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    Preface 

emphasis has shifted in recent years to the 
notion that molecular defects acquired in 
single haemopoietic stem cells may be the 
primary cause of these different but related 
disorders. This then is the justifi cation for 
attempting to cover in a single book the vari-
ous chronic myeloproliferative disorders. The 
only major distinction that we have adopted, 
conveniently but perhaps somewhat artifi cially, 
is to divide them into Ph-positive and Ph-
negative MPDs, but the two categories do 
resemble each other almost as much as they 
differ individually. 

If progress in understanding the biology 
of the MPDs was rather slow in the fi rst half 
of the 20th century, the MPD student has been 
richly rewarded in the subsequent 60 years. 
Obviously important landmarks, to mention 
only a few, were the discovery of the Ph chro-
mosome, the characterisation of the (9;22) 
translocation, the identifi cation of the break-
point cluster region and of the BCR-ABL 
fusion gene. These major developments 
were followed much more recently by the 
identifi cation of the V617F mutation in 
JAK2 exon 14 and other mutations in JAK2 
exon 12, which seem to play a key role in 
the Ph-negative MPDs. One may well ask 
whether this remarkable progress in under-
standing the molecular biology of the MPDs 
will presage similar advances in understand-
ing other malignant conditions with ensuing 
implications for therapy - the so-called 
paradigm shift in the overall orientation of 
research. Early indications suggests that the 
answer may well be ‘yes’.

For this edition we have asked a number of 
experts to contribute individual chapters sum-
marising the state of play for 2008. We recog-
nize that each chapter necessarily relies heavily 
on published work but we believe that to bring 
the various topics together in one easily read-
able book will be a real benefi t for scientists, 

Claims of priority can almost always be chal-
lenged but it is generally agreed that John 
Hughes Bennett in Edinburgh and Rudolph 
Virchow in Berlin were the fi rst to publish 
accurate case reports of what must surely 
have been chronic myeloid leukaemia. Both 
published in 1845 and probably neither was 
aware of the other’s publication until later. In 
1879 a German surgeon, Gustav Heuck, 
described two young patients with massive 
splenomegaly and abnormal leukocytes and 
nucleated red cells in the blood – a condition 
we would accept today as primary myelofi -
brosis. Louis Vaquez can legitimately claim 
credit for the fi rst description of polycythemia 
vera in 1892, though of course the disease was 
for many years known as Osler-Vaquez disease 
in recognition of Osler’s description in 1903 
of four cases of what today we accept as poly-
cythemia vera. Epstein and Goedel were the 
fi rst to describe the condition known to as 
essential thrombocythemia. These four condi-
tions were generally regarded as distinct 
though various haematologists in the fi rst half 
of the 20th century had noted trilineage 
involvement in each. In the editorial he wrote 
in Blood in 1951 William Dameshek’s contri-
bution unquestionably was to group these 
three disorders together with others under 
the general heading of myeloproliferative dis-
orders and to draw attention to their common 
features. He did not specifi cally refer to 
essential thrombocythemia. 

“....To put together such apparently dissimilar 
diseases as chronic granulocytic leukemia, poly-
cythemia, myeloid metaplasia and diGuglielmos’s 
syndrome may conceivably be without foundation, 
but for the moment at least, this may prove useful 
and even productive. What more can one ask of a 
theory?” (Dameshek, 1951)

He speculated that they might all be due to 
some ill-defi ned exogenous factor stimulating 
excessive haemopoiesis but of course the 
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clinical haematologists and students who are 
not already working in the fi eld and do not 
have time to read all the original literature – at 
last search Google produced 12 million refer-
ences to leukaemia and PubMed more than 
200 000 for myeloproliferative diseases. 

So we must express our thanks to the 
authors who all contributed their excellent 

chapters. Actually writing for a book of this 
kind always takes much longer than one 
imagines when one accepts the original invita-
tion so we appreciate their efforts. We hope 
the reader will too.

