that self -
 reactive lymphocytes are commonly found in normal 
individuals. For example, siblings of patients who have 
autoimmune disorders are more likely to have autoantibod-
ies themselves, albeit at lower titers than their affected sibs, 
but no overt evidence of autoimmune disease  per se , perhaps 
because they have not been exposed to the environmental 
trigger required to tip the balance toward autoimmune 
disease.  

  How  d o  a utoreactive  c ells  i nduce  t issue 
 d amage in  a utoimmune  d isease? 

 This is a large topic which is discussed only briefl y here. In 
autoimmune disease, since the autoantigen is not cleared 

  Epitope  s pread 

 This phenomenon may play a role in some autoimmune 
diseases, and involves the initial generation of autoreactivity 
with subsequent development of chronic autoimmune 
disease. During the process there is a gradual increase in the 
number of autoantigens targeted by T cells; hence there is 
spread to epitopes beyond the initial triggering epitope 
(Figure  23.5 ).    

  Hormonal  i nfl uences 

 Many autoimmune diseases are more common in females, 
particularly in the childbearing years, when hormone levels 
are at their highest. The mechanism whereby the hormonal 
profi le of females infl uences the development of autoim-
mune disease is unknown.   

  Autoimmune  d isease  i s  c omplex 
and  m ultifactorial 

 From studies of autoimmune disease, it is clear that ITP and 
other autoimmune disorders are multifactorial. It is likely 
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     Fig. 23.5      Epitope spread  
 In ITP, for example, platelet glycoproteins are processed and presented to T cells by antigen - presenting cells (APCs). A variety of different 
peptides may be presented by APCs, resulting in multiple T - cell clones, each targeting distinct epitopes on different glycoprotein molecules. 
 Reproduced from Cines DB, Blanchette VS. (2002) Immune thrombocytopenic purpura.  New England Journal of Medicine,   346 , 995–1008.   
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 The etiology of ITP is unknown and the clinical course is 
variable and unpredictable. ITP has an incidence of around 
60 new cases per million population per year in the USA. 
Childhood ITP is generally termed  “ acute ”  since the illness 
is seasonal, typically follows a trivial viral infection or vac-
cination, is transient in most cases and requires no treat-
ment, with spontaneous recovery in 80% of cases. One 
proposed mechanism invoked in childhood ITP is molecular 
mimicry, in which the antibody directed against an invading 
pathogen coincidentally cross - reacts with one of the platelet 
glycoprotein epitopes. As discussed earlier, the normal adap-
tive immune response ceases once the offending pathogenic 
antigen is destroyed, and this might account for the acute 
nature of ITP in childhood. That is to say, once the pathogen 
is eradicated the source of non - self antigen is removed and 
cross - reacting antibody levels fall. 

 In the adult (chronic) form there is usually no obvious 
antecedent illness and most patients have chronic thrombo-
cytopenia; spontaneous recovery is uncommon. In most 
cases of adult ITP the platelet glycoprotein (GP) antigen 
targets are GPIIb/IIIa and GPIb/IX. 

  Etiology 

 It is believed that ITP is most likely due to an inappropriate 
immune response to an environmental trigger; the nature of 
this trigger has not yet been identifi ed. The disorder may 
represent an abnormality of APCs, with an increase in the 
numbers of CD4 +  and CD8 +  cells. It has been increasingly 
recognized that T cells play a signifi cant role in autoantibody 
production and recent data suggest that, in some instances, 
T cells may actually mediate platelet destruction in ITP. 
Furthermore, two new and exciting possibilities have 
emerged in ITP research related to T - cell abnormalities that 
may prove be key to unraveling the pathogenesis of the dis-
order and may also reveal new therapeutic options for ITP. 
It appears that patients with ITP have functionally reduced 
numbers of T - regulatory cells that may relieve T - cell toler-
ance mechanisms and allow platelet autoimmunity to 
proceed, whereas therapeutic removal of B cells in the dis-
order by therapies such as rituximab raises platelet counts 
by actually normalizing these T - cell functional defi ciencies. 
Figure  23.6  highlights the cellular immune abnormalities 
found in patients with ITP.   

 As regards causal genetic abnormalities, most attention 
has focused on the identifi cation of MHC susceptibility 
genes, given their role in determining the nature and specifi -
city of the adaptive immune response. However, the results 
of HLA association studies in ITP have not produced clear 
results. A large analysis focusing on HLA - DR4 gene varia-
tions in more than 100 Japanese patients with ITP reported 
that the DRB1 * 0410 allele was signifi cantly increased in ITP 
patients compared with controls. Moreover, this allele was 

completely from the affected individual, the process tends to 
be prolonged because there is always a supply of autoantigen 
available to keep the process going. Autoantigens, especially 
IgG and IgM, may attach to cell membrane antigens on cells 
and cause local tissue damage. Where the antigens are soluble 
a more systemic disease profi le results. In addition to autoan-
tibody - mediated disease, T cells can themselves directly 
cause disease. When autoantibodies such as IgG and IgM 
attach to blood cells, premature destruction of the cells 
results. Cells involved include red cells, resulting in autoim-
mune hemolytic anemia, white cells, causing neutropenia 
(any white cell may be involved but neutropenia is common-
est) and platelets, inducing thrombocytopenia. Red cell 
attack by IgG antibodies results in premature red cell destruc-
tion by the macrophages of the reticuloendothelial system, 
via Fc γ  receptors. When the autoantibody is IgM, comple-
ment activation occurs and there may be intravascular lysis, 
although more commonly the complement cascade does not 
reach the lytic stage but generally stops at the C3d stage 
because of the presence of complement regulatory proteins. 
However, even with incomplete complement activation, the 
presence of molecules such as C5a generates local infl amma-
tion and tissue damage through activation of cytokines. 
Autoimmune blood cell disorders are discussed below. 

 Rather than cause direct cellular damage, some autoanti-
bodies may activate or block receptors. For example, Graves 
disease is caused by an autoantibody that stimulates the 
thyroid - stimulating receptor, leading to elevated levels of 
thyroid hormones. In myasthenia gravis the autoantibody 
blocks acetylcholine receptors, preventing neuromuscular 
transmission. Other mechanisms of autoantibody and T - cell 
damage also occur, but there is insuffi cient space to discuss 
these here.   

  Idiopathic  t hrombocytopenic 
 p urpura  a s a  m odel of  a utoimmune 
 b lood  d isease 

 ITP is usually an acquired disorder in which platelets are 
coated ( opsonized ) with antiplatelet autoantibodies and 
removed prematurely by the reticuloendothelial system, pre-
dominantly the spleen, leading to a reduced peripheral blood 
platelet count. Of interest, it has been estimated that approx-
imately 40% of patients with chronic ITP have no detectible 
antibodies yet are thrombocytopenic. CD8 +  T cells have 
been linked to the pathogenesis of many autoimmune dis-
eases such as type 1 diabetes, and recently it was shown that 
ITP patients have a CD8 +  T - cell - mediated cytotoxicity that 
induces platelet destruction. At present, however, it is 
unknown whether cell - mediated platelet destruction con-
tributes to the severity of disease or the diffi culty of treat-
ment in some patients with ITP. 
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     Fig. 23.6      Potential stimulatory (solid arrows) and inhibitory (hatched arrows) pathways that may affect the pathogenesis of 
chronic ITP  
 This model assumes that a tolerance event has broken down, allowing autoreactive T and B cells to be present. (A) Platelets are normally taken 
up by macrophages during senescence and are presumably destroyed intracellularly within lysosomes. Infl ammatory stimuli can activate 
macrophages that may alter the way they normally process platelet autoantigens or induce the expression of infl ammatory cytokines (e.g., IL - 1) 
that may support autoimmune responses. (B) In the activated APC, platelet autoantigenic peptides can be loaded onto MHC class II molecules 
for presentation to the T - cell receptor (TCR) of autoreactive Th cells. (C) Once the TCR has been occupied by the MHC class II molecules and 
platelet autoantigen, it can initiate a series of molecular costimulatory interactions within the T cell. First, CD40L upregulated on the T - cell 
surface interacts with CD40 on the APC that stimulates B7.1 and B7.2 expression. The TCR – MHC interaction also enhances CD28 expression 
on the Th cells that then interact with the B7.1, culminating in a strong costimulation response and activation of the Th cell. (D) Th activation 
leads to the secretion of Th0/Th1 cytokines (e.g., IL - 2, IL - 10, IFN -  γ ) that effectively drive autoreactive B cells to divide and differentiate into 
plasma cells and secrete antiplatelet autoantibodies. Also shown are a number of potential regulatory events that could either enhance or 
suppress autoimmunity in ITP. For example, macrophage colony - stimulating factor (M - CSF) can activate macrophages within the spleen to 
enhance their phagocytosis of platelets. Additionally, IFN -  γ  and TNF -  α  produced by the autoreactive Th cells can feed back on macrophages, 
enhancing their expression of MHC class II molecules and potentially aggravate the response. On the other hand, transforming growth factor 
(TGF) -  β  (produced by either Th3 cells or platelets) together with the Th cell ’ s soluble IL - 2 receptor can control the autoimmune response by 
inhibiting lymphocyte activation. This may also occur during costimulation via the expression of CTLA - 4 on the Th cell. Also shown are the 
potential interactions of MHC class II -  and CD40L - positive platelets with Th and B cells activation respectively. These events may be responsible 
for initiating and/or aggravating autoimmunity in patients with AITP. (E) Recent evidence suggests that CD8 +  T cells are active and present in 
patients with ITP that do not demonstrate autoantibodies. These cytotoxic cells bind to platelets and mediate cytolysis. (F) It appears that many 
of the defects shown in the fi gure may be the result of defective or lack of CD4 + CD25 +  T regulatory (Treg) cells due to a breakdown in self 
tolerance.  Adapted from Coopamah MD, Garvey MB, Freedman J, Semple JW. ( 2003 ) Cellular immune mechanisms in autoimmune 
thrombocytopenic purpura: an update.  Transfusion Medicine Reviews ,  17 , 69 – 80, with permission.   
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for unknown reasons platelet - associated IgG may be ele-
vated in other non - immunological causes of thrombocyto-
penia. The autoantibodies involved in ITP are generally IgG, 
but IgA and IgM autoantibodies have been reported. 
Opsonized platelets are removed prematurely by the reticu-
loendothelial system through an Fc - dependent mechanism. 
However, many patients fail to respond to therapies aimed 
at inactivation of the reticuloendothelial system, suggesting 
that other mechanisms of platelet destruction exist.  

  Antigenic  t argets 

 Using antigen - specifi c assays, such as the monoclonal anti-
body - specifi c immobilization of platelet antigens, platelet -
 associated IgG and antigen capture assays, several platelet 
antigens have been characterized. These include GPIIb/IIIa 
( α IIIb β 3, the fi brinogen receptor) and GPIb/IX (the von 
Willebrand receptor), which appear to be the most fre-
quently involved. Less commonly, GPIa/IIa, GPIV and GPV 
are involved. Recent reports suggest that possibly 40% of 
autoantibodies are reactive to both GPIIb/IIIa and GPIb/IX, 
possibly due to the serum in some patients with ITP contain-
ing two different IgG antibodies. In terms of disease chronic-
ity, GP - specifi c autoantibodies may be important in the 
pathogenesis of chronic ITP; from available data GPIIb/IIIa 
appear to play a major role in the development of chronic 
ITP in 30 – 40% of cases.  

  Which  e pitopes  a re  i nvolved? 

 Previous investigators have looked for autoantigenic epitopes 
on the GPIIb/IIIa molecule using competitive binding 
between human autoantibodies and mouse monoclonal 
antibodies. In addition, enzyme - cleaved IIb or IIIa frag-
ments and synthesized peptides corresponding to different 
sequences of GPIIIa have been used to localize epitopes on 
the respective glycoprotein. 

 Kekomaki and colleagues have shown that the 33 - kDa 
chymotryptic core fragment of IIIa is a frequent target. 
Fujisawa and colleagues, using synthetic peptides corre-
sponding to IIIa sequences, showed that in 5 of 13 sera from 
patients with chronic ITP binding was to residues 721 – 744 
or 742 – 762, corresponding to the carboxy terminal of IIIa. 
Recently, Nieswandt and colleagues have examined the 
pathogenic effects of IgG monoclonal antibodies of different 
IgG subclasses against murine GPIIb/IIIa, Ib α , Ib/IX, V and 
CD31. Their data suggest that, at least in mice, the antigenic 
specifi city of the antiplatelet antibodies determines the path-
ogenic effects rather than the IgG subclass. They also dem-
onstrated that antibodies against GPIb/IX caused 
thrombocytopenia through an Fc - independent mechanism, 
while that from autoantibodies against GPIIb/IIIa involved 

signifi cantly decreased in patients who showed a good 
response to prednisolone. MHC may therefore play a role in 
some cases of ITP but there are clearly other genes impli-
cated. These include genetic polymorphisms within cytokine 
and other immune regulatory genes.  

  Clinical  f eatures 

 The ITP phenotype is heterogeneous: some patients 
suffer major bleeding from the outset, while others have 
few problems apart from an increased tendency to bruise. 
This may partly be explained by the acquired platelet dys-
function that is seen in some patients with ITP, which in 
turn may be related to the target antigen involved in the 
autoimmune process (this is discussed later;  see section 
Antibodies and their target antigens ). Autoantibodies reacting 
with GPIIb/IIIa affect platelet aggregation, and anti - GPIb/
IX autoantibodies impair platelet adhesion to the suben-
dothelial matrix, causing unexpectedly severe bleeding for 
the level of platelet count. In general, however, in contrast 
with thrombocytopenia due to marrow infi ltration (e.g., 
leukemias, lymphomas and other malignancies) or aplasia, 
patients with ITP are able to tolerate remarkably low platelet 
counts and to maintain an adequate quality of life. The 
degree of bleeding is largely dependent on the platelet count, 
and patients with counts below 10    ×     × 10 9 /L (and usually 
below 5    ×    10 9 /L) are at greatest risk of bleeding, including 
intracranial bleeding.  

  Diagnosis 

 The diagnosis of ITP remains clinical, and one of exclusion. 
Secondary causes include SLE, lymphoproliferative disease 
and HIV infection. Standard investigation includes a full 
blood count (isolated thrombocytopenia), blood fi lm (to 
ensure no red cell fragments, leukemia, parasitic infections) 
and autoimmune profi le (to exclude secondary cause). A 
bone marrow examination is often carried out in adults but 
not usually in children, and will usually show normal or 
increased megakaryocytes in an otherwise normal marrow. 
Immunological assays have been devised, including platelet -
 associated IgG or IgM and monoclonal antibody immobili-
zation of platelet antigens, but these do not alter the 
management and are of debatable value.  

  Antibodies and  t heir  t arget  a ntigens 

  Antiplatelet  a ntibodies 

 Many patients with ITP show elevated levels of platelet -
 associated IgG, which is believed to be the autoantibody, but 
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primarily the amino - terminal portion of the two chains 
(GPIIb α  18 – 259 and GPIIIa 22 – 262) and that these mole-
cules also stimulated the production of antiplatelet autoan-
tibodies. Ultimately, the GPIIIa molecule has been mapped 
for CD4 +  T - cell specifi cities by using 15 - mer peptides of the 
GPIIIa chain and this has revealed several immunodominant 
peptides spanning the entire breadth of the molecule. What 
was particularly intriguing was that despite a lack of HLA 
association observed in many studies of patients with ITP, 
some patients apparently recognize common elements on 
the GPIIIa molecule. This may suggest that either a host 
(e.g., antigen processing) or environmental (e.g., infection) 
factor could be responsible for generating a common 
autoepitope that is presented to T cells across different HLA. 
If this were true, it would be an effi cacious way of developing 
peptide antigen - specifi c T - cell therapies for autoantibody 
production and subsequent platelet destruction in ITP.   

the Fc system. Further work is clearly needed in order to 
determine the signifi cance of all these fi ndings, which may 
translate into stratifi cation of patients into those in whom 
Fc receptor blockade or inactivation is a useful option, and 
those in whom it is not. 

 At the T - cell level, it has been demonstrated that T cells 
from Japanese patients with chronic ITP could proliferate  in 
vitro  in response to disulfi de - reduced GPIIb/IIIa or the mol-
ecule ’ s tryptic peptides. This suggested that autoreactive 
CD4 +  Th cells in chronic ITP need to recognize a modifi ed 
GPIIb/IIIa molecule, implying that antigen - processing 
mechanisms within recipient APCs may be required to 
present GPIIb/IIIa autoantigens in the context of self 
HLA - DR molecules. Subsequently, mapping studies using 
six large ( ∼ 200 amino acids) recombinant fragments encod-
ing different portions of the GPIIb α  and GPIIIa chains 
showed that the T cells from patients with ITP recognized 
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     Fig. 23.7      Standard and novel treatment strategies in ITP  
 Standard treatments include corticosteroids, intravenous immunoglobulin, danazol and vinca alkaloids. Their sites and modes of action are 
illustrated. New therapies include monoclonal antibodies against CD154 (CD40 ligand) and CD20 (on B cells, leading to transient B - cell 
depletion).  Reproduced from Cines DB, Blanchette VS. (2002) Immune thrombocytopenic purpura.  New England Journal of Medicine,   346 , 
995–1008.   
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  Campath - 1 H  

 Campath - 1H is a humanized IgG monoclonal antibody that 
targets the CD52 antigen, present on mature human lym-
phocytes (T and B cells) and monocytes. Campath - 1H is 
effective in the treatment of malignant B - cell disorders, espe-
cially B - cell chronic lymphocytic leukemia, in which it has 
been shown to be effective in clearing lymphocytes from 
both blood and bone marrow. 

 Campath - 1H has been used in a variety of autoimmune 
diseases, including rheumatoid arthritis, vasculitis and 
Wegener granulomatosis. There is ongoing interest in the 
use of Campath - 1H for the treatment of autoimmune hema-
tological disease that is refractory to fi rst -  and second - line 
therapies. One recent study of the use of Campath - 1H in 
autoimmune neutropenia, autoimmune hemolytic anemia, 
pure red cell aplasia, immune thrombocytopenia and com-
bined hemolytic anemia and ITP (Evans syndrome) has 
shown responses in 15 of 21 patients treated; in six patients 
the response was sustained. Campath - 1H therefore appears 
to be an effective agent in severe refractory autoimmune 
disease. The drug is well tolerated, but because it can 
precipitate bleeding during administration it should not 
be given in the presence of active bleeding (or active 
infection).  

  Anti -  CD 20  m onoclonal  a ntibody  t herapy 

 Rituximab, a genetically engineered chimeric human/mouse 
anti - CD20 monoclonal antibody, has been developed as a 
treatment for B - cell lymphoproliferative disease (non -
 Hodgkin lymphoma). The antibody is an IgG  κ  immu-
noglobulin comprising murine light -  and heavy - chain 
variable - region sequences and human constant - region 
sequences. The antigen - binding domain binds to the CD20 
antigen on B cells while the Fc domain mediates B - cell lysis 
through recruitment of immune effector cells. Because of its 
specifi city for B cells, rituximab has been viewed as a poten-
tial treatment for autoimmune disease, the rationale being 
the reduction or elimination of autoantibody - producing B 
cells with concomitant improvement of the autoimmune 
disease. A recent study by Stasi and colleagues reports on the 
effi cacy of rituximab in the treatment of 25 patients with 
chronic refractory ITP. Patients were treated if their platelet 
counts were below 20    ×    10 9 /L irrespective of symptoms, or 
at higher platelet counts if bleeding or bruising was prob-
lematic. All patients had received between two and fi ve pre-
vious treatments; eight had failed splenectomy. Rituximab 
was administered in the same manner and dose as that used 
in non - Hodgkin lymphoma. After four courses, 40% of 
patients achieved a platelet count of at least 50    ×    10 9 /L; fi ve 
achieved complete remission (platelets  > 100    ×    10 9 /L) and 

  Standard  t reatment 

 There is a lack of clinical trial data to help guide treatment 
and our energies should now be focused on constructing 
high - quality randomized trials in order to determine the 
most effective therapy in this disorder. Therapy is seldom 
necessary for patients whose platelet counts exceed 20 –
 30    ×    10 9 /L and in whom there are few spontaneous bleeding 
episodes, unless they are undergoing any procedure likely to 
induce blood loss. Standard treatments, including oral pred-
nisolone, IVIg and splenectomy, will elevate the platelet 
count suffi ciently in most adults (Figure  23.7 ). However, 
some 20 – 25% of adults with ITP are refractory to fi rst - line 
therapy.   

  Chronic  r efractory  ITP  

 This defi nes those patients who fail to respond to fi rst - line 
treatment or require unacceptably high doses of corticoster-
oids to maintain a safe platelet count. A number of agents 
have been used as second - line therapy for ITP, including 
high - dose steroids, high - dose IVIg, intravenous anti - D, 
vinca alkaloids, danazol, azathioprine, combination chemo-
therapy and dapsone.    

  Targeted  v ersus  u ntargeted  t herapies 
for  a utoimmune  d isease 

 Until now most of our treatments for autoimmune disease 
have been untargeted and unselective in their modes of 
action. In disorders such as ITP the therapeutic aim has been 
to induce global immunosuppression in the hope that, as 
part of this process, the ITP - related component of the 
immune system will be suppressed and that this will help 
reduce the quantity of autoantibody produced. For anti-
body - mediated autoimmune diseases, what remains unclear 
is whether the B - cell population that is generating the 
antiplatelet autoantibody is the primary problem, or whether 
events downstream, such as those involving antigen pre-
sentation or T - cell regulation, are disturbed, and simply 
driving the passive B cells, resulting in the autoantibody 
phenotype. 

 Now that we have a clearer understanding of the immu-
nological mechanisms involved in autoimmune disease, we 
have started to develop more targeted therapies. We are now 
developing treatments designed to target T cells, B cells and 
other effectors within the immune system. For ITP these 
include Campath - 1H and anti - CD20. Although these agents 
are not entirely specifi c because they deplete the B - cell com-
partment, they should reduce the quantity of autoantibody 
produced. Other therapies which may be of benefi t in ITP 
are mycophenolate mofetil and anti - CD40 ligand. 
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  Costimulatory  b lockade 

 Therapies such as Campath - 1H and anti - CD20 may not 
produce lasting remission if the autoimmune B cells are 
driven by dysregulated T cells, and a novel agent, CTLA - 4 -
 Ig, has been evaluated in psoriasis in an attempt to block 
T - cell costimulation, thereby inducing anergy in the T - cell 
compartment. CTLA - 4 - Ig, a fusion protein between CTLA -
 4 and the Fc portion of human immunoglobulin, binds to 
B7 - 1 and B7 - 2, blocking T - cell costimulation (Figure  23.8 ). 
This small trial showed that, at least within this group of 
patients, CTLA - 4 - Ig was able to improve the disorder and 
was shown to be safe. CTLA - 4 - Ig may have applications 
within other autoimmune disorders, including ITP. If a drug 
such as CTLA - 4 - Ig were shown to be effective in ITP, not 
only would it provide an additional targeted treatment 
modality, but would also provide useful evidence of T - cell 
dysfunction in this disease. Interestingly, the CTLA - 4 gene 
has been mapped as a susceptibility gene in autoimmune 
thyroid disease and type 1 diabetes in humans.    

  Other  o ptions:  Helicobacter  p ylori  
 e radication 

 This 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 
tumors and in some autoimmune disorders. Previous studies 
of  H. pylori  in ITP showed improvement in platelet counts 
after eradication of the bacterium in patients shown to be 
positive for  H. pylori . More recently, Emilia and colleagues 
looked for the presence of  H. pylori  in 30 patients with 
chronic refractory ITP.  Helicobacter pylori  was found in 13 
of 30 patients (43.3%). Standard triple therapy for  H. pylori  

fi ve partial remission (platelets 50 – 100    ×    10 9 /L). Responses 
were seen during treatment with rituximab, with a peak 
response up to 4 weeks after the end of treatment; 28% had 
responses that lasted for more than 6 months. 

 The results suggest that the use of rituximab resulted in 
responses similar to those given by other second - line agents 
used in ITP (including vinca alkaloids, cyclophosphamide 
and azathioprine), around 40 – 50%, but sustained responses 
to these agents is usually seen in fewer than 20% of patients 
(i.e., lower than for rituximab). Rituximab would appear to 
be useful for some patients with chronic symptomatic refrac-
tory ITP in whom there is a defi nite need to elevate the 
platelet count to a safe level. 

 The mechanism of action of rituximab in ITP has been 
assumed to be due to selective depletion of CD20 +  B cells 
that subsequently affects autoantibody development. This 
concept was recently shattered when it was demonstrated, 
using a variety of sophisticated techniques to analyze T - cell 
parameters, that only when the abnormal T - cell subsets were 
normalized was rituximab therapy effective. The reasons for 
these results are not clear, but may relate to how B - cell 
populations may be either important in maintaining auto-
reactive T - cell activation patterns or, by decreasing the total 
mass of B cells, may cause a collapse of autoreactive T - cell 
stimulation and normalization of the T - cell repertoire even 
as the B cells begin to return months after the therapy. What 
is perhaps more enlightening is the demonstration that the 
abnormal Treg populations are indirectly targeted by rituxi-
mab therapy; the anti - CD20 treatment reverses the Treg 
defi ciency in patients with ITP and normalizes the autoim-
munity. Taken together, these studies truly lend credence to 
the notion that attacking T cells in ITP, even indirectly by 
the destruction of B cells, is perhaps the only way to reduce 
platelet destruction effectively.  
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     Fig. 23.8      Costimulatory blockade may be benefi cial in some autoimmune diseases  
 CTLA - 4 linked to human immunoglobulin Fc (CTLA - 4 - Ig) blocks the critical second signal between antigen - presenting cells and T cells, resulting 
in T - cell anergy. This should result in a reduction in antibody production and amelioration of disease if the autoimmune disease is antibody -
 mediated. CTLA - 4 - Ig treatment has been shown to be of benefi t to patients with psoriasis. Similarly, anti - CD40 ligand also blocks the second 
signal with similar results, and has been shown to be of value in refractory ITP.  
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  Rheumatoid  a rthritis and 
 b lockade of  TNF  -  alpha  

 Disease - modifying therapies, designed to reduce deformity 
in rheumatoid disease, have been around for a number of 
years. Methotrexate is one of the main agents in this cate-
gory. Bone destruction in rheumatoid disease is partly medi-
ated by macrophages through an infl ammatory process. 
With our increased understanding of cytokines and their 
interactions, specifi c modulators of the immune response 
have been developed. Because TNF -  α  plays a key role in the 
infl ammatory response, antibodies against TNF -  α  have been 
developed and shown to be of value. To date, two antibodies 
appear promising: the fi rst is a TNF -  α  receptor – IgG1 fusion 
protein, etanercept; the second, infl iximab, is a monoclonal 
antibody directed against TNF -  α  itself. This form of therapy 
also appears to have a place in the management of other 
autoimmune diseases, such as Crohn ’ s disease, psoriatic 
arthropathy and ankylosing spondylitis. 

 Another cytokine involved in the pathogenesis of rheu-
matoid disease is IL - 1. Blockade of the IL - 1 receptor using 
a recombinant antagonist may slow down the development 
of erosive bone disease but from available data this appears 
to be less effective than TNF -  α .  

  Multiple  s clerosis 

 IFN -  β  has recently been introduced for the treatment of 
multiple sclerosis and the available study data indicate that 
it may delay the onset of the disease if started immediately 
after the patient ’ s fi rst attack of optic neuritis.  

  Psoriasis 

 This autoimmune skin disorder has been treated by TNF -  α  
blockade with and without methotrexate. Other agents used 
in small clinical trials include IL - 10 and CTLA - 4 - Ig; the 
latter molecule is a recombinant protein comprising the 
extracellular domain of CTLA - 4 linked to the constant 
region of IgG1. CTLA - 4 - Ig downregulates activated T cells 
and prevents activation of naive T cells. CTLA - 4 - Ig was well 
tolerated in a small trial conducted by Bristol - Myers - Squibb 
and the patients ’  skin condition improved by more than 
50%. Further studies are required to confi rm safety and 
effi cacy. 

 There are studies of other agents used in the treatment of 
autoimmune disease but there is insuffi cient space to discuss 
these here. However, it would appear that our knowledge of 
immunity and autoimmunity is now being used to design 
more subtle and specifi c treatments for patients with autoim-
mune disease. It is expected that these treatments will reduce 
immunosuppression, morbidity and mortality and offer 

eradication resulted in a complete response in 4 of 12 patients 
in whom the bacterium was eradicated, and partial response 
in 2 of 12 (16.6%). The responses were maintained for a 
median of 8.33 months. In addition, there are other anecdo-
tal reports of improvements in platelet counts in adults and 
children with ITP after eradication of  H. pylori . Larger 
studies are required to confi rm these earlier fi ndings, but 
from the available data triple therapy appears to offer a non -
 immunosuppressive therapy for patients with refractory ITP 
and possibly other autoimmune diseases. 

 On the other hand, platelets express Toll - like receptor 
(TLR)4 and this has been shown to be responsible for the 
thrombocytopenia induced by lipopolysaccharide adminis-
tration  in vivo . It now appears that bacterial products such 
as lipopolysaccharide together with IgG bound to platelets 
can signifi cantly enhance Fc - mediated platelet phagocytosis 
by mononuclear phagocytes. This suggests that infectious 
agents, in combination with antiplatelet antibodies, could 
affect platelet destruction  in vivo  and may be at least one 
explanation of why thrombocytopenia worsens in some 
patients with ITP during infections and, alternatively, 
resolves in other patients with ITP who are treated with 
bacterial eradication therapy.   

  Novel  t herapies for the  t reatment 
of  o ther  a utoimmune  d iseases 

 Human and animal studies have been helpful in learning 
how the immune system works in both health and disease, 
but can such information be translated into better patient 
care? Until recently the treatment strategy for autoimmune 
diseases has been to induce global immunosuppression in 
the hope that the autoimmune process may be abrogated or 
stopped. In some cases treatment is effective but it is clear 
from longitudinal follow - up studies of patients with ITP that 
there is very signifi cant morbidity and mortality associated 
with our current treatments. Infection plays a major role in 
the death of patients with autoimmune disease, and such 
fatalities are usually induced by immunosuppression. Now 
that we have a better understanding of the components of 
the immune system and how these interact in disease, we 
should be able to develop targeted therapies that aim to 
modify specifi c components of the immune system while 
leaving most of the immune system intact and able to fi ght 
infection. 

 Such therapeutic advances are in fact being made, and 
many of these have been developed through knowledge con-
cerning specifi c components of the immune system in 
disease. We have now been able to develop targeted therapies 
for rheumatoid disease, multiple sclerosis, psoriasis, diabetes 
and systemic lupus. We discuss each of these briefl y in turn. 
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modern solutions to these otherwise intractable diseases. No 
doubt the future will see even more designer drugs being 
developed for this fascinating group of diseases.   

  Conclusions 

 Autoimmune diseases are complex immunological disorders 
affecting 5% of the population. Until recently our under-
standing of the pathogenesis and treatment of these disor-
ders was severely limited. However, with greater 
understanding of the immune system in health and autoim-
mune disease we are able to identify underlying abnormali-
ties leading to the develop of autoimmunity. With this new 
knowledge we have been able to modify our therapies by 
replacing non - selective immunosuppressive treatment with 
more subtle targeted therapies.  
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    Plate 15.1      Renal medulla of transgenic mice expressing  β  S  and 
 β  S - Antilles   
 Note the extensive obstructive aggregation of sickle red cells in the 
renal medullary vasculature.  

    Plate 15.2      Hb C tetragonal crystals   

    Plate 15.3      Percoll density gradients of AA, CC and SC red cells  
 This shows the separation of red cells by density. Light - density cells are on top, high - density cells on the bottom. Note that SS blood has 
normal - density red cells as the largest compartment, then some very dense cells, and some intermediate - density cells between the two. In 
contrast, all the cells of the CC patients are denser than normal red cells. The SC red cells are intermediate.  
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    Plate 15.4      SC red cells from a double - stained smear  
 This blood smear is from a patient with Hb SC and is stained with Wright ’ s and reticulocyte stain. Note the fl at thin cells (which generate 
target cells), folded cells and those with intracellular tetragonal crystals (arrows).  



    Plate 16.1      P. falciparum   erythrocyte membrane protein (PfEMP)1 and pathology  
 PfEMP1 expressed on the surface of mature red blood cells infected with  P. falciparum  undergoes clonal antigenic variation and can bind to 
many host receptors through its multiple adhesion domains. The different properties of PfEMP1  –  sequestration for evading clearance in the 
spleen and antigenic variation for evading antibody - dependent killing  –  contribute to the virulence and pathogenesis of  P. falciparum  and are 
essential for survival of the parasite. Parasite sequestration in the brain and placenta contribute to the complications of cerebral malaria and 
placental malaria, respectively. Simultaneous binding to several receptors, binding of uninfected erythrocytes (rosetting), and clumping of 
infected erythrocytes through platelets are associated with the pathogenesis of malaria. Parasite - infected red blood cells binding to dendritic 
cells downregulates the host immune response. HA, hyaluronic acid; TSP, thrombospondin; ELAM - 1, endothelial/leukocyte adhesion molecule 
1; P - Sel, P - selectin; VCAM - 1, vascular cell adhesion molecule 1; PECAM (CD31), platelet endothelial cell adhesion molecule 1; CR1, 
complement receptor 1; HS - like GAGs, heparin sulfate - like glycosaminoglycans. From Miller LH, Baruch DI, Marsh K, Doumbo OK. (2002) The 
pathogenic basis of malaria.   Nature ,  415 , 673 – 679, with permission.   
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    Plate 16.2      Pathogenesis of malarial anemia  
 Severe malarial anemia is characterized by destruction of infected red blood cells (iRBC) following schizogony and clearance of both iRBCs and 
uninfected RBCs. During malarial infection, ring surface protein (RSP) - 2 may be deposited on the membrane, immune complexes may be 
absorbed and senescent - type changes may occur. The resultant immune complexes of RBCs, antigen and immunoglobulin, e.g., RBC   :   RSP2   :   Ig, 
are cleared by splenic macrophages (M Ø ). Pigment - containing macrophages may release infl ammatory cytokines and other biologically active 
mediators such as 4 - hydroxynonenal. Macrophage inhibitory factor (MIF) may be released by macrophages or a plasmodial homolog may 
suppress erythropoiesis. Malarial pigment or other parasite products may have a direct inhibitory effect on erythropoiesis. Inhibition of 
erythropoiesis may be at one or more sites in the growth and differentiation of hematopoietic progenitors. Both indirect and direct effects may 
cause suppression of the bone marrow and spleen, resulting in inadequate reticulocyte counts for the degree of anemia. EPO, erythropoietin; 
GPI, glycosylphosphatidylinositol anchors of merozoite proteins; Hz, hemozoin.  
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    Plate 17.1      Initiation and propagation of blood coagulation  
 Blood coagulation takes place on the surface of cell membranes where enzymes and cofactors form complexes that effi ciently convert their 
respective proenzyme substrates to active enzymes. The exposure of tissue factor (TF) to blood with subsequent binding of FVII/FVIIa and 
activation of FIX and FX initiates the reaction sequence. The subsequent assembly of tenase (FIXa/FVIIIa) and prothrombinase (FXa/FVa) 
complexes on the surface of negatively charged phospholipid membranes (mainly provided by platelets) results in amplifi cation, propagation of 
the process and the generation of high concentrations of thrombin (T). Thrombin feedback activates FVIII (circulates in complex with von 
Willebrand factor, VWF) and FV.  
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    Plate 17.2      Molecular model of FVa highlighting its interactions with FXa and APC  
 FVa is shown as a solid surface (domains A1, green; A2, cyan; A3, brown; C1, pink; C2, purple) and FXa as an orange ribbon. The virtual 
membrane is represented as a gray box. (a) FVa/FXa complex with FVa residues probed experimentally to be important for FXa binding shown 
in white. (b) APC approaching the cleavage site at Arg506. The two main cleavage sites of APC (Arg306 and Arg506) are indicated in red. The 
serine protease domain of APC is shown as a blue ribbon. Segers K, Dahlb ä ck B, Nicolaes GA. (2007) Coagulation factor V and thrombophilia: 
background and mechanisms.   Thrombosis and Haemostasis ,  98 , 530 – 542, with permission.   
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    Plate 17.3      Activation of protein C by 
thrombin – thrombomodulin  
 Thrombomodulin (TM) serves as a 
cofactor to thrombin (T) in the 
activation of protein C. It is present on 
all endothelial cells. Endothelium also 
contains the endothelial protein C 
receptor (EPCR) that binds the Gla 
domain of protein C and helps present 
protein C to the T/TM complex. 
Activated protein C (APC) remains in 
the bloodstream to control coagulation 
reactions.  
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    Plate 17.4      Degradation of FVa and 
FVIIIa by APC  
 Both FVa and FVIIIa are cleaved and 
inhibited by APC in phospholipid 
membrane - bound reactions that also 
involve cofactors to APC. Protein S and 
APC are suffi cient to inhibit FVa, whereas 
the regulation of FVIIIa additionally 
includes FV, which in this situation serves 
as cofactor to APC.  
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    Plate 20.1      Platelet thrombus formation  
 Following vessel wall injury, the matrix of the subendothelium is exposed. Under high - shear conditions, platelets adhere and become tethered 
via GPIb – V – IX on platelets binding to von Willebrand factor (VWF) in the matrix. This interaction starts platelet activation but also brings 
platelets into contact with the subendothelium, allowing other receptors, such as GPVI, to interact with collagen and enhance activation. Under 
static or low - shear conditions, the GPVI – collagen interaction is mainly responsible for the initial activation. Platelet activation brings additional 
receptor – ligand interactions into play, such as  α 2 β 1 – collagen, since this receptor does not bind in the resting state. Platelet activation also 
leads to shape change, release of granule contents, activation of other receptors, such as  α IIb β 3, and exposure of negatively charged 
phospholipids, critical for procoagulant activity. Binding of VWF and fi brinogen to GPIb – V – IX and  α IIb β 3 on adjacent platelets leads to platelet 
aggregation and the formation of a thrombus.  
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    Plate 20.2      Structure of the GPIb – V – IX complex  
 GPIb α  is linked via disulfi de bridges to two GPIb β  molecules and this complex is non - covalently associated with GPIX and GPV in the ratio of 
2   :   4   :   2   :   1. Mutations and deletions leading to Bernard – Soulier syndrome and platelet - type von Willebrand disease are described in the text. 
Mutations affecting cytoskeletal molecules such as fi lamin - 1 and myosin heavy chain IIA, which interact directly or indirectly with GPIb complex, 
can also lead to giant platelet syndromes.  
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    Plate 20.3      Structure of the GPVI complex  
 GPVI is linked via a salt bridge to Fc γ R, which provides most of the signaling to the platelet cytoplasm. The position of mutations leading to 
decreased expression and of polymorphisms thought to affect function are indicated. Activation of GPVI by autoantibodies can lead to 
coactivation of matrix metalloproteases and loss of GPVI by cleavage.  
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    Plate 20.4      Structure of the  α IIb β 3 complex  
 This major platelet integrin is shown in the activated state. The various structural domains are labeled. Cytoskeletal proteins associated with the 
cytoplasmic domain of  β 3 in the activated state are shown.  
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    Plate 21.1      Reverse PCR - SSOP techniques for HLA typing  
 (a) Tepnel LIFECODES kit. (b) One Lambda LABType kit.  
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    Plate 21.2      Fc γ RIII (CD16)  
 The low - affi nity receptor for aggregated IgG is encoded by the  FCGR3B  gene on chromosome 1.  
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    Plate 24.1      Binding of recombinant human EPO and darbepoetin to the EPO receptor  
 (a) Epogen (yellow/green helical structure) contains three N - linked carbohydrates (green balls) that are attached to the EPO protein at regions 
that are not involved in binding to the EPO receptor (blue colored dimer). (b) Aranesp has two additional N - linked glycosylation carbohydrates 
(red), resulting in an erythropoiesis - stimulating protein with longer half - life and improved  in vivo  effi cacy.  
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    Plate 24.2      Structure and pharmacokinetics of Neulasta (pegfi lgrastim  )  
 (a) Human G - CSF is a 175 - amino - acid glycoprotein with a molecular mass of 19   kDa. To extend the half - life of Neupogen in the circulation, a 
20 - kDa linear polyethylene glycol (PEG) moiety was covalently attached to the N - terminus of the protein. (b) Serum concentrations following a 
single subcutaneous injection of fi lgrastim (open squares; 5    μ g/kg) or pegfi lgrastim (solid circles; 60    μ g/kg) in healthy human volunteers ( N    =   8 
per group). The longer half - life of pegfi lgrastim as a result of increasing its hydrodynamic size to eliminate renal clearance is evident. Adapted 
from Roskos LK  et al . (1999) A cytokinetic model describes the granulopoietic effects of r - metHuG - CSF - SD/01 and the homeostatic regulation 
of SD/01 clearance in normal volunteers.   Clinical Pharmacology and Therapeutics ,  65 , 196, with permission.   
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    Plate 24.3      Structures of thrombopoietin (TPO) and synthetic c - mpl ligands  
 (a) Native TPO is a 332 - amino - acid glycoprotein with a molecular mass of 60 – 70   kDa. It is the major humoral regulator of platelet production. 
(b) Nplate (romiplostim) is a 60 - kDa synthetic  “ peptibody ”  that does not share any amino acid homology to native TPO. It comprises a human 
immunoglobin Fc domain linked via polyglycine to two divalent mpl - binding peptide regions. The Fc component extends the half - life of the 
drug in the circulation, while the peptide  “ warhead ”  binds to the TPO receptor, c - mpl, and activates signaling. (c) Promacta (eltrombopag) is 
an orally bioavailable hydrazone small molecule with a molecular mass of 546   Da. Unlike TPO and Nplate, which bind the extracellular domain 
of c - mpl, Promacta is reported to bind to the transmembrane region of c - mpl. From Kuter DJ. (2007) New thrombopoietic growth factors. 
  Blood ,  109 , 4607 – 4616.  ©  American Society of Hematology.   
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    Plate 30.1      Hematopoiesis: niche and 
mobilization  
 HSC, hematopoietic stem cells; OB, 
osteoblast; OC, osteoclast.  
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    Plate 30.2      Mechanisms of 
allorecognition   
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    Plate 30.3      Mechanisms of 
transplantation tolerance   



    Plate 30.4      Strategies to separate GVHD from GVL   
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    Plate 30.5      Minor histocompatibility 
antigens in GVHD and GVL   
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  Introduction 

 Blood cell generation, or hematopoiesis, is one of the most 
well - studied physiological processes and serves as a para-
digm for stem cell biology and the regulation of self - renew-
ing tissues. The primary function of blood cells is oxygenation 
of tissues but an important secondary function is combating 
infection via both cell - based and humoral mechanisms. 
During normal hematopoiesis in humans, approximately 
250 billion new blood cells are produced each day to replace 
those lost through natural aging processes. During  “ stress 
hematopoiesis, ”  which can be stimulated for example by 
hypoxia, traumatic blood loss or disease, the number of cells 
required to meet physiological demands can expand rapidly 
by more than 10 - fold. The capacity for this remarkable 
expansion while maintaining the appropriate balance 
between the various types of specialized blood cells resides 
in a complex hierarchy of cellular elements found mainly in 
the bone marrow. At the apex of this hierarchy lies a rela-
tively small population of around 50 million pluripotent 
hematopoietic stem cells (HSCs). Upon execution of a series 
of asymmetric cell divisions and fate decisions, HSCs give 
rise to a heterogeneous pool of differentially committed pro-
genitor cells. At one extreme, these progenitor cells may 
retain the potential to develop into any of the eight major 
blood cell lineages (Figure  24.1 ). At the other extreme, they 
may be capable of responding in one of only two ways, either 
by dying (a process referred to as apoptosis) or by differen-
tiating into a single type of mature blood cell. The key dif-
ference between hematopoietic stem and progenitor cells is 

the ability of stem cells to maintain an adequate supply of 
mature blood cells throughout adult life by balancing their 
production with the process of self - renewal, thus preventing 
exhaustion of the stem cell pool. At the level of an individual 
stem cell, other than the decision to undergo self - renewal 
(which is regulated predominantly by intracellular tran-
scription factors that control the expression of an array of 
 “ stemness ”  genes), the probability of executing any one of 
these developmental options is tightly regulated by a complex 
network of humoral regulators, variously called hematopoi-
etic growth factors (HGFs), interleukins or cytokines.    

  Isolation and  c haracterization of 
 h ematopoietic  g rowth  f actors 

 In the current era of recombinant proteins and regenerative 
medicine it is worth recalling that the concepts that (i) blood 
is composed of many different cell types, (ii) its cellular 
composition may be subject to change in response to envi-
ronmental variation, and (iii) humoral factors may be the 
mediators of such changes originated from the work of sci-
entists such as Carnot and Viault early in the last century. 
However, it was another 60 – 70 years before experimental 
systems were developed to facilitate the quantitation and 
detailed functional characterization of hematopoietic stem 
and progenitor cells. These novel methods underpinned the 
development of a deeper understanding of the cellular diver-
sity of blood and represented the fi rst steps toward unraveling 
the complexity of the regulation of blood cell production. 
Although the spleen colony - forming units (CFU - S) fi rst 
described by Till and McCulloch were ultimately demon-
strated to exhibit only some of the hallmark properties that 
characterize the most primitive HSCs (i.e., most CFU - S 
lacked lymphoid differentiation potential and had only a 
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wise unrecognizable precursor cells. Throughout the 1970s 
and 1980s, the  “ activities ”  in these complex biological fl uids 
were resolved into pure proteins. In 1977, macrophage (M) -
 CSF (also known as colony - stimulating factor - 1, CSF - 1) was 
the fi rst HGF to be purifi ed, initially from human urine and 
later from medium conditioned by a murine fi broblast cell 
line. This was followed in the same year by the isolation of 
granulocyte/macrophage (GM) - CSF from medium condi-
tioned by tissues from the lungs of mice previously treated 
with bacterial lipopolysaccharide, and a few years later by 
the identifi cation of a third myeloid growth factor, granulo-
cyte (G) - CSF. Cloning was a relatively new technology at 
that time and it was some years before the genes that encoded 
these proteins were cloned. However, following the cloning 
of the fi rst hematopoietic cytokine, murine interleukin 
(IL) - 3, in 1984, progress was rapid and soon thereafter a 
fl urry of papers reported the cloning of human M - CSF, 

limited capacity for self - renewal), this assay and the cell it 
detected is viewed by many to have ushered in the modern 
era of stem cell biology. The fi rst  in vitro  colony - forming 
unit (CFU) assays (later known as colony - forming cell or 
CFC assays when it was demonstrated that individual colo-
nies were derived from single cells) for hematopoietic pro-
genitor cells were described in the mid - 1960s and offered a 
practical end point for identifying factors that stimulate 
myelopoiesis. The extent to which development of these 
clonal hematopoietic cell assays represented a critical pre-
requisite to the identifi cation of HGFs is underscored by the 
fact that the fi rst such regulators were named colony - stim-
ulating factors (CSFs). 

 CFU assays were used initially to identify and guide puri-
fi cation of the active components from crude preparations 
of body fl uids, tissue extracts, or medium  “ conditioned ”  by 
various cell types that stimulated the proliferation of other-
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     Fig. 24.1      General model of the hematopoietic cell hierarchy  
 The most primitive HSCs (LT - HSC) with self - renewal potential can maintain hematopoiesis long term ( > 6 months). These give rise to short - term 
stem cells (ST - HSC) that, while multipotent, have lost the ability to self - renew and produce clones with shorter lifespan. Common lymphoid 
progenitor (CLP) and common myeloid progenitor (CMP) cells are oligopotent precursors of the lymphoid and myeloid compartments. These 
mature into cohorts of committed progenitor cells with progressively restricted differentiation potential, culminating in the non - replicating 
late - stage precursors and end cells of the major hematopoietic lineages. Note that this model is continually evolving and readers should consult 
the latest papers describing precursor/progeny and lineage relationships.  
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osteoblasts and endothelial cells. Stromal cells also express 
adhesion molecules that facilitate the retention of hemat-
opoietic cells within the bone marrow, thus colocalizing 
them with factors that regulate the earliest events in stem cell 
development (i.e., cell cycle initiation, lineage commitment 
and differentiation). Within so - called  “ niches, ”  the action of 
the HGFs to promote proliferation and differentiation is 
balanced by that of various inhibitory factors, which are not 
discussed here. The opposing activities of these positive and 
negative regulators on various cell types can be further mod-
ulated in a concentration - dependent manner and depending 
on the context in which they are presented to the target cell 
(i.e., either alone or in combination with other cytokines) 
and whether the growth factor is soluble or bound to the cell 
membrane or extracellular matrix of stromal cells. 

 Some HGFs act on relatively primitive cells with multilin-
eage differentiation potential (e.g., IL - 3 and SCF), while 
others act only on more committed cells in the later stages 
of blood cell production (e.g., EPO). In this regard, HGFs 
exhibit a general hierarchical organization in their actions 
that mirrors the organization of the hematopoietic stem and 
progenitor cell hierarchy (Figure  24.2 ). There is a surprising 
degree of overlap in target cell populations and some of 
those cytokines that were originally thought to act only on 
lineage - committed progenitor cells or their differentiated 
progeny have now been shown to have multiple levels of 
biological activity including on the most primitive HSCs 
(e.g., TPO). Thus pleiotropy and redundancy have emerged 
as dominant themes. This has presented signifi cant chal-
lenges for drug development and more lineage - restricted 
cytokines have, in general, proven the more useful, as exem-
plifi ed by the clinical utility of EPO, G - CSF and GM - CSF 
and the promise of TPO - mimetics.   

 HGFs transmit signals to their target cells by binding to 
cognate receptors that share a number of structural features. 
The type I cytokine receptors are composed of either dimers 
of a single protein subunit (e.g., receptors for EPO, TPO and 
G - CSF) or are heterodimers of a unique ligand - binding (or 
 α ) chain and one of three possible signaling subunits: the 
common  β  chain, used by receptors for GM - CSF, IL - 3 and 
IL - 5; the gp130 receptor, used by receptors for IL - 6, IL - 11 
and leukemia inhibitory factor (LIF) among others; or the 
common  γ  chain, used by receptors for IL - 2, IL - 4, IL - 7, IL - 9, 
IL - 13, IL - 15 and IL - 21 (as reviewed by Robb). HGFs bind 
to their receptors with extremely high affi nity, as exemplifi ed 
by dissociation constants ( K  d ) in the picomolar range. Ligand 
binding initiates receptor homodimerization (e.g., G - CSFR), 
heterodimerization (e.g., GM - CSFR), or induces changes in 
the conformation of preformed homodimers (e.g., EPOR) 
resulting in the activation of various signal transduction 
pathways. Most cytokine receptors transmit their signals via 
the Janus (JAK) family of tyrosine kinases. JAK proteins are 

erythropoietin (EPO), GM - CSF, G - CSF, IL - 3 and IL - 5. 
Over the following two decades as many cytokines became 
available in very large quantities in recombinant form, they 
were characterized biochemically and studies of their effects 
on highly enriched subpopulations of hematopoietic stem 
and progenitor cells contributed to the evolution of an 
increasingly refi ned understanding of the humoral control 
of hematopoiesis. 

 HGFs were found to comprise either single subunit pro-
teins or two identical subunits in which the tertiary structure 
that facilitates their association with specifi c cell surface 
receptors is maintained by essential disulfi de bonds. The 
natural versions of most hematopoietic cytokines were 
found to be glycosylated, for example IL - 3, IL - 5, IL - 6 , IL - 7, 
GM - CSF, G - CSF, M - CSF, stem cell factor (SCF), and EPO. 
In several cases the carbohydrate was shown to be unneces-
sary for the maintenance of biological activity (e.g., the 
O - linked carbohydrate at threonine 133 on natural G - CSF). 
In the case of EPO, however, the carbohydrate component 
enhances the stability and serum half - life of the molecule 
and, while dispensable for activity  in vitro , is obligatory 
for  in vivo  action. Carbohydrate content is increased in 
several novel erythropoiesis - stimulating agents (ESAs) with 
improved pharmacokinetic properties, such as darbepoetin 
alfa and AMG 114. Of these agents, only darbepoetin alfa, 
which contains two additional sialic acid - containing 
N - linked carbohydrate chains, has been commercialized 
(Plate  24.1 ). Many cytokines undergo additional post - 
translational modifi cations such as sulfation and proteolytic 
cleavage, and are thus frequently both structurally and func-
tionally heterogeneous to some degree. From a drug devel-
opment perspective, this has presented both complex 
regulatory challenges and opportunities to develop new 
molecular entities with improved drug properties, as dis-
cussed below.  

  Production and  b iological  f unctions 
of  h ematopoietic  g rowth  f actors 

 Because of the high level of blood fl ow through the kidney, 
it represents an ideal organ to both sense and respond to the 
level of blood oxygenation. The kidney is the main source of 
EPO which is released into the bloodstream where it can 
then manifest its action on erythroid progenitor cells that 
reside mainly in the bone marrow. This remote control of 
blood cell production also holds true for platelet production, 
which is stimulated by thrombopoietin (TPO) that is pro-
duced constitutively mainly in the liver. However, with these 
exceptions, hematopoiesis is subject largely to local control 
within the bone marrow. Most HGFs are produced by 
marrow  “ stromal ”  cells such as macrophages, fi broblasts, 
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serve as a sink for circulating growth factors and, as dis-
cussed in detail below, facilitate downmodulation of the 
proliferation response as mature cells accumulate in suffi -
cient numbers to consume the ligand that initiated their 
production.  

  Clinical  e xploitation of 
 h ematopoietic  g rowth  f actors 

 The fi rst phase of the development and clinical application 
of recombinant human cytokines that stimulate hematopoi-
esis is now complete. Since their regulatory approval and 
commercial launch in the early 1990s, the fi rst - generation 
recombinant HGFs have been administered to millions of 
patients; recombinant EPO has revolutionized the treatment 
of anemia associated with chronic kidney disease, and G - CSF 
and GM - CSF have proven to have immense practical value 
in promoting the recovery of neutrophils in patients receiv-
ing cancer chemotherapy either alone or in conjunction with 
HSC transplantation. However, not all the attempts to trans-
late a detailed understanding of the preclinical biology of 
HGFs into therapeutic applications have been successful. 
The clinical development of TPO was a notable failure in this 
regard and the unenthusiastic uptake of IL - 11 (oprelvekin, 
Neumega) in thrombocytopenia suggests its limited useful-
ness. However, even these less satisfactory experiences have 
proven valuable in igniting the current era of hematopoietin 
therapies in which molecularly engineered versions of native 

constitutively associated with the membrane proximal intra-
cellular portion of cytokine receptors and, upon ligand 
binding, phosphorylate themselves and the associated recep-
tor. Experiments in which defi ned regions of the intracel-
lular domain of some HGF receptors have been mutated 
demonstrate that phosphorylation of distinct tyrosine resi-
dues results in transmission of different signals for cell sur-
vival, proliferation and/or differentiation. In some cases, 
(e.g., the receptors for G - CSF and Flt3 ligand) acquired 
mutations in these regions that result in constitutive recep-
tor activation have been shown to be the underlying genetic 
lesion that induces dysregulated growth and the develop-
ment of malignant hematological diseases such as leukemia. 
Similarly, the V617F mutation in Jak2 that results in its 
constitutive activation was recently shown to be important 
for 99% of myeloproliferative disorders. Phosphorylation of 
the JAK/receptor complex triggers the binding, phosphor-
ylation and dimerization of additional downstream signaling 
proteins, such as the signal transducer and activator of tran-
scription (STAT) proteins. STAT dimers then translocate to 
the nucleus where they bind to the promoter regions and 
activate transcription of a number of genes that play a role 
in cell survival and proliferation. As noted above, hemat-
opoiesis is subject to exquisite regulation and these stimula-
tory signals rapidly induce various mechanisms for their 
attenuation, such as JAK inhibition and signaling compo-
nent degradation. These are mediated by phosphotyrosine 
phosphatases (e.g., SHP) and suppressors of cytokine signal-
ing (SOCS) proteins, among others. HGF receptors also 
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     Fig. 24.2      Major target cells of the myeloid hematopoietic growth factors  
 Stem and progenitor cell types and late - stage cells of each lineage are reproduced from Fig.  24.1 . The gray boxes depict the earliest target cell 
type and its progeny upon which the indicated HGF has been shown to act by stimulating proliferation and/or differentiation. SCF and Flt3L 
promote the survival of the most primitive HSCs but also synergize with most later - acting factors to increase their potency. Not shown are 
reported activities of some HGFs on other cell types when used at very high concentrations under experimental conditions.  
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promote the regeneration of red blood cells depleted in 
cancer patients undergoing chemotherapy. It is curious, 
however, that despite around two decades of clinical use and 
the development of at least three longer - acting ESAs (the 
third being Hematide, a synthetic peptide - based ESA), the 
dominant route of drug clearance is still not well defi ned. 
However, small amounts of native and recombinant EPO are 
excreted intact in the urine and this has been exploited in 
the development of biochemical tests that betray the unap-
proved use of ESAs for the purpose of performance enhance-
ment by athletes ( see below ).  

  Recombinant  h uman  G  -  CSF  for the 
 t reatment of  n eutropenia 

 G - CSF is an  “ emergency ”  cytokine. Although mice in which 
G - CSF has been genetically ablated or neutralized with a 
specifi c antibody survive with normal lifespan, they have 
about 20 – 30% of normal neutrophil numbers and are 
impaired in their ability to respond to infection. This activity 
and the impressive lineage fi delity of G - CSF spurred its 
development as a supportive care agent in cancer patients 
who have been rendered neutropenic due to the relatively 
non - specifi c cytotoxic effects of many conventional chemo-
therapeutic agents. In response to such myelosuppressive 
regimens, patients overproduce G - CSF to stimulate neu-
trophil regeneration. However, the endogenous G - CSF 
response is rather modest and rather late, from a baseline of 
less than 30   pg/mL to 100   pg/mL around 16 days after chem-
otherapy. In contrast, Takatani  et al . showed that patients 
administered daily therapeutic G - CSF (fi lgrastim, Neupogen) 
starting 1 day after chemotherapy attain levels exceeding 
100   pg/mL from day 3 (the fi rst day measured) onwards, and 
peak G - CSF levels approach 10   000   pg/mL at around days 
11 – 12. The effect of this potent stimulatory signal is a return 
of neutrophil counts to above 5    ×    10 9 /L by day 17. In com-
parison, only one in three untreated patients (i.e., relying on 
endogenous G - CSF) saw this neutrophil count by day 23 and 
one never recovered to this level during the observation 
period. The timing of administration of recombinant 
cytokine therapies is an interesting and important compo-
nent of such clinical studies and is particularly notable in the 
early studies of G - CSF. In comparing two additional dosing 
regimens in the previous study  –  one that relied on monitor-
ing neutrophil counts daily and beginning G - CSF treatment 
on the fi rst day that neutropenia was documented, and the 
other in which G - CSF treatment was initiated on a standard 
day 8, about a week before the nadir might be expected  –  it 
was found that all regimens were more effective than relying 
on endogenous G - CSF. Prophylactic therapy, starting 1 day 
after chemotherapy, produced the shortest duration of 
severe neutropenia when patients would be expected to be 

factors that offer improved pharmacodynamic properties, or 
molecular entities with no sequence homology to natural 
cytokines, are fi nding clinical application. In the following 
sections, we highlight key aspects of the biology of the major 
HGFs, with particular emphasis on those with proven clini-
cal utility, and review some interesting new developments 
that offer a glimpse into how these drugs may be used in the 
future. 

  Recombinant  h uman  EPO  for the  t reatment 
of  a nemia 

 EPO, a 35 - kDa glycoprotein, is the primary humoral regula-
tor of erythropoiesis and acts by stimulating the differentia-
tion and maturation of erythroid progenitor cells. When 
EPO concentrations decrease, erythroid colony - forming 
units (CFU - E) undergo apoptosis. A normal 70 - kg human 
produces on the order of 2.5    ×    10 11  erythrocytes daily and 
this rate of production is maintained by a basal EPO level of 
around 10 – 20   mU/mL. In patients with chronic kidney 
disease, a decrease in the number of renal peritubular inter-
stitial cells, which produce about 90% of circulating EPO, 
frequently leads to anemia and fatigue, dramatically impair-
ing the capacity to conduct daily life activities. The cloning 
of the EPO gene in 1985 facilitated the expression of recom-
binant human (rHu)EPO (epoetin alfa, Epogen) in Chinese 
hamster ovary cells. Clinical studies were conducted to 
evaluate its effi cacy as a hormone - replacement therapy 
for the treatment of anemia in chronic kidney disease. 
Pharmacological administration of rHuEPO at a dose 
intended to sustain a three times per week dosing cycle 
(150   U/kg) or a weekly treatment cycle (40   000   U/kg) yielded 
a maximum plasma concentration of 150 or 850   mU/mL 
respectively, emphasizing that erythropoiesis driven by 
administered rHuEPO is analogous to  “ stress erythropoie-
sis ”  more typically associated with serious blood loss. 
Circulating reticulocyte counts increase within about 5 days 
after starting rHuEPO therapy, followed by a change in 
hemoglobin concentration that is normally discernible by 
day 8. Detailed studies of the pharmacokinetics and 
pharmacodynamic response to EPO have shown that the 
erythropoietic response is driven by drug exposure: the 
accumulated time during which EPO serum concentration 
exceeds the threshold level required to stimulate erythropoi-
esis is the sole driver of effi cacy. Longer - acting analogs of 
EPO with improved serum half - life, such as Aranesp (dar-
bepoetin alfa) and Mircera (methoxy polyethylene glycol -
 epoetin beta), have been developed that are able to sustain 
up to 3 or 4 weeks between injections. Certain of these mol-
ecules have been deployed in millions of patients with 
chronic kidney disease and in recent years the utility of some 
has been extended to use as a supportive care agent to 
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frequently. Nevertheless, numerous clinical conditions char-
acterized by thrombocytopenia represent potential indica-
tions for the use of thrombopoietic factors. Two forms of 
recombinant human TPO were initially evaluated for their 
therapeutic potential in treatment of chemotherapy - induced 
thrombocytopenia in cancer patients: a full - length glyco-
sylated molecule (rHuTPO) that is equivalent to the native 
growth factor, and a truncated and pegylated version known 
as megakaryocyte growth and development factor (PEG -
 rHuMGDF). Between 3 and 4 days after administration of 
MGDF, reticulated platelets (a measure of early platelet 
increases) could be detected in the circulation and platelet 
counts peaked after 13 – 15 days. This delayed response prob-
ably refl ects the indirect nature of c - mpl agonism on throm-
bocytopoiesis, the main action being confi ned to an increase 
in megakaryocyte ploidy and maturation rather than platelet 
formation itself. Despite their effi cacy, neither of these fi rst -
 generation agents attained regulatory approval due mainly 
to the production of antibodies by the human immune 
system that were directed against the administered therapeu-
tic. These antibodies were also capable of neutralizing 
endogenous TPO, resulting in an extended - term throm-
bopoietin - refractory thrombocytopenia. 

 This failure spurred the creation of several novel next -
 generation c - mpl ligands, all of which have the feature of no 

at risk of infection. However, this regimen also showed the 
lowest absolute neutrophil count at nadir. The other thera-
peutic regimens also improved counts at nadir and short-
ened the period of danger associated with serious neutropenia, 
but not as effectively as early prophylaxis. In every tested 
regimen, the common factor in effective treatment of neu-
tropenia appeared to be early (in this sense meaning before 
the endogenous response could be mounted by the body) 
and high exposure to exogenous G - CSF. How precisely to 
dose G - CSF to provide the maximum benefi t while guarding 
against futile dosing and unnecessary exposure is something 
of a conundrum, and G - CSF is not unique in this regard. At 
the root of the problem is the rapid clearance of G - CSF, 
which drives the need for repeated daily injections. To 
address this issue, pegfi lgrastim (Neulasta), a second - gener-
ation G - CSF therapeutic, was engineered to offer improved 
utility in chemotherapy - induced neutropenia. It is a long -
 acting form that evades renal clearance due to its increased 
hydrodynamic size resulting from the covalent attachment 
of a polyethylene glycol (PEG) molecule to the N - terminus 
of the protein (Plate  24.2a ). This form stimulates neutrophil 
production (Plate  24.2b ) and is still sensitive to neutrophil -
 mediated clearance. In normal use pegfi lgrastim is adminis-
tered as a 6 - mg dose, irrespective of patient body weight, 1 
day after chemotherapy. Pegfi lgrastim serum levels quickly 
rise to a level far in excess of those attainable with the recom-
mended dose of Neupogen (5 – 10    μ g/kg daily, depending on 
indication) and provide a strong stimulus for neutrophil 
production. Prior to neutrophil recovery, the blockade of 
renal clearance prevents serum pegfi lgrastim levels from 
falling and the maximum stimulus for neutrophil produc-
tion is maintained. As neutrophil recovery begins, the newly 
generated G - CSFR - expressing cells begin to consume the 
available drug, ultimately eliminating the stimulator as their 
numbers approach normal. These pharmacokinetics and 
pharmacodynamics are schematically illustrated in Figure 
 24.3 . This pegylated form of G - CSF thus removes the need 
for weight - based dosing, repeated injections, determining 
the starting day for treatment and monitoring neutrophil 
counts. It also accounts for idiosyncratic responses as it 
adapts itself to the individual patient ’ s response to chemo-
therapy and ability to recover.    

   C  -  m pl  a gonists for the  t reatment of 
 t hrombocytopenia 

 Despite being named in 1958, TPO was not isolated until 
1994 when fi ve groups simultaneously reported cloning the 
gene and expression of the protein. TPO is the seminal stim-
ulator of platelet production and is consumed by megakary-
ocytes and platelets expressing the c - mpl receptor. Defi ciency 
in the level of circulating TPO has not been documented 
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     Fig. 24.3      General pharmacokinetic (PK)/pharmacodynamic (PD) 
profi le for a therapeutic hematopoietic growth factor with 
end cell - mediated clearance  
 Four phases are depicted by the gray bars. In phase 1, low numbers 
of target cells defi ne the cytopenia being treated. Intravenously 
administered drug disseminates rapidly in the blood and reaches  C  max  
within hours. In phase 2, receptor - positive target cells bind the 
stimulator and begin to proliferate. In phase 3, drug is consumed as 
the target cell compartment is repopulated. In phase 4, all drug has 
been consumed and end - cell numbers have been restored. The 
schedule of subsequent dosing is determined in part by the lifespan 
of the cell type in question.  
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  Unforeseen  a pplications 

  Hematopoietic  s tem and  p rogenitor  c ell 
 m obilization by  G  -  CSF  

 As described above, the dominant clinical effect of G - CSF 
action is neutrophilia, though minor or sporadic effects on 
other blood cells have been reported. Most notably, G - CSF 
is well documented as increasing monocyte proliferation, 
which may also be linked to reports of increased osteoclast -
 mediated bone turnover. However, from the early preclinical 
studies of G - CSF in mice it was noted that part of the phar-
macodynamic response to this cytokine is an increase in the 
number of hematopoietic stem and progenitor cells present 
in the peripheral blood, a phenomenon known a little 
imprecisely as stem - cell mobilization. These primitive cells 
normally circulate only transiently and in very low numbers. 
However, following G - CSF administration, their numbers 
can increase by several hundred - fold, the magnitude of the 
effect being dependent on the genetic background in inbred 
strains of laboratory mice. Similar interindividual differ-
ences in mobilization effi ciency are well documented in 
humans and about 10% of individuals fail to mobilize at all. 
Quantitative trait locus analysis of recombinant inbred 
mouse strains generated by interbreeding parental strains 
that are phenotypically  “ good ”  (e.g., DBA) or  “ poor ”  
(e.g., C57BL/6) mobilizers has enabled the identifi cation 
of specifi c loci that confer the capacity for effi cient 

overlap in amino acid sequence with endogenous TPO. 
One such molecule is Nplate (romiplostim), a completely 
synthetic  “ peptibody ”  protein that contains four agonistic 
c - mpl - specifi c peptide regions covalently attached to the 
Fc region of human immunoglobulin (Plate  24.3 ). The 
c - mpl - specifi c  “ warhead ”  stimulates proliferation of recep-
tor - positive target cells and the immunoglobulin scaffold 
enhances the pharmacokinetic properties of the molecule. 
Nplate was recently approved for the treatment of idiopathic 
thrombocytopenic purpura (ITP), an autoimmune disease 
associated with antiplatelet antibodies that mediate platelet 
destruction (ITP patients exhibit a mean platelet count 
of 41    ±    7    ×    10 9 /L compared with normal counts of 
150 – 450    ×    10 9 /L) and thus an increased risk of bleeding 
events. The constitutive production of TPO by the liver is 
unaffected by this process, but as platelets are produced 
and destroyed in excess, TPO is also consumed. So 
although TPO defi ciency is not part of the development of 
the disease, functional TPO defi ciency is an indirect conse-
quence and a rational point of therapeutic intervention 
with a replacement stimulator (Figure  24.4 ). The clinical 
development of c - mpl agonists is not yet complete and it 
remains to be seen for what uses they may ultimately gain 
regulatory approval. Other potential indications include 
the thrombocytopenia associated with myelodysplastic syn-
dromes (MDS), aplastic anemia, cancer chemotherapy treat-
ment, thrombotic thrombocytopenic purpura, and chronic 
or viral liver disease.    
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     Fig. 24.4      Nplate corrects thrombocytopenia in patients with immune thrombocytopenic purpura (ITP)  
 Shown are the median peripheral blood platelet counts over 144 weeks in ITP patients administered Nplate subcutaneously at an initial dose of 
1    μ g/kg, adjusted individually to a maximum of 10    μ g/kg ( N    =   142 at week 1,  N    =   11 on week 144, excluding those who received rescue 
therapies such as platelet transfusions). The horizontal dashed line indicates a clinically relevant threshold of 50    ×    10 9 /L circulating platelets. 
 From Bussel JB  et al . (2007) Long - term dosing of AMG 531 in thrombocytopenic patients with immune thrombocytopenic purpura: 2 - year 
update.  Blood ,  113 , 2161 – 2171.  ©  American Society of Hematology.   
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modulating effector function of the type discussed above, 
this is a very important observation and underpins numer-
ous modern applications of GM - CSF in immunotherapy, 
even while an imperfect understanding of its biology means 
that its optimal deployment for this purpose remains under 
investigation. Nevertheless, these effects of GM - CSF could 
hardly have been imagined by the investigators who were 
cloning the gene for human GM - CSF in the mid - 1980s.  

  Non -  h ematopoietic  e ffects of  EPO  

 Since its approval for the treatment of anemia in 1989, a 
number of pleiotropic actions for EPO and next - generation 
ESAs have been reported, including benefi cial effects in 
stroke, nerve crush injury, heart failure, myocardial infarc-
tion, immunomodulation and cognitive function. However, 
this area is highly controversial for a number of reasons. 
First, despite some enticing reports, numerous studies have 
failed to demonstrate a benefi cial effect of ESAs in animal 
models of renal ischemia, immunomodulation, lipopolysac-
charide - induced myocardial depression, neuroprotection 
and endotoxemia - induced organ damage. This suggests that 
the putative cytoprotective effects of ESAs may be restricted 
to certain animal models or clinical conditions. Second, the 
simple and attractive hypothesis that cytoprotective mecha-
nisms may be mediated through the expression of a  “ non -
 hematopoietic ”  EPOR is not well supported. For example, 
EPOR mRNA is expressed at very low levels in non - hemat-
opoietic tissues and the antibodies frequently used to detect 
EPOR protein have been shown to yield false - positive results. 
Therefore the presence of functional EPOR in non - hemat-
opoietic tissues remains unclear. Finally, it is possible that 
some of the benefi cial effects reported may be due to on -
 target effects of ESAs through modulation of erythropoiesis, 
elevation of hemoglobin or changes in iron metabolism, 
which have not been well investigated. Nevertheless, func-
tional effects of EPO and ESAs have been noted in some 
preclinical models and in some early clinical studies, though 
the mechanisms and general applicability of ESAs to cyto-
protection remain unclear.  

  Blood  d oping 

 Athletes have sought ways to enhance their performance 
since ancient times. Expansion of erythrocyte mass by trans-
fusion of whole blood or packed red cells to increase muscle 
tissue oxygenation has been one approach used by partici-
pants of endurance events in particular. With the dawn of 
the era of recombinant DNA technology came new oppor-
tunities for blood  “ doping, ”  including the use of erythropoi-
etic proteins. As athletes adopted rHuEPO as a more 
convenient means of inducing erythrocytosis than cell 

G - CSF - mediated mobilization. Mobilization has revolution-
ized the fi eld of HSC transplantation as it enables large 
numbers of primitive cells (typically defi ned in humans by 
their expression of the CD34 cell surface antigen) to be har-
vested from the blood by apheresis, a process that is less 
invasive and bears a lower risk to the donor than conven-
tional bone marrow aspiration. The rate of hematological 
reconstitution following mobilized peripheral blood (MPB) 
cell transplantation is also signifi cantly faster than with bone 
marrow - derived cells (9 – 10 vs.  ∼ 20 days to reach a neu-
trophil count of 500    ×    10 6 /L in the autologous transplant 
setting) and MPB has become the gold standard for this 
therapy. Interestingly, mobilization is not a direct effect of 
G - CSF, but occurs as a consequence of neutrophil prolifera-
tion in the marrow. Neutrophil - derived proteases such as 
elastase and cathepsin G cleave many of the adhesion mol-
ecules that tether stem and progenitor cells within the bone 
marrow stroma, facilitating their release into the circulation. 
Several days of rHuG - CSF treatment is required for effi cient 
mobilization by G - CSF alone, though a potential  “ fi x ”  for 
this delay has recently been exploited in the development of 
plerixafor (Mozobil), a small - molecule inhibitor of the 
chemokine receptor CXCR4, which in combination with 
G - CSF can induce more rapid emigration of CD34 +  cells 
from the marrow to the blood.  

   GM  -  CSF  in  i mmunotherapy 

 The two dominant myeloid growth factors are G - CSF and 
GM - CSF. Their names would suggest that they are closely 
related to one another and some would even use the agents 
interchangeably. However, the scale and manner of their use 
in clinical practice betrays profound differences between the 
two cytokines beyond the fi rst stimulating neutropoiesis and 
the second neutropoiesis plus monocytopoiesis, activities 
ascribed to each factor through their effects on isolated pro-
genitor cells, but only peripherally related to the full spec-
trum of their effects  in vivo . 

 Shortly after it was cloned, normal blood - derived mono-
cytes were cultured with GM - CSF and found to develop into 
tumoricidal effector cells capable of killing a malignant 
melanoma cell line. In an attempt to exploit this effect 
observed  in vitro  for potential clinical benefi t, GM - CSF was 
later administered to cancer patients whose harvested mono-
cytes were then found to mount an enhanced antibody -
 dependent cellular cytotoxic response against antibody - coated 
chicken erythrocytes and to overproduce tumor necrosis 
factor (TNF) -  α . Interestingly, a somewhat different slant is 
more commonly exploited today whereby GM - CSF is used 
to provoke an immune response by stimulating the develop-
ment of dendritic cells that ingest, process and present anti-
gens to the immune system. Though quite different from 
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oxygen - carrying capacity of the blood). Several studies have 
shown that the enhancing effects of rHuEPO persist for 3 – 4 
weeks after the last dose. This highlights the advantage of 
random testing and the need to further refi ne these assays to 
enable detection of illicit EPO use for longer periods after 
cessation of dosing.      

  Disposition of  t herapeutic 
 h ematopoietic  g rowth  f actors 
in the  b ody 

 In common with many protein therapeutics, HGFs must be 
administered via intravenous or subcutaneous injection 
since orally administered proteins tend to be destroyed in 
the gut and the skin is relatively impermeable to topical 
application. Alternative means of delivery such as pulmo-
nary (inhaled), buccal and intradermal routes have been 
tested but have yet to realize signifi cant potential, presently 
yielding low relative bioavailability and high variability in 
delivered dose. Predictably, intravenous injection results in 
high maximum plasma concentrations measured shortly 
after administration. Initial dissemination of the injected 
material rarely exceeds blood volume but subsequently 
injected material can concentrate in tissues with large 
numbers of target cells. Subcutaneous injection can slow 
absorption to the plasma and prolong resultant exposure. 
This has been exploited in clinical practice, whereby subcu-
taneous administration increases the apparent  “ effi ciency ”  
of EPO compared with intravenous administration, result-
ing in a reduction in the dose required for effi cacy. However, 
subcutaneous administration can also result in deposition of 
the drug or its degradants in immunologically sensitive 
areas. Exposure levels to exogenously administered cytokines 
are generally much higher than would be encountered 
during normal hematopoiesis. As described above, the peak 
level of endogenous G - CSF is about 100   pg/mL, whereas 
the level attained therapeutically can be up to 200 times 
higher. However, this peak therapeutic level of rHuG - CSF is 
only approximately threefold higher than has been recorded 
in bacterial infection. Thus short - term pharmacological 
dosing of rHuG - CSF is in fact only marginally supraphysi-
ological at peak concentrations. This lends some comfort 
over concerns that pharmacological amounts of G - CSF may 
pose additional risks through, for example, changes in chro-
mosome replication or gene expression in normal MPB 
donors, as has been suggested. 

 The effect of administered HGFs on target cell kinetics has 
been studied in detail. G - CSF has been shown to insert a 
relatively modest number of extra amplifi cation divisions 
into the granulocyte progenitor compartment and to 
accelerate neutrophil release from the marrow. The cells 

transfusions, sporting regulatory organizations responded 
by developing tests to identify its presence in the urine and 
to distinguish it from native EPO. The fi rst direct test for 
EPO abuse was developed in 1995 and deployed in a practi-
cal form in 2000, 13 years after epoetin alfa was approved by 
the US Food and Drug Administration. It is based on the 
fact that endogenous EPO is biochemically heterogeneous 
and comprises a number of differentially charged isoforms 
that can be resolved by isoelectric focusing and immunob-
lotting using an EPO - specifi c antibody. The spectrum of 
these isoforms differs from that of the injected forms (epoetin 
alfa or darbepoetin alfa), which are more acidic. By analyz-
ing these isoelectric patterns it is possible to determine if the 
excreted EPO is of natural or recombinant origin (Figure 
 24.5 ). This test enables detection of epoetin alfa in the urine 
of all samples for 2 days, and about 50% remain positive 4 
days after a 3 - week course of drug administered at 150   U/kg 
per week. Consistent with its longer serum half - life, darbe-
poetin alfa can be detected in the urine for up to 12 days 
after a modest single dose of 0.4    μ g/kg. Though useful, the 
ultimate utility of this and other tests for controlling abuse 
of recombinant proteins depends on the relationship 
between the drug ’ s pharmacokinetic profi le and clearance, 
which is defi ned by such tests, and its pharmacodynamics, 
in this case increased hematocrit and  V  o  2max  (the maximal 
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     Fig. 24.5      Recombinant human erythropoietins can be 
distinguished from endogenous EPO by differences in their 
isoform content  
 Shown is an electropherogram of recombinant human EPO standards 
(Epogen, epoetin alfa; lanes 1 and 4 and Aranesp, darbepoetin alfa; 
lanes 5 and 7), and extracts of human urine obtained from a healthy 
control (lane 2) and individuals treated with Epogen (lane 3) or 
Aranesp (lane 6). Evident are the unique isoform signatures of the 
drugs compared with native EPO, and the higher content of 
negatively charged isoforms in Aranesp resulting from the addition 
of two extra N - linked glycosylation sites in the coding sequence of 
the protein.  Adapted from Catlin DH, Breidbach A, Elliott S  et al . 
(2002) Comparison of the isoelectric focusing patterns of 
darbepoetin alfa, recombinant human erythropoietin, and 
endogenous erythropoietin from human urine.  Clinical Chemistry ,  48 , 
2057 – 2059.   
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the remainder being eliminated in the urine. On analysis of 
a number of parameters, including the effect of lysosomal 
protease inhibitors, it was apparent that internalization and 
degradation in macrophages via the cell surface M - CSF 
receptor, c - fms, was the predominant mechanism of M - CSF 
clearance. The implications of this mechanism are clear. 
Firstly, the clearance of physiological amounts of cytokines 
can be quite rapid, mediated by the normal population of 
receptor - positive cells. Second, pharmacological levels of 
exogenous cytokine can quickly saturate this clearance 
mechanism, leading to prolonged exposure and increasing 
the relative contribution of non - specifi c clearance mecha-
nisms, if applicable (e.g., renal fi ltration). Third, as the phar-
macodynamic response to the cytokine accumulates over 
time, the capacity of the selective clearance mechanism will 
increase, reducing the relative role of the non - specifi c path-
ways. Fourth, in the absence of a target cell response, the 
clearance of cytokine might be rather slow, increasing as the 
response mounts. This model is very attractive for explain-
ing homeostatic regulation of cytokine and target cell popu-
lations, and has ramifi cations for therapeutic administration 
of recombinant cytokines that share much of their biology 
with their endogenous prototypes. Indeed this exact mecha-
nism was used to develop therapeutically enhanced versions 
of G - CSF (i.e. Neulasta) as outlined above.  

  Emerging  i ssues 

 Although the era of novel discoveries in the fi eld of hemat-
opoietic cytokines would appear to have peaked in the 1980s 
and 1990s, their clinical use and refi nement through molec-
ular engineering continues to evolve. The large and increas-
ing number of patients who have received recombinant 
cytokines has meant that, almost inevitably, unforeseen 
events have occurred. First, thrombocytopenia in some 
recipients of PEG - rHuMGDF ( see above ), then pure red cell 
aplasia that occurred as a rare event associated with a manu-
facturing change in Europe for epoetin alfa (Eprex) alerted 
the world to the potential evolution of anti - cytokine anti-
bodies that could cross - neutralize the endogenous protein 
leading to drug - refractory cytopenias. However, although 
these represented major setbacks at the time, such failures 
were followed by the inception of new cytokine mimics such 
as Nplate and Hematide with different immunogenic 
profi les. 

 Safety events such as thromboembolic risks have been 
emphasized recently in association with the use of high doses 
of ESAs (epoetin alfa, epoetin beta and darbepoetin alfa), 
and in certain subsets of cancer patients (receiving radio-
therapy alone and with relatively high hemoglobin levels) 
the risk of adverse events is now thought to outweigh the 

produced appear to have normal function and lifespan. 
These effects combine to produce the marked pharmacody-
namic effect of the drug. The other myeloid growth factors, 
GM - CSF and IL - 3, have rather more modest effects on cell 
production kinetics. Administration of rHuEPO produces a 
similar imbalance in normal red cell production which is 
often described as  “ stress erythropoiesis. ”  In this situation 
reticulated erythrocytes are released prematurely from the 
bone marrow and spend a longer proportion of their other-
wise unchanged lifespan in the blood rather than the marrow. 

 An interesting phenomenon exemplifi ed by EPO is the 
mismatch between persistence of the drug (i.e., its pharma-
cokinetics) and persistence of its biological (or pharmaco-
dynamic) effect, in this case an increase in hemoglobin 
concentration. Recombinant EPO is cleared from the body 
with a half - life of approximately 8 hours, so within 2 days 
drug would be expected to be undetectable. However, eryth-
rocytes produced in response to EPO survive for approxi-
mately 3 months. Thus a brief exposure to EPO can have a 
very long - lasting effect, in marked contrast to the majority 
of drugs (e.g., antibiotics or statins) which must actually be 
present to have an effect. This has at least one benefi cial 
effect: it is relatively simple to understand the pharmacoki-
netic/pharmacodynamic relationship of all ESAs. As defi ned 
several years ago, the presence of the drug in the body deter-
mines the increment in hemoglobin elevation, which in turn 
determines the interval between EPO doses. This model has 
proven remarkably applicable to all the current ESAs and 
suggests that the same constraints are likely to be placed on 
any ESA dosed in humans. In a less exaggerated manifesta-
tion of the same phenomenon, the production kinetics of 
platelets suggest that all c - mpl agonists, excepting any con-
fl icting factors like indirect mechanism of action or dose 
constraints placed by off - target activities, will ultimately 
produce a similar pharmacodynamic response. That phar-
macodynamic response is in turn constrained by the under-
lying biology. Although TPO, like EPO, is the major regulator 
of its cell lineage, neither hormone controls the latter stages 
of end - cell production. Proplatelet formation is independ-
ent of c - mpl and the fi nal stages of erythrocyte production 
are independent of EPO, so a lag between the action of these 
drugs and their desirable clinical effects is inevitable and 
constant. There is no treatment regimen that uses TPO, its 
mimics, or EPO that will produce a pharmacodynamic 
response in less than 4 or 5 days. 

 Clearance of HGFs is often associated with end - cell 
response. M - CSF was the fi rst HGF for which this mecha-
nism was elucidated in detail. Mice normally have detectable 
M - CSF in the serum and studies performed using radiola-
beled M - CSF demonstrated that the serum half - life was 
about 10   min. Approximately 96% of the cleared M - CSF 
could be accounted for by splenic or hepatic macrophages, 
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grown and continues to grow. GM - CSF in immunotherapy 
is a new and exciting therapeutic possibility, as is its possible 
use in Crohn ’ s disease. Some early studies that as yet lack 
any defi nitive understanding of the mechanisms involved 
have suggested the use of ESAs in schizophrenia and stroke, 
as well as the use of G - CSF to mobilize stem cells that 
mediate tissue repair for heart attacks or ischemic limb 
disease. 

 Many of the earliest commercialized HGFs have emerged, 
or will soon do so, from patent protection, presenting the 
potential for diverse sourcing and cost savings, but perhaps 
offset to a degree by concerns over manufacturing processes, 
comparability assessment and regulatory approval processes. 
With respect to the clinical development and subsequent 
consideration of therapeutic proteins by regulatory agencies, 
it has been suggested that the protein product represents in 
essence the process used to manufacture it, with effi cacy and 
safety intimately tied to the proprietary host cell systems 
used to express the protein, the culture media components, 
purifi cation processes and fi nal formulations for each drug. 
This perspective presents a considerable hurdle in compar-
ing related products like follow - on biologicals (also referred 
to as  “ subsequent entry biologicals ”  or  “ biosimilars ” ) 
intended to offer alternative products after innovator patent 
expiry. Thus, the term  “ generic ”  is diffi cult to apply given 
the non - identity of proteins produced by different entities 
(see Figure  24.6  for example with epoetin alfa). This presents 
an interesting challenge for regulatory authorities for which 
differing solutions are being developed in different 
countries.   

potential benefi ts. The effect sizes are admittedly small and 
sometimes not statistically signifi cant, and a valid question 
may be whether such safety signals would even have been 
identifi able without access to high - quality meta - analysis of 
clinical trial data arising from the widespread use of HGFs. 
An illustrative example here is the use of rHuG - CSF for the 
treatment of severe congenital neutropenia (Kostmann 
disease). Originally described in 1956 in a Swedish family, 
this autosomal recessive disorder is typifi ed by low neu-
trophil counts, persistent infections and, if left untreated, 
70% mortality in the fi rst year of life. Recombinant G - CSF 
has revolutionized the treatment of this disease and patients 
can expect to be spared from life - threatening infections 
( < 1% mortality per year due to sepsis) for many years. 
However, after 6 years of G - CSF therapy there was a 2.9% 
incidence of acute myeloid leukemia or myelodysplasia 
(AML/MDS) per year, a risk that increased to 8% per year 
after 12 years on G - CSF. In addition, in a subgroup of 
patients who received higher doses of G - CSF because they 
had poorer neutrophil responses, as many as 40% developed 
AML/MDS after 10 years and 14% died of sepsis. One could 
argue that it would not have been possible to reveal the 
perhaps inevitable progression of severe congenital neutro-
penia to AML/MDS had patients not been protected from 
lethal infections earlier in life. So did G - CSF  cause  the leuke-
mias? It is true that the leukemia would not have developed 
without G - CSF but this perhaps misrepresents the underly-
ing mechanism. 

 While safety issues have emerged with HGF use in patients, 
so also has the breadth of diseases treated with these agents 
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     Fig. 24.6      Different epoetin alfa products can vary widely  
 Shown is a comparison of the isoform content of recombinant human EPO (Eprex, epoetin alfa; designated E in the right panel) and biosimilars 
obtained from various sources as identifi ed in the table. The differences in the electrophoretic patterns underscore the point that due to the 
complexity of these molecules and the processes used to manufacture them, biosimilar drugs are never identical to originator products. 
 Adapted from Schellekens H. (2004) Biosimilar epoetins: how similar are they?  EJHP , vol. 3, pp. 43 – 47.   
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 Novel points of intervention have also been discovered 
that may lead us away from protein - based cytokines. The 
inhibition of hypoxia - inducible factor prolyl hydroxylase 
(HIF - PH) by small molecules (the conventional drug 
modality of the pharmaceutical industry) has been shown 
to increase the physiological production of EPO, perhaps 
obviating the need for an injectable agent to treat EPO 
defi ciency. In addition, several non - peptidyl small - mole-
cule mimics of TPO have been recently developed that 
offer the advantage of oral dosing and one of them (eltrom-
bopag, Promacta; see Plate  24.3 ) was recently approved for 
human use. In this case the mechanism would appear to be 
more direct than HIF - PH inhibition in anemia by binding 
directly to the cell surface receptor c - mpl. The ingenuity 
shown in devising these agents attests not only to the crea-
tivity of medicinal chemists, but also illustrates the contin-
ued excitement over making drugs that act like cytokines. 
However, the target remains mimicry of hematopoietic 
cytokine biology so the use of these agents is thus largely 
limited to correcting blood cell defi ciencies and the associ-
ated biology, an application often disparaged as supportive 
care rather than curative therapy. Though this dismissal 
may not comport with patients ’  perception of value in a 
medicine, it is often used in the context of discussions 
about the cost of biological therapies to argue against their 
use, the contention being that these are complex drugs that 
are expensive to make and develop, but do not actually 
 “ cure ”  disease. 

 Protein - based cytokine mimics have also emerged of 
late. Agonistic antibodies, non - natural antibody - like con-
structs and peptide - based semisynthetic constructs that 
exhibit a progressively lower likelihood of off - target inter-
actions have all been recently divulged. As described above, 
the c - mpl agonist Nplate is the fi rst such molecule to be 
commercialized and exemplifi es an approach used to elim-
inate the possibility of neutralizing the natural cytokine in 
the event that antibodies are produced against the drug. 
Many of these present interesting new aspects to cytokine 
biology such as partial agonism, bell - shaped dose – response 
curves, evasion of known clearance mechanisms and 
altered targeted tissue disposition. Thus the future holds 
many exciting possibilities for utilizing molecularly modi-
fi ed factors or even completely synthetic mimics of native 
HGFs that should lead to improvements in the therapeutic 
application of this fascinating family of cell growth 
stimulators.  

     Further reading 

    Bartley   TD  ,   Bogenberger   J  ,   Hunt   P    et al.  ( 1994 )  Identifi cation 
and cloning of a megakaryocyte growth and development factor 
that is a ligand for the cytokine receptor Mpl .  Cell ,  77 ,  1117  –  1124 .  



318

Chapter 25  Molecular  t herapeutics in 
 h ematology:  g ene  t herapy  
  Jeffrey A   Medin  
  Department of Medical Biophysics and the Institute of Medical Science, University of Toronto, Ontario, Canada                           

Molecular Hematology, 3rd edition. Edited by Drew Provan and John Gribben. 

© 2010 Blackwell Publishing.

      Introduction, 318  
  General comments on gene transfer/therapy, 318  
  Viral vectors for gene transfer, 319  
  Gene - marking studies involving hematopoietic cells, 324  
  Therapeutic trials for inherited disorders, 325  

  Therapeutic trials for acquired disorders, 328  
  Safety, 332  
  Conclusions, 332  
  Further reading, 333           

  Introduction 

 Approved clinical investigation of gene transfer into humans 
began with the seminal trial of Rosenberg and colleagues, 
which involved transplantation of genetically altered lym-
phocytes into patients. This landmark trial was closely fol-
lowed by studies of therapeutic gene transfer using other 
hematopoietic cells. Studies involving the blood system have 
therefore been central to the development of human gene 
therapy. Gene marking or gene therapy protocols are under 
increasingly intensive investigation worldwide, with 300 
approved clinical trials by the end of 1997 and more than 
1300 approved clinical trials by the end of 2008. Importantly, 
some of the fi rst successes in the entire fi eld of gene therapy 
have recently been realized. Since hematology has contrib-
uted so much to the genesis and progression of human gene 
therapy, it is the purpose of this chapter to reiterate both the 
inherent promise and revisit some of the remaining obstacles 
posed by the application of gene transfer into humans 
employing hematopoietic cells. 

 Pluripotent hematopoietic stem cells (HSCs) are attrac-
tive targets for gene therapy in humans because of their 
capacity for self - renewal and the systemic multilineage dis-
tribution of their progeny (Figure  25.1 ). Sustained expres-
sion of transgenes at clinically relevant levels in the progeny 
of HSCs would result in novel and potentially curative treat-
ments for a wide range of blood diseases, including, for 
example, hemophilia A and B, hemoglobinopathies, heredi-
tary immune defi ciencies, and some lysosomal storage dis-
orders. Even the partial correction of such blood disorders 

would have substantial impact on the transfusion needs of 
the affected populations. Nevertheless, despite the inherent 
promise of HSC gene transfer, successful long - term engraft-
ment of genetically modifi ed HSCs in humans has proven to 
be a diffi cult and often elusive goal. Other hematopoietic cell 
subpopulations are also important targets for gene therapy. 
This discussion examines some of the targets of gene therapy 
involving the hematopoietic system and outcomes mediated 
by a variety of gene transfer mechanisms.    

  General  c omments on  g ene 
 t ransfer/therapy 

 An array of techniques has been described to facilitate gene 
transfer into blood cells. These techniques can be broadly 
grouped as  physical methods  or  viral vectors . An important 
point to note here is that most gene therapy as practiced is 
actually gene augmentation, involving co - expression or 
even amplifi ed overexpression of wild - type cDNA sequences. 
Indeed, selective repair of the genetic defects themselves 
within the host genome has proven to be a very diffi cult end 
point. Some studies are underway to develop reproducible 
systems with appreciable effi ciencies that lead to actual gene 
repair but clinical protocols to date are not of this nature. 

 Physical methods of gene transfer are generally of low 
effi ciency and provide only transient gene expression in the 
absence of selection. The advantages of these systems are that 
genes are transferred without viral sequences, which may 
affect the biology of the target cell or the host. In addition, 
large or multiple genes can be transferred and gene transfer 
is independent of the proliferative status and cell - surface 
receptor profi le of the target cell. Those methods of physical 
gene transfer that have been used in the clinical setting include 
 electroporation  (electric fi elds that create channels in cell 



Molecular therapeutics in hematology: gene therapy 319

while this approach is promising, clearly more work on mod-
ulating the biology of the immune response is needed. 

 Physical methods such as electroporation, direct DNA 
transfer, and liposome - mediated DNA transfer have been 
used with varying levels of success for transferring genes into 
hematopoietic cells. However, transgenes rarely integrate 
with physical methods of transfer, except transposons, and 
the vectors are diluted in dividing daughter cells, and thus 
are generally of little value to long - term stable gene transfer 
applications. Nevertheless, when transient gene expression 
is suffi cient, such as in cancer immunotherapy applications, 
physical methods of gene transfer may fi nd a niche.  