Tariq Mughal
John Goldman
London, 2008
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                     Chronic myeloid leukemia: 
a historical perspective   
   Tariq I   Mughal   ,    John M   Goldman       

1

 INTRODUCTION 

 The story of what we now know as chronic 
myeloid leukemia (CML) began in the early 
19th century as a result of astute clinical obser-
vations. Thereafter, with the dawn of the era of 
medical microscopy and the use of aniline-
based dyes to stain human tissues, leukemias 
were recognized as a distinct nosological entity. 
Many of the initial efforts focused on therapy 
and led to the introduction of arsenicals in the 
later part of the 19th century for symptomatic 
relief. This was largely supplanted by the intro-
duction of ionizing radiation at the beginning 
of the 20th century and later by the alkylating 
agent, busulfan, though many hematologists 
were suspicious that this agent might, in some 
cases, expedite transformation of the initial 
chronic phase to the more advanced phases of 
CML. Major progress in both the therapy and, 
indeed, the understanding of the disease did 
not occur until 1960 when advances in the 
technology of cytogenetics led to the discovery 
of a consistent chromosomal abnormality in 
bone marrow cells of patients with CML. This 
was later termed the ‘Philadelphia  ’   or Ph 1  
chromosome to acknowledge the city where 
the discovery took place. The era of molecular 
biology unfolded in the early 1980s, and led to 
the molecular unraveling of the ‘pathogenetic  ’   
or apparent ‘initiating  ’   event for the chronic 
phase of CML. This, in turn, paved the way to 
the successful introduction of the original ABL 
kinase inhibitor, imatinib mesylate, as 
initial treatment for the majority of, if not all, 
newly diagnosed patients in chronic phase. 
In this chapter we address the principal his-
torical events leading to the current treatment 

algorithms for the various phases of CML. 
The chronology of events is summarized in 
 Table 1.1  and  Figure 1.1 .            

 THE 17th AND 18th CENTURIES 

 Microscopy was first introduced by Robert 
Hooke in England in 1665 and Anton van 
Leeuwenhoek in The Netherlands in 1674. 1  ,  2  
Many efforts were undertaken thereafter to 
study blood cells. Initial descriptions of red 
blood cells appear to have been made by Jan 
Swammerdam in 1668 and Leeuwenhoek in 
The Netherlands in 1674, and of white blood 
cells by Joseph Lieutaud in France in 1749 and 
William Hewson in England around 1765. 3    –  5  
The description of platelets, however, did not 
occur until the 19th century, just ahead of the 
efforts led by Paul Ehrlich in Germany in the 

Table 1.1 Milestones in the study of chronic myeloid 
leukemia

1960 ‘Philadelphia’ chromosome

1973 Philadelphia chromosome is t(9;22)

1982 ABL involved in t(9:22)

1984 Discovery of BCR on chromosome 22

1985 BCR-ABL chimeric mRNA

1985 p210BCR-ABL has enhanced tyrosine 
kinase activity

1987 p190BCR-ABL Ph-positive ALL

1990 p210BCR-ABL murine model simulating the 
human disease

1997 p230BCR-ABL in CNL
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use of chemical dyes for better morphological 
assessment of the various blood cells. 6  ,  7  

 It is, of course, likely that one of the first 
people to publicize the potential role of bone 
marrow and blood might have been William 
Shakespeare, who at the end of the 16th century 
wrote ‘Thy bones are marrowless, thy blood is 
cold  ’   ( Macbeth ).   

 THE 19th CENTURY 

 Though the initial descriptions of human leu-
kemias probably began early in the 1800s, 
Alfred Velpeau in France is credited with the 
first detailed description of what must have 
been leukemia in 1827. 8  ,  9  He described a 
63-year-old florist and lemonade salesman who 
presented with gross hepatosplenomegaly and 
was noted to have ‘globules of pus  ’   in his blood. 
The precise diagnosis, however, remained elu-
sive. The first plausible references to the entity 
now known as CML were probably made in 
1845, almost simultaneously, by John Bennett 
in Edinburgh, who reported a 28-year-old slater, 
and Rudolf Virchow in Berlin, who reported 
a 50-year-old cook. 10  ,  11  They both described 
autopsy reports in their respective patients 
who appeared to have been unwell for about 
2 years before their deaths and were noted to 
have very large spleens and an unusual consis-
tency of the blood, which Virchow described 

as ‘weisses blut  ’   and for which Bennett pro-
posed the term ‘leucocythaemia  ’   12  ( Figure 1.2 ). 
Such was the interest in these initial clinical 
descriptions, that by 1846, a further nine cases 
were documented by Virchow. Thereafter cases 
were described by Craigie, Fuller, and others 
with increasing frequency. 13    –  15  Wood in 1850 is 
credited with the initial description of CML in 
USA, coincidentally as it turns out in the city 
of Philadelphia. 16  

  Gustav Heuck in Germany in 1879 recog-
nized what he thought was a variant of leu-
kemia when he described two cases of young 
patients presenting with massive splenomegaly, 
circulating ‘nucleated red cells  ’  , and ‘abnormal 
leukocytes  ’  , and termed this ‘splenic-medullary 
leukemia  ’  , an entity subsequently known by a 
number of names, including Heuck – Assmann 
syndrome (1902), agnogenic myeloid meta-
plasia (1940), chronic idiopathic myelofibro-
sis (2001), and most recently in 2006 termed 
primary myelofibrosis by the International 
Working Group for Myelofibrosis Research and 
Treatment. 17            –  23  