  Viral  v ectors for  g ene  t ransfer 

 The most commonly used viral backbones in clinical gene 
therapy trials to date are based on murine oncoretroviruses 
and human adenoviruses; however, herpes simplex virus, 

membranes allowing passage of DNA into the cell),  particle 
bombardment  (microscopic gold beads labeled with DNA, 
which are forced through the cell membrane by CO 2  - driven 
pressure) and  liposomal encapsulation  of DNA. Liposomal -
 mediated gene delivery has gained most acceptance in the 
clinical arena, driven by the higher gene transfer effi ciencies 
obtained with newer liposomal formulations and by safety 
considerations as an alternative to viral vector - mediated gene 
delivery. Other non - viral gene delivery systems include the 
use of plasmid DNA alone (so - called  “ naked ”  DNA), the use 
of synthetic polymers, transposons, and the adaptation of 
bacterial gene delivery systems. The use of plasmid DNA 
alone is particularly effi cacious in specifi c tissues such as 
muscle. Thus DNA - based gene delivery is gaining in popular-
ity for use in malignancy and infectious disease, and in appli-
cations directed toward the vascular bed. In cancer, 
DNA - based vaccines have been used in clinical trials where 
the immunogenic antigen is encoded by the plasmid itself 
with or without an added immunostimulatory gene. Yet, 
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     Fig. 25.1      Ex vivo   transduction of hematopoietic stem cells (HSCs)  
 HSCs can be harvested from patients and retrovirally transduced. The transduced cells are returned to the patient, where all blood cells 
maturing from the gene - modifi ed stem cells retain a copy of the transgene. In theory, this gene transfer method could help distribute the gene 
product throughout the body at clinically relevant levels.  
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poxvirus, vaccinia virus, adeno - associated virus (AAV), and 
lentiviruses (among others) are also being developed and 
evaluated. The relative merits and disadvantages of some of 
these vector systems are outlined in Table  25.1 . The particu-
lar nuances of the acquired or inherited disorder to be 
corrected determines which delivery system is more 
appropriate.   

 Viral gene transfer methods take advantage of facets of 
the normal virus life cycle to facilitate transfer of genetic 
material into target cells. For synthesis of recombinant ret-
rovirus - based gene transfer systems for example, the wild -
 type viral genome is modifi ed by deletions of most viral 
genes and insertion of therapeutic or marker sequences in 
their place. The viral gene products necessary for the pro-
duction of recombinant virions are then provided in  trans  
by transfections or by established packaging cell lines, which 
have been transfected with plasmids that engineer expres-
sion of the missing viral factors. Recombinant viral vector 
plasmids containing appropriate packaging signals are 
then transfected into the packaging cells, and replication -
 incompetent virions are produced. In this aspect, replication -
 incompetent virions are deemed safe for clinical applications 
because they transduce target cells only once; they are unable 
to cause a subsequent infection because of the absence of 
secondary expression of viral genes required for replication 
and virion packaging (Figure  25.2 ).   

  Oncoretroviral  g ene  t ransfer  s ystems 

 Oncoretroviruses are double - stranded RNA viruses belong-
ing to the gammaretrovirus genera of the family  Retroviridae . 
The viral RNA genome is reverse - transcribed into double -
 stranded DNA, which integrates into the genome of target 
cells in a fairly random manner, although regions of active 
gene transcription are seemingly preferred. Currently, 
oncoretroviral vectors derived from the Moloney murine 
leukemia virus (MMLV) and other murine oncoretroviruses 
are used for clinical gene transfer protocols targeting hemat-
opoietic cells. 

 For gene transfer vectors, the wild - type oncoretroviral 
genome is modifi ed by deleting most of the  gag , and all  pol  
and  env  sequences. Viral sequences that are retained in the 
oncoretroviral vector include the packaging signal and the 
long terminal repeats (LTRs), which are necessary for viral 
integration and often drive transcription of the marking or 
therapeutic transgene in the absence of an added heterolo-
gous promoter. These deletions render the vectors repli-
cation - incompetent while making approximately 6 – 8   kb 
of space available for the insertion of desired transgene 
sequences. Stable oncoretroviral packaging cell lines have 
been engineered to minimize the chance of accidental repli-
cation - competent retrovirus (RCR) production. Plasmids 

used to create these stable packaging cell lines engineer 
expression of key components of the parental virus but have 
extensive deletions along with split genes and promoters. 
These modifi cations have minimized recombination - prone 
homologous sequences between the added gene transfer 
vector encoding the transgene of interest and the stable 
packaging cells, thereby signifi cantly reducing the chance of 
RCR being generated. Another measure of safety is naturally 
present in oncoretroviral gene transfer systems as these 
vectors, when packaged in murine - based packaging cell lines 
at least, are rapidly inactivated by human serum. Recently, 
taking a lesson from commonly used lentiviral gene transfer 
systems ( see below ), investigators have generated recom-
binant oncoretroviruses with self - inactivating 3 ′  LTRs. Thus 
upon reverse transcription, this promoter unit is modifi ed, 
making it unable to drive transcription itself if productive 
recombination should occur and also making it unable to 
drive transcription in the presence of viruses that may 
encode cross - promoting functions. Lastly, along with the 
inherent safety features described above, all viral superna-
tants and patient cell samples that have been exposed to 
clinical - grade oncoretroviral supernatants are extensively 
tested for the presence of RCR and other possible contami-
nants prior to infusion into patients. 

 In addition to the relative safety of oncoretroviral vectors 
for gene therapy, another advantage of this delivery system 
over some others includes the stable integration of the vector 
into the host cell genome, allowing long - term transgene 
expression in the target cell and its progeny. These vectors also 
generate minimal immune responses in themselves due to the 
extensive deletions of wild - type coding subunits that they have 
undergone. Disadvantages of oncoretroviral vectors include 
the requirement of target cells to be in cycle for genomic inte-
gration, the randomness of the integration event itself, and the 
specifi city of virion/receptor binding, which can reduce infec-
tion rates into some target cells depending on the  env  pseudo-
typing employed. Another issue is that oftentimes extensive 
periods of  ex vivo  culturing is required to obtain effi cient gene 
transfer into key target cells such as human HSCs. 

 Since long - term expression of transgenes is a requirement 
for most HSC - based gene therapies, oncoretroviral vectors 
use viral promoters, such as the endogenous MMLV/LTR, 
which can direct high levels of expression. Nevertheless, a 
few studies, mainly using embryonic stem cells for analyses, 
have shown that such promoters can be shut down or 
silenced  in vivo . There are several potential mechanisms of 
such downregulation. These include cytokine - mediated pro-
moter suppression, DNA methylation, an unstable integra-
tion environment, or an adverse contextual position of the 
cistronic unit within the oncoretroviral vector (internal 
promoter competition). Another potentially overriding 
possibility is that perhaps culture conditions for  ex vivo  cell 
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  Table 25.1    Some viral vectors used in the application of gene therapy. 

        Oncoretrovirus     Adenovirus  
   Helper - dependent 
adenovirus  

   Adeno - associated 
virus     Herpes virus  

   Lenti -
 retrovirus     Pox viruses  

  Advantages    Well - studied 
 Integrates  

  Very effi cient 
gene transfer 

 High transgene 
expression  

  Large cloning capacity 
 Not immunogenic  

  Cell - cycle independent 
 Safe  

  Very effi cient 
gene transfer 

 Cell - cycle 
independent  

  Integrates 
 Effi cient gene 

transfer 
 Large capacity  

  Effi cient gene 
transfer  

  Disadvantages    Cell - cycle 
dependent 

 Promoter 
silencing 

 Safety issues  

  Immunogenic 
 Transient 

expression 
 Pre - existing 

immunity  

  Technically cumbersome 
 Helper - virus contamination 
 Transient expression  

  Limited cloning 
capacity 

 Helper - virus 
contamination 

 Production  

  Transient 
 Cytotoxic  

  Production 
 Public 

perception  

  Transient expression 
 Immunogenic  

  Potential 
applications  

  Many involving 
hematopoietic 
cells  

  Cancer 
immunotherapy  

  Gene augmentation 
therapy  

  Cancer 
immunotherapy 

 Gene augmentation 
therapy via muscle  

  Cancer 
immunotherapy 

 Pain management  

  Many involving 
hematopoietic 
cells 

 Non - dividing 
targets  

  Cancer 
immunotherapy  
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     Fig. 25.2      Biology of retroviruses and the development of packaging cell lines  
 For wild - type retroviruses, after binding and entry the provirus integrates into the genome of infected cells. Viral proteins and new mRNA 
molecules are produced. Virions are then assembled for the next round of infection. For recombinant retroviral vectors the  gag ,  pol  and  env  
genes have been removed to allow space for cloning of the gene of interest. To make an infectious virus, the vector is introduced into a 
packaging cell line engineered to express these  gag ,  pol  and  env  genes as separate cistronic units. The resulting virions can then bind to, and 
be internalized by, a target cell where integration into the host genome occurs and the vector transgene product is synthesized. Since the 
infected target cell lacks the genes necessary to form a new virion, the vector is not secondarily infectious.  

backbone that enable genes to be expressed more effi ciently 
in murine, non - human primate, and human hematopoietic 
cells. 

 Oncoretrovirally encoded marking and therapeutic trans-
genes can also be expressed in a cell - specifi c manner using 
specifi c virion pseudotyping and/or internal cellular pro-
moters, which allow for regulated expression. For example, 
expression in leukocytes can be directed by CD11b, CD18, 
or major histocompatibility complex (MHC) class I pro-
moters, while expression in erythroid cells can be greatly 

transductions have caused primate HSCs to fully differenti-
ate, and therefore transgene expression is really lost by matu-
ration and death of provirus - positive cells over time. Thus, 
even if effi cient gene transfer is achieved, transgene expres-
sion, and thus therapeutic impact, may be low. However, 
newer - generation oncoretroviral vectors and improved  ex 
vivo  transduction methods have led to signifi cantly higher 
and longer transgene expression than was observed previ-
ously. For example, MSCV, MND, and MFG vectors have 
been designed with multiple modifi cations to the MMLV 
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ciencies over previous methods, it may be possible to now 
better manage other secondary components of the  ex vivo  
gene therapy procedure, such as enhancing engraftment of 
transduced cells in recipients by minimizing culture periods 
and exposure to differentiation - inducing cytokines for 
example. Alterations have also been made to LV backbones 
such as the addition of a central polypurine tract and a 
WPRE element to possibly enhance nuclear import or 
enhance transgene expression levels, respectively. 

 Important results have been presented lately that LV 
genomic integration patterns differ from oncoretroviral 
integration patterns. It has been found that LVs tend to 
distribute throughout open chromatin, whereas oncoretro-
viral vectors show a propensity to integrate into promoter -
 proximal regions. That said, due to their increased effi ciency, 
LVs tend to integrate into permissive cells in higher copy 
numbers than oncoretrovirus - based vectors. This increase 
can be good in order to generate higher levels of transgene 
products for correction but it also necessitates careful plan-
ning concerning effective multiplicity of infections (MOIs) 
and the tolerance of the infected cell population to multiple 
proviral copies. Indeed, it may turn out that MOIs with LVs 
actually need to be reduced to minimize this multiplicity 
effect in some protocols. One clinical protocol using LVs has 
been completed to date ( see below ) and others are under way. 
In that landmark fi rst study in HIV - AIDS patients, no 
detectable recombination occurred between the gene trans-
fer vector and wild - type HIV - 1 even when the latter was 
present in very high copy numbers in patient blood.  

  Other  v iral  g ene  t ransfer  s ystems 

 Recombinant adenoviral gene transfer systems are com-
monly used for some gene therapy applications, especially in 
immunotherapy protocols. Adenoviruses infect cells effi -
ciently  in vitro  and  in vivo , express high levels of transgene 
products, can infect both cycling and stationary cells, and 
exhibit wide tissue tropisms. They can also be produced at 
very high titers and have a large carrying capacity for foreign 
cDNAs. Adenoviral vectors have been used to effi ciently 
transfer genes into a variety of human tumors by direct 
injection and into circulating hematopoietic progenitor 
and malignant cells in  ex vivo  transduction procedures. 
Nevertheless, circulating B and T lymphocytes have gener-
ally proven relatively resistant to adenoviral - mediated gene 
transfer. So have CD34 +  hematopoietic cells until it was 
found that serotype 35 fi ber knob domains can help over-
come this blockade. Furthermore, many patients have pre -
 existing immunity to common adenoviral serotypes used in 
clinical protocols. This can lead to a strong immune response 
to the vector and also severely restricts readministration 
effi cacy. 

enhanced by the  β  - globin promoter and locus control 
region. Furthermore, viral transgene expression may be 
regulated by inducible promoter systems such as the  tet  
operon system, which uses exogenous tetracycline to specifi -
cally transactivate a promoter leading to ordered expression 
of the gene of interest. Such regulated and cell - specifi c 
systems may have utility in therapeutic applications by pro-
viding an additional control mechanism for the expression 
of potentially toxic gene products for example.  

  Lentiviral  g ene  t ransfer  s ystems 

 As discussed above, oncoretroviral vectors only integrate 
into cells actively undergoing mitosis, which precludes their 
use for delivery to target cells that are non - dividing or slowly 
dividing, such as the majority of HSCs. Among other con-
siderations, this has led to the development of replication -
 incompetent viral vector systems based on lenti - retroviruses 
(lentiviruses, LVs) and human foamy virus, for example, 
which can integrate into these and other key non - dividing 
target cells. LVs and human foamy virus are also members 
of the family  Retroviridae . They are sometimes termed 
 “ complex ”  retroviruses, in contrast to oncoretroviruses 
which are termed  “ simple ”  retroviruses. Foamy viruses have 
a large genome (and hence a large transgene carrying capac-
ity), do not cause any known disease, and can be used for  in 
vivo  gene transfer because they are not effectively inactivated 
by human serum. LVs also show signifi cant promise as gene 
transfer vehicles and many laboratories around the world are 
adopting this alternative delivery system. Current LVs 
contain less than 25% of the HIV - 1 genome and seem to be 
much less susceptible to  “ shutdown ”  effects compared with 
recombinant oncoretroviruses. To further increase safety, 
many laboratories now use third - generation recombinant 
LVs that have a self - inactivating 3 ′  LTR. To further minimize 
the chance of recombination leading to the production of 
replication - competent lentivirus, some laboratories even use 
up to seven separate plasmids in transient transfections of 
packaging cell lines to generate recombinant virions 
(although three separate plasmids is more the norm). LVs 
can be readily pseudotyped with alternative envelope pro-
teins, such as VSV - g, which expands the tropism of the 
virions and also allows stable concentration of effective viral 
titer by ultracentrifugation. There is thus considerable opti-
mism that recombinant LVs will overcome some of the 
shortcomings of MMLV - based oncoretroviruses by facilitat-
ing delivery of transgenes of interest to a wide spectrum of 
cell types, including HSCs. Preliminary studies show that 
this may indeed be the case, although this needs to be further 
substantiated by a number of independent laboratories in 
long - term, large animal, and clinical studies. Furthermore, 
due to a marked increase in LV - mediated transduction effi -
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persistence was observed in that study as were slight increases 
in the circulating levels of the corrective proenzyme.   

  Gene -  m arking  s tudies  i nvolving 
 h ematopoietic  c ells 

 Genetic marking of hematopoietic cells facilitates study of 
the long - term distribution and survival of transplanted cells 
 in vivo . In many applications, the cells to be tagged are incu-
bated  ex vivo  with a replication - defective retrovirus bearing 
a reporter gene. The reporter gene that has been used most 
often in clinical studies is the bacterial  neomycin phospho-
transferase  ( neo R  ) gene which, when expressed, confers 
resistance to the neomycin analog G418. Other marker genes 
are now available and include those encoding for the murine 
heat stable antigen, the human CD24 and CD25 antigens, 
the truncated nerve growth factor receptor, modifi ed CD4 
or CD19 or CD34 antigens, and an array of fl uorescent pro-
teins. The stable and unique integration pattern of proviral 
DNA in the genome of marked cells can provide a perma-
nent marker for individual hematopoietic or malignant cells 
and their clonal descendants. This marking pattern can be 
established using a polymerase chain reaction (PCR) - based 
analysis that has been developed called ligation - mediated 
PCR, which provides information on the actual site of inte-
gration of the provirus. Clinical applications in which gene 
marking has provided new and important information 
include the infusion of oncoretrovirally marked, autologous, 
tumor - infi ltrating lymphocytes into patients with advanced 
melanoma and the infusion of oncoretrovirally marked bone 
marrow or peripheral blood into patients with myeloid 
leukemia, myeloma, and neuroblastoma. The study of such 
patients offers three important lines of investigation. 
  1     Is retroviral - mediated gene transfer relatively safe?  
  2     Do genetically altered bone marrow or blood stem cells 
contribute to long - term hematopoiesis?  
  3     Do malignant cells or their precursors contribute to the 
high relapse rates observed after myeloablative therapy and 
autologous HSC transplantation?    

 A number of groups have reported the consequences of 
infusing gene - marked bone marrow cells into humans and 
the contribution of contaminating tumor cells in the graft 
to disease recurrence. The fi rst important observation from 
these studies is that oncoretrovirus - mediated gene transfer 
as currently practiced appears relatively safe. No detrimental 
effects, either on the autograft or in patients, have been 
reported in these studies. Replication - competent oncoretro-
virus has also not been detected at appreciable levels in 
patients participating in clinical trials. That said, in two 
recent clinical gene therapy protocols for an inherited 
disorder, the possibility exists that T - cell leukemias that 

 The receptor for most adenoviruses used in gene transfer 
applications has been identifi ed as the coxsackie - and - 
adenovirus receptor protein and has been useful in deter-
mining the mechanism of adenovirus binding and cell entry. 
Adenoviral vectors do not integrate into the genome at an 
appreciable frequency and are lost from most cycling target 
cells within weeks of transduction. First - generation adeno-
viral vectors may also incite potent immune responses due 
to viral genes encoded by the vectors, resulting in the elimi-
nation of transduced cells and further minimizing the 
chances of successful vector readministration. Adenoviruses 
are therefore ideal vectors if an immune response and/or 
short - term high levels of transgene expression are desired; 
however, they are not suitable for therapies that require 
long - term expression or integration of the transgene. In an 
attempt to overcome some of these limitations, newer gen-
erations of adenoviral vectors have retained immunosup-
pressive sequences in the E3 region, eliminated all viral 
sequences except the necessary inverted terminal repeats, or 
are based on a helper - dependent systems with low levels of 
contaminating helper virus. Oncolytic adenovirus vectors, 
which replicate only in permissive cancer cells, have been 
developed and hold promise for the treatment of solid 
tumors and leukemic cells. For example, one such vector 
system only replicates in cells harboring defective p53 
tumor - suppressor gene function. 

 Versions of the human parvovirus, AAV, are also being 
used more frequently as a vehicle for therapeutic gene trans-
fer. AAVs are non - pathogenic in humans and establish a 
latent infection in the absence of adenovirus itself or helper 
functions provided by other viruses. Wild - type AAV inte-
grates at some frequency into a specifi c site on human chro-
mosome 19q13.3 – qter, which appears to be a relatively 
benign location. Only the AAV inverted terminal repeats are 
required as transcriptional units for recombinant AAV 
vectors, which allows about 4   kb for foreign inserts given the 
size of the parental viral genome. However, both the effi -
ciency and specifi city of integration are lost without the 
wild - type genes; recombinant AAV integrates at a very low 
frequency. As usually produced, AAVs have titers of approx-
imately 10 6  particles/mL and can be concentrated to greater 
than 10 9  particles/mL, although in each preparation a 
number of non - infectious particles are generated. Human 
CD34 +  hematopoietic stem/progenitor cells have been trans-
duced with recombinant AAV vectors, with up to 80% of 
colony - forming units (CFU) carrying the transgene. 
Interestingly, the optimal use of recombinant AAV - based 
gene transfer vectors to impact the hematopoietic system 
may actually be in secondary manifestations. In a landmark 
study, Kay and colleagues injected recombinant AAV vectors 
that engineered expression of factor IX into skeletal muscles 
of severely affl icted hemophilia B patients. Long - term vector 
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 In total, data on more than 40 patients enrolled in gene -
 marking studies during bone marow transplantation for 
acute myeloid leukemia, neuroblastoma, chronic myeloid 
leukemia, breast cancer, myeloma, acute leukemia, or non -
 Hodgkin lymphoma have been presented. Of the relapsed 
patients, gene - marked tumor cells have been detected in a 
high percentage in many studies. In one patient with acute 
myeloid leukemia, the simultaneous detection of a cytoge-
netic marker along with the  neo R   gene confi rmed that 
gene - marked cells contributed to relapse. A second critical 
observation was made a number of years ago when Rill and 
colleagues reported that a multiplicity of neuroblastoma 
cells in the graft contributed to relapse. The high frequency 
of gene - marked relapse, despite the very low frequency of 
transfused malignant cells, strongly suggests that a large per-
centage of tumor cells in the graft contribute to relapse or, 
alternatively, that tumor cells susceptible to retroviral gene 
marking are uniquely capable of engraftment and clonal 
expansion. 

 The gene - marking studies mentioned above set the stage 
for the investigation of multiple maneuvers designed to 
increase long - term gene transfer effi ciency into HSCs. Some 
of the strategies being pursued are described in Table  25.2 . 
These include increasing the true direct target cell - to - virus 
contact ratio by incorporating prior HSC enrichment, alter-
ing retroviral envelope utilization, or increasing colocaliza-
tion of vector and cell in gene transfer protocols. Newer 
vector systems improving on both oncoretroviral and lenti-
viral backbones and incorporating alternative envelope 
pseudotyping may also increase gene transfer effi ciency, 
while refi nement of growth factor combinations may more 
effi ciently induce HSC cycling in shorter time periods, thus 
improving retroviral integration without compromising 
engraftment. Many of these approaches have now been 
incorporated into clinical protocols and have likely contrib-
uted to some of the recent successes in this fi eld as described 
below.    

  Therapeutic  t rials for  i nherited 
 d isorders 

 The fi rst human clinical gene transfer trials for inherited 
single - gene disorders focused on adenosine deaminase 
(ADA) defi ciency and are summarized in Table  25.3 . 
Recombinant oncoretroviruses containing the normal 
human  ADA  cDNA were transferred into either peripheral 
blood T lymphocytes, bone marrow cells, or cord blood cells 
from ADA - defi cient patients. T - lymphoid cells expressing 
the normal  ADA  gene have a selective growth and survival 
advantage over ADA - defi cient cells, even though patients are 
maintained on pegylated - ADA enzyme replacement therapy 

developed in fi ve patients resulted from the integration of a 
therapeutic provirus into the regulatory region of a certain 
oncogene ( see below ). The second important observation 
from earlier gene - marking studies is that multiple HSCs 
contribute to long - term hematopoiesis, albeit at relatively 
low levels. Interestingly, rather than all daughter hematopoi-
etic cells being derived from a single HSC, it thus appears 
that in actuality multiple stem cells contribute to formation 
of the renewing blood system. 

 In the fi rst gene - marking studies in children reported by 
Brenner and colleagues, 2 – 15% of clonogenic hematopoietic 
progenitor cells were marked after autologous bone marow 
transplantation. The marker gene was detectable for up to 4 
years after transplant and was found in granulocytes, B cells 
and T cells, at least by PCR. In the earlier adult gene - marking 
studies, however, oncoretroviral transduction of marrow or 
peripheral blood HSCs has resulted in detection of inte-
grated vector in only a very low percentage of peripheral 
blood cells. For example, in one study, although the marker 
gene persisted for up to 2 years,  neoR  - positive cells could 
only be detected intermittently with analyses employing 
PCR. Work by a number of groups suggested that modifi ca-
tion of the transduction protocols would result in a signifi -
cant improvement in the engraftment of genetically modifi ed 
HSCs. Along these lines, since preclinical experience indi-
cated that the use of bone marrow stroma enhances gene 
transfer into HSCs, this approach was evaluated in clinical 
trials. However, the results of this adaptation proved to be 
no better than those discussed above and, in general, are very 
similar to those observed in the pediatric gene transfer 
studies. In another generation of primate gene - marking 
studies, novel cytokine combinations have been employed 
to induce HSC cycling and yet maintain some level of the 
 “ primitiveness ”  and  “ engraftability ”  of the transduced cell 
population. In addition, a fragment of the fi bronectin 
protein has been utilized in the past few years to colocalize 
lower titer virus with target cells and alternatively pseudo-
typed oncoretroviruses have shown promise in infecting 
more primitive hematopoietic cells. Indeed, levels of marking 
are now more encouraging and are reaching a point where 
some hematological disorders may actually be ameliorated. 
For example, one study in baboons by Horn and colleagues, 
using vectors that engineer expression of fl uorescence pro-
teins, demonstrated stable, multilineage, functional marking 
of up to 25% of peripheral blood cells derived from trans-
duced and transplanted CD34 +  hematopoietic cells. This, 
along with improved vectors and recent clinical results men-
tioned below, has led to a renewed sense of optimism in the 
fi eld using stable integrating viruses and suggests that the 
successful application of human therapeutic gene transfer 
will eventually be achieved for a variety of disorders that 
interface with the hematopoietic system. 
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  Table 25.2    Strategies for optimization of stable gene transfer into  HSC  s . 

   Strategy     Method  

  Inducing recipient cells to cycle    Optimization of  ex vivo  cytokine stimulation  
  Collection of cells during recovery phase after myeloablation or mobilization  
  Culture on stromal layers  

  Increased cell – virus contact    Centrifugation of cells and virus during transduction (spinoculation)  
  Viral supernatant fl ow - through systems  
  Coat dishes with fi bronectin fragment  
  Higher viral titers and multiple exposures  

  Increase viral receptor levels on target cells    Increase levels of amphotropic receptor by phosphate depletion  
  Transfer viral receptor into cell by adenovirus or adeno - associated virus  
  Target subpopulations of cells that have high levels of receptors  

  Alternatively pseudotyped recombinant retroviruses    Exploiting GALV, RD114, 10A1 receptors for entry  
  VSV - G envelope to expand tropism and allow virion concentration  

  Modifi ed retroviral vectors to increase effi ciency and infect 
non - cycling cells  

  Lentivirus -  and foamy virus - based vectors  

  Positive selection of transduced cells    Add positive selectable marker to vector: metabolic, fl uorescent, cell - surface  

  Table 25.3    Early gene therapy trials for  ADA  defi ciency. 

   Center     Cells     Protocol      In vitro  gene transfer      In vivo  results  

  NIH    PB supernatant    9 – 12 hours        Increased immune repertoire 
 Number of T cells normalized after 2 years  

  Italy    PB, BM    Coculture 72 hours or 
supernatant  

  2.5 – 50% cells 
 30 – 40% CFU  

  Multilineage repopulation with marked cells 
 Increased immune repertoire for 2 years  

  The Netherlands    CD34 +  BM    Coculture   +   IL - 3    5 – 12% CFU    Transduced cells detected 3 – 6 months after 
transplant  

  St Jude Children ’ s 
Hospital  

  CB CD34 +     Supernatant   +   IL - 3   +   
IL - 6   +   SCF  

  12.5 – 21.5% CFU    Multilineage repopulation with transduced 
cells  

  Japan    PB    Supernatant   +   IL - 2    3 – 7% cells    Improvement in immune function; 10 – 20% 
of blood cells carrying provirus    >    1 year  

   BM, bone marrow; CB, cord blood; NIH, National Institutes of Health; PB, peripheral blood.   

(ERT) for ethical reasons. In these early studies, patients 
who had received multiple infusions of autologous  ADA  -
 transduced blood cells had increased levels of enzyme in their 
serum, and up to 20% of their peripheral blood T cells were 
found to carry provirus for some period. Indeed, long - term 
follow - up has revealed that one patient has maintained this 
level of marking for over 10 years. In two of the three initial 
trials in which patients received autologous marrow or cord 
blood cells transduced with  ADA  cDNA - containing oncoret-
roviruses, between 12 and 40% of CFUs were transduced, 
and genetically marked cells were found for greater than 1 
year after infusion. In the one study, by Hoogerbrugge and 

colleagues, in which provirally marked cells were not main-
tained for greater than 6 months, there was lower  in vitro  
gene transfer effi ciency of 5 – 12% CFU prior to transplant. In 
the cord blood study there was evidence for a selective growth 
advantage of T cells as there were higher levels of marked T 
cells than myeloid cells even while the patients were main-
tained on progressively lower doses of PEG - ADA therapy. 
ERT was withdrawn from one patient and the number of T 
cells carrying the provirus increased to 30%; however, the 
total number of B lymphocytes and natural killer cells 
dropped and the patient had reduced immune function. That 
patient subsequently resumed PEG - ADA treatment.   
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sion of a proto - oncogene called  LMO2 . Yet while these fi nd-
ings are worrisome, and are causing regulatory agencies to 
re - examine protocols, the position of most seems to be that 
this outcome may be specifi c for this disorder given the 
dramatic proliferative advantage that is conferred on the 
productively transduced cells in this case. More study on this 
topic is defi nitely required and risks versus benefi ts for each 
clinical gene therapy protocol are being evaluated in greater 
detail given these fi ndings. To reiterate, however, it should 
be emphasized that since analogous vector backbones and 
transduction conditions have been used for other studies, 
such as the ADA - SCID trials mentioned above without the 
emergence of adverse events, the possibility exists that these 
leukemia - like diseases are a specifi c consequence of overex-
pression of the   γ   - chain  gene itself, since it impacts many 
diverse signaling pathways that affect a number of cellular 
functions  in vivo . 

 Results from another study involving the hematopoietic 
system have also generated some close scrutiny recently. 
Clonal dominance of cells with specifi c integration events 
has been observed in a recombinant oncoretrovirus - based 
clinical gene therapy trial for the X - linked form of chronic 
granulomatous disease. Here patients have impaired immune 
function and cannot suffi ciently resist bacterial and fungal 
infections due to an inability of neutrophils to generate 
superoxide ions; expression of the  CYBB  gene can abrogate 
this. Interestingly, the amplifi ed integration locus involved 
the  MDS1  and  EVI1  genes in this case, which differs from 
that mentioned in the SCID - X1 trials above and may refl ect 
alterations in the activity of myeloid cells post - transduction 
with this cDNA rather than a specifi c sequence preference 
for vector integration. 

 With regard to Gaucher disease, a lysosomal storage dis-
order resulting from a defi ciency in the enzyme glucocere-
brosidase that is manifested mainly in macrophages, it has 
also been proposed that this defect may be especially ame-
nable to treatment by therapeutic gene transfer into HSCs. 
Results from two earlier clinical gene transfer studies target-
ing this disorder have been reported. Mobilized peripheral 
blood or marrow CD34 +  cells from Gaucher patients were 
transduced with an oncoretroviral vector that engineered 
expression of glucocerebrosidase and then infused into non -
 myeloablated autologous recipients. In both studies, trans-
duced cells were detected at low levels in blood and/or 
marrow leukocytes. One patient who received cells trans-
duced with an MFG - based oncoretroviral vector manifested 
increased levels of enzyme activity corresponding to 50% of 
normal, which was maintained for 12 months after infusion. 
No therapeutic benefi t or increased enzyme activity was 
detected in other patients or in the other study. The recent 
development of a viable murine model for this lysosomal 
storage disorder will be very benefi cial for the testing and 

 Inherited immunodefi ciencies, such as severe combined 
immunodefi ciency (SCID) of ADA ( see above ) and X - linked 
SCID ( see below ), have become focal points for the potential 
benefi ts and some of the potential hazards of gene therapy. 
The above studies in ADA - SCID likely represent the fi rst 
tangible correction of an inherited disorder by stable transfer 
of a therapeutic gene into primitive hematopoietic cells and 
their progeny, although it is diffi cult to state this unequivo-
cally due to the simultaneous administration of ERT. 
However, these initial results have been surpassed recently 
for ADA - SCID in a study published by Aiuti and colleagues, 
where productive transfer of the  ADA  gene was effected into 
CD34 +  cells of non - myeloablated recipients for whom ERT 
was not available. Many of the incremental improvements 
in the gene transfer protocols mentioned above were adapted 
in this protocol and high levels of gene marking (up to 25% 
of CFU - C initially) and functional correction were demon-
strated. Long - term multilineage hematopoietic cell marking 
was also found in both patients. This study demonstrated, 
without the confounding implications of ERT, that stable 
long - term correction of this immune defi ciency could be 
accomplished using this therapeutic approach. Indeed, these 
patients are presently at home, have normal growth and 
development parameters, and respond effectively to immune 
challenge from a variety of agents. 

 Impressive results have also been demonstrated in efforts 
to correct another inherited immunodefi ciency, X - linked 
SCID. X - linked SCID (SCID - X1) is caused by a defi ciency 
of the common  γ  - chain subunit of the receptors for the 
cytokines interleukin (IL) - 2, IL - 4, IL - 7, IL - 9, and IL - 15 and 
is thereby not a candidate for soluble factor augmentation 
therapy. Expression of  γ  - chain was also expected to offer a 
growth advantage to productively transduced cells. This was 
indeed the case and in this fi rst report in 2000, two patients 
were shown to have fully corrected immune function as a 
result of the gene therapy. Since this landmark fi rst descrip-
tion of this benefi cial outcome, other X - linked SCID patients 
have also been treated by this method. In fact, to date 
approximately 20 patients have received this gene therapy 
and the majority of these individuals retain improved and 
stable immune function. Yet even with these impressive 
results, this study highlights areas where the fi eld of gene 
therapy must still progress in its understanding. This is 
because of reports that fi ve of the patients receiving the cor-
rective   γ   - chain  gene in two separate clinical gene therapy 
protocols for SCID - X1 employing similar vectors and trans-
duction protocols have gone on to develop acute T - cell lym-
phoblastic leukemia - like disease approximately 3 years after 
the transplantation of oncoretrovirally transduced cells. In 
at least two of these patients the development of this prolif-
erative disorder has debatably been ascribed to a deleterious 
integration event that may have caused dysregulated expres-
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cleotide reductase, topoisomerase II, aldehyde dehydroge-
nase,  O  6  - methylguanine - DNA - methyltransferase (MGMT), 
glutathione  S  - transferase, dihydrofolate reductase, thymi-
dylate synthase, and tubulin. The cDNA for the human 
 MDR - 1  gene (P - glycoprotein) has been subcloned and 
expressed in both mouse and human cells in culture. Transfer 
of the  MDR - 1  gene into mouse and human bone marrow 
cells using oncoretroviral constructs leads to drug resistance 
 in vitro . Transduced and transplanted cells engraft and 
confer drug resistance to bone marrow cells  in vivo  and also 
allow for positive selection of  MDR - 1  transduced cells, for 
example by chemotherapy (Figure  25.3 ). Mutant forms of 
MGMT are also currently drawing substantial interest in the 
fi eld as chemotherapeutic agents, and pharmacological 
inhibitors can be combined to allow selection of primitive 
hematopoietic cells transduced with these cDNAs  in vitro  
and  in vivo . While this is promising, more work needs to be 
performed to ensure that the resulting enriched hematopoi-
etic cell population maintains appropriate lineage variability 
in correct ratios upon differentiation and that clonal domi-
nance of selected cells does not lead to leukemia - like disease.   

 Clinical trials of  MDR - 1  gene transfer into hematopoietic 
cells for chemoprotection in cancer therapy have been 
performed. The approach used for gene transfer is generally 
similar to that used for human gene - marking trials. 
Preliminary results indicated that infusion of  MDR - 1  -
 modifi ed cells is safe and no deleterious effects of infusing 
such gene - modifi ed cells have been observed. In a landmark 
study by Abonour and colleagues concerning this approach, 
a combination of some of the incremental improvements in 
gene transfer protocols ( see above ) yielded fairly effi cient 
transfer of the human  MDR - 1  gene into long - term repopu-
lating hematopoietic cells. Indeed, of the 12 subjects enrolled 
and transplanted in that protocol, appreciable levels of gene 
marking (up to 15% positive) were observed at 1 year after 
transplantation by PCR analyses on soft - agar colonies of 
cells from six recipients. Furthermore, in three of these 
patients, functional expression of the  MDR - 1  gene was ulti-
mately demonstrated by productive growth of colonies in 
the presence of paclitaxel.  

  Genetic  i mmunotherapy 

 A number of potential approaches using gene therapy for 
hematological malignancies can be considered (Table  25.4 ). 
Proof of concept for immunotherapy as a valid approach to 
the treatment of hematological malignancy has been pro-
vided by clinical studies that demonstrated that infusion of 
allogeneic T cells can eradicate minimal disease in patients 
relapsing after allogeneic transplant. Unfortunately, these 
encouraging allogeneic responses require a haploidentical 
T - cell donor, which is not available to the vast majority 

implementation of novel gene therapy strategies involving 
some of the conditional manipulations mentioned above or 
employing newer vectors. 

 Collectively, the results from the gene transfer studies for 
genetic disease described above (and others not directly 
mentioned) illustrate several points that will likely impact 
on the clinical success of gene transfer protocols for other 
single gene inherited disorders. 
  1     The presence in patients of cells carrying the provirus for 
greater than 1 year has demonstrated the feasibility of gene 
therapy and newer vector systems may further enhance this.  
  2     The transfer of genes that provide a growth or survival 
advantage can provide long - term expression and mainte-
nance of transduced cells.  
  3     A selective advantage of transduced cells can compensate 
for a modest gene transfer effi ciency and yet, if too strong, 
may lead to amplifi cation of deleterious transformation 
events.  
  4     Using the incrementally optimized protocols, gene deliv-
ery using oncoretroviruses and subsequent transgene expres-
sion levels may presently be suffi cient to correct a number 
of disorders that are directly or indirectly manifested in the 
hematopoietic system.    

 Clinical gene therapy trials for other inherited single - gene 
disorders such as Wiskott – Aldrich syndrome, leukocyte 
adhesion defi ciency, sickle cell disease, Fanconi anemia, 
mucopolysaccharidosis type I, and Fabry disease among 
others are completed, ongoing, or proposed.  

  Therapeutic  t rials for  a cquired 
 d isorders 

  Chemoprotection 

 The above results suggest that normal bone marrow cells 
could be removed, transduced with a recombinant retroviral 
vector engineering expression of a drug resistance gene, and 
returned to patients with no toxicity. Theoretically, such 
protected cells would then expand clonally after chemo-
therapy treatment and confer relative resistance to a cyto-
toxic or cytostatic agent, allowing further dose escalation 
and a potential cure of some patients. Furthermore, such 
drug resistance genes, if expressed in a multi - cistronic format 
with a second therapeutic gene product, may even serve as 
selectable markers allowing  ex vivo  or  in vivo  enrichment or 
 “ preselection ”  of functionally gene - marked cells, which may 
further enhance observed clinical outcomes. 

 Numerous potential mechanisms of induction of cellular 
resistance to chemotherapy agents have been described. 
Some candidate gene products for chemoprotection schemas 
include P - glycoprotein, MRP, cytidine deaminase, ribonu-
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     Fig. 25.3      Hematopoietic stem cells removed from the patient can be genetically engineered to express a drug resistance gene  
 Theoretically, after return to the patient, the cells are selected by chemotherapy (normal stem cells survive chemotherapy less well than cells 
expressing the drug resistance gene). At a certain point the number of drug - resistant bone marrow cells rises to a degree that protects bone 
marrow from the effects of chemotherapy and thus higher doses of chemotherapy can be given without all the usual side effects. Note, 
however, that systemic side effects not related to bone marrow will persist. This method could also be used to select for a second gene 
product expressed in concert with the drug resistance gene.  

  Table 25.4    Approaches to gene therapy targeting hematological malignancies. 

   Strategy     Genes employed     Problems and merits  

  Gene replacement     p53, p16, Rb     Gene delivery to every cell required 
 Specifi c to defective cancer cell  

  Gene inhibition     BCR - ABL, MYC, CCND1 (cyclin D1) ,  BCL - 2     Gene delivery to every cell required  

  Suicide genes     Thymidine kinase, cytosine deaminase     Immunogenicity and bystander effect contribute  

  Drug resistance genes     MDR - 1, DHFR, MGMT     Stem cell gene delivery required  

  Immunotherapy     IL - 2, IL - 12, B7 - 1, CD40L, GM - CSF, 
tumor - associated antigens (TAAs)   

  Systemic response, autoimmunity a theoretical problem 
 For TAAs, requires that tumors express foreign antigen  
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normal tissue (Figure  25.4 ). Some of these TAAs have been 
isolated and shown to be recognized by T - cell receptor 
(TCR) complexes on human cytotoxic T lymphocytes. This 
has engendered gene therapy strategies to augment T - cell -
 mediated eradication of tumors. Indeed, while to date cancer 
has been the primary target of the bulk of clinical gene 
therapy protocols, this area has seen limited success. That is 
until the results of a landmark study were published in 2006 
by Morgan and colleagues demonstrating defi nitive success 
in this area. The cDNAs for the  α  and  β  chains of a TCR 
against a melanoma antigen were subcloned into an 

of patients. Another more widely applicable approach is the 
use of autologous tumor cells that have been genetically 
engineered to express immunostimulatory cytokines. 
Trials using this strategy in myeloma, low - grade lymphoma, 
leukemia, and chronic lymphocytic leukemia are being 
pursued.   

 Many tumor cells express unique antigens on their cell 
surface, either alone or as proteolytically cleaved peptides in 
association with MHC class I molecules. The specifi city and 
sheer quantity of these tumor - associated antigens (TAAs) 
may allow immune effector cells to distinguish tumor from 
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     Fig. 25.4      Some facets of drug resistance immunotherapy  
 Effi cient signaling of T cells occurs following adhesion, engagement of the major histocompatibility complex (MHC) class I/T - cell receptor signal, 
and after a costimulatory signal is received. Under normal circumstances, professional antigen - presenting cells (APCs) present processed 
peptides in the groove of the MHC class I complex to T cells. Tumor cells are often defi cient in one or all of the components required to 
function as APCs because they lack an appropriate tumor antigen, cannot process the antigen, or are defi cient in adhesion molecules, MHC 
class I or costimulatory molecules required to generate a T - cell response. These missing components can be provided or expression enhanced 
using gene transfer techniques. By overcoming the defi ciencies of the tumor cell, the gene - engineered cells can serve as autologous cancer 
vaccines presenting foreign antigen to the host T cells.  
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requires a second costimulatory signal. It is now appreciated 
that molecules of the B7 family (B7 - 1/CD80, B7 - 2/CD86) on 
APCs engaging CD28/CTLA - 4 receptors on T cells play a 
key role in this process, inducing autocrine IL - 2 production 
and T - cell proliferation. Murine models have demonstrated 
that T - cell - mediated rejection of tumors can be induced 
by transduction of tumor cells with such costimulatory 
molecules. In the absence of costimulatory signals, it is pos-
sible to bypass this requirement by ectopic expression of 
cytokines and thus overcome or prevent anergy of the 
immune effector cells. Proof - of - principle that cytokine 
gene - transduced tumor cells can prevent tumor engraftment 
has been obtained. Such models have also shown that trans-
duction of the genes for various cytokines, such as IL - 2, IL - 4, 
IL - 6, IL - 7, IL - 12, IFN -  γ , GM - CSF and TNF -  α , into murine 
tumors not only led to primary rejection of the modifi ed 
cells but often elicited protective immunity against subse-
quent tumor challenge with unmodifi ed tumor cells. 
Furthermore, in such models, synergy has been demon-
strated between molecules with varying mechanisms of 
action, for example IL - 2, IL - 12 and B7 - 1.  

  Genetic  i nhibition:  a ntisense  RNA , 
 r ibozymes, and  si  RNA  

 A number of oncogenes, for example  RAS ,  MYC ,  CCND1  
(cyclin D1) and  BCR - ABL , are overexpressed in hematologi-
cal malignancies and in many cases are pivotal to the pro-
gression of disease. RNAs with enzymatic activity ( ribozymes ) 
that possess highly sequence - specifi c RNA - cleaving poten-
tial have been used to decrease expression of such onco-
genes. Another gene therapy approach directed against such 
malignancies is the use of antisense mRNAs to bind to, and 
prevent translation of, the sense target sequence. An analo-
gous study using antisense RNA has been performed in the 
clinic for treatment of HIV - AIDS by Levine and colleagues. 
This was the fi rst protocol in humans to employ recom-
binant LVs. Here T cells were transduced with a condition-
ally replicating LV that engineered expression of an antisense 
sequence to the HIV envelope. Cells were infused a single 
time into fi ve subjects. One recipient demonstrated a sus-
tained decrease in HIV load and immune function improved 
in four patients. No insertional mutagenesis was observed, 
nor was recombination between the gene transfer vector and 
wild - type HIV. Lastly, RNA interference (RNAi), which 
entails the use of small double - stranded RNAs to elicit 
downmodulation of target gene expression, is also being 
developed by a number of groups to be used in this context. 
Indeed, many investigators have demonstrated that this 
technique can modulate expression of a variety of important 
factors in hematopoietic cells, and such procedures are now 
being pursued in the clinical context.   

oncoretroviral vector and used to transduce peripheral 
blood lymphocytes of melanoma patients. Following infu-
sions of the transduced cells into 17 patients, two patients 
demonstrated actual sustained tumor regressions as deter-
mined by standard criteria. Furthermore, 1 year after infu-
sions both of the responding patients had high levels of 
gene - transduced cells in their circulation (20 – 70% of periph-
eral blood mononuclear cells). Multiplexing TCR complexes 
to broaden the immune response and overcoming antigen 
drift and subsequent tumor evasion, adaptation of recom-
binant LVs to increase gene transfer frequencies, along with 
incorporation of methods to overcome immune dampening 
mechanisms driven by the tumors themselves may increase 
the potency of this strategy in future protocols.   

 Another facet of immunotherapy for cancer that has 
received substantial interest is the application of gene deliv-
ery techniques to induce specifi c immune responses in 
patients by directing effi cient antigen presenting cells (APCs) 
to present peptides from such TAAs to T cells. Where 
patients have suffi cient immune capacity for this kind of 
manipulation, this can cause upregulation of the immune 
response against that specifi c TAA. The most immunologi-
cally powerful (so - called  professional ) APCs are bone mar-
row - derived dendritic cells. Dendritic cells express MHC 
class I and II, B7 - 1, B7 - 2, CD40, ICAM - 1, and LFA - 3. They 
are capable of presenting processed antigen for days, and are 
potent stimulators of immunity when administered as vac-
cines to animals. Dendritic cells modulate immune responses 
in part by secretion of IL - 12 (hence the notion of converting 
tumor cells into APCs by introduction of IL - 12 and B7 - 1 
sequences). Dendritic cells can be readily expanded from 
bone marrow progenitors  in vitro  using cytokine - supple-
mented medium (useful cytokines include Flt3L, TNF -  α , 
GM - CSF, IL - 4). Such cells may also be genetically engi-
neered by a variety of methods to express TAAs, thereby 
presenting peptides in a proper context; this holds promise 
for the immunotherapy of hematological malignancies and 
for some solid tumors. Clinical trials have been performed 
in this area targeting a number of TAAs. Results have indi-
cated that immune responses can be generated in patients. 
Current work is focused on enhancing that immune outcome 
and capitalizing on that facet to decrease tumor burdens. 

 As alluded to above, tumor cells known to express poten-
tially antigenic peptides manage to evade host immunosur-
veillance and proliferate  in vivo . Thus, tumor cells may lack 
or downmodulate expression of the necessary accessory 
signals required to induce expression by immune effector 
cells of cytokines that are necessary for activation and 
directed  in vivo  expansion of cytotoxic T lymphocytes. The 
end result is anergy, a failure of T cells to respond to the 
tumor antigen. In addition to optimal presentation of 
antigen to the TCR, effi cient activation of naive T cells 
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are that not all cells targeted will be successfully gene modi-
fi ed and thus, even with the bystander effect, only a fraction 
of malignant cells will be destroyed. Nevertheless, applica-
tions of this type are in clinical trials for treatment of solid 
tumors. Another proven clinical application of this suicide 
approach, which may actually have a higher probability of 
success, is in the prevention of GVHD following transplanta-
tion. These trials were fi rst performed by Bonini and col-
leagues in patients who fi rst received T - cell - depleted 
allogeneic bone marrow transplantation followed by infu-
sions of oncoretrovirally transduced lymphocytes. The 
transduced cells demonstrated antitumor activity in fi ve 
patients. Three patients developed GVHD, which was con-
trolled by addition of ganciclovir.   

 Further refi nements of the suicide approach have also 
been described recently. These were necessary due to inher-
ent issues with the HSV thymidine kinase system. In this 
context, HSV thymidine kinase converts ganciclovir to gan-
ciclovir monophosphate. This molecule is eventually con-
verted into ganciclovir triphosphate by other cellular kinases 
and incorporated into DNA, causing chain termination in 
dividing cells. Yet HSV thymidine kinase is not all that effi -
cient at converting ganciclovir to ganciclovir monophos-
phate. In addition, this reaction is only one of the rate - limiting 
reactions in this cascade, such substrate conversion merely 
transferring the rate - limiting step on to the next enzyme in 
the pathway, guanylate kinase. HSV thymidine kinase is also 
a foreign protein and anti - thymidine kinase immune 
responses have been reported in patients receiving such 
transduced cells. This can lead to premature clearing of 
the transplanted cell population. Lastly, it should be noted 
that many transplant patients are already on prophylactic 
ganciclovir to reduce the possibility of cytomegalovirus 
infection. 

 The system developed by Sato and colleagues abrogates 
many of the above issues. Here, a human enzyme (thymi-
dylate kinase) has been minimally modifi ed to direct it to 
effi ciently convert azidothymidine monophosphate to azi-
dothymidine diphosphate. Toxicity profi les for azidothymi-
dine are well known. This system also allows for killing of 
non - cycling cells through mitochondrial membrane disrup-
tion.  In vitro  and  in vivo  testing of such a suicide safety 
system has been completed and recombinant LV that engi-
neers expression of this variant enzyme is being produced 
for eventual clinical trials.   

  Conclusions 

 While still a relatively young fi eld, some successes have been 
observed in clinical gene therapy trials. Some concerns have 
also been raised. Development and implementation of gene 

  Safety 

  Suicide  g ene  t herapy 

 With the obvious importance of stably integrating vectors in 
gene therapy protocols involving the hematopoietic system, 
and given the deleterious outcomes in clinical trials for one 
inherited disorder ( see above ), it is appropriate that the fi eld 
is now directing much more attention to studying the safety 
of such gene delivery agents. Extensive sequencing analyses 
have revealed that LVs and oncoretroviral vectors have dif-
ferent integration patterns. Yet, in both cases, such integra-
tions are still fairly random. Efforts are underway to tether 
the viral integrases to specifi c sequences in the genome, 
thereby directing proviral integration into specifi c areas of 
chromatin; however, such studies are still in their infancy. 
Another method under scrutiny is to use gene transfer to 
endow target cells of interest with factors that may allow 
their selective eradication should deleterious outcomes arise. 
This approach certainly has applications in hematological 
transplantation, and also in numerous other developing 
research fi elds employing different candidate populations 
such as embryonic stem cells and induced pluripotent stem 
cells. 

 The so - called  “ suicide genes ”  encode enzymes which, 
when expressed by transduced target cells, confer suscepti-
bility to drug - induced cell death by specifi cally converting 
normally non - toxic prodrugs into potent cytolytic or cyto-
static molecules. At least three general applications of suicide 
gene therapy can be envisioned. One is direct tumor therapy, 
where the vector is injected into the tumor mass and patients 
are given the prodrug, which is activated only in the tumor. 
The second application is in reduction of graft - versus - host 
disease (GVHD) after donor lymphocyte infusion. Here, if 
symptoms of GVHD appear, productively transduced and 
transplanted cells can be selectively removed by addition of 
prodrug. Lastly, if a truly portable system exists, such safety 
elements could conceivably be incorporated into any cell 
transplanted out of its normal context or into any gene 
therapy vector in order to protect transduced cells from 
genotoxicity and the development of leukemias should such 
outcomes occur. 

 The gene most commonly employed in clinical trials in 
this context is the  human herpes simplex virus (HSV) type 1 
thymidine kinase  gene, which confers sensitivity to the drugs 
ganciclovir and aciclovir, among others. Use of thymidine 
kinase is further enhanced for some direct tumor applica-
tions by diffusion of the converted prodrug into neighboring 
cells and thus a  bystander effect  occurs that is mediated 
largely via gap junctions between connecting cells (Figure 
 25.5 ). The obvious limitations of this treatment approach 
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genome, are setting the stage for a new era in human medi-
cine. The fi eld of human molecular medicine will surely 
continue to expand and make inroads in a therapeutically 
relevant way. It seems likely that study of the blood system, 
both in the laboratory and in patients, will continue to play 
a pivotal role in the further development of this fi eld.  
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 The metabolic product of the activity of the thymidine kinase suicide gene appears capable of diffusing into neighboring cells via gap junctions, 
which join the cells together. This non - specifi c diffusion allows a greater effective cell killing percentage than might be predicted using direct 
gene transfer effi ciency alone. Because cells are dying and releasing tumor antigen into the local milieu of the tumor, it is possible that such 
suicide gene therapies will synergize with immune - based treatment strategies.  
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  Introduction 

 It has long been recognized that there is great heterogeneity 
in the way people respond to medications. For example, 
when a standard dose of a certain drug is given to a cohort 
of patients, some will respond and some will not respond, 
some will respond only partially, and some will experience 
adverse drug reactions (ADRs) that can be life - threatening. 
This variation in both host toxicity and treatment effi cacy 
can have many different causes, including environmental 
(e.g., nutrition, cigarette smoking, other medications), 
physiological (e.g., age, gender, nutritional status, renal and 
liver function), pathophysiological (e.g., pathogenesis and 
severity of the disease being treated), and genetic factors. 
Overall, genetic factors are estimated to account for 15 – 30% 
of interindividual differences in drug metabolism and 
response. For certain drugs, however, genetic factors are 
of the utmost importance and can account for up to 95% 
of interindividual variability in drug disposition and 
effects. 

 The science of pharmacogenomics, which aims to defi ne 
the genomic determinants for drug disposition and effects, 
has a long tradition in the fi eld of hematology. In the 1950s, 
the relationship between hemolysis after antimalarial therapy 
and the inherited glucose 6 - phosphate dehydrogenase 
(G6PD) activity in erythrocytes was identifi ed. This discov-
ery explained why the ADR of hemolysis is observed mainly 
in Africans, where up to 10% of individuals are defi cient in 
G6PD, but is rarely seen in other ethnic groups like 
Caucasians, in whom G6PD defi ciency is uncommon. In 
1959, Friedrich Vogel defi ned pharmacogenetics as  “ the 
study of the role of genetics in drug response. ”  Until 2000, 

efforts were mainly concentrated on mapping highly pene-
trant monogenic loci for drug - metabolizing enzymes that 
strongly infl uence the effects of medications. Interestingly, 
two of the most important clinical examples of Mendelian 
pharmacogenetics  –  polymorphisms in the thiopurine  S  -
 methyltransferase ( TPMT ) gene that affect the effi cacy and 
toxicity of thiopurines, and polymorphisms in the cyto-
chrome P4502C9 ( CYP2C9 ) and vitamin K epoxide reduct-
ase complex 1 ( VKORC1 ) that affect effi cacy and toxicity of 
warfarin  –  were again discovered in the fi eld of hematology, 
namely in the treatment of acute lymphoblastic leukemia 
(ALL) and oral anticoagulant therapy, respectively. However, 
it is well recognized that most pharmacological effects result 
from the interplay of numerous gene products, and now that 
the human genome has been sequenced and the human 
haplotypes of the most common form of genetic variation, 
namely single - nucleotide polymorphisms (SNPs), have 
been mapped, genome - wide approaches (i.e., pharma-
cogenomics) are increasingly used to elucidate the genomic 
contributors of variability in drug effects. The terms  “ phar-
macogenetics ”  and  “ pharmacogenomics ”  are synonymous 
for all practical purposes, and we herein use the term 
pharmacogenomics. 

 In this short chapter, validated clinically relevant exam-
ples are presented to illustrate how pharmacogenomics can 
be used to improve current drug therapy in hematological 
diseases and to identify novel targets for developing new 
therapeutic approaches in hematological diseases.  

  Principles of  p harmacogenomics 

 The effects of drugs are determined by the interplay of many 
gene products that infl uence the pharmacokinetics and 
pharmacodynamics of medications. Whereas pharmacoki-
netics describes the absorption, distribution, metabolism, 
and excretion of drugs (so - called  “ ADME ” ), pharmacody-
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include SNPs, small ( < 1   kb) insertions and deletions ( indels ) 
of nucleotides, variation in the number of repeats of a spe-
cifi c motif (i.e., variable number tandem repeats, minisatel-
lites and microsatellites), duplications, and variants of DNA 
segments 1   kb or larger that are collectively defi ned as copy 
number variations (CNVs). Common DNA variants, often 
defi ned as greater than 1% in a given population, are named 
polymorphisms, whereas rare DNA variants are named 
mutations. 

  Single -  n ucleotide  p olymorphisms 

 The most common and most extensively studied inherited 
genomic variations are SNPs, positions in the genome where 
individuals have inherited a different nucleotide. SNPs are 
found approximately every 300   bp in both the coding and 
non - coding regions of the human genome. About 18 million 
SNPs have been identifi ed (of which about 40% are currently 
validated) and are in the public domain at  http://www.ncbi.
nlm.nih.gov/SNP/snp_summary.cgi . SNPs that cause amino 
acid changes in the encoded protein are named non - 
synonymous coding SNPs, whereas SNPs that do not change 
the amino acid composition are named synonymous (or 
silent) SNPs. Amino acid substitutions have the potential to 

namics studies the relationship between the pharmaco-
kinetic properties of drugs and their pharmacological 
effects, which can be desired or adverse. The ultimate 
goal of pharmacogenomics is to elucidate functionally rele-
vant genomic determinants for drug disposition (germline 
variants) and response (variants in target cells) to select 
medications and dosage of medications on the basis of each 
patient ’ s inherited ability to metabolize, eliminate, and 
respond to specifi c drugs (Figure  26.1 ). Many variants in the 
human genome have been identifi ed that infl uence the 
expression and activity of pharmacologically relevant 
proteins.   

  Variation in the  h uman  g enome 

 The human genome consists of about 3    ×    10 9    bp (3   Gb). 
Although any two humans are thought to be up to 99.9% 
identical in their DNA sequence, the remaining small frac-
tion of the genome, which constitutes the genetic diversity 
among individuals, contains many forms of variation, 
ranging from large microscopically visible chromosome 
anomalies to single nucleotide changes. Variants that are 
about 3   Mb or more in size are referred to as microscopic 
variants. The smaller, and much more abundant, variants 
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  Copy  n umber  v ariants 

 DNA segments 1   kb or larger and which are present at vari-
able copy number in comparison with a reference genome 
are defi ned as CNVs. Recently, a fi rst - generation CNV map 
of the human genome revealed a total of about 1500 CNV 
regions covering 360   Mb (12%) of the genome. Because 
common CNVs affect approximately 12% of the human 
genome, any variation in copy number will affect a wide 
spectrum of genomic sequences (from the kilobase up to the 
megabase range), and possibly many pharmacologically rel-
evant genes. Although CNVs have been reported to infl u-
ence the activity of certain drug - metabolizing enzymes like 
CYP isoenzymes and glutathione  S  - transferases, CNVs have 
not been widely investigated in pharmacogenomics yet, but 
may be of upmost importance for genome - wide investiga-
tions in the near future.  

  Somatic and  e pigenetic  v ariations 

 Non - random genetic abnormalities, including gains and 
losses of chromosomes, can be found in the majority of 
hematological malignancies. This can create allele - specifi c 
copy number differences between normal host cells (i.e., 
germline genotype) and cancer cells, and such differences 
can have pharmacologically relevant consequences. For 
example, it has been demonstrated that the cellular acquisi-
tion of an additional chromosome can cause discordance 
between germline and leukemia cell genotypes and pheno-
types that can infl uence antimetabolite therapy. 

 Epigenetic modifi cations, mainly DNA methylations at 
CpG dinucleotides, can affect the expression of genes. 
Aberrant methylation of CpG islands is a common feature 
of cancer cells and, as demonstrated in childhood ALL, such 
aberrant methylation can also have pharmacologically rele-
vant consequences. 

 Collectively, insights from recent investigations point to 
the potential necessity of qualitative and quantitative 
genomic analyses, as well as the integration of genomic and 
epigenomic data to establish accurate pharmacogenomic 
models in hematological malignancies.  

  Genetic  v ariation  a mong  e thnic  g roups 

 It is well known that differences in the frequency and nature 
of genetic variants among ethnic groups must also be recog-
nized when attempting to extrapolate research from one 
population to another. For example, allele frequencies and 
types of polymorphisms in the  TPMT  gene, which infl uence 
effi cacy and toxicity of thiopurine therapy, vary greatly 
among different ethnic groups. Therefore, pharmacoge-
nomic relations must be validated for each therapeutic indi-
cation within different ethnic groups.   

change the function of a protein, and have more relevance 
in functionally important domains of the protein (e.g., the 
catalytic cleft of an enzyme). However, it has recently been 
demonstrated for the ATP - binding cassette transporter 
ABCB1 (or P - glycoprotein) that a silent or synonymous 
SNP can also affect  in vivo  protein folding and function. 
Moreover, SNPs in genomic regions that infl uence the 
expression of functionally relevant genes like transcription 
factors or microRNA binding sites can also have pharmaco-
logical consequences. For example, a so - called microRSNP 
(defi ned as a functional SNP that can interfere with micro-
RNA function and which results in loss of the microRNA -
 mediated regulation of a drug target gene) was recently 
found to be associated with antifolate resistance by infl uenc-
ing the expression of the antifolate target dihydrofolate 
reductase ( DHFR ) gene.  

  Haplotypes,  l inkage  d isequilibrium, and  h aplotype  m ap 

 SNPs and other genomic variants are not inherited 
independently, but rather belong to segments of DNA 
that are inherited as units, with each unit referred to as 
a haplotype. Genome - wide haplotypes can be constructed 
by linkage disequilibrium (LD) analysis, a statistical measure 
of the extent to which particular alleles or SNPs at two 
loci are associated with each other in the population. LD 
occurs when haplotype combinations of alleles or SNPs at 
different loci occur more frequently than would be expected 
from random association. SNPs and alleles of interest are 
presumably inherited together if they are physically close 
to each other (typically 50   kb apart or closer), producing 
strong LD. 

 By studying 3.1 million SNPs in 270 individuals from four 
geographically diverse populations, the international 
HapMap consortium recently created a genome - wide map 
of haplotypes, the phase II HapMap ( http://www.hapmap.
org ). The HapMap project has revealed a block - like struc-
ture of LD, as well as the existence of areas of low or high 
recombination rate, leading to the identifi cation of so - called 
tagging (tag) SNPs. Tag SNPs can be used to predict with 
high probability the alleles at other cosegregating  “ tagged ”  
SNPs. Phase II HapMap results show that the vast majority 
of common SNPs in the 3 - Gb human genome can be reduced 
to about 500   000 tag SNPs for individuals of European and 
Asian ancestry and to about 1 million tag SNPs for individu-
als of African ancestry, with a prediction accuracy of  r  2     ≥    0.8. 
Recently, ultra - high - throughput genotyping has become 
possible, with the ability to analyze more than 1 million 
SNPs using oligonucleotide SNP arrays. This high - through-
put genotyping method and the relatively manageable 
number of tag SNPs will help to establish genome - wide 
pharmacogenomic models.  
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  Candidate  g ene  a pproaches 

 Candidate gene approaches can either study the correlation 
between single genes and drug - related phenotypes or inves-
tigate the correlation between a set of functionally related 
genes and drug - related phenotypes (i.e., candidate pathway 
gene approach) (Figure  26.2 ). The main advantage of the 
single - gene strategy is that it focuses on genes with known 
biological function, and provides proof of principle if an 
association with a certain pharmacological phenotype is 
found. However, this strategy requires a large cohort to test 
the association and carries the risk of not fi nding an associa-
tion. The candidate pathway gene strategy offers the advan-
tage of combining information on several genes that are 
common to a pathway, thereby requiring smaller cohorts to 
test the association. Moreover, it minimizes the  noise  of a 
non - targeted genome - wide approach, although it poten-
tially excludes genes of importance. Many candidate gene 
investigations have focused on functionally relevant SNPs in 
genes encoding proteins that play an important role in the 
generation of a clinical drug reaction in the treatment of 

  Approaches for  e stablishing 
 p harmacogenomic  m odels 

 Pharmacogenomics is a broad strategy for establishing 
models by integrating information from functional genom-
ics, high - throughput molecular analyses, pharmacokinetics, 
and pharmacodynamics. These models can be used to 
further optimize existing drug therapy or identify novel 
therapeutic targets. As described above, there is a bewil-
dering array of human genomic variation, and a central 
issue in pharmacogenomics is to elucidate those genomic 
determinants that are pharmacologically relevant, namely 
which genomic variants are associated with certain drug -
 related phenotypes. Pharmacogenomic models can be 
established using two strategies: candidate gene strategies, 
which focus on either the analysis of single genes or sets 
of related genes in functional metabolic or biochemical 
pathways, and genome - wide strategies (Figure  26.2 ). A 
few clinically relevant examples of candidate gene and 
genome - wide approaches are presented to illustrate how 
these strategies can be used to improve drug therapy in 
hematology.     

• Analyzes the possible
candidate gene

• Requires a large
cohort to test the
association 

− Carries the risk of not
finding an association

+ Provides proof of
principle if an
association is found 

• Analyzes several
functionally related
candidate genes 

• Requires a smaller
cohort to test the
association 

− Carries the risk of
missing important
genes

+ Provides a more
biologically meaningful
association 

• Analyzes the whole genome
(expression and SNP)

• Requires smaller cohorts to test
associations  

− Difficult assessment of biological
meaning (i.e., risk of false positives)

+ May identify new associations 
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     Fig. 26.2      Comparison of single - gene, candidate pathway - gene and genome - wide pharmacogenomic approaches to the analysis of 
drug - related phenotypes  
 The main characteristics ( • ), disadvantage ( − ) and advantage (+) of each approach is indicated. The arrows between the three approaches 
indicate that any approach can lead to another and that a combination of approaches might be considered. SNP, single - nucleotide 
polymorphism.  From Cheok MH, Evans WE. (2006) Acute lymphoblastic leukaemia: a model for the pharmacogenomics of cancer therapy. 
 Nature Reviews. Cancer ,  6 , 117 – 129, with permission.   
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toxic TGNs. Variations in TPMT activity are regulated pri-
marily by variants in the  TPMT  gene. Three non - synonymous 
SNPs account for more than 95% of the relevant  TPMT  
variants, namely  TPMT * 2  (238G → C),  TPMT * 3C  (719A → G), 
and  TPMT * 3A  (460G → A   +   719A → G). One in 300 persons 
carries two variant  TPMT  alleles and does not express func-
tional TPMT activity (due to lesser stability of the variant 
protein); about 5 – 10% are heterozygous and have interme-
diate levels of enzyme activity, whereas 95% of individuals 
are homozygous for the wild - type allele ( TPMT * 1/TPMT * 1 ) 
and have normal TPMT activity (Figure  26.3 ). Population 
studies have shown signifi cant differences in TPMT pharma-
cogenetics among ethnic groups. For example,  TPMT * 3A  is 
the most common variant allele in Caucasians, whereas 
 TMPT * 3C  accounts for more than 50% of variants in 
Africans.  TMPT * 3C  is also the major variant allele in East 
Asian populations, populations that generally lack the 
 TPMT * 3A  allele.   

 Patients who carry two non - functional  TPMT  alleles 
experience severe hematotoxicity if treated with conven-
tional doses of thiopurines. Depending on the dose (e.g., 
60   mg/m 2  daily) and the comedications, many patients with 
one non - functional TPMT allele can tolerate mercaptopu-
rine therapy at full doses. However, these patients might be 
at higher risk of dose - limiting hematotoxicity with slightly 
higher mercaptopurine doses (e.g., 75   mg/m 2  daily), but may 
experience better leukemia control than do those who have 
two wild - type  TPMT  alleles. Moreover, patients with one 
non - functional  TPMT  allele may be at increased risk of 
epipodophyllotoxin - related acute myeloid leukemia and 
irradiation - induced brain tumors as a result of thiopurine 
therapy, and of veno - occlusive disease of the liver following 
thioguanine therapy. Most importantly, results from the St 
Jude Children ’ s Research Hospital Total XIIIB childhood 
ALL treatment trial provide proof of principle that prospec-
tive mercaptopurine dose adjustment based on  TPMT  
genotypes can decrease toxicity without a compromise 
in treatment effi cacy. Based on a US Food and Drug 
Administration (FDA) advisory committee recommenda-
tion, a change in labeling for mercaptopurine, with  TPMT  
testing and dosage recommendations provided for TPMT -
 defi cient patients, was implemented in 2004. Of note, there 
is evidence that  TPMT  genotyping before initiation of mer-
captopurine treatment can be cost - effective in children with 
ALL. 

 Because patients who share the same  TPMT  genotypes 
still exhibit considerable variations in their response to mer-
captopurine, other unidentifi ed genetic variations may con-
tribute to the toxicity and response to mercaptopurine. 
Indeed, a genetic polymorphism of inosine triphosphate 
pyrophosphatase was recently identifi ed to be a signifi cant 
determinant of mercaptopurine metabolism and of severe 

hematological malignancies, in the prevention of throm-
bosis, and in the prevention of ADRs manifesting as hema-
tological disorders (e.g., hemolysis, myelosuppression). 
Examples of these genes and their products are listed below. 
   •      Drug - metabolizing enzymes that modify the functional 
part of drugs, such as cytochrome P450 enzymes (e.g., 
 CYP2C9 ) and dihydropyrimidine dehydrogenase ( DPD ).  
   •      Conjugate drugs with endogenous substituents, such as 
 TPMT , glutathione  S  - transferases ( GSTM1 ) and UDP -
 glucuronosyltransferases ( UGT1A1 ).  
   •      Proteins that protect cells against free radicals and toxic 
oxygen metabolites produced by drugs, such as  G6PD  and 
NADPH quinone oxidoreductase ( NQO1 ).  
   •      Proteins that have important functions in pathways tar-
geted by drugs, like  VKORC1 , prothrombin ( FII ) and factor 
V ( FV ), or the folate metabolism pathway that includes dihy-
drofolate reductase ( DHFR ), methylenetetrahydrofolate 
reductase ( MTHFR ) and thymidylate synthetase ( TYMS ).  
   •      Variants in genes that encode important drug transport-
ers, such as the major methotrexate transporter reduced 
folate carrier ( RFC  or  SLC19A1 ) and the ATP - binding cas-
sette transporters that include  ABCB1  (or P - glycoprotein), 
 ABCC2  (or MRP2), and  ABCG2  (or breast cancer resistant 
protein).    

 A few selected examples are given below which illustrate 
how results from the candidate gene approach can be used 
to improve drug therapy in hematology. 

  Antimetabolite  t herapy in  c hildhood  ALL  

 The cure rate in children with ALL, now exceeding almost 
80% in most treatment protocols in industrialized countries, 
has mainly been achieved empirically. To further boost 
event - free survival rates in this disease and to reduce the risk 
of short -  and long - term side effects of antileukemic medica-
tions, a better understanding of ALL pathogenesis and the 
underlying mechanisms of drug resistance in leukemia blast 
cells and drug - induced toxicity in normal host cells is neces-
sary. Antimetabolites are key elements in the treatment of 
many hematological malignancies including ALL, and many 
candidate gene approaches have focused on the improve-
ment of antimetabolite therapy in childhood ALL. 

  Thiopurines 

 The thiopurine antimetabolites mercaptopurine and thio-
guanine are essential components in childhood ALL treat-
ment protocols. To exert cytotoxicity, the prodrugs have to 
undergo anabolism to form active cytotoxic thioguanine 
nucleotides (TGNs). These anabolic reactions are in compe-
tition with direct drug inactivation ( S  - methylation) via 
TPMT. TPMT activity determines how much thiopurine is 
inactivated and how much remains for conversion to cyto-
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     Fig. 26.3      Thiopurine methyltransferase (TPMT)  
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activity, with defi cient activity caused by inheritance of two variant (var) alleles, intermediate activity caused by heterozygosity, and high activity 
associated with homozygote wild - type (wt) genotypes. (b) TPMT activity is directly proportional to the amount of TPMT protein and (c) is 
inversely related to intracellular concentrations of active TGN metabolites in hematopoietic cells following MP therapy. (d) The biochemical basis 
for low protein conferred by the most common var polymorphism (719A → G) is illustrated by the longer half - life for  in vitro  expressed wt TPMT 
when compared with the rapidly degraded var protein.  From Jones TS, Yang W, Evans WE, Relling MV. (2007) Using HapMap tools in 
pharmacogenomic discovery: the thiopurine methyltransferase polymorphism.  Clinical Pharmacology and Therapeutics ,  81 , 729 – 734, with 
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as thymidylate synthetase ( TYMS ) or glycinamide ribonu-
cleotide transformylase. The interaction with key enzymes 
of  de novo  purine synthesis and pyrimidine synthesis leads 
to the inhibition of DNA synthesis and causes cell death. 

 MTXPGs can be converted back into the parental drug in 
lysosomes via  γ  - glutamylhydrolase ( GGH ). A so - called  “ sub-
strate - specifi c ”  polymorphism was identifi ed in the  GGH  
gene (452C → T), with 67% lower catalytic activity in the 
degradation of long - chain MTXPGs but normal activity in 
the degradation of short - chain MTXPGs. 

 Genetic variants in key enzymes of the folate metabolism 
pathway, such as 5,10 - methylene - tetrahydrofolate reductase 
( MTHFR ) and thymidylate synthetase ( TYMS ), have been 
identifi ed, and these variants may infl uence MTX therapy. 
An analysis of 520 children with ALL who were treated on 
Children ’ s Cancer Group 1891 protocol showed that patients 
who carried the  MTHFR  677C → T variant allele, which 
decreases enzymatic activity, had signifi cantly higher risk of 
relapse. As this variant was not reported to be associated 
with a higher risk of toxicity and infection, if confi rmed in 
other trials the  MTHFR  677C → T variant may be a potential 
candidate for optimizing MTX therapy. 

 Associations between variants of the  TYMS  promoter and 
outcome were investigated in children with ALL treated on 
Dana - Farber Cancer Institute (DFCI) protocols. These 
studies showed that patients who were homozygous for a 
triple (3R) 28 - bp repeat element (associated with higher 
 TYMS  expression) had a signifi cantly higher risk of relapse 
or risk of an event. Moreover, in two investigations that 
examined the combined effects of different polymorphisms 
in different genes in children who were treated on DFCI or 
St Jude Total XIIIB protocols, patients (high - risk patients in 
Total XIIIB) who carried the  TYMS  3R/3R genotype were 
found to have poorer outcomes. Because in neither the St 
Jude Total XIIIB nor DFCI protocols were  TYMS  polymor-
phisms associated with higher risk of toxicity, increased 
MTX dosage may be a strategy to improve outcome in 
patients who carry the  TYMS  3R/3R genotype and are treated 
on similar protocols. 

 A pathway - directed candidate gene approach was used to 
elucidate genomic determinants of MTXPG accumulation 
in ALL blast cells.  In vivo  MTXPG accumulation was found 
to differ signifi cantly among ALL subtypes, and expression 
data showed a signifi cant pattern of folate - related genes sig-
nifi cantly associated with ALL subtypes and cellular MTXPG 
accumulation. This study allowed researchers to identify 
mechanisms explaining subtype - specifi c differences in 
MTXPG accumulation and such insights may help to indi-
vidualize MTX therapy in ALL. 

 More recently, genome - wide association studies have 
identifi ed genomic determinants for MTXPG accumulation 
and  in vivo  response to MTX in childhood ALL. In an 

febrile neutropenia after combination chemotherapy for 
ALL in which mercaptopurine doses were individualized on 
the basis of  TPMT  genotypes. 

 Besides single - gene approaches, candidate pathway gene 
approaches and genome - wide approaches including 
HapMap analyses have provided important additional novel 
insights into the cellular pharmacology of thiopurines. For 
example, it has been shown that ALL blast cells containing 
the  TEL – AML1  fusion gene have lower expression of genes 
involved in purine metabolism and lower  de novo  purine 
synthesis compared with other ALL subtypes, and that the 
expression of genes encoding mercaptopurine metabolic 
enzymes and transporters (e.g.,  SLC29A1 ) was signifi cantly 
associated with the  in vivo  accumulation of TGNs. Clearly, 
further studies are necessary to translate these interesting 
results from bench to bedside.  

  Methotrexate 

 The antifolate drug methotrexate (MTX) is widely used in 
hematology to treat patients with ALL and lymphomas. 
Folates are essential cofactors in cellular one - carbon metab-
olism, pyrimidine and  de novo  purine synthesis, and the 
structural analog MTX inhibits steps in these pathways 
(Figure  26.4 ).   

 MTX pharmacokinetics exhibit large interindividual and 
intraindividual variability that is often unexplained in 
patients with normal renal function and suffi cient hydra-
tion, and functional polymorphisms in MTX transporters 
may help to explain some of the observed differences. 
Indeed, a severe impairment in MTX excretion in an adult 
lymphoma patient was recently reported to be associated 
with a heterozygous 1271A → G (Arg412Gly) mutation in the 
 ABCC2  gene that results in non - functionality of the encoded 
ATP - binding cassette class transporter 2 or MRP2. If con-
fi rmed, these results may help to identify patients at very 
high risk for impaired MTX excretion. 

 Cellular uptake of MTX is mainly mediated by the reduced 
folate carrier ( RFC  or  SLC19A1 ), whereas its effl ux is medi-
ated by ATP - binding cassette transporters. Putative relevant 
polymorphisms in these genes have been identifi ed (e.g., 
80G → A non - synonymous SNP in  SLC19A1 ) but their clini-
cal relevance remains to be validated. Intracellulary, the 
prodrug MTX is converted into poly( γ  - glutamate) forms 
(MTXPGs) via folylpolyglutamate synthetase ( FPGS ). 
Interestingly,  FPGS  polymorphisms have not been defi nitely 
linked to MTX metabolism yet. Compared with MTX, 
MTXPGs are retained longer in cells because they are not 
readily effl uxed by ATP - binding cassette transporters. MTX 
exerts its cytotoxic effects through inhibition of its primary 
target enzyme dihydrofolate reductase ( DHFR ), whereas 
MTXPGs also target other folate - dependent enzymes such 
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ated gene expression pattern were predictive of long - term 
disease - free survival, thereby providing new insights into the 
genomic basis of MTX resistance and interpatient differ-
ences in MTX response, pointing to new strategies to over-
come MTX resistance in childhood ALL.   

  Oral  a nticoagulant  t herapy 

 The oral anticoagulants of the coumarin type, warfarin 
(used in the UK and the USA), acenocoumarol and 

investigation at the St Jude Children ’ s Research Hospital, 
gene expression, CNV, and SNP profi les were analyzed 
and seven genes were identifi ed that were signifi cantly asso-
ciated with MTXPG accumulation in leukemia cells. In 
another investigation, gene expression in ALL blast cells was 
correlated with the  in vivo  response to MTX therapy in chil-
dren with ALL; 48 genes (including  TYMS  and  DHFR ) were 
identifi ed whose expression was signifi cantly related to the 
reduction of circulating leukemia cells and cell proliferation. 
This measure of initial MTX  in vivo  response and the associ-
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     Fig. 26.4      The folate pathway  
 Methotrexate enters cells through the reduced folate carrier (SLC19A1) or other transport systems. Its main intracellular target is dihydrofolate 
reductase (DHFR), inhibition of which results in accumulation of dihydrofolate (DHF) and depletion of cellular folates. Cytosolic folylpolyglutamyl 
synthase (FPGS) adds glutamate residues to methotrexate to produce methotrexate polyglutamates (MTXPGs). Because these larger and 
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 Nature Reviews. Cancer ,  6 , 117 – 129, with permission.   
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urgent need for establishing algorithms to estimate the cou-
marin dose a priori. 

 Many factors have been identifi ed as affecting the degree of 
anticoagulation achieved by coumarins, including patient 
age (less dose requirement in elderly), gender, body size, eth-
nicity, diet (particularly vitamin K intake), cigarette smoking, 
disease (e.g., liver diseases, blood loss during surgery), and 
coadministration of other drugs (particularly those which 
inhibit the activity of CYP2C9). More recently, however, 
polymorphisms in genes that affect pharmacokinetics and 
pharmacodynamics of coumarins have been shown to act as 
major determinants of coumarin dosage requirements. 

 Coumarins are a racemic mixture of  r  and  s  enantiomers 
that differ in their patterns of metabolism and in their 
potency of pharmacodynamic effect. For example, it has 
been suggested that  s  - warfarin accounts for up to 70% of the 
overall anticoagulation response of warfarin. After oral 
administration, warfarin is completely absorbed and bound 
to albumin (99%) in plasma. Free warfarin is taken up into 
liver cells where it is biologically active and either inhibits 
VKORC1 or is catabolized by cytochrome P450 isoenzymes 
(Figure  26.5 ).   

phenprocoumon (preferentially used in continental Europe), 
have similar pharmacodynamic properties but differences 
in half - life (phenprocoumon, 156 – 172 hours; warfarin, 
32 – 43 hours; acenocoumarol, 2 – 8 hours), and act by 
inhibiting the activation of vitamin K - associated clotting 
factors. Each year, millions of patients take coumarins 
to prevent thromboembolic events in chronic conditions 
such as atrial fi brillation, deep venous thrombosis, pul-
monary emboli, acute myocardial infarction, stroke, and 
disease and/or replacement of heart valves. A very narrow 
therapeutic index, with risk of serious hemorrhage if over -
 coagulated and thrombosis if under - coagulated, and inter-
individual variability in response to coumarins necessitates 
individualization of treatment, which is based primarily 
on monitoring prothrombin time and calculation of the 
International Normalized Ratio (INR). Whereas INR is 
helpful in tailoring coumarin maintenance therapy, pro-
spective studies have identifi ed coumarin induction therapy 
as the period when the INR is most likely to be out of range 
and when the rate of iatrogenic ADRs is greatest. For 
example, because warfarin is the leading cause of hospital 
admissions for ADRs in the UK and the USA, there is an 
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     Fig. 26.5      Mechanism of action of warfarin  
 The racemic mixture of  r  -  and the more potent  s  - warfarin inhibits the reductase in the vitamin K cycle, impairing the synthesis of active vitamin 
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 VKORC1  haplotypes include the reference haplotype (wild -
 type)  VKORC1 * 1 , the low - dose coumarin haplotype 
 VKORC1 * 2  (which includes an SNP in the promoter region 
 − 1639/3673G → A), and the high - dose coumarin haplotypes 
 VKORC1 * 3  and  VKORC1 * 4 . There are major differences in 
the distribution of  VKORC1  haplotypes among ethnic 
groups, and this may explain inter - ethnic differences in cou-
marin requirement. For example, the signifi cantly higher 
average warfarin requirement in Africans is in line with the 
signifi cantly lower occurrence of the low - dose coumarin 
 VKORC1 * 2  haplotype in Africans. Overall, the hereditary 
pharmacodynamic factor  VKORC1  may explain about 25% 
of the variance in coumarin dose requirement, compared 
with 5 – 10% for the hereditary pharmacokinetic factor 
 CYP2C9  alone. 

 Pharmacogenomic dosing algorithms for coumarins have 
been developed, and have for example identifi ed the 
 VKORC1  promoter SNP  − 1639/3673G → A as the most 
important factor in predicting warfarin dose requirement. 
In a recent investigation, the pharmacogenomic equation 
explained 54% of the variability in the warfarin dose; this 
dosing algorithm is available at a non - profi t website ( http://
www.WarfarinDosing.org ). Several companies have devel-
oped genotyping platforms to facilitate pharmacogenomic 
dosing of coumarins, and the US FDA has also changed 
warfarin labeling to encourage lower initial doses in patients 
who have the  VKORC1   − 1639/3673G → A (or  VKORC1 * 2 ), 
 CYP2C9 * 2 , or  CYP2C9 * 3  alleles. The International Warfarin 
Pharmacogenetics Consortium recently provided a pharma-
cogenetic algorithm (including clinical factors) that can be 
used as a robust basis for a prospective clinical trial of the 
effi cacy of genetically informed dose estimation for patients 
who require warfarin.    

  Genome -  w ide  a pproaches 

 Robust high - throughput whole - genome technologies like 
global gene expression profi ling using DNA microarrays or 
global SNP analyses using oligonucleotide SNP arrays are 
increasingly used to establish pharmacogenomic models. An 
advantage of the unbiased genome - wide strategy is that it 
includes most genes or SNPs of potential importance and 
therefore may help to identify new therapeutic and diagnos-
tic targets. A disadvantage of this non - targeted genome - wide 
approach is that it will inevitably be infl uenced by noise (i.e., 
expression signals of irrelevant genes or SNPs) and that 
functionally unimportant genes or SNPs will be identifi ed by 
chance alone (i.e., false - positive results). The successful 
implementation of this genome - wide strategy has been 
achieved rather easily in hematological diseases like leuke-
mias, because these malignancies are rather homogeneous 

  Cytochrome  P 450 2 C 9 

 A number of CYP isoforms contribute to warfarin metabo-
lism; however, hydroxylation by CYP2C9 is the most impor-
tant inactivation pathway of the pharmacologically more 
relevant  s  - warfarin. CYP2C9 is the principal CYP2C isoen-
zyme in the human liver, and it is involved in the oxidative 
metabolism of several clinically important drugs, including 
oral anticoagulants, phenytoin, and various non - steroidal 
anti - infl ammatory drugs. To date, numerous polymorphic 
alleles ( CYP2C9 * 1  to  CYP2C9 * 30 ) have been identifi ed for 
the known  CYP2C9  gene, at least half of which are associated 
with diminished enzyme activity. The two most common 
 CYP2C9  variants are  CYP2C9 * 2  and  CYP2C9 * 3 .  CYP2C9 * 2  
has a cytosine to thymine transversion at nucleotide 430 
(430C → T) that leads to the substitution of cysteine by 
arginine at amino acid residue 144 (Arg144Cys);  CYP2C9 * 3  
has an adenine to cytosine transversion at nucleotide 1075 
(1075A → C) that encodes isoleucine instead of leucine at 
amino acid residue 359 (Ile359Leu). As with most polymor-
phisms, there are differences in the frequency of polymor-
phic  CYP2C9  alleles among different ethnic groups. In 
Caucasians, the overall allelic frequency of  CYP2C9 * 2  is 
about 10 – 20%, and that of  CYP2C9 * 3  is about 5 – 10%. The 
  * 2  and   * 3  variants are very rare in African - Americans and 
Asians; 95% of these persons express the wild - type genotype 
  * 1/ * 1  (i.e., extensive metabolizers). Compared with wild -
 type enzyme activity of  CYP2C9 * 1 , the enzyme activity of 
the  CYP2C9 * 2  variant is reduced about 30 – 50%, and the 
 CYP2C9 * 3  variant activity is reduced by 90%  in vitro . 

 Both  CYP2C9 * 2  and  CYP2C9 * 3  are important in the 
metabolism of warfarin, as well as of other coumarin anti-
coagulants, and it is well established that the  CYP2C9  geno-
type is correlated with coumarin metabolism and dose 
requirement. However, because interindividual variability in 
the dose requirement occurs within the various  CYP2C9  
groups, genotyping for additional polymorphic genes that 
encode clotting factors, transporters and warfarin target 
could possibly further improve anticoagulation therapy. 
Indeed, a pharmacodynamic mechanism underlying warfa-
rin resistance has been elucidated with the discovery of 
sequence variants in the warfarin target gene  VKORC1 , 
which encodes the vitamin K epoxide reductase complex 1.  

  Vitamin  K   e poxide  r eductase  c omplex 1 

 This complex regenerates reduced vitamin K for another 
cycle of catalysis, essential for the  γ  - carboxylation of the 
vitamin K - dependent clotting factors II, VII, IX, and X 
(Figure  26.5 ). The identifi cation of common variants in 
 VKORC1  has emerged as one of the most important genetic 
factors determining coumarin dose requirements. Main 
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revealed distinctive sets of genes associated with drug resist-
ance for each of four structurally different and widely 
used antileukemic agents (prednisolone, vincristine,  l  -
 asparaginase and daunorubicin). Of note, there was very 
little overlap among resistance genes for the four agents, 
supporting the concept of multiagent combination chemo-
therapy for ALL. Importantly, the identifi ed gene expression 
patterns were signifi cantly related to treatment response in 
a multivariate analysis, and this four - drug gene profi le was 
subsequently validated in an independent cohort of children 
with ALL treated with the same agents but on a different 
protocol at a separate institution.   

 In further investigations, a unique set of 49 genes was 
found to be associated with multidrug cross - resistance to 
these four antileukemic agents, and the cross - resistance gene 
expression profi le was able to identify a subgroup of ALL 
patients with a markedly inferior treatment outcome (38% 
event - free survival). Recently, genome - wide gene expression 
in ALL blast cells was correlated with the  in vivo  response to 
MTX therapy in children with ALL, and 48 genes (including 
 TYMS  and  DHFR ) were identifi ed whose expression was 
signifi cantly related to the reduction of circulating leukemia 
cells and treatment outcome. Collectively, this series of 

liquid tumors and because leukemia blast cells can be easily 
isolated and characterized. 

 Here we give some selected examples on how genome -
 wide approaches have been used to elucidate genomic deter-
minants for drug resistance mechanisms in childhood ALL, 
and how the insights obtained from these investigations can 
be used to develop strategies to circumvent drug resistance 
mechanisms and to identify novel therapeutic targets in ALL 
cells that are resistant to conventional antileukemic drugs. 

  Overcoming  d rug  r esistance and 
 i dentifi cation of  n ovel  t herapeutic  t argets 

 Genome - wide assessment of gene expression has been used 
to identify gene expression profi les that are signifi cantly 
associated with sensitivity or resistance to individual anti-
leukemic agents and/or treatment outcome (Fig.  26.6 ). This 
work began in human tumor cell lines, but has moved 
rapidly to the assessment of primary ALL cells. For example, 
in order to elucidate resistance mechanisms for antileukemic 
agents in primary ALL cells,  in vitro  sensitivity was used to 
identify gene expression patterns that differed signifi cantly 
between sensitive and resistant ALL cells. This investigation 
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     Fig. 26.6      A gene expression signature associated with drug resistance  
 A large set of primary acute lymphoblastic leukemia (ALL) cells are subjected to gene expression analysis and sensitivity to individual 
medications to identify gene expression patterns that are related to  in vitro  drug sensitivity and potentially to treatment outcome. After 
prospective validation, these gene expression patterns might identify patients at high risk of treatment failure and treatment can subsequently 
be adjusted. In addition, by linking genes to resistance to individual anticancer agents, this might provide insights into the mechanisms of 
resistance and point to strategies for overcoming drug resistance.  From Cheok MH, Evans WE. (2006) Acute lymphoblastic leukaemia: a model 
for the pharmacogenomics of cancer therapy.  Nature Reviews. Cancer ,  6 , 117 – 129, with permission.   
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rent medications), it is clear that pharmacogenomics will 
never explain all interindividual variability in drug effects. 
However, there is evidence that pharmacogenomic models 
can help to improve drug treatment in hematology by facili-
tating appropriate dose individualization, optimal treatment 
selection, and drug discovery. For example, candidate gene 
approaches have identifi ed functionally important variants 
in the  TPMT ,  CYP2C9 , and  VCORC1  genes, and the  TPMT  
and  CYP2C9/VCORC1  models can now be used to individu-
alize thiopurine and coumarin therapy a priori, thereby 
reducing the risk of severe ADRs. 

 However, in general many of the published candidate 
gene studies have non - negligible limitations, such as the ret-
rospective nature of some studies and the relatively low 
number of patients included. An example on how to assess 
the relationship between candidate polymorphisms and 
clinical phenotypes in a prospective clinical trial was recently 
provided by the Scottish Randomized Trial in Ovarian 
Cancer. Using different statistical approaches (false - 
discovery rate, univariate and multivariate models), their 
study served as a fi lter for determining which SNPs had suf-
fi ciently robust associations with relevant phenotypes. 

 It is clearly recognized that most drug responses are 
infl uenced by many genes, so polygenic models will 
be required to fully elucidate the genomic determinants 
of drug responses. Besides candidate pathway gene 
approaches, genome - wide approaches are of increasing 
importance. Future investigations will therefore focus on 
the use of large - scale public genetic databases, such as 
the HapMap project, to elucidate linkage of genetic markers 
and drug effects in different populations, leading to the 
identifi cation of new genes and the elucidation of 
polygenic determinants of drug responses. Recently, ultra -
 high - throughput genotyping became possible, with the 
ability to analyze more than 1 million SNPs using oligonu-
cleotide SNP arrays. This high - throughput genotyping 
method, and the relatively manageable number of tag 
SNPs, will help to establish genome - wide pharmacogenomic 
models. 

 The fi nal important challenge will be to integrate informa-
tion obtained from ultra - high - throughput genomics (e.g., 
genome - wide human SNP arrays), proteomics (the large -
 scale study of proteins), and pharmaco - metabonomics (the 
prediction of effi cacy or toxicity of a drug or xenobiotic 
intervention in an individual based on a mathematical 
model of pre - intervention metabolite signatures) to eluci-
date causes of interpatient variability in drug response. 
Collectively, the remaining challenges in pharmacogenom-
ics, though partly daunting, are better than continuing to 
stumble in the dark by using medications on the principle 
of trial and error.  

experiments have thus shown that the expression of a rela-
tively small set of less than 50 genes can identify ALL cells 
resistant to widely used antileukemic agents and that this is 
related not only to  in vivo  and  in vitro  drug resistance but 
importantly to the outcome of patients treated with these 
medications. 

 These fi ndings also point to potential new targets for the 
development of new medications to modulate resistance to 
current chemotherapy. For example, a novel approach was 
used to computationally connect disease - associated gene 
expression signatures (e.g., ALL blast cells intrinsically sensi-
tive or resistant to glucocorticoid - induced apoptosis  in vitro ) 
to drug - associated gene expression profi les, the so - called 
Connectivity Map, in order to identify molecules that reverse 
a drug resistance signature. This strategy builds on prior 
fi ndings that antileukemic drugs can induce treatment - 
specifi c changes in gene expression in leukemia cells  in vivo . 
Indeed, the profi le induced by the mTOR inhibitor rapamy-
cin was found to match the signature of glucocorticoid sen-
sitivity in ALL cells, and it was shown that rapamycin 
sensitized a resistant leukemia cell line to glucocorticoid -
 induced apoptosis via modulation of the anti - apoptotic 
protein MCL - 1. These fi ndings are consistent with earlier 
work revealing MCL - 1 overexpression in steroid - resistant 
ALL. Collectively, this series of experiments suggests that 
glucocorticoid in combination with rapamycin could be an 
effective approach for overcoming intrinsic glucocorticoid 
resistance in ALL, thereby providing evidence that such a 
gene expression - based chemical genomic approach might be 
useful for identifying molecules with the potential to over-
come intrinsic drug resistance in leukemia. 

 Using genome - wide gene expression analyses, the FMS -
 like tyrosine kinase 3 ( FLT3 ) gene was recently identifi ed as 
being overexpressed in certain ALL subtypes (i.e., MLL -
 rearranged and hyperdiploid ALL). Small - molecule inhibi-
tors of FLT3 (e.g., CEP - 701 and PKC412) have been shown 
to inhibit growth in cells that overexpress  FLT3 . Thus, the 
inclusion of FLT3 inhibitors seems worthy of being investi-
gated in the therapy of the poor - prognostic ALL subtype 
with MLL rearrangements, especially infant ALL, and 
perhaps of hyperdiploid ALL that also overexpress  FLT3 . 
The Interfant Study Group is already planning to include 
FLT3 inhibitors in future clinical trials for infants with 
MLL - rearranged ALL.   

  Summary and  c hallenges 
for the  f uture 

 As there are numerous non - genetic factors that infl uence 
drug effects (e.g., compliance, nutritional factors, concur-
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  Introduction 

 Lymphoid malignancies have long been studied using 
immunohistochemical, biochemical and genetic approaches 
to dissect their phenotype and genotype and identify their 
cellular derivation. Gene expression profi ling (GEP) analysis 
provides another potent tool for analyzing the pathogenesis 
of these tumors. By allowing simultaneous screening of 
thousands of parameters in the form of expressed genes, 
GEP analysis has had a major impact on our understanding 
of lymphoid neoplasia. 

 The platforms of GEP analysis, DNA microarrays, contain 
a large number (tens of thousands) of either polymerase 
chain reaction (PCR) products or shorter oligonucleotides 
representing distinct mRNA sequences that are spotted on 
glass slides. RNA transcripts from the cells under study are 
labeled with fl uorescent tags, hybridized to the microarrays, 
and the respective fl uorescent signals are acquired by scan-
ning the gene chip. The normalized data generated from the 
hybridizations of various samples are then comparatively 
analyzed by applying biostatistical methods to determine 
gene expression differences. 

 The enormous number of data points resulting from GEP 
experiments, especially in a large study, called for the devel-
opment of hierarchical clustering algorithms that can iden-
tify patterns of gene expression among the cell types under 
study (Figure  27.1 ). With these algorithms, unsupervised 
clustering can be used to identify cell types which have not 
been classifi ed a priori, whereas supervised analysis allows 
the identifi cation of differentially expressed genes between 

samples defi ned a priori according to a given criterion, for 
example cell type or genotype.   

 The pattern of expressed genes identifi ed by supervised or 
unsupervised clustering that specifi es a cell type is conven-
tionally called a  “ signature. ”  These signatures are then used 
for a number of goals in the study of disease pathogenesis, 
and eventually for the development of novel clinical 
approaches for these diseases. Thus, gene expression signa-
tures may help to distinguish novel tumor subtypes that are 
not currently identifi able by other diagnostic means based 
on single marker analysis. It would be especially desirable to 
identify subtypes of tumors that cannot be distinguished by 
current methods but which differ in their clinical outcome. 
Second, the comparative analysis of gene expression profi les 
derived from lymphoid malignancies versus those from 
healthy lymphocytes may help to identify the normal cellular 
counterparts of the tumors, and provide insight into the 
molecular mechanisms responsible for malignant develop-
ment. Third, the comparative analysis of a large number of 
samples, especially when using supervised analysis tools, 
allows the identifi cation of genes that are specifi cally upregu-
lated or downregulated in B - cell malignancies. Following 
validation of the corresponding gene products in tumor 
biopsies, such molecules may represent potential diagnostic 
or therapeutic targets. Finally, GEP may allow the activity of 
certain signaling pathways to be monitored in the cell type 
under study. To this end, the respective profi les are either 
scanned for concerted changes in the expression of genes 
known to be associated with a particular signaling pathway 
or transcriptional response, or the gene expression signa-
tures specifi c for a certain signaling or transcriptional activa-
tion are generated  in vitro  and then tracked for their 
occurrence in the respective  in vivo  signatures. These results 
may provide insights into the specifi c stimuli to which a cell 
is subjected. 
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     Fig. 27.1      General strategy for the identifi cation of tumor subtypes and differentially expressed genes between tumor subtypes by 
GEP analysis  
 In the matrix (lower right), the dark and light tints identify upregulated and downregulated genes, respectively. Columns represent individual 
samples and rows correspond to genes.  
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in their rearranged immunoglobulin variable (IgV) genes, 
and those with germline IgV sequences. Notably, the two 
subgroups also differ in their clinical prognosis, IgV - mutated 
B - CLLs showing a more benign disease course. On this back-
ground, it was surprising to fi nd that global gene expression 
analyses performed independently by two laboratories 
revealed few gene expression differences among the two 
B - CLL subgroups (approximately 100 among more than 
10   000 genes). Nonetheless, the small set of genes distin-
guishing IgV - mutated and  - unmutated B - CLL cases could 
assign unclassifi ed panels of B - CLL cases into either of the 
two subgroups with high confi dence. Based on the example 
of B - CLL, Figure  27.2 b summarizes the use of a set of genes 
identifi ed by pattern discovery analysis in the class predic-
tion of unrelated cases. At present, the relatively laborious 
and costly GEP analysis is not widely used in clinical practice 
to distinguish B - CLL subtypes. However, gene products that 
have been identifi ed in GEP - based analyses to correlate with 
subtypes of B - CLL are either being tested for their potential 
value in, or have already found their way into, clinical diag-
nosis of B - CLL. For example, a fl ow - cytometric assay has 
been developed to measure the tyrosine kinase ZAP - 70, 
which is predominantly expressed in B - CLL with an IgV -
 unmutated genotype and which correlates with poor prog-
nosis. Today, ZAP - 70 expression in a newly diagnosed 
B - CLL case is often determined together with the IgV gene 
hypermutational status and the cytogenetic profi le. In the 
future, the set of genes separating IgV - mutated and  - unmu-
tated cases may be helpful in clarifying the diagnosis of 
ambiguous cases (e.g., those showing a low level of IgV 
somatic hypermutation), either by performing gene chip 
hybridization or by establishing biochemical or immunohis-
tochemical assays to detect the most informative B - CLL 
subtype - specifi c molecules.  

  Normal  c ellular  c ounterparts and 
 m echanism of  t ransformation 

 Ever since it became possible to classify lymphoid tumors as 
B - cell -  or T - cell - derived malignancies, the focus has shifted 
to further elucidate the stage of differentiation from which 
each tumor type derives within each lymphoid lineage. To 
understand the precise developmental stage of a B - cell 
malignancy has obvious implications for understanding its 
pathogenesis: it may become possible to dissociate the com-
ponents of the malignancy that represent the normal cellular 
stage of development from which the tumor arose from truly 
disease - associated genes, providing potential insights into 
the mechanism of transformation. Also, tumor - specifi c gene 
products thus identifi ed can further be studied for their 
involvement in the pathogenesis of the malignancy. 

 Microarray platforms and other detection mechanisms 
have already been developed to assay for microRNAs and 
could identify cell type - specifi c microRNA signatures. In the 
future, GEP experiments will undoubtedly complement 
the analysis of a cell type - specifi c transcriptome with that of 
the corresponding miRnome.  

  Identifi cation of  t umor  s ubtypes 

 Certain categories of lymphoid malignancies, such as diffuse 
large B - cell lymphoma (DLBL), exhibit marked clinical het-
erogeneity, suggesting that what is presently recognized as 
single disease entity may in fact include distinct pathological 
conditions. By enabling the simultaneous screening of thou-
sands of parameters, GEP analysis substantially enhances the 
sensitivity of analyses that are aimed at identifying tumor 
subtypes, which may eventually lead to improved diagnostic 
approaches that can predict clinical outcome with higher 
confi dence. 

 The feasibility of the molecular classifi cation of cancer 
by GEP was fi rst demonstrated by its ability to distinguish 
acute myeloid leukemia (AML) and acute lymphoblastic 
leukemia (ALL). Without previous knowledge about the 
origin of tumor specimens, GEP could determine whether 
new leukemia cases were derived from ALL or AML. 
The principal steps of this approach are summarized in 
Figure  27.2 a.   

 As mentioned above, DLBLs represent a category of lym-
phoid malignancies that appears very heterogeneous. Using 
a gene chip enriched for genes and expressed sequence tag 
(ESTs) expressed in B - lymphocytes ( “ lymphochip ” ), a panel 
of DLBL cases could be separated into two subgroups, one 
that has characteristics of germinal center B cells (GC - type 
DLBL) and another that resembles  in vitro  - activated B cells 
(ABC - type DLBL). Signifi cantly, the clinical data from these 
two subgroups suggested that the GC - type DLBL has a more 
benign clinical course. Subsequent studies, using either the 
same or a different type of DNA microarray, found that 
DLBLs can be subdivided into three major groups by GEP. 
The observation from GEP analysis that DLBL cases can be 
classifi ed into biologically distinct subgroups has fueled new 
hypotheses about the pathogenic mechanisms of this disease 
that are currently being investigated. 

 Compared with other B - cell malignancies, B - cell chronic 
lymphocytic leukemia (B - CLL) was long considered to be a 
relatively homogeneous disease, primarily because of the 
uniform morphology of the tumor cells. Genetic analyses 
could identify subgroups of B - CLLs that show particular 
genomic lesions, which most frequently represent deletions. 
Furthermore, unlike other tumor types, B - CLL cases can be 
subdivided into those that harbor somatic hypermutations 



Gene expression profi ling in the study of lymphoid malignancies 353

Identification of
genes differentially
expressed between
IgV mutated and
unmutated B-CLLs by
supervised pattern
discovery analysis
(learning panel)

Generation of
a classifier
using the pattern
of genes
identified

Applying the
classifier to an
independent
panel of B-CLL
cases
(tester panel)

(a)

(b)

Generation of gene expression profiles
from a number of samples from two (or
serveral) distinct lymphoid malignancies

Generation of a class predictor based on
the DNA microarray data

Testing the suitability of the class predictor
by cross validation using the original tumor
panel

Applying the class predictor to an independent
panel of cases, verifying its suitability
by independent methods

B-CLL with
unmutated

IgV
mutated

IgV

unmutated IgV
mutated IgV

samples

genes

Relatedness to
B-CLL with
unmutated IgV

Relatedness to
B-CLL with
mutated IgV

gray
area

     Fig. 27.2      Class predictors (classifi ers)  
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notype has yet been described. However, when discussing 
the cellular derivation of lymphoid malignancies, one has to 
consider that the phenotype of a particular B - cell tumor is 
the product of both the gene expression of the normal cel-
lular counterpart and the changes in gene expression induced 
by the specifi c transforming event. Nevertheless, although 
questions remain regarding the cellular origin of the indi-
vidual DLBL subtypes, this example represents a fi rst dem-
onstration for the successful use of GEP in assigning 
lymphoid malignancies to normal B - cell developmental 
stages. 

 A methodologically different approach was employed in 
an attempt to identify the normal cellular counterpart of 
B - CLL. This malignancy is unique among B - cell - derived 
tumors in that B - CLL cases carry either somatically mutated 

 Early studies relied on morphological and histological 
comparison with normal lymphoid tissue to determine the 
derivation of lymphoid tumors. Subsequently, these analyses 
were refi ned by the use of monoclonal antibodies against 
lymphoid - derived cell surface antigens. This phase was fol-
lowed by the effort to determine the presence of somatic 
hypermutation in the rearranged IgV genes of B - cell malig-
nancies as well as B - cell subpopulations isolated from healthy 
individuals as a marker of mature antigen - experienced B 
cells. The combination of cell surface markers used to isolate 
the phenotypically diverse normal B - cell subsets and the 
concomitant analysis of the IgV genes led to the establish-
ment of a B - cell developmental scheme that was used to 
assign various B - cell tumor subtypes to defi ned differentia-
tion stages. 

 These undertakings clarifi ed the derivation of several 
tumor entities, as exemplifi ed by the case of Burkitt lym-
phoma which, based on the expression of markers associated 
with bone marrow development, was long thought to be 
derived from an early B cell with actively rearranging antigen 
receptor genes, but was eventually classifi ed as a germinal 
center - derived B - cell tumor based on the presence of hyper-
mutated IgV genes. Still, these methods could not conclu-
sively determine the derivation of various tumor entities, 
most notably DLBL and B - CLL. However, since GEP sub-
stantially increases the parameters available for comparing 
tumor and normal B cells, it should permit a decidedly more 
conclusive assignment of a tumor to a normal B - cell sub-
population, also by way of outnumbering ectopically 
expressed genes whose expression could mar such compari-
sons. A notable advantage of GEP conducted with a common 
DNA microarray is that comparisons are relative in nature, 
such that the actual identities of the gene products are irrel-
evant; genes are simply scored as upregulated or downregu-
lated. Instead, it is the quantity of the gene expression 
changes between cell subsets that is measured and used to 
determine developmental relatedness (Figure  27.3 ).   

 Based on IgV gene mutation studies, DLBL was early on 
shown to be derived from B cells residing in the germinal 
center of the peripheral lymphoid organs. However, as 
detailed in the previous section, this tumor group is extremely 
heterogeneous, both in morphological/histological presen-
tation and clinical prognosis. Using genome - wide GEP, 
DLBL cases could be classifi ed into three main subtypes, 
including one related to germinal center B cells (GC - type 
DLBL) and one related to  in vitro  - activated B cells (ABC -
 type DLBL). While the relationship between the GC - type 
DLBL subtype and germinal center B cells is strongly sug-
gested by the comparison to  ex vivo  cells, the precise normal 
cellular counterpart is not so evident for ABC - type DLBL. 
This is because the existence and localization of such cells in 
the lymphoid tissues is unclear as no B cell with such a phe-

GC B-cell non-GC B B-CLL BL

samples

genes

     Fig. 27.3      Identifi cation of the histological derivation of B - cell 
malignancies  
 Genes differentially expressed between normal B - cell subpopulations 
are identifi ed by supervised pattern discovery analysis. The expression 
level of the respective genes in different subtypes of B - cell 
malignancy [B - cell chronic lymphocytic leukemia (B - CLL) and Burkitt 
lymphoma (BL)] is shown along with the differentially expressed 
genes. The relatedness of the B - CLL cases to the non - germinal 
center (GC) B cells and that of the BL cases to the GC B cells is 
visible from the color - coded expression values and can be 
quantitatively expressed by statistical analysis. Upregulated genes are 
identifi ed by the dark tint and downregulated genes by the light tint.  
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involved in the transformation of the respective subgroups, 
such as the transcription factor HOX11L2. From this analy-
sis, the concept emerged that the overexpression of tran-
scription factors characterizing the leukemia subtypes was 
not associated with chromosomal translocations, as previ-
ously assumed, suggesting the involvement of other genetic 
mechanisms in deregulating their expression. Taken 
together, the case of the pediatric leukemias demonstrates 
that GEP analysis has been very successful in identifying key 
oncogenic pathways that may be exploited in new therapeu-
tic approaches.  

  Identifi cation of  t umor -  s pecifi c  g enes 

 GEP - based approaches are especially valuable in the identi-
fi cation of novel diagnostic markers or potential therapeutic 
targets of a tumor. Comparative GEP analysis between a 
particular lymphoid malignancy and various normal and 
malignant cell populations (Figure  27.4 ) truly represents an 
unbiased way to identify tumor - specifi c genes, provided that 
all samples are processed in the same way. The obvious 
advantage of this approach over large - scale sequencing strat-
egies, such as EST sequencing or serial analysis of gene 
expression (SAGE), lies in the circumstance that tumor -
 specifi c genes are directly identifi ed by the comparative 
nature of the GEP approach, namely the simultaneous anal-
ysis of a large number of gene chips representing the various 
subsets. The other approaches require laborious and costly 
generation of EST or SAGE profi les from the respective cell 
populations, or specifi c screening for potential tumor - spe-
cifi c genes by traditional analysis methods in a large panel 
of normal and malignant cell populations. Clearly, the paral-
lel use of multiple samples of each cell population in a com-
parative GEP analysis, as opposed to pooling of RNA derived 
from several samples, allows the identifi cation of differences 
that would otherwise be lost in procedures involving the 
pooling. Although gene chips already cover the vast majority 
of the transcribed genome of several organisms, an advan-
tage of EST sequencing and SAGE over GEP is that these 
approaches allow the identifi cation of previously unidenti-
fi ed mRNAs.   

 The expression of potential tumor - specifi c genes identi-
fi ed through comparative GEP analyses should be verifi ed 
by PCR or, preferably, Northern blot analysis. This is abso-
lutely required, as the regions representing a specifi c gene on 
the DNA microarray generally cover only part of that gene, 
and because these sequences have not always been tested for 
the detection of their corresponding RNA transcript. The 
existence of cell type - specifi c splice variants of many genes 
adds another level of complexity to this issue. Ideally, an 
attempt should also be made to detect the presumed gene 

or unmutated IgV genes in almost equal fractions, suggest-
ing that only a subset of cases is derived from cells that have 
passed the germinal center ( see previous section ). Also, the 
surface marker expression (CD5 + CD23 + CD27 + ) of B - CLL 
tumors is inconsistent with that of any known normal B - cell 
subpopulation. To defi ne the normal counterpart of B - CLL, 
specifi c expression profi les were fi rst established by super-
vised pattern discovery analysis for each of the developmen-
tally distinct B - cell subpopulations, followed by the tracking 
of the respective profi les in the B - CLL gene expression data. 
The relatedness of a given B - CLL biopsy to the subset - spe-
cifi c profi le can be quantitatively expressed by a measure of 
the statistical signifi cance ( P  - value). Using this approach, a 
relationship of B - CLL to a particular post - germinal center 
developmental stage, the antigen - experienced (memory or 
marginal zone) B cell, was uncovered, a result that is consist-
ent with other phenotypic and genotypic properties, suggest-
ing that B - CLL is derived from the malignant transformation 
of an antigen - experienced B cell. Similarly, a comparative 
GEP analysis between hairy cell leukemia (HCL) cases and 
normal B - cell subsets suggested that the tumor cell precur-
sor of HCL is also related to an antigen - experienced B cell, 
possibly of marginal zone derivation. The examples of B - CLL 
and HCL demonstrates that GEP has contributed substan-
tially to the emerging concept that certain B - cell malignan-
cies originate from the oncogenic transformation of 
post - germinal center memory/marginal zone B cells. 

 A subtype of ALL that carries a translocation involving the 
mixed - lineage leukemia gene ( MLL ) has a particularly poor 
prognosis. GEP of this subgroup versus ALLs without the 
respective translocation and AML showed that the ALL sub-
group with  MLL  translocation displays a unique gene expres-
sion profi le with characteristic features of a distinct early 
hematopoietic progenitor. The latter cell type is clearly dis-
tinct in its phenotype from both the presumed normal cel-
lular counterparts of ALL without translocations and the one 
giving rise to AML. Therefore, ALL with  MLL  translocation 
has been proposed to represent a distinct disease. 

 Another fi nding of the  MLL  analysis has possible implica-
tions for the mechanism of transformation of this tumor 
entity. Among the genes appearing in the  MLL  - specifi c sig-
nature, a subset, namely the  HOX  genes, represent known 
target genes of the  MLL  fusion gene product that has been 
generated by the chromosome translocation. Since one of 
the  HOX  genes,  HOXA9 , is known to induce leukemia in 
mice on overexpression, its gene product (or other family 
members) might represent an important component of  MLL  
tumorigenesis. The example of  MLL  demonstrates that a 
chromosomal translocation can determine a unique gene 
expression program. A comparative GEP analysis of differ-
ent subtypes of T - cell - derived leukemias and normal T - cell 
subsets could identify gene products that are critically 
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product in tissue sections by immunohistological analysis or 
fl ow - cytometric analysis of cell suspensions.  

  Tracking  c ellular  p athways 

 Because of the large number of genes whose expression in a 
particular cell type can be monitored simultaneously, GEP 
experiments are bound to have a profound impact on the 
analysis of cellular signaling pathways and the cellular 
response to the activation of transcriptional activators or 
repressors. The most straightforward way to assess the activ-
ity of certain signaling pathways in a cell population is to 
examine GEP data for changes in the expression of known 
downstream targets of the respective pathway (Figure  27.5 ). 
While this approach relies on previous knowledge about the 
genes activated in the pathway under study, experimental  in 
vitro  or  in vivo  systems that recapitulate the activation of a 
particular signaling pathway can also be used to identify new 
target genes. For example, cells can be activated through a 
surface receptor  in vitro , or cells differing genetically at 
defi ned loci (e.g., corresponding wild - type and gene knock-
out cells) can be studied for differences in their response 
following activation (Figure  27.5 ). Likewise, pharmacologi-
cally active compounds can be tested in a cell type or in an 
 in vitro  system in which the relevant signaling pathway has 
been activated. Transcription factors can be ectopically 
expressed in a cell, either in a constitutive or inducible 
fashion. Regardless of the approach taken, the effects of the 
stimuli (i.e., the gene expression changes) are determined by 
comparison with a negative or uninduced control. The iden-
tifi ed gene expression profi les can then be tracked within the 
gene expression data derived from normal or malignant cell 
populations, potentially providing information about the 
activity of a particular signaling pathway or transcriptional 
response in a given cell population. Of note, the interpreta-
tion might be obscured by the connectivity of cell signaling 
pathways  in vivo , and tackling this problem clearly repre-
sents a new task for the fi eld of computational biology, 
which allows study of the complex network interactions of 
specifi c cell types.   

 Various types of  in vitro  approaches have already been 
employed in identifying the functional consequences of the 
activity of transcription factors or cell surface receptors with 
suggested roles in the development of lymphomas, including 
the transcription factors c - Myc and BCL6, as well as stimula-
tion through the CD40 cell surface receptor. The exogenous 
expression of the proto - oncogene c - Myc in an  in vitro  system 
led to the identifi cation of previously unknown c - Myc target 
genes involved in cellular proliferation and growth. 
Expression of the BCL6 transcriptional repressor and proto -
 oncogene, which is a key player in germinal center B - cell 

Verification of transcripts of interest by Northern blot or PCR

Antibody available Generation of antibody

Immunohistochemistry on tissue arrays

evaluate for

Diagnosis Therapeutic targeting

B-CLL NHLs Normal B-cell

samples

genes

     Fig. 27.4      Identifi cation of tumor - specifi c genes by supervised 
analysis  
 Genes specifi cally upregulated or downregulated in a B - cell 
malignancy [B - cell chronic lymphocytic leukemia (B - CLL)] relative to 
the various subtypes of non - Hodgkin lymphoma (NHL) and normal B 
cells are identifi ed by supervised pattern discovery analysis. The 
expression of genes of potential interest for diagnosis or therapy, 
such as cell surface receptors or molecules involved in signaling, is 
verifi ed by Northern or PCR analysis, and eventually by 
immunohistochemistry. Upregulated genes are identifi ed by the dark 
tint and downregulated genes by the light tint. Columns represent 
individual samples and rows correspond to genes.  
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esses. In a study aimed at identifying the B - cell subsets that 
show evidence of CD40 activation, the CD40 signature was 
fi rst generated in an  in vitro  system. The resulting signature 
was then tracked in GEP data derived from normal B - cell 
subsets. Contrary to the previously held view, the results 
demonstrated that the highly proliferating germinal center 
B cells are not subjected to CD40 stimulation and activation 
of the NF -  κ B pathway, and that CD40 activation instead 
occurs specifi cally in the developmental windows prior to 

development, is frequently deregulated in lymphomas. A 
GEP - based approach could identify the transcriptional 
response of BCL6 in an  in vitro  system, which included the 
repression of genes involved in differentiation and cell cycle 
control. The fi ndings provided novel insights into the cel-
lular differentiation and physiology of normal and malig-
nant germinal center B cells. Stimulation through CD40, 
which results in the translocation of NF -  κ B, was long known 
to be essential for B - cell activation and differentiation proc-

Approach 1

Approach 2

Signaling molecule-specific gene expression signature

Transcription factor (activator or repressor) Cell surface receptor (or other signaling molecule)

Identification of genes specifically upregulated or downregulated by the action of the transcription factor or activated receptor using 

supervised analysis methods, i.e., comparing the gene chip data of the experimental system with the respective controls

Generation of in vitro (cell culture) or in vivo (transgenic mice) systems that specifically express the factor in a constitutive or regulated fashion

Generating gene expression data from various normal and malignant cell populations by DNA microarray analysis

Analyzing the individual gene chip data for the occurrence of, for example, target genes known to be upregulated or downregulated in 

previously identified and comprehensively studied signaling pathways

Tracking the signatures within gene expression data generated from normal and malignant cells

Transcription factor-specific gene expression signature

     Fig. 27.5      Tracking cellular pathways in normal and malignant cells using GEP approaches  
 Approach 1: GEP data of normal and malignant cells are screened for characteristic gene expression changes of a known transcriptional 
response or signaling pathway. Approach 2: a factor - specifi c gene expression signature is generated  in vitro  or  in vivo , followed by tracking of 
the respective profi le in normal or malignant cells. Approach 2, in contrast to approach 1, also results in the identifi cation of previously 
unidentifi ed genes associated with the activation of the particular response or pathway.  
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and immediately after the proliferative phase of germinal 
center B cells. 

 In the future, GEP data will be funneled into algorithms 
that go far beyond the scope of merely extracting the upregu-
lation and downregulation of specifi c genes to a certain acti-
vation stimulus. Thus, reverse engineering of gene regulatory 
networks can reconstruct cellular networks solely based on 
GEP data of cell populations that differ in the activity of a 
signaling pathway or transcription factor.  
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  Evolution  i s the  c entral  t enet 
of  b iology 

 It is entirely fi tting that a new edition of  Molecular Hematology  
is being developed in 2009, the bicentenary of the birth of 
Charles Darwin and 150 years since the publication of  On 
the Origin of Species by Means of Natural Selection  (Figure 
 28.1 a). Darwin ’ s far - reaching insights placed natural varia-
tion and adaptation as the prime determinants of population 
change. Evolution is now recognized as the unifying theme 
of all biology, including hematology and medicine, and these 
landmark observations can perhaps be recognized as the 
initiation of the modern discipline of molecular genetics.   

 However, despite his unique vision and imagination, 
Darwin was never able to understand the nature of genetic 
inheritance. It was clear that phenotypic characteristics were 
passed from one generation to the next but usually these 
characteristics were  “ blended, ”  so that a combination of tall 
and short parents would produce a child of medium height. 
Darwin proposed his own model for heredity which he 
termed  pangenesis  in which cells of the body shed gemmules 
that collect in the reproductive organs. The concept was that 
all the tissues in the body thus had some impact on inherit-
ance but this concept has clearly been superseded. At this 
time there was no concept of the distinction between the 
germline and somatic tissue, and it is therefore not surpris-
ing that even brilliant scientists such as Jean - Baptiste de 
Lamarck believed that acquired phenotypic features could 
be passed, through reproduction, into the subsequent gen-
eration. However, despite his somewhat imperfect conclu-
sions, Lamarck was actually an extremely important fi gure 

in evolutionary theory as he developed the concept that a 
species can change  between  different generations, a view 
entirely in contrast to the prevailing view that all species had 
been placed on the earth by a divine Creator. 

 Even in Darwin ’ s time there were fi erce arguments about 
the nature of biological inheritance. Samuel Butler, later to 
become a celebrated novelist, emigrated to New Zealand to 
make his fortune in sheep breeding. Whilst there, he read 
Darwin ’ s work and, through his own highly successful 
breeding experiments, came to understand the concept that 
 “ information ”  was fl owing from one generation to the next. 
His ideas were taken further by William Bateson, a Cambridge 
geneticist who introduced the term  genetics  in 1906 to 
describe the science of inheritance and variation. The units 
of this information were subsequently termed  genes  by 
Wilhelm Johannsen.  

  The  u nderstanding of  m onogenic and 
 p olygenic  i nheritence 

 The modern concept of genetic inheritance began with the 
work of Gregor Mendel, an Austrian priest who had under-
gone training as a science teacher and is famous for his pea 
breeding experiments published in 1866 (Figure  28.1 b). 
Mendel used true - breeding varieties of pea to show that the 
crossing of two dissimilar strains led to a uniform fi rst gen-
eration (F 1 ). However, the crossing of the F 1  generation with 
an F 2  generation produced a population where three - quar-
ters of the peas had the same (dominant) parental charac-
teristic and one - quarter had the other (recessive) parental 
form. In the course of over 30   000 observations, Mendel 
went on to breed subtypes of F 2  and laid the rules for domi-
nant and recessive inheritance. He postulated that each char-
acteristic was determined by two elements from the parents 
and that these were both retained and appeared in the germ-
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     Fig. 28.1      (a) Charles Darwin. 
(b) Gregor Mendel. (c) Francis Crick 
and James Watson. (d) Fred Sanger   

(a) (b)

(d)

(c)

line as single forms in equal proportions. The fi nal expres-
sion in each plant was dependent on the combination of 
dominant or recessive elements. These experiments were 
hugely infl uential to the development of molecular biology 
as they showed that heritable characteristics are  particulate  
and not  “ blended. ”  His work was largely ignored for the next 
35 years until it was rediscovered in the early 20th century 
and widely supported by Bateson and colleagues. The par-
ticulate element became known as the gene and the modern 
basis of genetics was established. 

 A huge problem in these early days was how to link 
the clear biological results of Mendelian experiments 
with the discontinuous phenotypes seen in everyday life. 
For instance, how can single pieces of information deter-
mine such variables such as height or intelligence? It was left 
to the work of R.A. Fisher in 1918 to show that the inherit-
ance of multiple different single genes could produce a phe-
notype that displayed discontinuous properties and the 
concept of  polygenic  inheritance of characteristics was thus 
borne.  
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that determines the genetic information. Certain aspects of 
the nucleotide component are worth looking at in more 
detail. The backbone of the strand is made from phosphate 
and sugar residues, the latter being a 2 - deoxyribose fi ve -
 carbon (pentose) sugar. Importantly, these sugars are joined 
either at their third or fi fth carbon atom and this asymmetry 
gives a  polarity  to the DNA strand, with the 5 ′  end having a 
terminal phosphate group and the 3 ′  end a terminal hydroxyl 
residue. The phosphate groups form phosphodiester bonds, 
which contain a phosphorus atom that allows strong cova-
lent linkage through an ester bond. These groups are nega-
tively charged and this plays a role in forcing phosphates 
away from the center of the DNA helix, as well as combining 
with positively charged proteins termed  histones  that package 
the DNA. The core genetic complexity of the DNA molecule 
comes from the composition of bases at the center of the 
helix. These bases are of two types,  purines  and  pyrimidines , 
the former comprising adenine and guanine, fused hetero-
cyclic compounds of fi ve -  and six - membered rings, the latter 
cytosine and thymidine, which are more simple six - mem-
bered rings. The pairing of guanine with cytosine provides 
greater strength of interaction due to optimal hydrogen 
bonding. 

 The mechanism by which DNA replicates was a further 
question that needed to be resolved. Watson and Crick had 

   DNA   a s the  c onduit of 
 g enetic  i nformation 

 From this time, the science of genetics became fi rmly estab-
lished and rooted in all aspects of biological investigation. 
However, the nature of the genetic material was completely 
unknown until the pioneering work of Oswald Avery in 
1944. Avery trained as a medical doctor and was 67 at the 
time of his most famous scientifi c contribution. He had been 
working on the inheritance of S and R strains of  Streptococcus 
pneumoniae  and was able to show that, contrary to the 
current view, the use of proteases could not prevent trans-
mission of genetic information between strains. In contrast, 
deoxyribonuclease was highly effective in preventing trans-
mission and this work therefore established DNA as the 
medium for genetic inheritance. Avery died in 1955 and is 
often regarded as one of the most deserving scientists never 
to have been awarded the Nobel Prize in Medicine or 
Physiology. Having established DNA as the physical basis of 
heritability, genetic research then proceeded to dominate 
biological investigation for the next 50 years. 

  Elucidation of the  s tructure of  DNA  

 The elucidation of the structure of DNA has become perhaps 
the most memorable biological achievement of the last 
century. The story is well known, and involves the outstand-
ing X - ray crystallography of Maurice Wilkins and Rosalind 
Franklyn combined with the imagination and intelligence of 
James Watson and Francis Crick (Figure  28.1 c). Their paper, 
published in 1953, took advantage of a wealth of previous 
information from other investigators, and this was instru-
mental in allowing a fi nal elucidation. 

 In 1919 Levene had demonstrated that DNA consisted of 
three components: the bases (of which there were four 
types), a sugar (which was either ribose or deoxyribose) and 
a phosphate group. He showed that these were linked 
together in a unit that he called a  nucleotide . The work of 
Irwin Chargaff defi ned the so - called  Chargaff ratio , which 
relates to the base composition of DNA. This showed that 
the amount of guanine equals that of cytosine, and the 
amount of adenine equals that of thymine. Structural analy-
sis revealed that the hydrogen bonds between guanine and 
cytosine and between adenine and thymine were of similar 
structure and led to a model in which the hydrophobic bases 
were on the inside of the double helix, leaving the hydrophilic 
components on the outside (Figure  28.2 ).   

 The structure of DNA has now been well characterized 
and comprises three different subunits, a sugar, a base and 
a phosphate group; together these form a nucleotide. DNA 
is a polymer of nucleotides and it is the sequence of bases 
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     Fig. 28.2      The structure of DNA  
 The deoxyribose pentose sugars are joined by phosphodiester bonds 
at C - 3 or C - 5 to phosphate groups. The four bases, adenine (A), 
thymine (T) , cytosine (C) and guanine (G), are attached to this 
backbone and the double helix is stabilized by hydrogen bonds 
(represented by zig - zag lines).  
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separated by intervening sequences of intronic DNA. Most 
of the genes within the human genome have this intron –
 exon structure and although the selective advantage of this 
development is unknown, it does allow increased fl exibility 
for decoding genetic information into a range of protein 
transcripts. In order for an initial mRNA species to encode 
an accurate representation of the exon structures, the tran-
script must be  spliced  by splicing enzymes within the nucleus 
by a process that removes intervening intronic RNA seg-
ments. Many genetic diseases have now been revealed as due 
to aberrations in splicing mechanisms and the thalassemia 
syndromes, which arguably have told us more about the 
principles of molecular regulation than any other genetic 
disease, are commonly inactivated by mutations in this 
mechanism. 

  Ribosomal RNA  (rRNA) is complexed with ribosomal 
proteins to produce the large number of ribosomes that are 
scattered around the cytoplasm and which act as the princi-
pal sites for  protein translation . There are four different 
rRNA molecules within the ribosome, 18S, 5.8S, 28S and 5S, 
and together they constitute over 80% of RNA within the 
cell. The combination of transcription and translation can 
be surprisingly slow. It has been estimated that it can take 
21 hours to produce a molecule of dystrophin, the largest 
gene in the genome and the one responsible for Duchenne 
muscular dystrophy. 

 Recently, several new classes of RNA species have been 
discovered and are likely to play very important roles in the 
genetic regulation of eukaryotic cells. A particularly impor-
tant discovery has been the fi nding that RNA can have cata-
lytic activity, demonstrating that it is more than simply a 
passive scaffold.  MicroRNA  species are approximately 21 
nucleotides in length and do not code for proteins but, on 
the contrary, carry complementary sequences that are able 
to bind to mRNA species and regulate the rate of protein 
production. This is done by either binding to mRNA species 
and preventing translation on ribosomes or via recruitment 
of ribonucleases that degrade double - stranded RNA species 
and thus reduce the half - life of the targeted RNA species. 
Current estimates suggest that there are over 1000 micro-
RNA transcripts within the human genome and it is cur-
rently believed that mutations or deregulation of microRNA 
expression can be implicated in a range of malignant dis-
eases; involvement of deletions of microRNAs in the etiology 
of chronic lymphocytic leukemia secondary to chromosome 
13q deletions is one such example. The net overall effect of 
these systems is that the cell thus produces not only mRNA 
for protein translation, but also species of RNA with com-
plementary sequence to mRNA transcripts that serve to limit 
information derived from each mRNA transcript. This feed-
back control is, of course, a commonly identifi ed mecha-
nism in many biological systems. 

ended their paper with the famous words  “  it has not escaped 
our notice that the specifi c pairing we have postulated 
immediately suggests a possible copying mechanism for the 
genetic material. ”  This implied that the two helices could 
separate and allow copying of each strand. In 1958 Matthew 
Meselson and Franklin Stahl showed that the replication of 
DNA was  semi - conservative . That is, when a copy is made 
of a double - stranded DNA template, a complementary 
sequence is made against each of the two original strands 
rather than production of a completely new double strand 
with retention of the original duplex.  

  Decoding the  s equence of  DNA  

 Later work by Francis Crick predicted that  “ adapter ”  
intermediates would be found which decoded the DNA 
sequence into the synthesis of proteins.  Transfer RNA  
was subsequently isolated and found to comprise a triplet 
anticodon attached to a specifi c amino acid. In this way 
the DNA code can be translated into a protein sequence. 
There are 20 different subtypes of amino acid and these 
are encoded by a range of different triplet sequences on 
transfer RNA. This is the  genetic code  that was elucidated 
in the early 1960s and was set out by Crick in the form in 
which it is now used. Translation usually commences with 
an AUG triplet, which codes for methionine. Protein syn-
thesis occurs within the cellular cytoplasm on  ribosomes , 
which are complex mixtures of RNA and protein 
components. 

 This fl ow of genetic information from DNA to RNA to 
protein became known as the  central dogma  of molecular 
biology. Although never meant to be as truly closed to criti-
cal evaluation as the term implies, this observation was 
highly infl uential in understanding the centrality of germline 
DNA in evolutionary processes and essentially contradicted 
the concept that somatic information could fl ow back into 
the germline, as envisaged in the original Lamarckian theory 
of evolution. 

 RNA is a major component of the cellular nucleus and 
three main forms were distinguished in the early days of 
molecular biology.  Messenger RNA  (mRNA) copies the DNA 
genetic code into transcripts that travel to the cytoplasm for 
protein translation. This process of  transcription  allows dif-
ferent cells, all of which carry the same gene content, to 
utilize their genome in differential ways and transcriptional 
regulation lies at the heart of cell differentiation programs. 
The initial concept that one gene gives rise to a single mRNA 
species, and subsequently a single protein molecule, has been 
challenged in several ways over the last few decades. The fi rst 
observation was that genes are split into discrete units of 
expressed code, termed  exons , and these DNA segments are 
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genome actually codes for protein. The additional 98% has 
a complex regulatory function and its importance is still 
largely unknown. During the early days of molecular 
biology, these regions were rather arrogantly termed  “ junk 
DNA ”  but they have since turned out to be extremely 
important in factors such as determining speciation and 
regulation of gene expression. 

 Different individuals show considerable variation 
within the genome. This natural polymorphism is typi-
cally seen as a base change of around 1 in every 1300 
bases, equating to over 4 million differences between indi-
viduals. These variants are known as  single - nucleotide pol-
ymorphisms  (SNPs) and as well as their intrinsic value in 
understanding issues such as natural selection and evolu-
tionary change, they are also very valuable in determining 
genetic linkage of genes in a variety of human diseases. 
Indeed, SNP - based disease association studies are cur-
rently the most popular approach for determining the 
polygenic basis of disease and around 50% of these vari-
ants are in non - coding regions of the genome. 
Interestingly, most of these variants are quite common in 
the human population and there is less variation between 
humans than there is between other great apes. This is 
believed to refl ect the fact that the current human popu-
lation of some 6 billion people has grown rapidly over 
3000 generations from a founder size  “ bottleneck ”  of only 
10   000 individuals. 

 Sequencing has also revealed that  copy number variation  
is a common fi nding in the human genome. We seem 
to have a dynamic genome in which relatively large areas 
of deletion and insertion are seen and this may underlie 
a range of disorders that may involve cryptic gene inacti-
vation and translocations. It may be that this high level 
of genomic instability has contributed to our rapid 
evolution but clearly there also appears to be a price to 
pay. 

  The  p ackaging of  g enetic  m aterial 

 One fact that we almost all remember is that each cell in 
the human body contains approximately 1   m of double -
 stranded DNA, if it were stretched out from end to end. 
Given that we have some 10 14  cells within our body, the 
whole content of our somatic DNA would stretch for some 
10 14    m. It is no surprise therefore that this length of DNA 
must be packed very accurately and densely into a typical 
cell of around 8    μ m. The fi rst order of packaging is the 
 nucleosome , in which two loops of DNA are wrapped 
round a histone protein. As we shall see later, this struc-
ture is critical not only for effi cient mechanical packaging 
but also for controlling gene regulation. The second - order 

 A range of other RNA species are now being identifi ed. 
These include  small nuclear RNAs  (snRNA), which are 
involved in processes such as mRNA splicing, and  small 
nucleolar RNAs . Many  long non - coding RNA  species of over 
200 nucleotides in length are also produced and their func-
tions are largely unknown. They are often very highly con-
served in evolution and found in gene - poor regions of the 
genome. It is likely that they play important and indispen-
sible roles in embryonic development.  

  Regulation of  t ranscriptional  a ctivity 

 The DNA genome encodes the information from which 
our complex multicellular structure can be assembled. 
However the code is deciphered in a highly complex process 
involving the interaction of many different proteins and 
nucleic acids. 

 DNA is copied into RNA by the  RNA polymerase II  
enzyme, which recognizes a  promoter  sequence at the 5 ′  end 
of the gene. The organization of promoter sequences is 
highly disparate, although many contain the TATAAA 
sequence known as the TATA box. Promoter sequences 
attract a large number of proteins called  transcription factors , 
which serve to activate or repress transcription at that gene. 
These proteins all contain a DNA - binding domain and 
attract an additional set of proteins involved in chromatin 
remodeling that also regulate transcriptional activity ( see 
section on epigenetics below ). 

 A further set of DNA regulatory elements are  enhancer  
sequences that regulate the transcriptional activity of genes 
which are often many kilobases away. Their precise mecha-
nism of action is uncertain but is likely to involve processes 
such as  “ looping out ”  of DNA and colocalization of tran-
scription factors.   

  The  r ough  g uide to the 
 h uman  g enome 

 The human genome contains a sequence of 3000 million 
bases of DNA from each parent, equating to some 6 billion 
bases in a diploid cell. The Human Genome Project started 
in 1990 and 99.3% of the sequence was completed by 2003. 
Indeed the genome has now been fully sequenced for 
several individuals, and this is likely to rise substantially by 
the time this book is published. Large - scale sequencing has 
revealed a number of surprises about the human genome. 
The fi rst of these is that the gene content is much lower 
than was initially estimated. Current estimates suggest a 
gene content of around 25   000, whereas early proposals 
placed this nearer 100   000. In addition, only 2% of the 
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challenging for clinicians to maintain their knowledge base 
within this area. 

  The  e xtraction of  n ucleic  a cids 

 A good place to begin is the extraction of nucleic acids from 
cells. Nucleic acids are soluble in water but can be precipi-
tated by the addition of ethanol. In one method the cell or 
tissue of interest is lysed to destroy cell membranes and the 
protein component degraded by proteinase K or extraction 
with phenol and chloroform. The latter approach generates 
an aqueous phase containing RNA and an organic phase that 
retains protein and lipid, with DNA being trapped at the 
interface. 

 The next step is to purify and concentrate the nucleic acid 
and this can be done by  ethanol precipitation . Because DNA 
is charged, it is highly soluble in water but the addition of 
non - polar ethanol to at least 66% of the fi nal volume draws 
it out of solution. The precipitate of nucleic acids can then 
be centrifuged, the ethanol drawn off and the nucleic acid 
resuspended in water. Genomic DNA is quite stable in this 
form, perhaps not surprising given its natural physiological 
role. However, RNA is highly unstable and susceptible to 
RNases, which are ubiquitous enzymes within the environ-
ment. Inhibitors of RNases and rapid cooling of RNA solu-
tions are needed for downstream analysis of ribonucleic 
acids. Although these chemical steps are effective, and have 
been in use for many decades, many laboratories now use 
disposable cartridge methodology for extraction of nucleic 
acids. These are rapid, often cost - effective, and generally 
much easier to use.  

  Restriction  e nzymes and 
 e xpression  c loning 

 Having isolated DNA in an aqueous solution, there is not 
a great deal that you can usefully do with it in its native 
state. If it is run on an electrophoresis gel, it will be of 
such high molecular weight that it will not migrate into 
the gel to any extent and is therefore not suitable for 
downstream analysis. A major advance in molecular biology 
was the development and utilization of bacterial  restriction 
endonucleases . These are a large family of enzymes that 
are present in bacteria and which have evolved to digest 
double - stranded DNA. They are important in protecting 
bacteria from invading bacteriophages and thus they 
 “ restrict ”  the vulnerability of the cell to infection. The 
critical fi nding about restriction endonucleases was that 
they cut DNA at specifi c DNA sequence motifs. For instance, 
the enzyme  Eco RI will only cut DNA at positions that 
have the sequence 5 ′  - GAATTC. Note that this sequence 

structure is coiling of nucleosomes into a rope - like struc-
ture, but further order packaging beyond this is currently 
unknown.  

  Epigenetic  r egulation  a dds a  n ew 
 d imension of  c omplexity 

 Additional complexities to understanding the transcrip-
tional regulation of the DNA code are being identifi ed on a 
regular basis. It is now clear that protein - induced modifi ca-
tions of histone structure play an important role in deter-
mining the transcriptional regulation of individual genes. 
The two major processes involved are  methylation of cytosine 
bases  at CpG dinucleotides and  acetylation of histone tails . A 
wide range of methylases, demethylases, acetylases and 
deacetylases are involved in dynamic modifi cation of histone 
structures and this process is now being targeted in clinical 
practice. Around 75% of all CpG dinucleotides are methyl-
ated and unmethylated forms are often grouped at the 5 ′  end 
of genes in areas known as  CpG islands . In general, methyla-
tion serves to downregulate transcription from a gene and 
demethylating agents are used in the management of dis-
eases such as myelodysplasia or acute myeloid leukemia. In 
contrast, acetylation encourages transcriptional activity and 
deacetylation inhibitors are therefore also used in a range of 
hematopoietic disorders. Given the widespread modifi ca-
tions of methylation and acetylation in the human genome, 
it is perhaps surprising that the non - specifi c activity of these 
pharmacological agents can prove of value without engen-
dering signifi cant side effects. However, current practice 
suggests that they may be relatively well tolerated. Epigenetic 
regulation also represents one example in which somatic 
tissues may infl uence transcription of the germline. Gender, 
in particular, can have an important impact on transcrip-
tional activity of individual genes. This process of imprinting 
can be broadly summarized as revealing that males tend to 
encourage fetal growth whereas the maternal infl uence is to 
restrict fetal developmental. Aberrations of epigenetic 
imprinting results in disorders such as Prader – Willi or 
Angelman syndrome.   

  Experimental  t echniques and 
 m olecular  b iology 

 Here I review some of the milestones that have led to the 
development of the experimental discipline known as 
molecular biology. This is a fi eld which is moving perhaps 
more rapidly than any other within biology and while it 
offers unparalleled opportunities for clinical practice, it is 
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phage, can lead to isolation and analysis of large amounts of 
individual target DNA sequences. This is a core technique in 
molecular biology and has led to most of the subsequent 
development within the fi eld. Libraries can also be intro-
duced into eukaryotic cells through the process of  transfec-
tion , which typically involves incubation with cold cations 
such as calcium or the use of liposomes.  

  Electrophoresis and  b lotting of 
 n ucleic  a cids 

 Once DNA has been digested with endonucleases it is broken 
up into smaller pieces, the exact size and pattern of which 
will depend on the endonuclease that has been used. Edwin 
Southern published a technique whereby this DNA was ini-
tially subjected to electrophoresis on an agarose gel, thus 
separating individual pieces on the basis of their size and 
charge. If a nitrocellulose fi lter is then applied on top of the 
agarose gel and moderate pressure applied, the DNA will 
migrate into the nitrocellulose where it can be fi xed using 
heat or a cross - linking agent. If the DNA fi lter is then hybrid-
ized to a labeled nucleic acid probe, the probe will bind only 
to that section of the DNA containing a complementary 
sequence. When genomic DNA from different individuals is 

is a palindrome when double stranded and it is in this 
form that the DNA is cleaved, after the G on both strands. 
If suffi cient enzyme is used in a digestion reaction, 
every individual site within the target DNA will be cut. 
These enzymes opened up the fi eld of modern molecular 
biology because they led to the development of  DNA cloning . 
In this procedure, the DNA of interest is digested with 
a particular endonuclease and then a  vector  DNA 
sequence, usually in the form of a bacterial plasmid or 
a virus, is also digested with the same enzyme. Providing 
that the vector has only two of these restriction sites, 
a portion of the vector will be excised and then, by com-
bining the digests of the target DNA and vector, the two 
populations can be ligated such that single copies of DNA 
are cloned into the vector. Typically these vectors have 
strong promoters that drive expression of the cloned gene, 
as well as genes coding for antibiotics, which allow selection 
for vectors containing an insert. In this way a  library  of the 
original DNA is made. 

 This library can then be introduced into cells for propaga-
tion and functional analysis. Vectors can be transformed 
into a bacterial host that can be multiplied using culture 
medium to a potentially unlimited population size. Lysis of 
the bacterial colony, followed by recovery of the plasmid or 
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     Fig. 28.3      The polymerase chain reaction  
 Typical temperatures for annealing, extension and 
denaturation are 50 – 60 ° C, 72 ° C and 96 ° C, 
respectively.  
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digested with the same nuclease, all the resulting DNA frag-
ments will be of comparable size, notwithstanding the 
natural variation found within the human genome. Thus the 
hybridization band should be similar in different individu-
als. This technique became known as the  Southern blot  and 
was widely applied to the detection of chromosomal abnor-
malities such as deletions, linkage studies, and gene rear-
rangement identifi cation. It is somewhat less widely used 
today due to the advent of more modern technologies such 
as SNP mapping and DNA sequencing. 

 Southern blot technology has been adopted for use in 
other ways and a memorable nomenclature has been built 
up, albeit based on a mischievous interpretation of the deri-
vation of  “ Southern. ”  The  Northern blot  refers to a technique 
in which RNA is run on an agarose gel and blotted in the 
same way as the DNA in a Southern blot. This approach was 
widely used to examine differential expression of DNA 
between tissues but has largely been replaced by microarray 
analysis.  Western blotting  refers to the technique of separat-
ing protein molecules by electrophoresis prior to blotting 
onto a membrane. This membrane is then probed with an 
antibody for detection of the presence, size and amount of 
individual protein species.  

  The  p olymerase  c hain  r eaction 

 The development of the polymerase chain reaction (PCR) in 
the 1980s led to the award of a Nobel Prize to Kary Mullis 
in 1993 and its value in medical practice is perhaps refl ected 
by the relative swiftness of the Nobel Committee in reward-
ing the inventor. The idea is, like most powerful innovations, 
relatively straightforward and involves repetitive cycles of 
DNA synthesis and dissociation (Figure  28.3 ). DNA 
polymerases are used to copy a specifi c DNA segment and 
this step is followed by an increase in reaction temperature 
to dissociate DNA double strands and provide further tem-
plates for the amplifi cation process. Mullis performed his 
initial work using a hot water bath and had to combine DNA 
polymerase with free nucleotides for the initial synthesis, 
heat the reaction to  “ melt ”  the double strands, and allow the 
mixture to cool for reannealing of the original primer mix, 
before then adding further polymerase enzyme as the origi-
nal aliquot had been killed by the high temperatures used in 
the melting process. Since then, the technique has been dra-
matically simplifi ed through the use of thermostable DNA 
polymerases isolated from bacteria that live at high tempera-
tures. Solid - phase technology, which allows very rapid shifts 
in temperature, have led to a dramatic reduction in incuba-
tion and extension times. The technique utilizes short oligo-
nucleotide primers that anneal to the target gene of interest. 
The DNA polymerase extends the DNA sequence beyond 
the primary sequence and, as the primers are directed toward 

one another on complementary strands of DNA, the result 
is a complete double - stranded copy of the target gene. 
Typical PCR reactions might allow amplifi cation of between 
500 and 2000   bp of DNA, but innovations do exist that can 
extend these values. Once a gene has been amplifi ed in this 
way it can be sequenced, subjected to enzymatic digestion or 
used in a range of downstream applications.    

   DNA   s equencing 

 Although the physical structure of DNA was defi ned in the 
1960s, it would be many years before it became possible to 
sequence the bases in order to reveal the genetic code. 
Interestingly, protein sequencing had been reported many 
years earlier but the technology of DNA sequencing has now 
advanced so much that its capability far exceeds current 
abilities to sequence amino acids. 
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 The two original methodologies were developed by Fred 
Sanger and Walter Gilbert, who shared the Nobel Prize for 
Chemistry in 1980 (Figure  28.1 d). The techniques involved 
the use of DNA polymerases to sequence DNA from an 
oligonucleotide primer. However, within the mix of nucle-
otides needed for the building blocks of the new chains, 
Sanger ’ s approach incorporated a small quantity of nucle-
otides that have dideoxy modifi cations of their sequence 
such that they cannot be extended. Four separate reactions 
were used for each DNA sequence, incorporating dideoxy 
reagents for the A, T, C or G bases respectively. If radioactiv-
ity or fl uorescence is used to label the newly extended chains, 
these can then be run on a high - resolution acrylamide gel 
and from this a ladder of chains is derived which shows the 
stop positions that occur when each base terminator is used. 
These bands can then be read off and a DNA sequence can 
be deduced. This technology was of tremendous value in 
initial efforts to understand molecular biology and has 
played a large role in driving the discipline forward over the 
last 20 years.  

  Microarray  a nalysis 

 Although sequence information of germline DNA provides 
highly valuable information, in many situations it is more 
valuable to know how this information is utilized within 

individual cells or tissues. One approach to this is to use 
systems which determine the  quantitative profi le of mRNA 
expression  within tissues. Microarrays achieve this by a tech-
nique which relies on the synthesis of a huge number of 
oligonucleotides that are complementary to each of the 
approximately 25   000 human genes. These oligonucleotides 
are placed individually on microarray slides and are then 
hybridized to sample tissue. mRNA from the sample is 
reversed transcribed to cDNA with the use of fl uorescent 
primers and then this material is hybridized to the oligonu-
cleotides; after washing, the amount of hybridized material 
is assayed using laser detection. This approach is a highly 
accurate and reproducible means of measuring the distribu-
tion of mRNA species within cells or tissues. Of course, there 
is no simple correlation between mRNA levels and protein 
expression and proteomic analysis allows additional under-
standing of cellular differentiation control. Microarray 
systems are used widely in dia gnostic and investigational 
approaches to hematopoietic malignancy.  

  Next -  g eneration  s equencing 

 Over the last couple of years new technologies have been 
developed that have dramatically altered the capability of 
DNA sequencing. Two broad platforms are currently avail-
able and are known as 454 pyrosequencing and the Illumina/
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Solexa systems. Both technologies commence with fragmen-
tation of DNA and then small DNA fragments are captured 
individually onto beads prior to an amplifi cation step. In the 
454 system, these beads are then centrifuged into small wells 
such that each well contains only one bead and these are 
sequenced individually. The 454 system is based on lumines-
cence, each base generating a different color; the cameras 
used for color detection are based on those developed for the 
Hubble telescope and have very high sensitivity (Figure 
 28.4 ).   

 These technologies have led to a step change in the ability 
to rapidly sequence DNA and they produce almost frighten-
ing levels of information. A single machine run can generate 
500 million base pairs of sequence and most of the challenges 
relate to the bioinformatic analysis of the information or 
simple storage of data. The 454 system sequenced the entire 
genome of James Watson in 2 months and in time it is likely 
that many of our patients, and indeed perhaps ourselves, will 
undergo full genome sequencing. Our current capabilities 
are probably only limited by our imagination and they allow 
experiments such as comparative analysis of the complete 
sequence of germline DNA in comparison with tumor cells 
or study of the evolution of infectious organisms in a human 
host almost in real time. 

  Ultra - deep sequencing  refers to the ability to sequence 
many different copies of an individual sequence in one run, 
also known as in parallel. As such it can be very powerful for 
detecting rare mutations in tissue samples or for following 
genetic variation within populations of viruses. 

  Transcriptome sequencing  is the sequence analysis of the 
mRNA population in a cell or tissue. There is the possibility 

that this approach could replace some of the uses of microar-
ray analysis as it simultaneously provides information on the 
number of mRNA species in the sample as well as determin-
ing their complete nucleotide sequence.   

  Conclusion 

 The dramatic developments in molecular biology over the 
last 50 years represent one of the most exciting stories of 
scientifi c development (Figure  28.5 ). Refreshingly, they have 
also been applied quickly and effectively to human health 
and are now integral to the clinical practice of hematology. 
A more detailed analysis of the molecular basis of a wide 
range of conditions is discussed more fully in subsequent 
chapters.    
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  Introduction 

 Gross anatomy and histology reveal the basic architecture 
of a tissue. However, there is a functional structure to cells 
that is not always apparent from the morphology. Within 
many (if not all) organs, cells are structured functionally as 
a hierarchy. At the top of the hierarchy are adult stem cells. 
Adult stem cells give rise to all the cells of the tissue and also 
make copies of themselves (a process termed  self - renewal ). 
At the bottom of the hierarchy are differentiated cells. 
Within the middle ranks of the hierarchy are progenitor cells 
that give rise to the differentiated cells but which lack the 
ability to self - renew. The tissues in which this functional 
structure has been described include the bone marrow, skin, 
bowel, breast and brain. These studies involve functional 
studies of subpopulations of cells within a tissue. As little as 
one adult stem cell from a tissue can be shown to result in 
the formation of the tissue in functional assays in the 
laboratory. 

 The cancer stem cell hypothesis proposes that malignant 
tissues are organized in a similar manner to normal tissues 
in terms of having a functional hierarchy. At the top of 
the hierarchy are cancer stem cells (CSCs), with the ability 
to produce all the clonal cells that comprise the tumor 
as well as the ability to self - renew. The bottom of the 
hierarchy comprises tumor cells with a variable degree of 
differentiation, but without the ability to self - renew. The 
cancer stem cell hypothesis does  not  propose the idea that 
all CSCs are derived from adult stem cells of the relevant 
tissue (the cell of origin of CSCs will be dealt with later in 
this chapter). 

 The CSC hypothesis has important implications for the 
way researchers approach malignant disease. Elimination or 
effective suppression of CSCs is thought to be crucial to 
eradicate or control malignant disease. Therefore, we need 
to understand how CSCs proliferate and survive, rather than 
the cells that comprise the bulk of the tumor. The pathways 
utilized by CSCs will in many cases be different to those 
utilized by the rest of the tumor cells. Data derived from 
studies on bulk tumor may not be refl ective of events within 
CSCs. Efforts need to be directed toward understanding 
CSCs specifi cally, so that therapies may be developed to 
target them.  

  Evidence for the  e xistence of  CSC s 

 In the 1960s Chester Southam performed studies on humans 
with advanced cancer in which autologous tumor cells were 
implanted subcutaneously in varying doses. He noted that 
no tumors grew where less than 1 million tumor cells were 
implanted. One interpretation of this observation is that 
there are rare CSCs whose frequency is in the order of 1 
in 1 million tumor cells or less. The group led by John Dick 
has generated similar data using xenograft studies. Human 
malignancies are transplantable into immunodefi cient 
animals, such as the non - obese diabetic/severe combined 
immunodefi ciency (NOD/SCID) mouse. For acute myeloid 
leukemia (AML), more than 1000 cells need to be trans-
planted to generate a detectable leukemic graft in NOD/
SCID mice, although there is large intersample variation 
in terms of cell numbers required to generate a graft. Similar 
numbers of unsorted solid tumor cells are required to 
induce tumor in NOD/SCID mice (e.g., 57   000 colon cancer 
cells). 

 The fi gures for CSC frequency determined using xenografts 
are likely to be underestimates. The mice tested probably do 
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authors question whether it is meaningful to talk about 
CSCs if they are such a large percentage of the tumor. A 
CSC frequency of 25% of all cells was reported in which 
normal cells were transformed by the  MLL  gene and 
passaged though methylcellulose. These studies relied on 
synthetic tumors in mice that may not fully resemble spon-
taneous human tumors. Alternatively, there may be greater 
heterogeneity with regard to CSC frequency in primary 
human tumors than previously realized; some human 
tumors may consist of a signifi cant proportion of CSCs. A 
recent study on human melanoma utilized an improved 
xenograft model and showed that the CSC frequency was 
27% of all cells.  

  The  o rigin of  h ematological  CSC  s  

 The remainder of this chapter focuses on CSCs in hemato-
logical malignancies, with an emphasis on leukemia. 

  The  c ell of  o rigin 

 CSCs arise by the transformation of normal cells. One 
common misconception is that all hematological CSCs 
derive from hematopoietic stem cells (HSCs). There is good 
evidence that this is not the case. Some CSCs derive from 
HSCs while others derive from progenitors and other more 
differentiated cells (Figure  29.1 ). The phenotype of CSCs can 
indicate the identity of the normal hematopoietic cell from 
which they originated. Acute lymphoblastic leukemia (ALL) 
CSCs with  TEL - AML1  or  BCR - ABL  (p190) have a pro - B - cell 
phenotype (CD34 + CD19 + ), suggesting an origin from B - cell 
progenitors, whereas ALL CSCs with  BCR - ABL  (p210) have 
an HSC phenotype consistent with an origin from HSCs 
(CD34 + CD38  −  CD19  −  ).   

 HSCs and AML CSCs both have a primitive phenotype 
with expression of CD34 and absence of CD38, CD71 
and HLA - DR, are quiescent most of the time, and show 
heterogeneity within engrafting populations. These similari-
ties have led some authors to conclude that AML derives 
from an HSC that is locked into the myeloid lineage by the 
transforming events. However, the phenotypes of AML 
CSCs and HSCs are not identical, with discordant expression 
of c - kit and the interleukin (IL) - 3 receptor  α  chain (IL - 3R; 
CD123). 

 Recent data from our laboratory suggest that some AML 
CSCs, including those with a translocation involving the 
 MLL  oncogene, have a progenitor phenotype (CD34 + CD38 + ) 
(Figure  29.1 ). This work is consistent with data showing that 
mouse myeloid progenitors can be transformed into AML 
by transduction with the oncogene  MLL - ENL  or  MOZ - TIF2 . 
These oncogenes confer self - renewal ability on the myeloid 

not provide all the necessary supportive signals and there is 
evidence of residual immunity in NOD/SCID mice. For 
example, we have observed that some AML samples cannot 
engraft in NOD/SCID mice but do engraft in the more 
immunodefi cient NOD/SCID/ β  2  -  microglobulin null strain 
(which lack natural killer cell activity). 

 Further evidence for the existence of CSCs comes from 
the heterogeneity of cells within a given tumor. There are 
morphological and phenotypic differences between tumor 
cells, for example AML M5b comprises two populations 
with different morphological features: immature blast cells 
and partially differentiated monocytic cells. Another example 
is chronic myeloid leukemia (CML), where differentiation 
of malignant cells approaches that of normal hematopoiesis. 
Leukemic neutrophils or their immediate precursors pre-
dominate while immature blast cells make up a minority of 
cells. The immunophenotype correlates with the morphol-
ogy; CD34, a marker of normal human hematopoietic stem 
and progenitor cells, is expressed on a minority of chronic 
phase CML cells and the proportion increases with increas-
ing blast percentage. 

 These differences are not simply cosmetic but translate 
into functional differences  in vitro  and  in vivo . CD133 is 
expressed by normal human hematopoietic stem and pro-
genitor cells. It is also expressed on subpopulations of tumor 
cells. Peter Dirk ’ s group have tested the function of brain 
tumor cells expressing this marker  in vitro  and  in vivo . The 
CD133 +  cells from brain tumors form tumor spheres  in vitro , 
while CD133  −   cells do not. Similar results were generated 
using NOD/SCID mice as a host for sorted primary brain 
tumor cells; only the CD133 +  fraction initiates tumor when 
injected into mice brains. The same marker has been used 
to identify colon cancer cells that can initiate tumor growth 
 in vivo . Again, CD133  −   cells do not induce tumor growth. 
The CD133 - expressing cells produce not only more CD133 +  
cells but also CD133  −   cells. The tumors that grow in the mice 
from the CD133 +  fractions resemble the primary colon 
tumors. CD133 +  cells could also be taken from mice with 
tumor and transplanted successfully into other mice, indi-
cating the ability to self - renew. The earliest such experiments 
were performed with AML. CD34 is a marker of normal 
human hematopoietic stem and progenitor cells, and for 
most samples the CD34 +  fraction alone contains the cells 
capable of inducing leukemia when transplanted into mice. 
Thus not all tumor cells are equal. 

 Recent work has challenged the CSC hypothesis, at least 
in terms of the frequency of CSCs. Using mice with a genetic 
propensity to develop lymphomas or leukemias, one group 
showed that 10 unselected tumor cells could reliably initiate 
tumor in congenic recipients. In this model the CSCs were 
thus a signifi cant proportion of the tumor cells (at least 10% 
and possibly the majority of cells in some tumors). The 
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blood cells were transformed to acute leukemia when trans-
duced with the  MLL  oncogene. The original CSCs that were 
formed were derived from primitive cells with germline 
immunoglobulin genes. There was evidence that a second 
generation of CSCs evolved with the passage of time. The 
second generation of CSCs was derived from malignant pro-
genitor cells (the immunoglobulin genes were rearranged in 
these cells) that had acquired self - renewal ability. With time 
these second - generation CSCs came to dominate. This 
model suggests that for acute leukemia two or more types of 
CSC may be present (Figure  29.1 ). We have observed two 
types of cell that could initiate leukemia in immunodefi cient 
mice, one with a progenitor phenotype (CD34 + CD38 + ) and 
one with a more primitive phenotype (CD34 + CD38  −  ) from 
one AML sample. 

 The evolution of a second generation of CSCs is thought 
to underlie some cases of transformation of follicular lym-
phoma (see below) as well as progression of CML to blast 
crisis.  

progenitors. This variability in phenotype of CSCs is unsur-
prising given the heterogeneity of AML in terms of karyo-
type, immunophenotype and outcome. 

 Myeloma CSCs have restricted light chain expression and 
share surface markers with normal memory B cells (e.g., 
CD27). Additionally, myeloma cells have clonal somatic 
hypermutation of the immunoglobulin gene. These data 
suggest that myeloma CSCs arise from a normal memory B 
cell. Normal memory T and B cells, in contrast to myeloid 
progenitors and mature myeloid cells, can self - renew to 
allow very long - lived immunity. This feature may make 
these cells more vulnerable to transformation and may 
explain the relatively high incidence of lymphoid tumors 
with a mature cell phenotype.  

  The  e volution of  h ematological  m alignancy 

 However, the origin of CSCs may be more complicated than 
the above scheme indicates. In a recent study human cord 
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     Fig. 29.1      Origin of cancer stem cells (CSCs)  
 The normal hematopoietic hierarchy is shown in the center with the hematopoietic stem cell (HSC) at the apex. The normal hematopoietic cells 
from which various hematological CSCs are derived are indicated. CSCs are shown as fi lled circles. Cells capable of self - renewal are shown 
with an arrow circling back on itself. Transforming events are shown by the wavy arrows. The colored wavy arrow signifi es transformation of 
malignant progenitors to give rise to a second generation of CSCs. See text for defi nition of other abbreviations.  
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leukemia. Although the clones responsible for recurrence 
respond poorly to chemotherapy at diagnosis, the main 
clone responds well. One explanation is that the minor 
population detectable at diagnosis comprises preleukemic 
stem cells and their progeny and is resistant to therapy. 
Between diagnosis and recurrence further mutations 
occur in the preleukemic stem cells that transform them 
into fully malignant cells. Rather than terming the process 
 “ recurrence, ”  it might be more accurate to describe it as 
 “ re - evolution from a surviving preleukemic stem cell. ”  
Re - evolution from precancerous stem cells may explain 
the very late recurrences seen in other types of leukemia 
and solid tumors such as breast cancer. Eliminating 
these precancerous stem cells may be important for 
true cure.   

  Translocations and  t ranscription 
 f actors in  CSC   g eneration 

 A number of genes have been implicated in the generation 
and maintenance of HSCs, for example  AML - 1 ,  SCL ,  TEL , 
 MLL . Disruption of these genes results in a failure of defi ni-
tive hematopoiesis. These genes are frequently involved in 
translocations in hematological malignancy. The transloca-
tion products have been introduced into normal hematopoi-
etic cells to assess the effects.  AML1 - ETO  does not induce 
leukemia by itself, but only in combination with other muta-
tions (e.g.,  FLT3 ). However, cells expressing  AML1 - ETO  
alone do have enhanced replating capacity in methylcellu-
lose and enhanced survival in long - term culture assays. In 
the study by Higuchi and colleagues, the cells could be pas-
saged at least 10 times, whereas wild - type cells could only be 
passaged twice. This suggests that progenitor cells had gained 
self - renewal ability through  AML1 - ETO . Other transloca-
tion products (e.g.,  MLL - ENL ,  TEL - AML1 ) that involve 
genes critical in generation and maintenance of HSCs can 
confer the ability to self - renew on progenitors ( see above ). 
Thus, one of the fundamental features of a CSC, the ability 
to self - renew, is endowed or enhanced by some leuke-
mogenic translocation products. Another gene crucial for 
HSC development is  Bmi - 1 . Although not a classic target of 
leukemic translocations, it is expressed at enhanced levels in 
some AML cases, and is necessary for the self - renewal of 
HSCs and AML CSCs. 

 Hematopoietic differentiation is regulated by a number of 
transcription factors. These transcription factors guide dif-
ferentiation down specifi c lineages by upregulating the 
expression of genes associated with that lineage and by 
repressing the expression of genes from rival lineages, for 
example  Pax5  upregulates CD19 and CD79a (genes associ-
ated with B lymphocytes) and represses macrophage colony -

  Preleukemic  s tem  c ells 

 The existence of leukemia - associated fusion oncogene 
sequences in neonatal blood spots has been identifi ed in 
samples taken years before the onset of leukemia in children. 
These sequences were also found in children who did not 
develop leukemia. Indeed, only a minority of children with 
leukemia - associated sequences developed leukemia. Recent 
work suggests that the source of this DNA may be preleuke-
mic stem cells, cells that contain the leukemia - associated 
sequences and which have self - renewal potential but without 
the ability to induce leukemia. Twins were identifi ed, one 
who had ALL with the  TEL - AML1  fusion oncogene and one 
who was healthy but had a long - lived population of progeni-
tor B cells with the same  TEL - AML1  oncogene and an 
abnormal phenotype (CD34 + CD38  −  CD19 + ). This is the 
same phenotype as the CSCs from ALL with t(12;21). 
Transduction of normal human cord blood cells with  TEL -
 AML1  conferred the ability to self - renew on progenitor B 
cells (as well as altering the phenotype to CD34 + CD38  −  CD19 + ). 
Presumably, preleukemic stem cells lack the additional DNA 
hits to allow full leukemic transformation. 

 Although  TEL - AML1  confers phenotypic and functional 
changes, there is no reason to think that all preleukemic stem 
cells would be phenotypically and functionally different to 
the normal HSCs. A number of oncogenes, such as  BCR -
 ABL , have been introduced into hematopoietic cells without 
apparent functional effects. Thus many preleukemic stem 
cells may not be readily detectable, as occurred in the twin 
study. 

 Clonal tracking studies in follicular lymphoma indicate 
that some cases of transformation to diffuse large B - cell 
lymphoma occur by mutation of clones causing the indolent 
phase of the disease (analogous to the second generation of 
CSCs in acute leukemias). However, other cases of trans-
formed disease arise independently of the indolent clone. 
These studies are consistent with the existence of a common 
pre - lymphoma stem cell that gives rise to independent 
clones that cause the indolent and transformed phases. The 
existence of a common ( JAK2  wild type) preleukemic stem 
cell would explain the  JAK2  wild - type secondary AMLs that 
arise in patients with  JAK2  mutated myeloproliferative dis-
orders (the  JAK2  mutation being a later event). A common 
(Philadelphia chromosome negative) preleukemic stem cell 
may also be the cause of the Philadelphia - negative chromo-
somal abnormalities seen in patients with CML treated suc-
cessfully with imatinib. 

 Malignant disease may recur many years after remission 
has been attained. This is diffi cult to explain with conven-
tional models of tumor growth. In some cases of ALL with 
 TEL - AML1 , the clones responsible for recurrence are detect-
able as minority populations at the time of diagnosis of 
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 In addition, the niche regulates proliferation and differ-
entiation of HSCs. The SDF - 1/CXCR4 interaction not only 
anchors HSCs but also induces quiescence. Other stromal 
cell products have similar roles. Thrombopoietin is pro-
duced by osteoblasts and its receptor, MPL, is expressed on 
HSCs. Ligation of MPL by agonist results in increased qui-
escence and maintenance of HSCs. In contrast, antagonizing 
the thrombopoietin – MPL interaction results in cycling of 
HSCs and depletion of HSCs. The niche supplies HSCs with 
key signals in the form of Wnt; antagonism of Wnt signaling 
by expression of Dickkopf - 1 (an antagonist of the Wnt 
receptor) in osteoblasts results in HSC cycling and a decline 
in transplantability. Wnt agonists activate the  β  - catenin 
pathway and  β  - catenin is required for HSC self - 
renewal (Figure  29.2 ). The amount of Wnt signaling 

 stimulating factor (associated with myeloid cells) and 
 NOTCH 1  (associated with T cells) and induces B - cell devel-
opment from progenitors. Genes for these transcription 
factors are frequently mutated in hematological malignancy. 
 Pax5  is mutated or deleted in some cases of pre - B - cell ALL 
and is thought to result in loss of function. From studies of 
 Pax5   − / −   mice it is known that loss of  Pax5  results in a block-
age of B - cell differentiation at the pre - B - cell stage.  Pax5   − / −   
pre - B cells have self - renewal capacity and can repopulate the 
bone marrow of recipients in the long term, unlike wild - type 
pre - B cells.  Pax5  mutation may have a similar effect on pre - B 
cells, blocking differentiation and conferring self - renewal. 
Another example of a lineage - specifi c differentiation factor 
that is mutated in leukemia is  NOTCH 1  (mutated in more 
than 50% of T - cell ALL). Mutations in  NOTCH 1  allow 
proliferation and survival of cell lines derived from T - cell 
ALL and  γ  - secretase inhibitors (which block NOTCH signal-
ing) block the cycling of these cells. 

 JunB forms part of the activator protein - 1 transcription 
factor complex. JunB represses genes like cyclin D1 that are 
involved in cell cycling and upregulates genes such as p16/
INK4 α  that inhibit progression through the cell cycle. The 
expression of JunB is downregulated in CML, with the 
lowest levels found in blast crisis. Deletion of  JunB  in a 
mouse model induced a CML - like disease. The effect was 
only seen where  JunB  was deleted in HSCs; no CML - like 
disease was seen where  JunB  was deleted from myeloid 
progenitors. 

 These genetic lesions are almost certainly working in con-
junction with other mutations and thus the above models of 
action are probably too simplistic. Even so they give clues as 
to the types of genetic events that underlie the transforma-
tion of normal hematopoietic cells into CSCs.  

  The  CSC   n iche 

 Normal HSCs require support from non - hematopoietic cells 
for their survival and function. The supportive microenvi-
ronment of the stem cell is termed the stem cell niche. The 
HSC niche is thought to reside within the endosteal region 
of the bone marrow (the region lining the inner surface of 
the bone). Bone marrow stromal cells (non - hematopoietic 
cells derived from mesenchymal stem cells) such as osteob-
lasts form part of the niche. Stromal derived factor (SDF) - 1 
is secreted by bone marrow stromal cells and is involved in 
the homing and retention of HSCs within the bone marrow 
(via its interaction with CXCR4 on the HSCs). SDF - 1 antag-
onists mobilize HSCs. The physical tethering of HSCs to a 
locus within the bone marrow is one key function of the 
niche (Figure  29.2 ).   
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     Fig. 29.2      Stem cell niche  
 The niche is composed of stromal cells lining the bone (endosteal 
region). Stem cells are anchored to the niche via the interaction of 
CXCR4 and stromal derived factor (SDF) - 1. Niche cells signal to 
adjacent stem cells via thrombopoietin (TPO), Wnt and SDF - 1 and 
their respective receptors on stem cells (MPL, Frizzled and CXCR4). 
These mediators induce quiescence, survival and self - renewal of stem 
cells. Some AML translocation products activate the Wnt/ β  - catenin 
pathway directly. Stromal cells support ALL CSCs by providing 
asparagine. See text for defi nition of other abbreviations.  
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  Implications of the  CSC   h ypothesis 
for  c ancer  d rug  t esting 

 Laboratory tests for preclinical assessment of potential 
cancer treatments have generally relied on short - term culture 
systems that assess the effect of drugs on the proliferation or 
survival of malignant cells. Many drugs that have activity in 
preclinical assessments proceed to clinical trials. There is, 
however, a low success rate of anticancer drugs in clinical 
trials, suggesting that current preclinical models are inade-
quate. This may be explained by the hierarchical ordering of 
cancers. The conventional short - term assays will assess 
malignant progenitor or other cells in the middle and bottom 
ranks of the hierarchy, but not CSCs. Only long - term assays 
will be able to assess the effects of drugs on CSCs. NOD/
SCID mice have increasingly been used to assess oncology 
drugs. These have the advantage that they can test the effect 
of a drug on long - term growth of malignant cells to see 
whether drug is truly eliminating CSCs in a microenviron-
ment that approaches that of the patient bone marrow (i.e., 
with stromal cells that provide proper support for CSCs). 
Investigators must test the effects of drugs on leukemia that 
is already engrafted rather than treating the tumor cells  in 
vitro  and then injecting them into mice because this latter 
approach inappropriately circumvents the protective effects 
of bone marrow stroma. Although these new models appeal 
on rational grounds, no one has yet shown that effi cacy of 
anticancer drugs in xenotransplant models correlates with 
effi cacy in patients.  

  Targeting  CSC  s  

 CSCs need to be eliminated to allow control of malignant 
disease. CSCs from hematological malignancies must be 
targeted selectively to avoid hematopoietic toxicity, but this 
is not the only type of  “ friendly fi re ”  that is possible. CSCs 
also share features in common with non - hematopoietic 
adult stem cells and care must be taken to spare these vital 
cells. 

 Surface antigens that are not present on HSCs or other 
adult stem cells are an attractive target to deliver a selective 
hit to CSCs. Monoclonal antibodies against B - lineage anti-
gens such as CD20 have been used successfully to improve 
the outcome of lymphoma, with relatively little toxicity (pre-
sumably the lymphoma CSCs express CD20, although this 
has not been formally demonstrated). The advent of engi-
neered bispecifi c antibodies may allow improved selectivity, 
particularly where CSCs express an aberrant combination of 
antigens not found in normal tissues. 

from the microenvironment appears to be crucial, as con-
stitutional activation of this pathway results in loss of 
HSCs (i.e., too much or too little Wnt signaling results in 
loss of HSCs). 

 Oncogenic events can replicate some of the signals 
HSCs get from the niche.  AML1 - ETO  and other AML 
translocation products induce the Wnt/ β  - catenin pathway 
and downstream transcription factors. This independence 
from niche signals is likely to be only partial because a 
number of signals and molecular pathways are necessary 
for self - renewal. In addition, leukemia cells appear to 
depend on the bone marrow microenvironment for 
survival. Leukemia cells from the peripheral blood of patients 
with AML are transplantable into immunodefi cient mice, 
indicating that CSCs circulate. Yet many of these patients 
have no extra - hematopoietic organ involvement. This 
suggests that the circulating CSCs cannot seed all organs. 
One explanation is that CSCs are dependent on survival 
signals from the bone marrow. Blast clearance occurs after 
chemotherapy fi rst from the peripheral blood and then 
from the bone marrow and recurrence is usually within 
bone marrow, again confi rming the idea of a supportive 
CSC niche in the bone marrow. Direct evidence for 
the protective effect of stromal cells comes from  in vitro  
studies. AML blasts undergo less apoptosis in response 
to chemotherapy if in contact with stromal cells. Stromal 
cells protect ALL cells (which have low levels of the enzyme 
asparagine synthetase) from asparaginase by secreting 
asparagine. 

 Xenograft experiments provide additional evidence for a 
supportive CSC niche; few primary leukemias seed organs 
other than the bone marrow and related hematopoietic 
organs (e.g., spleen). In immunodefi cient mice, leukemia 
CSCs home to the endosteal region of bone marrow, and 
leukemia cells spread from here to the rest of the marrow. 
SDF - 1 may be important for CSC homing because antago-
nists of the SDF - 1/CXCR4 interaction reduce homing of 
leukemia cells. The CSCs within the endosteal region survive 
treatment by cytarabine chemotherapy, while cells within 
the central cavity undergo apoptosis. 

 Quiescence is one property shared by HSCs and CSCs 
(from both AML and CML). The niche induces quiescence 
in HSCs (via SDF - 1/CXCR4 interaction and other signals) 
and this is one mechanism that protects stem cells from 
chemotherapy (which acts on dividing cells). Similar events 
are likely to induce quiescence in CSCs; the prognosis is 
worse in AML patients where the CD34 +  cells express high 
levels of CXCR4. Leukemia CSCs may well depend on the 
same niche as HSCs given the similarities, though this 
has not been proven and remains an area of active 
investigation.  
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be derived from HSCs such as CML, Philadelphia chromo-
some - positive ALL (p210) and many cases of AML are all 
notoriously diffi cult to eradicate with chemotherapy. The 
same pumps and enzymes that confer resistance on HSCs 
have been detected in CSCs. 

 Overcoming these defensive mechanisms is likely to be 
key to our ability to kill CSCs. Unless targeting is truly selec-
tive, this may lead to catastrophic damage to HSCs. Care 
must be taken to assess antigen expression on normal HSCs 
(and other key organs such as vasculature that may be 
exposed to drugs) when designing targeted therapies to 
ensure they are selective for CSCs. Many ALL CSCs express 
CD19 while normal HSCs do not and therefore this makes 
a potentially attractive surface antigen to target. Another 
surface marker that may allow selective targeting of leukemia 
is CD44. Antibody against CD44 was effective at reducing 
the amount of leukemia in the bone marrow of NOD/SCID 
mice but spared normal hematopoietic cells. For some dis-
eases the CSCs share a number of features in common with 
HSCs and the task of identifying antigens specifi c for the 
CSC is diffi cult. Myeloid markers were thought not to be 
expressed on HSCs and therefore thought to be a good target 
for therapies against AML CSCs, but recent data from our 
laboratory and others challenge this notion.  

  Targeting  CSC   s ignaling  p athways 

 Fusion oncoproteins are an attractive target for therapy. The 
tyrosine kinase produced by the  BCR - ABL  oncogene is 
inhibited by a number of relatively selective tyrosine kinase 
inhibitors (TKIs). These induce complete cytogenetic 
responses in the majority of patients with CML and result in 
long - term disease control. However, the disease recurs if the 
drug is withdrawn. This suggests that TKIs do not eliminate 
CML CSCs. The CML CSC appears to be resistant to killing 
by TKIs even where there is no mutation in  BCR - ABL  
leading to TKI resistance. A number of mechanisms may be 
involved in resistance, including membrane pumps that 
remove TKIs from CSCs, expression of high levels of  BCR -
 ABL  in CSCs (relative to other CML cells) and quiescence of 
CSCs. 

 Another approach is to target signal transduction path-
ways that are active in CSCs. Phosphatidylinositol 3 - kinase 
(PI3K) belongs to a family of enzymes involved in signal 
transduction. PI3K generates lipid second messengers and 
these activate downstream effectors such as AKT, which is 
important in regulation of cell survival. Components of the 
PI3K/AKT pathway are a frequent target for mutation in 
malignant disease. Moreover, the pathway is activated in 
some malignancies where there are no mutations within the 
components. In 50% of AML cases there is constitutive acti-
vation of the PI3K/AKT pathway. Activation of this pathway 

 Cell signaling pathways are frequently activated in cancer 
cells and components of these pathways are often subject to 
mutation in cancer. The mutant proteins themselves are an 
apparent Achilles ’  heel for cancer and can be effectively 
inhibited by small molecules in patients where there is a 
consistent genetic lesion. Even where there are no mutations 
within the signaling pathway components, overactive path-
ways may be selectively inhibited for therapeutic benefi t 
where tumor growth is dependent on the pathways (so long 
as key normal cells do not depend on these same pathways 
for survival). 

 Other approaches for targeting CSCs are under investiga-
tion but the rest of this section focuses on therapies aimed 
at surface antigens and signaling pathways as these have 
yielded effective treatments in the clinic. 

  Targeting  c ell  s urface  a ntigens 

 Cell surface antigens have been used to isolate CSCs in a 
range of conditions. These surface antigens are a potential 
target for therapy. CD123 and CD33 are both expressed on 
AML CSCs and therapies that target these antigens are 
undergoing clinical trials. One therapy comprises diphtheria 
toxin fused to IL - 3. IL - 3 binds to its receptor (CD123), 
which is expressed on AML CSCs but not on most normal 
bone marrow HSCs. This compound inhibits growth of 
AML  in vivo  while having a limited effect on normal hemat-
opoietic cells. 

 Monoclonal antibody against CD33 has been conjugated 
to a cytotoxic agent to form gemtuzumab ozagamicin (GO). 
Antibody to CD33 is internalized on binding to the cell 
surface and so brings the cytotoxic agent into the cell. GO 
can induce remission in AML when given as a sole agent. 
However, recurrence is inevitable unless further therapies 
are given, suggesting that GO fails to kill AML CSCs. The 
problem appears to be due to resistance of AML CSCs to the 
cytotoxic agent (i.e., the antibody is delivering toxin to the 
right cells but the toxin is not killing them); those AML cases 
that are clinically resistant to GO express multidrug resist-
ance pumps and these are thought to eliminate the cytotoxic 
agent. 

 The problem of CSC resistance is critical. Resistance may 
partly depend on the cell of origin of a CSC. Many CSCs are 
thought to derive from transformed HSCs (see above). HSCs 
themselves are very durable cells; they need to provide life-
long hematopoiesis through a range of insults. They express 
many membrane pumps that allow them to expel toxins and 
possess detoxifying enzymes such as aldehyde dehydroge-
nase. These features make HSCs highly resistant to toxic 
insult, including chemotherapy; patients undergoing inten-
sive chemotherapy survive because the HSCs endure the 
insult and regenerate the bone marrow. Diseases thought to 
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is seen not just in blast cells but also in the CD34 + CD123 + CD38  −   
fraction that is enriched in CSCs. Inhibiting PI3K pathways 
 in vitro  enhances chemotherapy - induced cytotoxicity. There 
are a number of isoforms of PI3K and it is the p110  δ  isoform 
that is expressed in AML. Mice with disrupted p110  δ  have 
only mild hematopoietic defects, suggesting a relatively 
limited role in HSC function. Targeting p110  δ  with specifi c 
inhibitors would be predicted to be selective for AML and 
target the CSCs. 

 Other pathways are activated in CSCs but not within 
normal HSCs and these may present themselves as appro-
priate targets for selective inhibition. The nuclear factor 
(NF) -  κ B is constitutively expressed in the CD34 + CD38  −   
fraction of AML (where most AML CSCs reside). It is not 
expressed in normal HSCs. An inhibitor of NF -  κ B, parthe-
nolide, has been developed by Craig Jordan ’ s group. 
Parthenolide reduces engraftment of AML in NOD/SCID 
mice while having no signifi cant effect on normal hemat-
opoietic cells. Parthenolide derivatives are undergoing clini-
cal trial.   

  Conclusions 

 Our understanding of CSCs is in its infancy. Their existence 
provides a challenge to researchers in the fi eld of oncology. 
CSCs form only a minority of cells within a tumor and their 
interactions with their microenvironment are complicated. 
This necessitates the use of new methods to assay these cells, 
including the use of xenograft models. These techniques are 
expensive and technically demanding. With improved 
understanding of microenvironmental signals it may be pos-
sible to construct the necessary supporting elements to allow 
the growth of human primary CSCs for prolonged periods 
 in vitro . 

 The durability of CSCs is daunting: many survive harsh 
myeloablative chemoradiotherapy regimens, graft - versus -
 leukemia effect and specifi c targeting by TKIs. Finding vul-
nerabilities in the armor of CSCs is a diffi cult task but one 
that is likely to be rewarding in the clinic. Potential targets 
of therapy include the supportive interaction of the niche 
and the CSC, the molecular pathways specifi c to the CSCs, 
and the surface molecules that are aberrantly expressed on 
CSCs. Ultimately, we will need to deal with the driver of 
malignant disease if we are to control it.  

  Acknowledgments 

 Dr Taussig is supported by an MRC Clinician Scientist 
Fellowship and Dr Bonnet is supported by Cancer Research 
UK.  



378 Molecular Hematology

    Passegue   E  ,   Wagner   EF  ,   Weissman   IL  . ( 2004 )  JunB defi ciency leads to 
a myeloproliferative disorder arising from hematopoietic stem cells . 
 Cell ,  119 ,  431  –  443 .  

    Schaniel   C  ,   Gottar   M  ,   Roosnek   E  ,   Melchers   F  ,   Rolink   AG  . ( 2002 ) 
 Extensive in vivo self - renewal, long - term reconstitution capacity, 
and hematopoietic multipotency of Pax5 - defi cient precursor B - cell 
clones .  Blood ,  99 ,  2760  –  2766 .  

    Weng   AP  ,   Ferrando   AA  ,   Lee   W    et al.  ( 2004 )  Activating mutations of 
NOTCH1 in human T cell acute lymphoblastic leukemia .  Science , 
 306 ,  269  –  271 .  

    Yang   MY  ,   Liu   TC  ,   Chang   JG  ,   Lin   PM  ,   Lin   SF  . ( 2003 )  JunB gene expres-
sion is inactivated by methylation in chronic myeloid leukemia . 
 Blood ,  101 ,  3205  –  3211 .   

  The  CSC   n iche 

    Broxmeyer   HE  ,   Orschell   CM  ,   Clapp   DW    et al.  ( 2005 )  Rapid mobiliza-
tion of murine and human hematopoietic stem and progenitor cells 
with AMD3100, a CXCR4 antagonist .  Journal of Experimental 
Medicine ,  201 ,  1307  –  1318 .  

    Fleming   HE  ,   Janzen   V  ,   Lo Celso   C    et al.  ( 2008 )  Wnt signaling in the 
niche enforces hematopoietic stem cell quiescence and is necessary 
to preserve self - renewal in vivo .  Cell Stem Cell ,  2 ,  274  –  283 .  

    Ishikawa   F  ,   Yoshida   S  ,   Saito   Y    et al.  ( 2007 )  Chemotherapy - resistant 
human AML stem cells home to and engraft within the bone - mar-
row endosteal region .  Nature Biotechnology ,  25 ,  1315  –  1321 .  

    Iwamoto   S  ,   Mihara   K  ,   Downing   JR  ,   Pui   CH  ,   Campana   D  . ( 2007 ) 
 Mesenchymal cells regulate the response of acute lymphoblastic 
leukemia cells to asparaginase .  Journal of Clinical Investigation ,  117 , 
 1049  –  1057 .  

    Muller - Tidow   C  ,   Steffen   B  ,   Cauvet   T    et al.  ( 2004 )  Translocation prod-
ucts in acute myeloid leukemia activate the Wnt signaling pathway 
in hematopoietic cells .  Molecular and Cellular Biology ,  24 , 
 2890  –  2904 .  

    Nie   Y  ,   Han   YC  ,   Zou   YR  . ( 2008 )  CXCR4 is required for the quiescence 
of primitive hematopoietic cells .  Journal of Experimental Medicine .  

    Qian   H  ,   Buza - Vidas   N  ,   Hyland   CD    et al.  ( 2007 )  Critical role of throm-
bopoietin in maintaining adult quiescent hematopoietic stem cells . 
 Cell Stem Cell ,  1 ,  671  –  684 .  

    Spoo   AC  ,   Lubbert   M  ,   Wierda   WG  ,   Burger   JA  . ( 2007 )  CXCR4 is a 
prognostic marker in acute myelogenous leukemia .  Blood ,  109 , 
 786  –  791 .  

    Tavor   S  ,   Petit   I  ,   Porozov   S    et al.  ( 2004 )  CXCR4 regulates migration and 
development of human acute myelogenous leukemia stem cells in 
transplanted NOD/SCID mice .  Cancer Research ,  64 ,  2817  –  2824 .  

    Yoshihara   H  ,   Arai   F  ,   Hosokawa   K    et al.  ( 2007 )  Thrombopoietin/MPL 
signaling regulates hematopoietic stem cell quiescence and interac-
tion with the osteoblastic niche .  Cell Stem Cell ,  1 ,  685  –  697 .   

  Targeting  CSC s 

    Bhatia   R  ,   Holtz   M  ,   Niu   N    et al.  ( 2003 )  Persistence of malignant hemat-
opoietic progenitors in chronic myelogenous leukemia patients in 
complete cytogenetic remission following imatinib mesylate treat-
ment .  Blood ,  101 ,  4701  –  4707 .  

    Billottet   C  ,   Grandage   VL  ,   Gale   RE    et al.  ( 2006 )  A selective inhibitor of 
the p110delta isoform of PI3 - kinase inhibits AML cell proliferation 

    Jordan   CT  ,   Upchurch   D  ,   Szilvassy   SJ    et al.  ( 2000 )  The interleukin - 3 
receptor alpha chain is a unique marker for human acute myeloge-
nous leukemia stem cells .  Leukemia ,  14 ,  1777  –  1784 .  

    Matsui   W  ,   Wang   Q  ,   Barber   JP    et al.  ( 2008 )  Clonogenic multiple 
myeloma progenitors, stem cell properties, and drug resistance . 
 Cancer Research ,  68 ,  190  –  197 .   

  Preleukemic  s tem  c ells 

    Bumm   T  ,   Muller   C  ,   Al - Ali   HK    et al.  ( 2003 )  Emergence of clonal cytoge-
netic abnormalities in Ph –  cells in some CML patients in cytogenetic 
remission to imatinib but restoration of polyclonal hematopoiesis in 
the majority .  Blood ,  101 ,  1941  –  1949 .  

    Carlotti   E  ,   Wrench   D  ,   Matthews   J    et al . ( 2009 )  Transformation of fol-
licular lymphoma to diffuse large B - cell lymphoma may occur by 
divergent evolution from a common progenitor cell or by direct 
evolution from the follicular lymphoma clone .  Blood ,  113 ( 15 ), 
 3553  –  3557 .  

    Gale   KB  ,   Ford   AM  ,   Repp   R    et al.  ( 1997 )  Backtracking leukemia to birth: 
identifi cation of clonotypic gene fusion sequences in neonatal blood 
spots .  Proceedings of the National Academy of Sciences of the United 
States of America ,  94 ,  13950  –  13954 .  

    Hong   D  ,   Gupta   R  ,   Ancliff   P    et al.  ( 2008 )  Initiating and cancer - propa-
gating cells in TEL - AML1 - associated childhood leukemia .  Science , 
 319 ,  336  –  339 .  

    Jelinek   J  ,   Oki   Y  ,   Gharibyan   V    et al.  ( 2005 )  JAK2 mutation 1849G → T 
is rare in acute leukemias but can be found in CMML, Philadelphia 
chromosome - negative CML, and megakaryocytic leukemia .  Blood , 
 106 ,  3370  –  3373 .  

    Konrad   M  ,   Metzler   M  ,   Panzer   S    et al.  ( 2003 )  Late relapses evolve from 
slow - responding subclones in t(12;21) - positive acute lymphoblastic 
leukemia: evidence for the persistence of a preleukemic clone .  Blood , 
 101 ,  3635  –  3640 .  

    Schessl   C  ,   Rawat   VP  ,   Cusan   M    et al.  ( 2005 )  The AML1 – ETO fusion 
gene and the FLT3 length mutation collaborate in inducing acute 
leukemia in mice .  Journal of Clinical Investigation ,  115 ,  2159  –  2168 .   

  Translocations and  t ranscription  f actors 
in  CSC   g eneration 

    Higuchi   M  ,   O ’ Brien   D  ,   Kumaravelu   P    et al.  ( 2002 )  Expression of a 
conditional AML1 – ETO oncogene bypasses embryonic lethality and 
establishes a murine model of human t(8;21) acute myeloid leuke-
mia .  Cancer Cell ,  1 ,  63  –  74 .  

    Lessard   J  ,   Sauvageau   G  . ( 2003 )  Bmi - 1 determines the proliferative 
capacity of normal and leukaemic stem cells .  Nature ,  423 , 
 255  –  260 .  

    Mullighan   CG  ,   Goorha   S  ,   Radtke   I    et al.  ( 2007 )  Genome - wide analysis 
of genetic alterations in acute lymphoblastic leukemia .  Nature ,  446 , 
 758  –  764 .  

    Mulloy   JC  ,   Cammenga   J  ,   Berguido   FJ    et al.  ( 2003 )  Maintaining the 
self - renewal and differentiation potential of human CD34 +  hemat-
opoietic cells using a single genetic element .  Blood ,  102 ,  4369  –  4376 .  

    Nutt   SL  ,   Heavey   B  ,   Rolink   AG  ,   Busslinger   M  . ( 1999 )  Commitment to 
the B - lymphoid lineage depends on the transcription factor Pax5 . 
 Nature ,  401 ,  556  –  562 .  



Cancer stem cells 379

    Pearce   DJ  ,   Taussig   D  ,   Simpson   C    et al.  ( 2005 )  Characterization of cells 
with a high aldehyde dehydrogenase activity from cord blood and 
acute myeloid leukemia samples .  Stem Cells ,  23 ,  752  –  760 .  

    Sievers   EL  ,   Larson   RA  ,   Stadtmauer   EA    et al.  ( 2001 )  Effi cacy and safety 
of gemtuzumab ozogamicin in patients with CD33 - positive acute 
myeloid leukemia in fi rst relapse .  Journal of Clinical Oncology ,  19 , 
 3244  –  3254 .  

    Storms   RW  ,   Trujillo   AP  ,   Springer   JB    et al.  ( 1999 )  Isolation of primitive 
human hematopoietic progenitors on the basis of aldehyde dehydro-
genase activity .  Proceedings of the National Academy of Sciences of the 
United States of America ,  96 ,  9118  –  9123 .  

    Tamburini   J  ,   Elie   C  ,   Bardet   V    et al.  ( 2007 ) Constitutive phosphoi-
nositide - 3kinase/AKT activation represents a favourable prognostic 
factor in de novo AML patients.  Blood .  

    Taussig   DC  ,   Pearce   DJ  ,   Simpson   C    et al.  ( 2005 )  Hematopoietic stem 
cells express multiple myeloid markers: implications for the origin 
and targeted therapy of acute myeloid leukemia .  Blood ,  106 , 
 4086  –  4092 .  

    Yalcintepe   L  ,   Frankel   AE  ,   Hogge   DE  . ( 2006 )  Expression of inter-
leukin - 3 receptor subunits on defi ned subpopulations of acute 
myeloid leukemia blasts predicts the cytotoxicity of diphtheria toxin 
interleukin - 3 fusion protein against malignant progenitors that 
engraft in immunodefi cient mice .  Blood ,  108 ,  3530  –  3537 .     

    

and survival and increases the cytotoxic effects of VP16 .  Oncogene , 
 25 ,  6648  –  6659 .  

    Chaudhary   PM  ,   Roninson   IB  . ( 1991 )  Expression and activity of 
P - glycoprotein, a multidrug effl ux pump, in human hematopoietic 
stem cells .  Cell ,  66 ,  85  –  94 .  

    Copland   M  ,   Hamilton   A  ,   Elrick   LJ    et al.  ( 2006 )  Dasatinib (BMS -
 354825) targets an earlier progenitor population than imatinib in 
primary CML but does not eliminate the quiescent fraction .  Blood , 
 107 ,  4532  –  4539 .  

    Guzman   ML  ,   Rossi   RM  ,   Karnischky   L    et al.  ( 2005 )  The sesquiterpene 
lactone parthenolide induces apoptosis of human acute myeloge-
nous leukemia stem and progenitor cells .  Blood ,  105 ,  4163  –  4169 .  

    Jin   L  ,   Hope   KJ  ,   Zhai   Q  ,   Smadja - Joffe   F  ,   Dick   JE  . ( 2006 )  Targeting of 
CD44 eradicates human acute myeloid leukemic stem cells .  Nature 
Medicine ,  12 ,  1167  –  1174 .  

    Linenberger   ML  ,   Hong   T  ,   Flowers   D    et al.  ( 2001 )  Multidrug - resistance 
phenotype and clinical responses to gemtuzumab ozogamicin .  Blood , 
 98 ,  988  –  994 .  

    Nagai   Y  ,   Garrett   KP  ,   Ohta   S    et al.  ( 2006 )  Toll - like receptors on hemat-
opoietic progenitor cells stimulate innate immune system replenish-
ment .  Immunity ,  24 ,  801  –  812 .  

    Okkenhaug   K  ,   Bilancio   A  ,   Farjot   G    et al.  ( 2002 )  Impaired B and T cell 
antigen receptor signaling in p110delta PI3 - kinase mutant mice . 
 Science ,  297 ,  1031  –  1034 .  



380

Chapter 30  Molecular  b asis of  t ransplantation  
  Francesco   Dazzi  
  Stem Cell Biology, Department of Haematology, Imperial College London, UK                           

Molecular Hematology, 3rd edition. Edited by Drew Provan and John Gribben. 

© 2010 Blackwell Publishing.

      Introduction, 380  
  Principles and clinical indications of HSCT, 380  
  Non - immunological factors regulating HSCT, 380  
  Exploiting HSCT for resetting the immune system, 382  

  Basic concepts in the immunology of allogeneic HSCT, 383  
  Graft - versus - host and graft - versus - leukemia, 385  
  Further reading, 389           

  Introduction 

 Transplantation is a successful therapeutic modality for a 
variety of diseases of different etiology and pathogenesis. 
Liver, heart, and kidney failure are common indications that 
would be even more widely pursued should donor availabil-
ity not be so limited. Although the basic general principle 
underlying transplantation is replacement of a malfunction-
ing tissue with a healthy one, in the case of hematopoietic 
stem cell transplantation (HSCT) the procedure is associated 
with a number of other benefi cial effects that can be exploited 
not only to restore hematopoietic failure itself but also to 
treat cancer and autoimmune diseases.  

  Principles and  c linical  i ndications 
of  HSCT  

 Hematopoietic stem cells (HSCs) have the capacity to self -
 renew and give rise to all formed elements in the blood. 
Because of this property, they can be used to rescue the 
hematopoietic system from the intensifi cation of anticancer 
cytotoxic therapies. HSCT can be autologous when donor 
and recipient are the same individual or allogeneic if another 
individual is selected as HSC donor. In autologous HSCT, 
patients are subjected to lethal doses of chemoradiotherapy 
to eradicate the tumor and then receive their own HSCs 
harvested beforehand to restore the otherwise permanently 
ablated hematopoietic system. Although autologous HSCT 
is useful in some solid tumors, its effi cacy in the treatment 
of hematopoietic malignancies is limited by contamination 
of the harvested stem cells by the original tumor and/or by 

insuffi cient activity of the chemotherapy in eliminating the 
tumor itself. However, such an approach maintains some 
effi cacy, because normal HSCs have a temporary growth 
advantage in repopulating the recipient compared with neo-
plastic stem cells. 

 A more recent application of autologous HSCT has been 
the treatment of severe autoimmune diseases, whereby 
repopulation of the immune system with primitive HSCs is 
believed to re - educate the disordered immune system. Phase 
I/II trials have reported high response rates in systemic lupus 
erythematosus, systemic sclerosis, rheumatoid arthritis, and 
multiple sclerosis. Randomized studies are ongoing to 
compare these achievements with conventional immuno-
suppressive therapies. 

 When a compatible donor is available, the use of alloge-
neic HSCT has profoundly modifi ed the outcome of several 
hematological malignancies. The conditioning regimens 
contribute to eradication of the abnormal cells and ensure 
sustained engraftment of the healthy allogeneic stem cells. 
However, the effi cacy of this approach cannot simply be 
ascribed to the chemoradiotherapy and to the administra-
tion of healthy HSCs, but is greatly dependent on immune 
recognition of the tumor by the lymphocytes contained in 
the donor stem cell preparation. 

 From these preliminary considerations it is clear 
how several mechanisms contribute to the outcome of 
HSCT and these involve HSC engraftment, expansion, 
and differentiation as well as, in the case of allogeneic HSCT, 
the interplay between donor and recipient immune 
responses.  

  Non -  i mmunological  f actors 
 r egulating  HSCT  

 HSCs normally face four different outcomes: self - renewal, 
differentiation, mobilization, or programmed cell death. All 
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multipotent progenitors and restricted B - cell progenitors 
selectively express only CD224 and CD48, respectively. A 
similar expression pattern of SLAM receptors has been 
described in fetal hematopoiesis. 

 The number of HSCs infused after the conditioning 
regimen remains a major prognostic factor for predicting the 
outcome of clinical HSCT. The larger the number of HSCs 
administered, the faster the recovery of recipient hematopoi-
esis and the lower the transplant - related mortality. Therefore, 
much effort is being invested in expanding the number of 
HSCs  ex vivo  with a variety of cytokine cocktails, although 
very limited success has been achieved thus far because 
expansion is almost invariably associated with 
differentiation.  

  The  h ematopoietic  n iche 

 In the postnatal marrow, stromal cells form a three - 
dimensional network investing marrow sinusoids. Four 
main cell types of marrow stromal tissue are known to 
take part in supporting hematopoiesis: one is of hema-
topoietic origin (macrophages), whereas the others derive 
from mesenchymal progenitors (reticular cells, adipocytes, 
and osteoblasts). Among the various players it appears that 
a particular subset of osteoblasts (i.e., those expressing 
N - cadherin) is the most important component of the 
niche. 

 Osteoblast control of HSC proliferation within the niche 
is regulated by both cell contact mechanisms and soluble 
factors that mediate their effects via transcription factors, 
cell cycle regulators, adhesion molecules and chromosomal 
modifi ers. These include a series of molecules that regulate 
the quiescent state of HSCs and their population size, includ-
ing Notch1/Jagged1, the Wnt/ β  - catenin signaling pathways, 
Tie - 2/Ang - 1, osteopontin, and tenascin C. Animals defi cient 
in these molecules have reduced number and function of 
HSCs. A wide variety of cytokines is produced by stromal 
cells, which maintain HSCs in quiescence or promote their 
self - renewal rather than differentiation. These include stem 
cell factor, leukemia inhibitory factor, the SDF - 1/CXCL12 
chemokine axis, bone morphogenetic protein (BMP) - 4, the 
cytokine fms - like tyrosine kinase - 3 (Flt - 3), and transform-
ing growth factor (TGF) -  β . Stroma also produces a variety 
of interleukins and, under certain circumstances, cytokines 
which act on more mature hematopoietic progenitors, such 
as granulocyte macrophage colony - stimulating factor (GM -
 CSF) and granulocyte colony - stimulating factor (G - CSF). 
Lastly, adhesion molecules also play an important role in the 
control of HSC proliferation because engagement of  β 1 
integrins prevents the progression of CD34 +  cells from the 
G 1  to S phase of the cell cycle, thus inhibiting progenitor 
proliferation. 

these process are tightly regulated and play a fundamental 
role during transplantation. Since HSCs are the source of 
every blood cell, their self - renewal and lifespan must be 
securely controlled. For this reason, a proportion of HSCs 
remains quiescent but available to contribute to blood 
homeostatic renewal. These HSCs reside in specialized areas 
in the bone marrow where they receive signals required for 
their homeostatic quiescent and stationary state. These HSC 
niches are constituted by endosteal bone - lining osteoblasts 
and other stromal cells that are responsible for generating 
the signals. The niche saves stem cells from depletion, while 
protecting the host from unnecessary stem cell proliferation 
(Plate 30.1). 

  The  h ematopoietic  s tem  c ell 

 Probably the best defi nition of an HSC is functional and 
refers to a cell capable to provide lifelong reconstitution of 
all blood cell lineages after serial transplantation into lethally 
irradiated recipients (see Chapter  3 ). 

 In mice, the phenotype of HSCs is characterized by the 
surface expression of stem cell antigen (Sca) - 1, c - Kit (recep-
tor for stem cell factor) with associated low levels of Thy - 1 
(CD90) expression and the absence of other lineage - specifi c 
markers: Lin  −  Thy1.1 +lo c - Kit + Sca1 + . The biological activity of 
the candidate mouse HSC population has been enumerated 
by  in vitro  assays and  in vivo  competitive repopulation 
assays. These functional assays have shown that extensive 
self - renewal potential and proliferation ability are gradually 
lost during commitment and have defi ned a hierarchy in 
hematopoiesis. Long - term HSCs give rise to short - term 
HSCs that self - renew for 6 – 8 weeks only, then progress to 
multipotent progenitors with very limited self - renewal 
ability and inability to durably engraft in lethally irradiated 
mice. 

 In humans, HSC have been characterized by the expres-
sion of cell surface antigen CD34, c - Kit, Thy1 (CD90) and 
the absence of CD38 and other lineage - specifi c markers and 
are therefore styled as Lin  −  c - Kit + Thy1 + CD38  −  CD34 + . The 
phenotype is the result of functional studies conducted not 
only  in vitro  but also using strains of immunodefi cient mice 
suitable for human HSC engraftment. 

 Further studies have identifi ed the heterogeneity of the 
HSC compartment and identifi ed new markers, such as 
CD133, which is unique to a rare CD34  −   subset with long -
 term HSC function  in vivo  and can similarly identify stem 
cells of other tissue origin. Very recently, a new classifi cation 
of HSCs and early progenitors has been proposed based on 
the selective expression of SLAM (signaling lymphocyte acti-
vation molecule) family receptors. Highly enriched bone 
marrow HSC populations are marked by the expression of 
CD150 and the absence of CD224 and CD48, whereas 
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  The  c oncept of  b one  m arrow  s pace 
and  c ell  c ompetition 

 A large number of studies in both animals and humans have 
shown that recipients of HSCs must receive some form of 
myeloablation for the HSCs to engraft, irrespective of 
whether there is an underlying malignancy to eradicate or 
an allogeneic immune system to suppress. This has intro-
duced the notion that the quantitative reduction of host 
cellular components provides space for the incoming HSCs 
to expand and compete more favorably with recipient 
cells reduced in number by the conditioning regimen. 
Furthermore, there is also evidence that such homeostatic 
expansion might also affect some of the immunological 
mechanisms involved in transplantation tolerance that we 
discuss later. 

 However,  “ opening space ”  is not the only mechanism for 
engraftment. High levels of long - term marrow engraftment 
are obtained with infusion of high levels of marrow cells in 
untreated mice. This indicates that syngeneic engraftment is 
also determined by stem cell competition in the hematopoi-
etic niche.   

  Exploiting  HSCT  for  r esetting 
the  i mmune  s ystem 

 Whilst the long - term effi cacy of autologous HSCT in malig-
nancies is confi ned to a minority of tumors, the fact that 
HSCs are also the precursors of immune cells has prompted 
investigators to test the ability of autologous HSCT to treat 
conditions characterized by abnormal immune responses. In 
support of this initiative is evidence that the maturation of 
new T cells in the thymus continues, albeit at a decreased 
rate, also in adult life. 

 Autologous HSCT is currently being explored with 
remarkable success in severe forms of autoimmune diseases, 
including multiple sclerosis, systemic lupus erythematosus, 
systemic sclerosis, rheumatoid arthritis and Crohn ’ s disease. 
The main rationale for applying HSCT to autoimmune dis-
eases has been the idea that intensive immune depletion 
could eliminate the pathogenic repertoire, and that recon-
stitution of a new immune system from hematopoietic pre-
cursors could restore immune tolerance, halting ongoing 
infl ammatory activity and preventing relapses. 

 Recent studies have confi rmed the notion that HSCT 
induces alterations in the immune system that are beyond 
the effects of a dose - escalating immunosuppressive approach. 
HSCT has been shown not only to affect the B - cell popula-
tions associated with the production of autoantibodies, but 
also to profoundly perturb the T - cell compartment, as 
illustrated by the normalization of the deregulated T - cell 

 Although osteoblasts are ultimately the stromal cell 
making contact with and regulating the HSC compartment, 
bone is continuously subject to bone remodeling, a process 
generated by the cooperation of osteoblasts, the bone - form-
ing cells, and osteoclasts, the bone - resorbing cells. As part of 
this tightly regulated process, osteoblasts regulate osteoclast 
maturation and proliferation and there is emerging evidence 
that the hematopoietic niche is the result of this process. In 
fact, pharmacological agents with the ability to modulate the 
number and/or functions of these cells have an impact on 
the number of HSCs and their ability to engraft in myeloab-
lated recipients. Therefore, clinical trials are ongoing to test 
the effects of pretreating donors of HSC with drugs like 
parathormone on the transplantation outcome.  

  Mobilization and  h oming of  HSC s 

 The function of the niche is not confi ned to controlling the 
size of HSCs but also their mobilization. The ability to 
migrate is a fundamental property of HSCs throughout their 
development. During ontogeny, blood formation occurs in 
distinct extra - embryonic and embryonic sites that involve, 
in sequence, the yolk sac, aorta – gonad – mesonephros, pla-
centa and fetal liver, before hematopoiesis fi nally takes place 
only in the bone marrow. Migrating from one site to another 
is critical, as demonstrated by the fact that mice made geneti-
cally defi cient for CXCL12, a chemokine responsible for the 
homing of HSCs to the bone marrow, or its receptor CXCR4 
have normal production of fetal liver HSCs but fail to transi-
tion to hematopoiesis in the marrow space. 

 The migratory nature of HSCs is maintained in adult-
hood, during which HSCs are found in the blood even under 
homeostatic conditions. Following the administration of 
cytokines, including G - CSF, GM - CSF and interleukin (IL) -
 8, the number of HSCs in the peripheral blood changes 
dramatically, with different kinetics depending on the mech-
anism involved. For example, G - CSF can modify niche cells 
by reducing the production of CXCL12 by osteoblasts, 
despite the absence of G - CSF receptors on these cells. Of 
particular interest is the observation that mice with altered 
sympathetic nervous system function lack the ability to 
mobilize stem cells from the bone marrow in response to 
G - CSF, indicating the possibility that stem cells might be 
able to  “ sense ”  changes such as those occurring distantly at 
the site of an injury. 

 Further developments in the area of HSC mobilization 
have recently identifi ed the use of chemokine antagonists as 
an alternative and probably more effective strategy than 
G - CSF. AMD3100, a specifi c antagonist of the chemokine 
receptor CXCR4, is currently in clinical development and 
clinical trials have demonstrated its effi cacy even in patients 
or donors refractory to G - CSF.  
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such as HLA - E, HLA - F and HLA - G with functions that have 
not yet been fully elucidated. 

 The role of MHC molecules is to present peptide antigens 
to T cells. Class I molecules present endogenous peptides, 
virus -  or tumor - encoded, that are generated in the cytosol, 
transported to the endoplasmic reticulum, and fi nally pre-
sented to the cell surface. HLA class II molecules are assem-
bled in the endoplasmic reticulum, then transported through 
the Golgi to endosomal compartments where they load pep-
tides that have entered the cell via endocytosis or receptor -
 mediated internalization. The selection of peptides by MHC 
molecules is dictated by the sequence of the MHC antigen -
 binding groove. Although MHC molecules have limited 
polymorphism compared with TCRs, they exhibit different 
avidity for different peptides, thus accounting for individual 
variability to respond to the same antigen and against differ-
ent moieties.  

  Mechanisms of  a llorecognition 

 Allorecognition is a particular form of antigen presentation 
that occurs only after transplantation of tissues between 
genetically disparate individuals of the same species (or after 
 in vitro  simulation of such). Host - versus - graft reactions 
refer to the immune response of the host to disparate anti-
gens expressed on donor cells that result in graft rejection. 
Current understanding of host - versus - graft responses 
derives mainly from studies of solid organ transplantation 
in which the host does not receive any conditioning prior to 
the transplant and thus maintains the ability to reject it. 

 Two pathways of allorecognition have been described, 
namely direct and indirect allorecognition (Plate 30.2). The 
term  “ direct allorecognition ”  was initially used to describe 
the recognition by host T cells of intact donor MHC – peptide 
complex directly on the surface of donor antigen - presenting 
cells (APCs), but was also later extended to include the rec-
ognition of other donor - derived transplantation antigens 
(minor histocompatibility antigens) presented on donor 
APCs by an MHC molecule that is shared between donor 
and recipient. The frequencies of alloreactive T cells using 
this pathway has been estimated as 0.1 – 10% compared with 
approximately 10  − 5  for nominal peptide antigens. An expla-
nation for such a high frequency is that direct allorecogni-
tion arises as a consequence of cross - reactivity of 
self - MHC - restricted T cells. 

 Indirect allorecognition is the recognition of donor -
 derived antigens that have been processed and which are 
presented on the cell surface of host APCs in the context of 
self - MHC. Therefore, the distinction between direct and 
indirect presentation is the source of the APCs on which 
alloantigens are presented. The mechanism of indirect 
allorecognition is indistinguishable from the physiological 

receptor (TCR) repertoire in multiple sclerosis. Furthermore, 
it appears that following myeloablation a subset of T cells 
(regulatory T cells) with the specifi c function of controlling 
immunity to self antigen selectively expands and could con-
tribute to the control of the underlying autoimmune disease. 

 In contrast, the immune reconstitution following alloge-
neic HSCT remains incomplete for several months or years 
depending on the histocompatibility differences between 
donor and recipient. This is one of the several problems 
associated with the various immune responses generated in 
an allogeneic setting.  

  Basic  c oncepts in the  i mmunology 
of  a llogeneic  HSCT  

 Allogeneic HSCT triggers a network of immune responses 
that fundamentally affects the outcome of the procedure in 
terms of both complications and therapeutic success. 
Whereas recipient anti - donor immune responses (host - ver-
sus - graft) are important in solid organ transplantation, in 
allogeneic SCT they are profoundly inhibited by the condi-
tioning regimen. The immunologically competent cells, 
present in the HSC preparation, play a more important role 
because they mediate a reaction against the host that targets 
recipient normal tissues (graft - versus - host), but also mediate 
the effect as the basis of the eradication of residual neoplastic 
cells (graft - versus - leukemia). 

  The  m ajor  h istocompatibility  c omplex 

 The major histocompatibility complex (MHC) defi nes a 
genetic region that includes genes encoding class I and class 
II membrane - bound cell surface glycoproteins. The function 
of MHC proteins is to present peptide antigens to T cells, a 
vital part of initiating an antigen - specifi c immune response. 
MHC proteins are also involved in the recognition of virally 
infected cells, or those cells in which genetic anomalies arise, 
by natural killer (NK) cells. 

 There are two major classes of genes within the MHC 
region, namely class I and class II genes. In addition to these, 
the MHC class III region encodes other proteins of the 
immune system, like certain complement and cytokine 
genes. In humans the MHC region is found on the short arm 
of chromosome 6 and encodes the human leukocyte anti-
gens (HLA). Different loci are designated by a letter; thus the 
major class I loci are HLA - A, HLA - B and HLA - C. HLA class 
II genes are collectively designated HLA - D, and individual 
loci identifi ed by a second letter, HLA - DR, HLA - DP, HLA -
 DQ. In addition to the classical class I and class II MHC 
genes, there exists a number of non - classical MHC genes, 
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through CTLA - 4 (CD152) has also been implicated in the 
generation of hyporesponsive T cells. Anergic T cells fail to 
produce suffi cient IL - 2 and to proliferate in response to 
antigen, but the unresponsive state can be overcome by the 
exogenous addition of IL - 2 or if anergic T cells are cultured 
in the absence of their cognate antigen. The blockade of 
costimulatory pathways has been widely exploited as a 
mechanism to induce tolerance in solid organ transplanta-
tion and HSCT. In the context of experimental models of 
allogeneic HSCT, the administration of anti - CD154 mono-
clonal antibody has been shown to induce mixed lympho -
 hematopoietic chimerism and subsequent permanent skin 
graft acceptance if used as a single agent, in combination 
with reduced - intensity HSCT, or in combination with the 
antagonists of CTLA - 4. However, there is little evidence in 
support of a role for anergy in the induction of transplanta-
tion tolerance. 

 Since the demonstration that tolerance to allogeneic graft 
can be transferred to naive recipients by T cells derived from 
a tolerant hosts, induction and maintenance of transplanta-
tion tolerance has largely been ascribed to immunoregula-
tion. The initial problems in the identifi cation of a suppressor 
T cell in the 1970s has been partially overcome more recently 
with the discovery of a distinct CD4 +  T - cell subset constitu-
tively expressing CD25. Besides CD25, regulatory T cells 
(Treg) are characterized by the expression of CTLA - 4, glu-
cocorticoid - induced tumor necrosis factor receptor, the 
transcription factor Foxp3 and, most recently, folate recep-
tor (FR) - 4. CD4 + CD25 +  naturally occurring Treg cells are 
thymic - derived and have been shown to be important for 
maintaining self - tolerance, regulating the homeostasis of the 
peripheral T - cell pool, and contributing to tolerance induc-
tion in various models of solid organ transplantation as well 
as in allogeneic HSCT.  In vivo  depletion of Treg cells in 
animal models increases the incidence of autoimmune dis-
eases and immune responses to tumors. It has also been 
observed that in myeloablation there is a selective advantage 
in the homeostatic expansion of Treg cells as compared with 
effector T cells. The presence of donor antigens during this 
phase skews the Treg repertoire toward the preferential 
expansion of Treg cells recognizing the donor antigens, thus 
accounting for the induction of transplantation tolerance. 
However, although a proportion of Treg cells specifi cally 
recognize allogeneic antigens, their overall suppressive activ-
ity is not limited to cells expressing their cognate antigens, 
thus enhancing their ability to prevent graft rejection but 
also implicating the possibility of undesirable effects of 
virus -  or tumor - specifi c immunity. 

 The precise mechanism(s) of Treg activity remains to be 
elucidated. Direct cell - to - cell contact with the suppressed 
cells appears necessary, at least for the naturally occurring 
Treg cells, but other CD4 + CD25 +  regulatory cells with similar 

processing and presentation of pathogen - derived peptide 
antigens. Donor MHC molecules may be processed and 
peptide fragments presented to T cells by host APCs. 
Although only approximately 5 – 10% of alloreactive T cells 
are specifi c for indirectly presented donor antigens, they are 
still thought to play a major role in chronic allograft rejec-
tion, which occurs at a time when donor APCs are no longer 
thought to be present. The mechanisms by which indirectly 
primed T cells mediate graft rejection are unclear. Following 
organ transplantation, the donor endothelial layer is repop-
ulated with recipient cells. One theory is that donor antigen 
is presented to direct pathway T cells by recipient MHC class 
I by the recipient endothelium. An alternative hypothesis is 
that graft destruction is the result of bystander killing fol-
lowing re - encounter of antigen on the surface of graft - infi l-
trating APCs.  

  Transplantation  t olerance 

 The establishment of tolerance to antigens expressed by 
donor tissues is a major goal of allogeneic transplantation. 
There are three main mechanisms that contribute to trans-
plantation tolerance: clonal deletion, anergy and regulation 
(Plate 30.3). 

 During T - cell ontogeny, intrathymic clonal deletion of 
self - reactive T cells is the primary process for the selection 
of the mature T - cell repertoire. The transplantation of donor 
HSCs into sublethally or lethally myeloablated recipients 
gives rise to an immune system that is immunologically tol-
erant to donor antigens. The chimerism is established not 
only at the level of the bone marrow but also in the thymus, 
where recipient T cells learn to recognize the donor as self. 
Since mainly based on clonal deletion, such tolerance is long 
term and does not require immunosuppression but for the 
fi rst months from the transplant. There is now plenty of 
anecdotal evidence that patients undergoing allogeneic 
HSCT can subsequently receive an organ from the original 
HSCT donor without the need for immunosuppression. 
Clonal deletion can also occur in extrathymic sites and can 
account for the removal of mature alloreactive T cells, thus 
leading to the establishment and maintenance of donor -
 specifi c tolerance in experimental models of mixed chimer-
ism induction following MHC - mismatched HSCT. T cells 
are deleted in the periphery by either activation - induced cell 
death or passive cell death, both leading to apoptosis. 

 T - cell anergy describes a persistent state of unresponsive-
ness of T cells to their cognate antigen. This functional inac-
tivation occurs as a consequence of TCR engagement in 
absence of full costimulatory signals. T cells receive costimu-
latory signals via ligation of surface CD28 with B7 molecules 
expressed on APCs. Other costimulatory pathways include 
CD40/CD40 ligand (CD154). Furthermore, signaling 
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 Although there are a large number of polymorphic pro-
teins, not all give rise to peptides recognized as minor H 
antigens. Furthermore, there are several factors that appear 
in practice to severely limit the number of minor H antigens 
eliciting an  in vivo  response in a particular donor/recipient 
combination. In fact, it is clear that there is a hierarchy of 
responsiveness. In a genetic situation where there are many 
minor H disparities, one or a few are immunodominant, 
with clones of CD8 +  T cells responding to such an antigen 
expanding selectively whereas T cells against others appear 
transiently early in the response or not at all. In most models, 
immunodominance results from competition for APC 
resources among responding CD8 +  T cells, because it disap-
pears when competing epitopes are presented on different 
APCs or when APCs are present in large excess. There is 
strong statistical and genetic evidence that this also occurs 
in human immune responses to multiple minor H antigens, 
thus in principle making it possible to predict, measure and 
manipulate the immune response following allografting.  

  Graft -  v ersus -  l eukemia 

 Clinical studies and experimental animal models have shown 
that the effi cacy of allogeneic HSCT in hematological malig-
nancies is related not only to intensive chemoradiotherapy 
but also to an immunological antitumor effect exerted by the 
graft itself. This effect, referred to as GVL, has been initially 
recognized because patients who received T - cell - depleted 
HSC preparations with the intention of reducing GVHD had 
a much higher incidence of leukemia recurrence after the 
transplant. Further lines of evidence support this concept. 
For example, the risk of relapse is higher if donor and recipi-
ent are identical twins and some reports have indicated that 
remission can be re - established by the withdrawal of post -
 transplant immunosuppressive treatment and/or by the 
recurrence of GVHD. The proof of principle of the GVL 
effect came from evidence that the infusion of lymphocytes 
from the original stem cell donor could restore complete 
remission in patients with chronic myeloid leukemia (CML) 
relapsed after allogeneic HSCT. These data support the 
requirement of two main components for GVL to occur: the 
presence of T cells in the donor preparation and the exist-
ence of antigenic differences between donor and recipient. 

 Although the GVL effect of donor lymphocyte infusion 
(DLI) is extremely successful in CML (the response rate is 
more than 90%), the experience in other malignancies is not 
as good and in some cases rather disappointing. However, 
the introduction of reduced - intensity conditioning has 
extended the indications for allogeneic HSCT, and thus 
promoted the use of DLI in several diseases. The rate of 
response after reduced - intensity - conditioning allografts in 
patients with high - risk acute myeloid leukemia (AML) and 

phenotype have been described that exert their suppressive 
activity via inhibitory cytokines such as TGF -  β  or IL - 10. It 
is likely that a combination of naturally occurring and reac-
tive regulatory cells are involved in transplantation 
tolerance.   

  Graft -  v ersus -  h ost and 
 g raft -  v ersus -  l eukemia 

 A unique and prominent feature of allogeneic HSCT, as 
compared with solid organ transplantation, is the presence 
in the graft of immunologically competent cells that have the 
ability to recognize normal and malignant recipient tissues. 
As a consequence, donor lymphocytes mediate a reaction 
against normal tissues, defi ned as graft - versus - host disease 
(GVHD), but also mediate the fundamental therapeutic 
effect by eradicating residual neoplastic cells, the graft - ver-
sus - leukemia (GVL) effect. It is not surprising therefore that 
the molecular targets of graft - versus - host (GVH) and GVL 
largely overlap. 

  The  i mmunological  t argets of  GVHD  
and  GVL  

 We have previously discussed how differences between 
donor and recipient at the MHC level produce vigorous 
immune responses. Since genetic differences are the major 
factors infl uencing the outcome of allogeneic HSCT, selec-
tion of the donor is of crucial importance and where possible 
it should be an MHC - identical sibling or an MHC - matched 
unrelated donor. However, MHC matching is not suffi cient 
for long - term graft survival and/or to prevent GVH reac-
tions without the use of potent immunosuppressive regi-
mens. The existence of additional histocompatibility loci, 
fi rst indicated in inbred mice, was then clearly demonstrated 
in humans in HSCT, where they were associated with severe 
GVH reactions. In this genetic situation, immune responses 
are directed against alloantigens encoded by histocompati-
bility (H) loci outside the MHC, the so - called minor H loci. 
Minor H antigens are polymorphic self - derived peptides 
expressed on the cell surface in association with MHC class 
I and II molecules. The fact that they are recognized, as are 
viruses, by MHC - restricted T cells with specifi city for pep-
tides brought to the cell surface during biosynthesis of MHC 
class I and II molecules makes their identifi cation more dif-
fi cult. Unlike  in vitro  T - cell responses to MHC antigens, 
which can be measured readily by proliferation in mixed 
lymphocyte reactions without previous exposure to antigen, 
responses against minor H antigens need prior  in vivo  
immunization. 
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p210 BCR - ABL  vaccination have showed some encouraging 
results. In patients with CML receiving a peptide - based vac-
cination, the development of BCR - ABL peptide - specifi c 
immune responses was associated with clinical responses 
and/or further reduction of residual disease. 

 Other non - polymorphic proteins, such as proteinase 
(Pr)3 and Wilms tumor (WT)1 have also been investigated 
as targets for T cells in CML because of their high expression 
levels in this leukemia. The presence of Pr3 -  or WT1 - specifi c 
T cells at very low frequency has been identifi ed in patients 
in remission after allogeneic HSCT but the signifi cance of 
these fi ndings remains to be clarifi ed.  

  Graft -  v ersus -  h ost  d isease 

 GVHD is the main drawback of allogeneic HSCT and is 
largely responsible for transplant - related mortality. In rela-
tion to the time of onset, GVHD can be acute or chronic, 
depending on whether it develops within 100 days from the 
transplant. However, although there are clearly two types of 
diseases in terms of symptoms, organ involvement, and 
pathological changes, there is not necessarily a temporal cor-
relation. The uncertainty in the clinical classifi cation is the 
result of the poor understanding of the pathogenesis of the 
disease. 

  Acute  GVHD  

 Acute GVHD is a potentially severe disease that usually 
targets skin, liver and gastrointestinal tract. The typical path-
ological fi nding in the skin is epithelial apoptotic damage, 
with characteristic nuclear alterations and a small infl amma-
tory infi ltrate. In the liver, the fi rst injury involves vascular 
endothelial cells and later the biliary epithelium is destroyed 
as a result of portal lymphocytic infi ltration. In the gastroin-
testinal tract there is destruction of intestinal crypts, with 
acute or chronic infl ammatory infi ltrates and fl attening of 
the villous architecture. The clinical score is graded at four 
levels, with grade 4 very often being lethal. 

 The cellular effectors of alloreactivity after HSCT are cyto-
toxic T cells and NK cells. Cytotoxic T cells are activated 
CD8 +  T cells that recognize their specifi c antigen bound to 
MHC class I molecules on the target cells. They exert their 
functions through two main contact - dependent cytolytic 
pathways: Fas/Fas - ligand (Fas – FasL, CD95 – CD178) -
 mediated apoptosis and the release of cytotoxic granules 
containing perforin/granzyme. Studies performed in mice 
genetically defi cient for these molecules showed that the per-
forin/granzyme pathway plays a signifi cant, but not exclu-
sive, role in GVHD - induced organ damage. In contrast, the 
same pathway appears to be critical for the GVL effect, 
suggesting that it may be possible to selectively impair the 

myelodysplastic syndrome (MDS) has been reported to be 
comparable with the results obtained using myeloablative 
regimens. However, a GVL effect was demonstrated after 
DLI only in patients with low tumor burdens. Durable 
responses that exceed the response durations seen both after 
conventional transplantation and following previous chem-
otherapy cycles have been reported in a small cohort of 
patients with Hodgkin lymphoma and in low - grade non -
 Hodgkin lymphoma. Initial enthusiasm with multiple 
myeloma has been subsequently disappointing, since it has 
become apparent that responses can be achieved only in 
association with severe GVHD. It is possible that higher 
doses of donor lymphocytes are necessary but then they 
would be incompatible with the side effects. 

 Exploitation of the benefi cial effect of allogeneic immune 
responses in non - hematological malignancies has estab-
lished the susceptibility of renal cell carcinoma to a graft -
 mediated effect. There are only anecdotal reports of such an 
effect following non - myeloablative HSCT in patients with 
metastatic breast carcinoma, colon carcinoma, pancreatic 
carcinoma, and osteosarcoma. 

 The reason for the different sensitivity to DLI among 
various diseases remains unclear. A possible explanation for 
the low susceptibility to DLI of acute lymphoid leukemia has 
been attributed to the limited duration and magnitude of 
leukemia - specifi c T - cell response generated  in vivo , which 
has been ascribed to clonal exhaustion. As suggested by 
studies on solid cancers, other mechanisms implicated in 
tumor evasion of immune surveillance might be involved in 
the resistance to graft - versus - tumor responses.  

  Tumor -  s pecifi c  T   c ells  g enerated  a fter 
 a llografting: the  c ase of  c hronic  m yeloid 
 l eukemia 

 There is evidence that the immune system can mount a 
response against a tumor by recognizing antigens that are 
either specifi c or associated with the tumor. Tumor - specifi c 
antigens include antigenic peptides generated by genetic 
mutations specifi c to an individual cancer. Tumor - associated 
antigens come from normal non - polymorphic proteins 
overexpressed or aberrantly expressed in the tumor. 

 Almost all patients with CML harbor a specifi c molecular 
abnormality, the reciprocal chromosome translocation 
t(9;22)(q34;q11), which juxtaposes  BCR  and  ABL  genes. The 
fusion gene encodes for a chimeric protein, namely p210 BCR -

 ABL . Peptides derived from p210 BCR - ABL  can be presented by 
both MHC class I and class II molecules on CML cells  in 
vitro , and p210 BCR - ABL  - specifi c CD8 +  T cells have been 
detected in the peripheral blood of CML patients. However, 
it is unclear whether these T cells have any purpose in the 
control of the leukemia. Early - phase clinical trials using 
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GVHD has been reported to be much higher if allogeneic 
donor lymphocytes are administered concomitantly with the 
conditioning regimen than if they are infused a few months 
later in the form of DLI. The reason for this is that the inju-
ries produced by the cytotoxic agents and the infections at 
the time of transplantation activate the innate immune 
system and induce proinfl ammatory changes in endothelial 
and epithelial cells. This process, described as the  “ cytokine 
storm, ”  consists of three main phases. 

  Acute  GVHD  and the  c ytokine  s torm     In the fi rst phase, the 
destruction of natural barriers by the conditioning regimens 
and the release of infl ammatory cytokines like tumor necro-
sis factor (TNF) -  α  and IL - 1 allows bacterial products to 
permeate the tissues. T cells exposed to bacterial products 
like lipopolysaccharide exhibit enhanced migration and sur-
vival. In accord with this notion, the use of low intensity 
preparatory regimens substantially reduces the incidence of 
acute GVHD. 

 The second step in the cytokine storm involves the activa-
tion of dendritic cells and the presentation of alloantigens. 
The infl ammatory changes promoted in recipient tissues by 
conditioning regimens can initiate dendritic cell maturation 
and license them to potently induce T - cell responses. While 
host APCs are necessary and suffi cient for GVHD develop-
ment, the role of donor APCs appears confi ned to the inten-
sifi cation of ongoing disease. The differential role of donor 
and recipient APCs can be accounted for by the fact that 
endogenously synthesized minor H antigen - derived pep-
tides are presented to CD8 +  T cells on host MHC class I 
(induction phase). Subsequently, the same antigens can be 
processed by donor APCs through the exogenous route of 
antigen processing and presented to T cells, thus accounting 
for the augmentation of the GVHD initiated by host APCs 
(maintenance phase). This two - step process is similar to that 
described for the rejection of solid organ transplants (direct 
and indirect alloresponses). 

 For its full development GVHD fi nally requires cellular 
effectors to be recruited. Although activated donor T and 
NK cells effect the killing of host cells by contact - dependent 
cytotoxicity, the release of infl ammatory cytokines also play 
an important role. In accordance, target organ injury can be 
partially prevented by the neutralization of TNF -  α  and IL - 1 
in animal models and the blockade of TNF -  α  is of some 
effi cacy in pilot clinical studies. The importance of multiple 
infl ammatory effectors in GVHD suggests that inhibition of 
several pro - infl ammatory cytokines simultaneously is 
required for reducing systemic GVHD.  

  Acute  GVHD  and  T  -  c ell  t raffi cking     Although essentially all 
tissues express transplantation antigens, the clinical manifes-
tations of acute GVHD display remarkable tissue tropism, 

alternative pathways to inhibit GVHD without compromis-
ing GVL. In fact, during experimental and clinical GVHD, 
FasL expression on donor T cells is increased and elevated 
serum levels of soluble FasL and Fas are correlated with 
severity of GVHD. Inhibition of the Fas – FasL pathway 
markedly reduces GVHD of the liver in animal models. 

 NK cells mediate direct cytotoxicity using the same path-
ways of cytotoxic T lymphocytes (Fas/FasL or performing 
granzyme) but their activation is largely dependent on 
the lack of recognition of particular epitopes on self - MHC 
class I molecules (so - called  “ missing self  ”  hypothesis). 
Experimental studies have shown that NK cells are neither 
necessary nor suffi cient to induce GVHD, but in the setting 
where GVHD is already underway, NK cells contribute to 
the overall outcome. The effect of donor NK - mediated cyto-
toxicity  in vivo , in the absence of alloreactive T cells, is shown 
to be confi ned to recipient lympho - hematopoietic cells. 
Although the mechanism responsible for such selectivity is 
unclear, it has been hypothesized that donor  “ alloreactive ”  
NK cells could prevent GVHD manifestations by killing host 
dendritic cells, thus avoiding alloantigen presentation to 
donor T cells. Furthermore, the involvement of  “ alloreac-
tive ”  NK cells in GVL, suggested in preclinical models, has 
been corroborated in clinical studies, where the transplanta-
tion of haploidentical NK -  “ alloreactive ”  donors in high - risk 
AML patients was shown to prevent disease relapse and 
improve survival as an independent factor.  

  Chronic  GVHD  

 Chronic GVHD is a syndrome characterized by multiorgan 
involvement and is clinically similar to an autoimmune dis-
order. It usually involves skin, liver, gastrointestinal tract 
and the respiratory mucosa, but several immunological 
functions are impaired. The incidence of chronic GVHD 
ranges from 6 to 80% mainly depending on the degree of 
disparity in the major histocompatibility antigen and the 
previous appearance of acute GVHD. Pathological fi ndings 
are not typical and are characterized by epithelial atrophy, 
increased hyaline deposits, fi brosis and chronic infl amma-
tory infi ltrates. Historically, chronic GVHD was classifi ed as 
limited or extensive on the basis of the results of a small 
retrospective study, but the classifi cation has been shown to 
be neither reproducible nor predictive of the clinical outcome 
and a new scoring system is being proposed.  

  Pathogenesis of  GVHD  

 Donor T cells recognizing major and/or minor H antigen 
disparities on recipient tissues are certainly critical in the 
induction of acute GVHD. However, other factors need to 
be taken into account. In particular, the incidence of acute 
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new syngeneic recipients. The development of donor T cells 
that recognize antigens shared by donor and host has also 
been attributed to impaired mechanisms of deletion or regu-
lation during chronic GVHD. It has been hypothesized that 
autoreactive T cells may be the consequence of a damaged 
recipient thymus, unable to select the new T - cell repertoire 
following pretransplant therapy or acute GVHD. However, 
it seems also that thymectomized animals can develop 
GVHD. 

 Not dissimilarly from the acute disease, cytokine dysregu-
lation has a causative role in chronic GVHD. High levels of 
IL - 1 β , IL - 6, interferon (IFN) -  γ , TNF -  α , and low levels of the 
inhibitory cytokine IL - 10 are associated with more severe 
forms. Multiple cytokines produced by activated T cells, 
such as IFN -  γ  and TGF -  β , have been shown to promote 
increased collagen deposition in preclinical models. Other 
soluble mediators, such as the CCL2 and CCL3 chemokines, 
seem to modulate collagen turnover and deposition by 
sending signals to fi broblasts via macrophages or indirectly 
through stimulation of TGF -  β .    

  Can  GVHD  and  GVL   b e  d issected? 

 Currently, the major aim in allogeneic HSCT is to identify a 
way to the separate the benefi cial GVL from GVHD (sum-
marized in Plate 30.4). Several attempts have been made 
during the last 15 years, either by selectively controlling 
GVHD or selectively inducing GVL. 

  Control of  GVHD  

 The simplest and most pragmatic approach is to escalate the 
dose of donor lymphocytes until a clinical response is 
achieved. This reduces the incidence of GVHD to less than 
20% of cases and has proved more useful than depleting 
T - cell subsets like CD8 + . Alternatively, the route of selec-
tively depleting  in vitro  recipient - reactive donor T cells 
before their infusion is valuable and its application has been 
successfully tested in haploidentical transplantation. 

 Active immune regulation of donor/recipient - reactive 
cells is emerging as a key mechanism for inducing and main-
taining tolerance to alloantigens. Treg cells are probably the 
main player in this process and a few studies in animal 
models have documented that their adoptive transfer can 
also prevent and partially treat GVHD. There are also sug-
gestions that Treg cells may preserve GVL activity, but data 
obtained in patients after HSCT have failed to show a sig-
nifi cant correlation with GVHD and found that leukemia 
relapses were associated with an increment in the number of 
Treg cells in the peripheral blood of patients. Similarly, the 
amount of Treg infi ltration seems to correlate with bad 
prognosis in ovarian cancer. 

involving primarily gut, liver and skin. Recent studies have 
suggested that the skewed organ involvement is related to 
the homing properties of activated allogeneic T cells and the 
presence of local tissue infl ammation. 

 Naive T cells injected in lethally irradiated allogeneic 
recipients are initially retained within secondary lymphoid 
tissues where, activated by recipient - derived APCs, they 
undergo a rapid burst of proliferation, enter the peripheral 
circulation, and subsequently accumulate in the gut, liver 
and skin. However, local infl ammation also appears crucial 
in permitting the entry of activated T cells to target tissues, 
because the infusion of alloreactive T cells produces GVHD 
in irradiated recipients but not in recipients in which mixed 
hematopoietic chimerism has already been established, 
despite similar levels of alloreactive T cells in the periphery. 
To confi rm the role of local infl ammation, GVHD can 
also be induced in mixed chimeric mice if infl ammatory 
stimuli are administered together with the donor T - cell 
transfer.  

  Chronic  GVHD      The pathogenesis of chronic GVHD largely 
remains to be elucidated. Mature donor alloreactive T cells 
infused with the graft are also supposed to play a key role in 
chronic GVHD. Similarly, APCs have been shown to be 
important, although in contrast to acute GVHD the devel-
opment of the chronic form is dependent on the APCs of 
donor rather than recipient origin, thus justifying the pos-
sibility of a broader repertoire of antigens and more wide-
spread organ involvement. 

 However, one of the most remarkable features of chronic 
GVHD is the clinical and pathological similarities with sys-
temic autoimmune disease. Elevated levels of serum autoan-
tibodies (i.e., antinuclear, anti - dsDNA, anti - smooth muscle 
antibodies) in up to 70% of chronic GVHD patients support 
the hypothesis that functionally relevant autoreactive T and 
B cells can be generated during chronic GVHD. It has been 
suggested that antibodies to ubiquitously expressed minor 
H antigens may be analogous to pathogenic autoantibodies 
in systemic autoimmune diseases, thus justifying the simi-
larities of tissue pathology. The importance of B - cell 
responses in chronic GVHD was documented by clinical 
improvement following B - cell depletion with anti - CD20 
monoclonal antibody. 

 Studies in animal models have been carried out with the 
aim of investigating the autoimmune manifestations of 
chronic GVHD. Using an HSCT model in which donor and 
recipient differed for multiple minor H antigens, it was pos-
sible to isolate from mice developing chronic GVHD auto-
reactive CD4 +  T cells with specifi city for an MHC class 
II - encoded determinant common to donor and recipient. 
Moreover, donor CD4 +  T cells isolated from recipients with 
chronic GVHD cause autoimmune disease if transferred to 
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against these weak antigens and early studies in melanoma 
patients have suggested this as a promising, though elaborate 
and expensive strategy.    
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 The possibility of interfering with the non - specifi c effects 
of the cytokine storm with neutralizing monoclonal anti-
bodies is currently under scrutiny and the topic has been 
discussed before. 

 A more recent approach to diminish GVHD has been 
based on the exploitation of mesenchymal stromal cells 
(MSCs) of bone marrow origin. These cells exhibit a potent 
immunosuppressive activity  in vitro  and  in vivo  that targets 
virtually any cells of the immune system. Their effect is not 
cognate dependent, thus not requiring MHC identity 
between MSCs and immune cells. Third - party MSCs have 
been infused into patients with steroid - resistant acute 
GVHD with extremely encouraging results. This is even 
more interesting in the light of the observation that MSCs 
are precursors of the hematopoietic niche and that indeed 
they favor the engraftment of hematopoietic cells in the bone 
marrow. Therefore, their use at various stages of the trans-
plantation procedure could ultimately improve the outcome 
of HSCT.  

  Induction of  s elective  GVL  

 It is generally true that minor H antigens are the targets 
of both GVHD and GVL, in principle making separation 
of the two processes impossible. However, there are two 
strategies for pursuing selectivity. One is based on the fact 
that not all minor H antigens are equally expressed on 
the various tissues and some of them are preferentially, if 
not exclusively, expressed on hematopoietic tissues. In the 
case of leukemia, for example, the generation of T cells 
with specifi city against hematopoietic polymorphisms may 
limit the collateral damage by confi ning the GVH activity 
to that tissue and sparing the others. Further selectivity 
could be achieved by concentrating on lineage - specifi c 
polymorphisms as demonstrated for B - cell malignancies 
(Plate 30.5). 

 The alternative is to exploit the phenomenon of immuno-
dominance, previously described. T cells directed against a 
broadly expressed minor H antigen but specifi c for the 
immunodominant epitope appear able to exert a powerful 
GVL effect selectively without GVHD. The mechanisms for 
this tumor - specifi c effect largely remain unknown. 

 Ultimately, the best solution would be to identify tumor -
 specifi c antigens. Unfortunately, most tumor antigens are 
self - antigens against which the T cells of a tumor - bearing 
host are immunologically tolerant. However, the recent 
progress in gene therapy has made it possible to transduce 
T lymphocytes with a gene encoding an antigen receptor 
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 Appendix 1   Glossary      
   

 Adenine (A)      Nitrogenous (purine) base. One member of the base 
pair A – T (adenine – thymine).  

 Allele      Alternative forms of a gene occupying the same locus on 
homologous chromosomes; segregate at meiosis.  

 Allogeneic BMT       Allogeneic bone marrow transplantation . Marrow 
from an HLA - matched donor (related or unrelated) is administered 
to the patient following  “ conditioning ”  (usually chemotherapy with 
radiotherapy). Cf. autologous BMT.  

 Alu sequences      DNA sequences recognized by the restriction enzyme 
 Alu  I; Alu sequences are represented about 300   000 times in the 
human genome.  

 Anergy      Immunological unresponsiveness to specifi c antigenic 
rechallenge.  

 APC       Antigen - presenting cell . Cells capable of triggering naive T - cell 
response to antigen, leading to clonal T - cell expansion. APCs 
include dendritic cells, activated B cells and macrophages.  

 Apoptosis      Programed cell death involving nuclear DNA 
fragmentation.  

 ARMS       Amplifi cation refractory mutation system : a PCR method that 
allows amplifi cation of a single specifi c allele due to specifi c primers 
used, i.e., the primers bind only to the mutant allele.  

 Autologous BMT      Patient ’ s own bone marrow is collected following 
treatment (presumed disease - free) and reinfused in order to recon-
stitute the hematopoietic system.  

 Autoradiography      Detection of radioactively labeled molecules on 
radiographic fi lm. For analysis of nucleic acids, single - stranded 
DNA is immobilized onto a membrane before adding radiolabeled 
probe. Allows analysis of length and number of DNA fragments 
after separation by gel electrophoresis.  

 Autosome      Non - sex chromosome.  
 BAC      Bacterial artifi cial chromosome; allows propagation of large 

DNA molecules (up to 300   kb).  
 Base pair (bp)      A pair of complementary nucleotide bases in a duplex 

DNA or RNA molecule.  
 bcl - 2      Protein that inhibits apoptosis; overexpressed in, for example, 

follicular non - Hodgkin lymphoma carrying t(14;18).  
 Cap      Structure at the 5 ′  end of mRNAs containing a methylated 

guanine residue.  
 CDR       Complementarity - determining region . Those components of 

immunoglobulin and T - cell receptor (TCR) molecules that make 
contact with specifi c ligand; determine specifi city. The CDR regions 
are the most variable portions of the immunoglobulin and TCR 
molecules.  

 Centromere      Chromosome region to which spindle fi bers attach 
during cell division.  

 Chromosome painting      Labeling of whole chromosome using fl uo-
rescence  in situ  hybridization. Involves mixture of different 
sequences from single chromosome.  

 Clonality      Determination of clonal origin of cells.  
 Clone      Population of cells or DNA molecules arising from a single 

progenitor.  
 Cloning      The process of asexually producing a group of cells (clones), 

all genetically identical, from a single ancestor. In recombinant 
DNA technology, the use of DNA manipulation procedures to 
produce multiple copies of a single gene or segment of DNA is 
referred to as cloning DNA.  

 Cloning vector      DNA molecule from a virus, a plasmid, or the cell of 
a higher organism into which another DNA fragment of appropri-
ate size can be integrated without loss of the vector ’ s capacity for 
self - replication; vectors introduce foreign DNA into host cells, 
where it can be reproduced in large quantities.  

 Codon      DNA or corresponding RNA sequence of three base pairs that 
codes for a particular amino acid or termination signal.  

 Complementary DNA (cDNA)      DNA copy of a messenger RNA 
generated by reverse transcriptase.  

 Consensus sequence      DNA or amino acid sequence that specifi es 
the most commonly found DNA base or amino acid at each posi-
tion in a sequence of similar DNA or amino acid sequences.  

 Conserved sequence      DNA or protein sequence that has remained 
essentially unchanged throughout evolution.  

 Contigs      Groups of clones representing overlapping genomic 
regions.  

 Cosmid      Plasmid DNA containing Cos sites to enable it to be packaged 
into phage particles. For example, cosmids can be packaged in  λ  
phage particles for infection into  E. coli.  May harbor inserts of about 
40   kb.  

 Cyclins      Family of proteins that are positive regulators of cell cycle.  
 Cytosine (C)      Pyrimidine base of RNA and DNA; one of cytosine –

 guanine (C – G) pair.  
 Diploid      Cell or organism containing two complete sets of homolo-

gous chromosomes (cf. haploid).  
 DNA polymerase      Enzyme that adds nucleotides to a growing chain 

of DNA in a 5 ′  to 3 ′  direction during DNA replication using a DNA 
strand as a template to copy from.  

 Domain      In a protein this refers to a discrete region of the protein 
which has a specifi c function associated with it.  
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 Electrophoresis      Method for separating large molecules (nucleic 
acids or proteins) from a mixture of similar molecules using an 
electric current. Molecules travel through agarose or polyacryla-
mide gel at varying rates depending on their electrical charge and 
size.  

 Endonuclease      Enzyme that cleaves nucleic acid at internal sites in 
the nucleotide sequence.  

 Epitope      That part of an antigen that binds to the antigen - binding 
region of an antibody.  

 EST      Expressed sequence tag.  
 Exon      Segment of a gene that is present in the fully mature RNA after 

transcription, i.e., contains coding sequences (cf. introns).  
 FACS       Fluorescence activated cell sorting . Technique used to separate 

cells from a population on the basis of their expression of specifi c 
antigens.  

 FISH       Fluorescence  in situ  hybridization . A technique used to visualize 
locations on chromosomes that hybridize to specifi c nucleotide 
probes. Biotin, digoxigenin or fl uorescent dyes are incorporated 
into cDNA probes using nick - translation. Probes are then hybrid-
ized to metaphases or interphase nuclei thus defi ning gene number 
and location.  

 Flow cytometry      Analysis of biological material by detection of 
the light - absorbing or fl uorescing properties of cells or subcellular 
fractions (i.e., chromosomes) passing in a narrow stream through 
a laser beam. An absorbance or fl uorescence profi le of the 
sample is produced. Automated sorting devices, used to fractionate 
samples, sort successive droplets of the analyzed stream into differ-
ent fractions depending on the fl uorescence emitted by each 
droplet.  

 Flow karyotyping      Use of fl ow cytometry to analyze and/or separate 
chromosomes on the basis of their DNA content.  

 Frameshift      Mutation that shifts the reading frame of triplet codons 
in a gene during translation of mRNA.  

 Gardos channel      Red cell transport system accounting for selective 
loss of potassium in response to increase in intracellular ionized 
Ca 2+ .  

 G banding      Technique used to visualize the band patterns of chromo-
somes on staining with Giemsa.  

 Gene      Unit of heredity that specifi es an RNA or mRNA. A gene will 
also contain intronic regions and regions that control 
transcription.  

 Gene expression      Process by which a gene ’ s coded information is 
converted into the structures present and operating in the cell. 
Expressed genes include those that are transcribed into mRNA and 
then translated into protein, and those that are transcribed into 
RNA but not translated into protein (e.g., transfer and ribosomal 
RNAs).  

 Gene mapping      Construction of a map of different genetic loci based 
on their physical position with respect to each other.  

 Gene therapy      Insertion of normal DNA directly into cells to correct 
a genetic defect.  

 Genetic code      The sequence of nucleotides, coded in triplets (codons) 
along the mRNA, that determines the sequence of amino acids in 
protein synthesis. The DNA sequence of a gene can be used to 
predict the mRNA sequence, and the genetic code can, in turn, be 
used to predict the amino acid sequence.  

 Genomic library      Collection of clones made from a set of randomly 
generated overlapping DNA fragments representing the entire 
genome of an organism.  

 Genotype      The genetic composition of a cell or organism responsible 
for its appearance.  

 Grb - 2       Growth factor receptor - bound protein 2 . Participates in down-
stream signaling after activation of a variety of cellular receptors. 
Binds to EDGF and PDGF.  

 Guanine (G)      Purine base of RNA or DNA. One member of the base 
pair G – C (guanine and cytosine).  

 Haploid      A single set of chromosomes (half the full set of genetic 
material), present in the egg and sperm cells of animals, and in the 
egg and pollen cells of plants (cf. diploid).  

 Haplotype      Combination of closely linked genes. Usually inherited 
together as a  “ block ”  arising from one chromosome.  

 Hemizygote      Diploid cell or organism that contains only one allele 
of a gene due to loss of one chromosome of a homologous chromo-
some pair.  

 Heterodimer      A complex of two non - identical moieties, e.g., proteins 
such as the T - cell receptor.  

 Heterozygote      Diploid cell or organism that contains different alleles 
of a gene at one locus on homologous chromosomes.  

 Homeobox      A short stretch of nucleotides whose base sequence is 
virtually identical in all the genes that contain it. It has been found 
in many organisms from fruit fl ies to humans. In the fruit fl y, a 
homeobox appears to determine when particular groups of genes 
are expressed during development.  

 Homodimer      Complex of two identical moieties.  
 Homotetramer      Tetramer comprising four identical subunits.  
 Hybridization      The ability of complementary single - stranded DNA 

or RNA molecules to form a duplex.  
  In situ  hybridization      Use of DNA or RNA probe to detect the pres-

ence of the complementary DNA sequence in cloned bacterial or 
cultured eukaryotic cells.  

 Interphase      Period of the mitotic cell cycle between one mitosis and 
the next.  

 Intron      Intervening sequence. Segments within the coding region of a 
gene that are not present in the fully mature RNA after transcription 
due to removal by splicing.  

  In vitro       Taking place outside a living organism (literally  “ in glass ” ; 
cf.  in vivo ).  

  In vivo       Taking place within a living organism ( “ in life ” ).  
 Karyotype      Photomicrograph of an individual ’ s chromosomes 

arranged in a standard format showing the number, size and shape 
of each chromosome type.  

 Kilobase (kb)      1000 nucleotides.  
 Kinase      An enzyme that phosphorylates a substrate.  
 Knockout      The ability to remove a specifi c gene in a cell or organism 

by molecular techniques.  
 Leucine zipper      Leucine - rich domain of a protein that allows pro-

tein – protein interaction.  
 Library      An unordered collection of cloned DNA whose relationship 

to each other can be established by physical mapping.  
 Linkage      The tendency for two genes in close proximity on a chromo-

some to be inherited together.  
 Locus      The position of a gene on a chromosome.  



392 Appendix 1

 LOH       Loss of heterozygosity . Deletions believed to occur during tumor 
development. Identifi ed as loss of an allele at a specifi c locus.  

 Lyonization      X - chromosome inactivation in mammals. One X chro-
mosome is randomly inactivated in each cell.  

 Maternal inheritance      Preferential carriage of a gene by the mater-
nal parent.  

 Megabase (Mb)      10 6  nucleotides.  
 Messenger RNA (mRNA)      The mature transcript from a gene tran-

scribed by RNA polymerase which specifi es the order of amino 
acids during mRNA translation to protein.  

 Metaphase      Stage in mitosis when the parental and newly synthesized 
chromosomes are maximally condensed but prior to their segrega-
tion to opposite spindle poles.  

 MHC       Major histocompatibility complex . A polymorphic family of genes 
involved in mediating T - cell immune responses; present peptides 
to T - cell receptor.  

 Minimal residual disease      Low - level disease present following 
therapy; generally not detected using standard techniques such as 
light microscopy, but requires molecular techniques such as PCR 
for detection.  

 Missense mutation      Single - base substitution causing incorporation 
of inappropriate amino acid into a protein.  

 Monosomy      Condition in which one member of a chromosome pair 
is missing.  

 Multidrug resistance (MDR)      Cell mechanism conferring drug 
resistance to a wide variety of chemotherapeutic agents.  

 Mutation      A transmissible change in nucleotide sequence which leads 
to a change or loss of normal function encoded by that nucleotide 
sequence.  

 Nonsense mutation      Mutation resulting in premature termination 
during protein synthesis.  

 Northern blot      Technique that transfers RNA molecules after size 
fractionation on gels to fi lter papers for hybridization to specifi c 
probes.  

 Nucleotide      A subunit of DNA or RNA consisting of a nitrogenous 
base (adenine, guanine, thymine or cytosine in DNA; adenine, 
guanine, uracil or cytosine in RNA), a phosphate molecule and a 
sugar molecule (deoxyribose in DNA and ribose in RNA).  

 Oncogene      Mutated gene that is normally involved in the correct 
control of cell division such that disruption of the normal gene 
function leads to cell immortalization and transformation.  

 Open reading frame      Series of triplet codons in the coding region 
of a gene that lie between the signals to start and stop translation.  

 PBSC       Peripheral blood stem cell . Following administration of chemo-
therapy with or without growth factor (e.g., G - CSF), stem cells 
enter the peripheral circulation and are collected by 
leukopheresis.  

 PCR       Polymerase chain reaction . Technique to amplify a target DNA 
sequence by multiple rounds of DNA synthesis. Involves a heat -
 stable DNA polymerase (e.g.  Taq , isolated from the hot spring 
bacterium  Thermus aquaticus ) and two oligonucleotide primers 
(generally about 20 bases), one complementary to the (+) strand at 
one end of the sequence to be amplifi ed and the other complemen-
tary to the ( – ) strand at the other end. Newly synthesized DNA can 
subsequently serve as additional templates for the same primer 
sequences, allowing a million - fold increase in DNA sequence after 
30 cycles of primer annealing, strand elongation, and DNA melting.  

 PFGE       Pulsed fi eld gel electrophoresis . An electrophoretic technique to 
separate very large molecules of DNA by periodically altering the 
direction of the electric fi eld through which the samples are 
migrating.  

 Phenotype      The observable characteristics of a cell or organism 
resulting from the expression of the cell ’ s genotype.  

 Plasmid      A circular, autonomously replicating, extrachromosomal 
DNA molecule. Some plasmids are capable of integrating into the 
host genome.  

 Pleckstrin homology domain      First noted in platelet protein pleck-
strin, 100 residues, function unknown.  

 Polymorphism      DNA sequence variation among individuals. May be 
used as linkage marker.  

 Positional cloning      Method for identifying the gene responsible for 
a genetic disease in the absence of a transcript or protein product; 
relies on the use of markers tightly linked to the target gene.  

 Primer      Short oligonucleotide sequence that provides the starting 
point for polymerases to copy a nucleotide sequence and make a 
double strand.  

 Probe      DNA or RNA molecules (single stranded) of specifi c base 
sequence; may be labeled radioactively (e.g.,  32 P) or non - radioac-
tively (e.g., digoxigenin) to detect complementary sequence on 
Southern blot, etc.  

 Promoter      DNA sequence that targets RNA polymerase to a gene for 
transcription.  

 Proto - oncogene      Refers to a normal gene involved in controlling cell 
division which, when mutated, becomes an oncogene.  

 Pseudogene      A duplicated gene that has become non - functional.  
 Purine base      Organic base containing two heterocyclic rings that 

occurs in nucleic acids (adenine and guanine in DNA and RNA).  
 Pyrimidine base      Organic base containing one heterocyclic ring that 

occurs in nucleic acids. Cytosine (C) and thymine (T) in DNA; 
cytosine (C) and uracil (U) in RNA.  

 Q banding      Banding technique to visualize the banding patterns of 
chromosomes using quinacrine stain.  

 Recombination      The process by which progeny derive a combination 
of genes different from that of either parent. In higher organisms, 
this can occur by crossing over. Also occurs in non - germline cells, 
e.g., B cells and T cells during production of immunoglobulin and 
T - cell receptor genes, respectively.  

 Reporter gene      A gene encoding a product thta can be easily meas-
ured when introduced into cell, e.g., by transfection.  

 Restriction enzyme      An endonuclease (usually bacterial) that recog-
nizes specifi c short nucleotide sequences and cuts DNA at those 
sites.  

 Restriction enzyme cutting site      Specifi c nucleotide sequence of 
DNA at which a particular restriction enzyme cuts the DNA. Some 
sites occur frequently in DNA (e.g., every several hundred base 
pairs), others much less frequently (rare - cutter, e.g., every 10   000 
base pairs).  

 Retrovirus      RNA virus that replicates by fi rst converting its RNA 
genome to a double - stranded DNA copy using the enzyme reverse 
transcriptase.  

 Reverse transcriptase      Enzyme used to make a DNA copy of RNA. 
Found in retroviruses allowing conversion of their RNA genome 
into double - stranded DNA which may then integrate into the host 
genome.  
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 RFLP       Restriction fragment length polymorphism . Heritable differences 
in the length of DNA fragments from a specifi c region of DNA 
generated by restriction enzymes due to DNA sequence 
differences.  

 Ribozyme      An RNA molecule with properties of RNAse; cleaves sin-
gle - stranded RNA.  

 RNA polymerase      Enzyme that makes an RNA copy of a DNA 
template.  

 RNA splicing      Removal of introns from transcribed RNA to generate 
a mature mRNA.  

 RT - PCR       Reverse transcriptase polymerase chain reaction . Amplifi cation 
of RNA by PCR after copying of the RNA → cDNA by reverse 
transcription.  

 Sequencing      Determination of the order of nucleotides (base 
sequences) in a DNA or RNA molecule or the order of amino acids 
in a protein.  

 Somatic mutation      Mutation arising in a somatic cell.  
 Southern blot      Technique that transfers DNA molecules after size 

fractionation on gels to fi lter papers for hybridization to specifi c 
probes.  

 Src homology 3 (SH3) domain      Protein domain on oncoprotein 
Src; binds to proline - rich domains on other proteins.  

 Syngeneic      Genetically identical (e.g., identical twins).  
  Taq  polymerase      Heat - stable DNA polymerase used for DNA ampli-

fi cation ( see  PCR). More recent heat - stable polymerases include 
VENT and Tth.  

 TATA box      Also called Hogness Box; DNA sequence found in many 
eukaryotic promoters that binds the TATA - binding protein in 
order to recruit RNA polymerase for transcription. Consensus 
sequence TATAAAA; specifi es position where transcription is 
initiated.  

 T - cell receptor      Membrane protein complexes expressed on T lym-
phocytes and which recognize specifi c antigens when associated 
with MHC molecules.  

 Telomere      Specialized structures at the ends of chromosomes involved 
in the replication and stability of linear DNA molecules.  

 Thymine (T)      Nitrogenous base. One member of the base pair A – T 
(adenine – thymine).  

 Tolerance      Reduced ability to mount an immune response to specifi c 
antigens  in vivo .  

 Transcription      Process by which a DNA template (a gene) is copied 
to RNA by RNA polymerase.  

 Transcription factor      Proteins, other than RNA polymerase, that are 
required for transcription of all genes.  

 Transfection      The introduction of DNA into cells in culture.  
 Translation      The mechanism by which mRNA is used as a template 

to synthesize protein on the ribosome.  
 Tumor - suppressor gene      A gene that negatively regulates cell divi-

sion such that mutation in these genes results in uncontrolled cell 
division and tumor progression, e.g., Rb, p53 genes.  

 Tyrosine kinase      Enzymatic activity catalyzing the attachment of 
phosphate group to tyrosine residue within a protein molecule.  

 Uracil (U)      Pyrimidine base that replaces the DNA base thymine in 
RNA molecules; forms base pair with adenine (A – U).  

 Vector      DNA molecule in which DNA sequences can be cloned; agent 
used to deliver genes for gene transfer.  

 VNTR       Variable number of tandem repeats . Variations in numbers of 
tandem repeat DNA sequences found at specifi c loci in different 
populations. May be used as genetic markers.  

 Western blot      A technique that transfers protein molecules after 
size fractionation on gels to fi lter papers for analysis with 
antibodies.  

 X inactivation      Inactivation of one of the X chromosomes in female 
somatic cells.  

 YAC       Yeast artifi cial chromosome . Plasmid DNA which contains DNA 
sequences that allow plasmid maintenance in yeast cells permitting 
cloning of very large regions of DNA.   
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 Appendix 2   Cytogenetic  g lossary      
   

 add      Addition of chromosomal material of unknown origin to another 
chromosome  

 del      Deletion of chromosomal material  
 der      Derivative of a chromosomal rearrangement  
 dup      Duplication of chromosomal material; extra copy of part of a 

chromosome  
 cen      Centromere  
 Hypo/hyperdiploid      Human karyotype with  < 46 or  > 46 chromo-

somes, respectively  
 i      Isochromosome; chromosome whose arms are mirror images of each 

other  
 ins      Insertion of chromosomal material  

 inv      Rotation of chromosome segment by 180 °   
 mar      Marker chromosome. Signifi es any structurally rearranged 

chromosome  
 p      Short (petit) arm of chromosome  
 q      Long arm of chromosome  
 p+/q+      Addition of DNA to short/long arms, respectively  
 p − /q −       Deletion of DNA from short/long arms, respectively  
 t      Translocation; chromosome segment moves from one chromosome 

to another. May or may not be reciprocal  
 ter      Terminus (end); e.g., pter, qter indicates short arm and long arm 

ends, respectively  
 +/ −       Gain/loss of chromosomal material, respectively   
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 Appendix 3   Cluster  d esignation ( CD ) 
 a ntigens  u sed in  t his  b ook     
     
  

   CD     Expression     Comments  

  CD1a,b,c    Thymocytes, dendritic cells    Ligand for some  γ  δ  T cells  
  CD3    T cells    Complex of molecules that transduce signals from 

T - cell receptor  
  CD4    T cells, monocytes, tissue macrophages, microglial cells, 

EBV - transformed B cells  
  Binds HLA class II 
 Receptor for HIV env gp120  

  CD5    Thymocytes and T cells, most T - cell malignancies, B - CLL    Binds to CD72  
  CD8    T - cell subset    Binds MHC class I  
  CD10    T -  and B - cell precursors, BM stromal cells, pre - B ALL    Zinc metalloproteinase, marker for pre - B cell ALL 

(also termed common ALL antigen, CALLA)  
  CD15    Neutrophils, eosinophils, monocytes    Also called Lewis - x (Le x )  
  CD19    B cells, B - cell malignancies    Function unknown  
  CD20    B cells, B - cell malignancies    Function unknown  
  CD21    Mature B cells, follicular dendritic cells    Complement control protein. Receptor 

for   complement C3d, EBV  
  CD23    Mature B cells, activated macrophages, eosinophils, 

follicular dendritic cells, CLL  
  Low - affi nity receptor for IgE  

  CD28    T - cell subsets, activated B cells    Receptor for costimulatory signal, binds CD80 (B7 - 1) 
and CD86 (B7 - 2)  

  CD34    Hematopoietic precursors, capillary endothelium    Ligand for CD62L (L - selectin)  
  CD38    Early B and T cells, activated T cells, germinal center B 

cells, plasma cells  
  Function unknown  

  CD43    Leukocytes (except resting B cells)    Binds CD54 (ICAM - 1)  
  CD55    Hematopoietic and non - hematopoietic cells    Decay - accelerating factor (DAF). Binds C3b  
  CD56    NK cells    Isoform of neural cell adhesion molecule (N - CAM)  
  CD59    Hematopoietic and non - hematopoietic cells    Binds complement C8 and C9  
  CD79a,b    B cells    Component of B - cell antigen (analogous to CD3)  
  CD80    Antigen - presenting cells    Costimulation. Ligand for CD28 and CTLA - 4  
  CD86    Antigen - presenting cells    Costimulation. Ligand for CD28 and CTLA - 4  

   Abbreviations: see list on    p. xiii               
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adenosine deaminase (ADA) defi ciency
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gene therapy  325–7
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adverse drug reactions  336

oral anticoagulants  344
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AKT inhibitors  49
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tolerance  384–5
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HLA-matched siblings  80, 81
MHC  383
tolerance  384–5, Plate 30.3

allorecognition  383–4, Plate 30.2
all-trans-retinoic acid (ATRA)  43, 71
AMA-1  202
AMG 114  308
δ-aminolevulinate synthase (ALAS) 

defi ciency  144–6
AML see acute myeloid leukemia (AML)
AML1-ETO fusion oncogene  373
amniocentesis, hemophilia antenatal 

diagnosis  226
anaplastic large cell lymphoma  124–5
anaplastic lymphoma kinase (ALK)  124, 

125

Note: page numbers in italics refer to fi gures, those in bold refer to tables
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anemia
erythropoietin response  15
fetal  268
malaria  204–5, Plate 16.2
molecular basis  140–62
recombinant erythropoietin therapy  310
see also named conditions and diseases

anemia of chronic disease  165–8
cytokines  167
diagnosis  165–6
hepcidin expression  174
hepcidin–ferroportin interaction  166, 

Plate 13.1
hypoferremia  166
iron homeostasis abnormality  174
iron restriction  166, Plate 13.2

erythropoiesis  166
pathogenesis  166–7
treatment  167–8

anergy  331, 384, 390
Anopheles mosquito  196
antibodies, classes  289
anti-CD20 therapy

ITP  301–2
multiple myeloma  131

anti-D  267, 268
antifolate resistance  338
antigen presenting cells (APC)  287, 288, 390

acute GVHD  387
allorecognition  383–4
co-receptors  291
professional  331
TCR signaling  291

antigen receptor gene rearrangements  63–6
anti-K  268
antiplatelet antibodies, ITP  299
antisense mRNA  331
antithrombin  209

defi ciency  212, 216
antithrombin (AT) gene  212
aorta–gonad–mesonephros (AGM) region  

35
API-2–MALT-1 fusion protein  124
aplastic anemia, idiopathic  148–50
apoptosis  288, 390
artemisinins  206–7
athletes, blood doping  313–14
ATP-binding cassette B7 (ABCB7)  146
ATR-16 syndrome  12
ATR-X syndrome  12
atransferrinemia  175, 178
autoantibodies  289
autoimmune disorders  287, 292–304

antibody Fc receptor gene polymorphisms  
294

cytokine gene polymorphisms  293–4
drug-induced  295

epitope spread  296
genetic factors  293–4
HLA alleles  293
hormonal infl uence  296
human studies  295–7
MHC polymorphisms  293
mouse models  294–5
multifactorial  296
multigenic  293
single gene  293
tissue damage induction by autoreactive 

cells  296–7
treatment

novel therapies  303–4
targeted /untargeted  301–3

autoimmune hemolytic anemia  297
autoimmune polyglandular endocrinopathy 

with candidiasis and ectodermal 
dysplasia (APECED)  293

autoimmunity
benefi cial effects  292
infection-induced  295
tolerance loss  292
triggers  295

autologous stem cell transplantation (ASCT)  
51, 380

myelodysplastic syndromes  90
reinfused lymphoma cells  70
residual lymphoma cell detection  70
t-MDS/AML

development risk  51–2, 90
risk minimizing  56

autoreactivity generation  295–6
azacitidine, myelodysplastic syndromes  

96–7
azidothymidine  332

B lymphocytes  28, 287
antigen receptors  288–9
CD4+ T cell interactions  291, 292
post-germinal center  127

BAALC gene overexpression  48
bacterial restriction endonucleases  365–6
B-cell chronic lymphocytic leukemia 

(B-CLL)
gene expression profi ling  352, 354–5
subgroups  352, 353

B-cell lymphomas  120–5
see also diffuse large B-cell lymphoma 

(DBCL)
BCL-1 gene  123
BCL-2 proto-oncogene  68, 120

chronic lymphocytic leukemia  125
diffuse large B-cell lymphoma  122
follicular lymphoma  123–4

BCL2L1(BCLX) anti-apoptotic protein  106
BCL-6 gene  122

BCL6 transcription factor  356–8
BCL-10 gene  124
BCR gene  78, 79
BCR–ABL fusion gene  20, Plate 2.1, Plate 

2.2
BCR-ABL peptide-specifi c immune 

responses  386
BCR-ABL1 kinase signaling pathways  78, 

79, 80
BCR–ABL1 oncogene  78, 79

point mutations  85–6
BCR-ABL1 tyrosine kinase  76
Bernard–Soulier syndrome  247–8
bleeding, hemophilia  219, 220
bleeding disorders, platelet defects  247, 251
blood cell alloantigens  259–83

see also human leukocyte antigens (HLA); 
named conditions

blood coagulation  208, Plate 17.1, Plate 17.2
regulation  209–10
VWF function  234

blood doping  313–14
blood groups, Rh system  266–7
blood transfusion, Diamond–Blackfan 

anemia  156
Bohr effect  3, 181
bone marrow

anemia of chronic disease diagnosis  166
infi ltration detection in lymphoma  69
space  382
targeted therapeutic compounds for 

multiple myeloma  137
bone marrow failure syndromes

acquired  148–53
classifi cation  149
inherited  149, 153–6

bone marrow space  382
bone marrow stem cells, autologous stem 

cell transplantation  52
bone marrow transplantation

CLL  73, 74
CML  73
sickle cell anemia  188

bone morphogenetic protein(s) (BMPs)  174
bone morphogenetic protein receptor 

(BMPR) pathway  174
Borrelia burgdorferi  295
bortezomib  130–1
bosutinib

chemical structure  81
CML treatment  85

Burkitt lymphoma  120, 121, 354
molecular/cytological pathogenesis  122

burst-forming units, erythroid (BFU-E)  187

C5, paroxysmal nocturnal hemoglobinuria  
151
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C282Y mutations  176
CAFC assay  39
Campath-1H, ITP treatment  301
cancer drugs  375

chemoprotection  328
see also chemotherapy

cancer stem cells  370–7
cancer drug testing  375
evidence for existence  370–1
generation  373–4
MLL oncogene  371–2
myeloma  372
niche  374–5
origin  371–3
resistance  376
second generation  372
signaling pathway targeting  376–7
targeting  375–7
transcription factors  373–4
translocations  373–4

carbon dioxide, oxygen dissociation curve  
181

β-catenin  374
cathepsin G  313
CBFβ–MYH11 fusion protein  43
CD3  291
CD4+ T cells  291, 292
CD8+ T cells  291, 386
CD19  376
CD20

cancer stem cell expression  375
multiple myeloma  131

CD28  291
CD33  376
CD34  371
CD36  185, 203, 204
CD40  357–8
CD44  376
CD55  150, 151
CD59  150, 151
CD123  376
CD133  371
CDKN2A gene deletion  21, 22
CDR (common deleted region), 5q– 

syndrome  98–9
CDR3  64–5

DNA sequence  65–6
CEBPA gene mutations  47–8, 89
C/EBPα transcription factor  47
celiac disease  295
cell culture assays, minimal residual disease  

58, 59
cell surface antigens, cancer stem cell 

isolation  376
cell–ligand interactions  36
ceruloplasmin defi ciency  177
c-fms  30

CFU-C assay  39
Chargaff ratio  362
Chédiak–Higashi syndrome  251, 252
chemokine antagonists  382
chemokine receptors  31–2
chemoradiotherapy, high-dose  51
chemotherapy

cellular resistance to agents  328, 329
PCR detection of minimal residual disease  

69
chondroitin sulfate A (CSA)  203, 204
chorionic villus sampling, hemophilia 

antenatal diagnosis  226
chromosomal abnormalities

myeloproliferative disorders  111–12
numeric  44

chromosomal translocations
detecting presence  62–3
diagnostic marker use  63
disease-specifi c  62–3
minimal residual disease  62–3, 68–9
non-Hodgkin’s lymphoma  68–9, 121

chromosome 1p loss/gain in multiple 
myeloma  135

chromosome 5
5q– syndrome  98, 99
loss  44

chromosome 7
abnormalities  44
monosomies  100
5′-nucleotidase gene  162

chromosome 9p, CDKN2A gene deletion  
21, 22

chromosome 12q abnormalities  112
chromosome 13 deletion, multiple myeloma  

130–1
chromosome 13q deletion  112, 125, Plate 

10.3
chromosome 15, congenital 

dyserythropoietic anemia gene  144
chromosome 16, α thalassemia/mental 

retardation syndromes  12
chromosome 17p deletion, multiple 

myeloma  135
chromosome 18, BCL-2 proto-oncogene  68
chromosome 19, retinoic acid receptor  43
chromosome 20q deletion  111
chronic eosinophilic leukemia (CEL)  104

FIP1L1–PDGFRA rearrangement  110–11, 
Plate 9.1

chronic leukemia, minimal residual disease 
detection  72–3

chronic lymphocytic leukemia (CLL)  125
B-cell  352, 353

gene expression profi ling  352, 354–5
chromosome 13q deletion  125, Plate 10.3
microRNA biology  120

molecular/cytological pathogenesis  122
PCR detection of minimal residual disease  

73
trisomy 12  125, Plate 10.4

chronic myeloid leukemia (CML)  76–88
accelerated phase  77, 78
BCR–ABL1 point mutations  85–6
blast phase  77–8
cancer stem cells  371, 376
chromosomal translocations  63
chronic phase  76–7, 78
clinical presentation  76–8
diagnostic criteria  77
donor lymphocyte infusion  385–6
epidemiology  76
hazard ratio function for death  78
molecular biology  78, 79, 80
myeloproliferative disorders  104
natural history  76–8
PCR detection of minimal residual disease  

72–3
Philadelphia chromosome  62, 76
prognostic tools  78
relapse  83
treatment  80–6
tumor-specifi c T cell generation after 

allografting  386
chronic non-spherocytic hemolytic anemia 

(CNSHA)  160–1
circumsporozoite protein (CSP)  198
c-kit  37
c-KIT gene mutations  46
CKS1B gene expression, multiple myeloma  

135
clastogen test, Fanconi anemia  154
CLL see chronic lymphocytic leukemia 

(CLL)
clopidogrel  254
cluster designation antigens  395

see also individual named CDs
CML see chronic myeloid leukemia (CML)
c-mpl agonists  311–12, Plate 24.3
c-myc oncogene

Burkitt lymphoma  120, 121
gene expression profi ling  356

coagulation factor concentrates
hemophilia  227–9
pegylated  229
transgenic livestock production  229, 230

cobalamin defi ciency  140, 141
megaloblastic anemia  141, 142

cobblestone area-forming cells (CAFCs)  27
codanin-1  144
collagen  247, Plate 20.1
collagen receptor defects  249
colony-forming cells (CFCs)  27

assays  307
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colony-forming units, spleen (CFU-S)  27, 
306–7

assay  39
colony-stimulating factors (CSFs)  307–8
common lymphoid progenitor (CLP)  28
comparative genomic hybridization  19, 

21–2, Plate 2.10
lymphoma genetics  118–19, Plate 10.3, 

Plate 10.4
myelodysplastic syndromes  101

competitive PCR templates  66
competitive repopulation assay  40
competitive repopulation units  40
complement system  287, 290

defi ciency in SLE  295
congenital cyanosis, hemoglobin variants  

17–18
congenital dyserythropoietic anemias  143–4

treatment  144
congenital methemoglobinemia  17–18
Connectivity Map  347
core-binding factor (CBF)  42–3

mutations  52
coumarins  343–5
CpG island methylation  365

aberrant  338
hypermethylation  94–6

Cre-recombinase  29–30
Crick, Francis  361, 362, 363
cryptic splice sites  8, 9
CTLA-4-Ig  302

psoriasis treatment  303
CXCL12  382
CXCR4  31, 36, 374, 375

cleaving  37
hematopoietic stem cell homing  382

cyclin D gene, dysregulation in multiple 
myeloma  129–30, 131, 136

cyclin D1  123
cyclin D2, overexpression in multiple 

myeloma  131
cyclin-dependent kinase inhibitors (CDKIs)  

29
cyclooxygenase defi ciency  251
cytochrome P4502C9 (CYP2C9)

polymorphisms  336
warfarin metabolism  345

cytogenetics  19–23
chromosomal translocation detection  63
imatinib therapy for CML  86
mantle cell lymphoma  123
myelodysplastic syndromes  90, 97–100
t-MDS/AML  53

cytokine receptors types I & II  30, 33–4
cytokines  28–9

acute GVHD  387
anemia of chronic disease  167

cell-extrinsic regulators  30–2
chronic GVHD  388
erythropoiesis effects  167
gene polymorphisms  293–4
gene-marking studies  325
hematopoietic stem cell control  381, 382
immune response  289
protein-based mimics  Plate 24.3
SNPs  294
storm in GVHD  387
Th1 and Th2 responses  289–90

cytotoxic T cells  386
cytotoxic T-lymphocyte antigen (CTLA)-4  

291–2
CTLA-4-Ig

ITP treatment  302
psoriasis treatment  303

hyporesponsive T cells  384

darbepoetin alfa  308, Plate 24.1
Darwin, Charles  360, 361
dasatinib

chemical structure  81
CML treatment  83, 84

prognosis  84
decitabine, myelodysplastic syndromes  96, 

97
del(20q) abnormality  100
dendritic cells  288

cancer immunotherapy  331
CD4+ T cell interactions  291, 292

deoxyhemoglobin  180, 181
desmopressin  240–1, 242
Diamond–Blackfan anemia  149, 155–6
diffuse large B-cell lymphoma (DBCL)  

121–3
diagnosis  122–3
expression profi ling  122–3
gene expression profi ling  352, 354
heterogeneity  352
International Prognostic Index  123
molecular/cytological pathogenesis  122
subgroups  352

dihydrofolate (DHFR) gene  338
2,3-diphosphoglycerate (2,3-DPG)  3, 180, 

181
Hb S heterozygotes  191
sickle cell anemia  184

divalent metal transporter 1 (DMT1)  170
DKC1 gene mutations  155
DNA  362–4

blotting  366–7
cloning  366
copy number variation  337, 338, 364
extraction  365
fractionation  1
genetic material packaging  364–5

replication  362–3
sequence decoding  363–4
structure  362–3

DNA helix  362
DNA libraries  366, 391
DNA microarrays  350, 354, 355
DNA polymerase  367, 390
DNA regulatory elements  364
DNA sequencing  367–8

next-generation sequencing  368–9
D–N–J sequence  65–6
Döhle bodies  253
donor lymphocyte infusion (DLI)  385–6

GVHD control  388
DP genes  264
DQ genes  264
DR52a gene  271
DRB genes  264
DRB1*0410 allele  297, 299
DRB3*0101 gene  271
drug resistance

immunotherapy  330
pharmacogenomics  346–7

drug resistance gene  328, 329
dTTP defi ciency in megaloblastic anemia  

142, 143
Duffy antigen  199, 201
Duffy binding proteins  200, 201
dUTP  141–2
dyskeratosis congenita  149, 155, Plate 12.4

telomerase complex  155, Plate 12.4
X-linked  155

dyskerin  155

8p11 myeloproliferative syndrome (EMS)  
111

eculizumab  151, 152
elastase  313
electrophoresis  366–7, 391
electroporation  318–19
eltrombopag  317, Plate 24.3
end-cell response  315
endocytosis  171
endogenous erythroid colonies (EECs)  104
endoperoxides  206
endosomes  171
endothelial protein C receptor (EPCR)  209, 

Plate 17.3
endothelium, sickle red cell adhesion  185–6
enhancer sequences  364
enterocytes, ferroportin expression  170
epigenetic modifi cation  338
epigenetic regulation  365
epigenetics  2

myelodysplastic syndromes  94–7
tumor suppressor gene inactivation  94, 

95
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epitope spread, autoimmune disorders  296
epoetin alfa  316
Epstein–Barr virus (EBV)  121, 295
erythrocyte binding antigen (EBA)-175  199, 

200
erythrocyte-binding protein (EBP)  200

host receptor interaction  200–1
erythrocytes

iron requirement  169
lifespan impact of infl ammation  167
transfusion  167

erythroid precursors
iron requirements  171
iron uptake mechanisms  170

erythrons  13
erythrophagocytosis, malaria  205
erythropoiesis

cytokine effects  167
ineffective

congenital dyserythropoietic anemia  
144

malaria  205–6
megaloblastic anemia  141

iron restriction in anemia of chronic 
disease  166

iron supply  169–70
transferrin saturation  172

erythropoiesis-stimulating agents (ESAs)  
308, 313

pharmacokinetics/pharmacodynamics  
315

thromboembolic risks  315–16
erythropoietin  33, 104, 308

abuse  313–14
malaria  205
pleiotropic actions  313
production  317
resistance in infl ammation  167
response to anemia  15
sickle cell anemia  187
supplementation  167

erythropoietin, recombinant  309, Plate 24.1
administration  314
anemia treatment  310
blood doping by athletes  313–14
persistence in body  315

erythropoietin receptor (EPOR)  28–9
EPO binding  310, Plate 24.1
essential thrombocythemia  109
JAK2 signaling  104–6
polycythemia vera  109
SNPs  109

E-selectin  35, 36
essential thrombocythemia (ET)  104

erythropoietin receptor SNPs  109
JAK2 V617F gene mutation  107, 108
WHO diagnostic criteria  112

ethnic groups, genetic variation  338
ETO gene  71–2
Ewing’s sarcoma/primitive neuroectodermal 

tumor  21, Plate 2.9
EWS/FLI1 rearrangement  21, Plate 2.9
expressed sequence tags (ESTs)  355, 391

F8 gene  221–3
F8A gene  221, 222
F9 gene  223–4
factor V (FV)  208, 209–10, Plate 17.2

activated (FVa)  208
degradation  211–12

factor V Leiden  210, 211–12, 216
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homozygous  216–17
screening  217

factor VII (FVII)  208
activated (FVIIa)  208, Plate 17.1

recombinant  228–9
factor VIII (FVIII)  208

activated (FVIIIa)  208, 209–10, Plate 
17.2

hemophilia  219, 220, 221–3
hybrid molecules  229
inhibitory antibody development  219, 

224–5
recombinant  227, 228

pegylated  229
factor IX (FIX)  208, Plate 17.1

hemophilia  219, 220, 223–4
inhibition of activated  209
inhibitory antibody development  224–5
recombinant  228

pegylated  229
factor X (FX)  208, Plate 17.1

activated (FXa)  208
inhibition  209

factor XI, activated (FXIa) inhibition  209
familial platelet disorder with propensity to 

develop myeloid malignancy (FPD/
AML syndrome)  47, 52–3

etiology  89–90
FANC genes  153, 154
Fanconi anemia  149, 153–5, Plate 12.3

cancer association  154
cellular phenotype  153–4
clinical aspects  153
core complex  153, 154
diagnosis  154
molecular genetics  154
proteins  153–4
treatment  154–5

farnesyltransferase, small-molecule 
inhibitors  49

Fas/Fas-ligand  386, 387
FcγR genes  294

FCGR2A gene polymorphisms  294
FCGR3A gene  273, 274
FCGR3B gene  273, Plate 21.2
FcγRIIA gene polymorphisms  294
FcγRIIIA gene  273, 274
FcγRIIIB  273, 274, Plate 21.2
ferritin

iron-overloaded tissues  172
serum levels  165–6

ferritin protein multimers  172
ferroportin  170

degradation pathway  173
ferroportin-associated hemochromatosis  

177
fetal anemia  268
fetal blood sampling, hemophilia antenatal 

diagnosis  226–7
fetal hemoglobin see Hb F
fetal red cells, oxygen affi nity  3
fi brin  208
fi broblast growth factor receptor 3 (FGFR3) 

inhibitors  131
fi broblasts, factor IX production  229
fi bronectin  36
fi lamin A  253
FIP1L1–PDGFRA fusion gene  110–11

rearrangement in chronic eosinophilic 
leukemia  110–11, Plate 9.1

Fisher, R.A.  361
FLNA gene defects  253
fl ow cytometric analysis  391

minimal residual disease  58, 59
detection  57

fl ow cytometry  247
FLT3 gene

internal tandem duplications  45–6
mutations  45–6, 48–9

myelodysplastic syndromes  100
overexpression in ALL  347

fl t-3 receptor  30
Flt3-ligand  30, 34
FLT3-selective inhibitors  49
fl uorescence-activated cell sorter  38, 391
fl uorescent in situ hybridization (FISH)  

19–21, 391
chromosomal translocation detection  

63
lymphoma genetics  118, Plate 10.1, Plate 

10.2, Plate 10.4
on metaphase chromosomes  19–20
minimal residual disease  58, 59
multiple myeloma  128
on nuclei  20–1, Plate 2.9
probes  19, 20

folate defi ciency  140, 141
megaloblastic anemia  141, 142

folate pathway  342, 343
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follicular lymphoma  123–4, Plate 10.2
genetics  123–4
molecular/cytological pathogenesis  122
transformation of disease  373

founder effect  211
Franklyn, Rosalind  362
French, American and British Cooperation 

Group (FAB), myelodysplastic 
syndrome diagnostic criteria  89, 90, 
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G6PD gene mutations  160–1
ganciclovir  332
Gardos channels  187, 391

inhibition  188
GATA-1 gene mutations  253
GATA-1 protein  30
Gaucher disease, gene therapy  327–8
gemtuzumab ozagamicin  376
gene(s)  391
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translocations  62

transcriptional regulation  365
gene expression profi ling  19, 22–3, 391, 

Plate 2.11
B-cell chronic lymphocytic leukemia  352, 

354–5
cellular pathway tracking  356–8
diffuse large B-cell lymphoma  123, 352, 

354
DNA microarrays  350
lymphoid malignancies  350–8
lymphoma genetics  119
signaling pathways  356–8
signatures  350
transformation mechanisms  352, 354–5
tumor subtype identifi cation  350, 351, 

352
tumor-specifi c gene identifi cation  

355–6
gene therapy  318–33, 391

acquired disorders  328, 329, 330–1
chemoprotection  328, 329
gene-marking studies  324–5
genetic immunotherapy  328, 329, 

330–1
genetic inhibition  331
hemophilia  229
inherited disorder therapeutic trials  

325–8
oncoretroviral  320, 321 322–3
physical methods  318–19
safety  332
sickle cell disorders  188–9
suicide  332, 333
techniques  229
viral vectors  318, 319–20, 321, 322–4

gene-marking studies, hematopoietic stem 
cells  324–5

genetic code  363
genetic immunotherapy  328, 329, 330–1
genetic inhibition  331
genome annotation  1
germline mosaicism  226
giant platelet syndromes  253
Gilbert, Walter  368
Glanzmann thrombasthenia  248, 249–50
gliadin  295
globin chain(s), structurally abnormal  6
α-like globin chains  3
β-globin chain, unstable variants  9
β-like globin chain  3
globin gene  181–2
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regulation of developmental changes in 

expression  6
regulatory elements  4
ribosomes  4, 5
structure  3–4
transcription mechanism  4–5
translation mechanism  4, 5

α globin gene(s)  181–2
loss in α thalassemia  9, 16

α-like globin gene(s)  181–2
α globin gene cluster  3, 4

regulatory regions  5, 6
transcription factor actions  6

β globin gene(s)  181–2
defective transcription  7–8
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of mRNA  8
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translation of mRNA  8–9
β-like globin gene(s)  181–2
β globin gene cluster  4

haplotypes  182
regulatory regions  5, 6
transcription factor actions  6

glucocerebrosidase  327
glucocorticoid resistance  347
glucose 6-phosphate dehydrogenase
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function  160

glucose 6-phosphate dehydrogenase 
defi ciency  157, 160–1, 198
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157–8, 158–60
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Bernard–Soulier syndrome  247
mutations  248
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ITP  299–300
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graft-versus-host disease (GVHD)  385, 
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acute  386–7
cytokine storm  387
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chronic  387, 388
CML treatment  80, 81
control  387–8
mesenchymal stromal cell use  389
pathogenesis  387–8
suicide gene therapy  332
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granulocyte colony-stimulating factor 
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AML/MDS risk  316
clinical use  309
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granulocyte colony-stimulating factor 
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granulocyte–macrophage colony-stimulating 
factor (GM-CSF)  28, 33, 307

clinical use  309
immunotherapy  313, 316

Gray platelet syndrome  251, 252
Griscelli syndrome  252

haplotypes, genome-wide  338
HapMap project  338
Hb A  2, 3, 179
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α thalassemia  15, 16
Hb Beth Israel  192
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crystallization  189–90, Plate 15.2
hemoglobin C disease  189–90
hemoglobin SC disease  190

Hb Chesapeake  192
Hb E, homozygous  191
Hb E/β thalassemia  14, 15, 191
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sickle cells  17
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Hb Old Dominion  192
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Hb Quebec-Chori  190
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hematological malignancy, evolution  372
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cell-extrinsic regulators  30–2
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end-cell response  315
isolation  306–8
production  308–9
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