 Though Alfred Donne in France is credited 
with the initial description of platelets in 1842, 
both Max Schultze in Germany and Giulio 
Bizzozero made significant contributions. 24  ,  25  
In 1868 Ernst Neumann in Germany intro-
duced the concept of blood cells being for-
med in the bone marrow and the notion of 

 Figure 1.1    Milestones in the treat-
ment of chronic myeloid leukemia. 
2G -TKI, second generation tyrosine 
kinase inhibitors.   

Palliative therapy Curative intent

Arsenic

Spleen irradiation

Busulfan

Hydroxyurea

Stem cell transplantation

Interferon alfa

Imatinib

2G-TKI

20081998198319801964195319031845

Year
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‘leucocythemia  ’   arising in the marrow rather 
than the spleen, as Virchow and others had 
thought. 26  The ‘modern  ’   era of medical micro-
scopy began in the 1880s with the introduction 
of panoptic staining methods by Paul Ehrlich 
in Germany 6  ,  27  ( Figure 1.3 ). By this time Neu-
mann was already working on a remarkably 
detailed description of the cellular components 
of the bone marrow and probably introduced 
the notion of an ‘ancestral cell  ’   that resulted 
in the production of circulating red cells. 28  In 
1891 Ehrlich compiled the first classification 
of ‘leukemias  ’   with the description of not only 
‘myeloid  ’   and ‘lymphoid  ’   types, but also the 
various major subtypes of leukemias, inclu-
ding a better microscopic description of CML. 
Remarkably he also speculated that the ‘ancest-
ral cell  ’   proposed by Neumann might actually 
represent a cell which gave rise to not only 
circulating red cells, but also white cells and 
platelets. 

  From a therapeutic perspective, efforts to 
improve the symptoms of CML probably began 
with the use of arsenicals by Thomas Fowler. 

 Figure 1.2    Virchow and Bennett.  

Bennett Virchow

1845

 Figure 1.3    Peripheral blood film depicting chronic 
myeloid leukemia  .

He described a 1 %  solution of potassium 
arsenite as a general ‘tonic  ’   for humans and 
animals, and its first documented use was by 
Lissauer in Germany in 1865. 29  The first report 
of arsenic to treat a patient with the probable 
diagnosis of CML was published in  The Lancet  
by Arthur Conan Doyle from Birmingham, 
England, in 1882; there is some ambiguity about 
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disease was later named polycythemia vera by 
William Osler in England in 1903. 32  ,  33    

 THE 20th CENTURY 

 At the turn of the 20th century, Osler, Turk, 
and Parkes-Weber provided detailed descrip-
tions of polycythemia vera and its features which 
overlapped with the leukemias in general. 34  ,  35  
Remarkably, Turk, Weber, and Watson also des-
cribed bilineage proliferation in polycythemia 
vera. 36  In 1917, a further entity was added 
to this list of blood disorders, when Giovanni 
Di Guglielmo in Italy coined the phrase ‘eritro-
leuco-piastrinaemia  ’   to describe a patient with 
circulating erythroid progenitors, myeloblasts, 
and megakaryoblasts. 37  The clinical features 
of CML were well characterized in a classical 
paper by Minot and colleagues in 1924. 38  This 
paper also recognized that age was an impor-
tant prognostic factor. In 1934 Emil Epstein 
and Alfred Goedel in Austria described a patient 
with ‘extreme  ’   thrombocytosis, absence of ‘pan-
myelosis  ’  , and an enlarged spleen, and ter-
med this ‘hemorrhagic thrombocythemia  ’   (later 
termed ‘essential thrombocythemia  ’  ). 20  

 The notion of trilineage hematopoietic 
proliferation was introduced by Vaughan and 

the letter since the author ’ s name appears as 
Arthur ‘Cowan  ’   Doyle and not Arthur Conan 
Doyle, but this is probably merely a printer ’ s 
error. Conan Doyle is, of course, rather more 
famous for his stories of Sherlock Holmes 30  
( Figure 1.4 ). Blood transfusion was perfor-
med, but largely without success, and did not 
become a safe procedure until the discovery 
of the human blood groups by Landsteiner in 
1935. Splenectomy was also used but often 
resulted in the death of the patient. 

  Towards the end of the 19th century, an 
increasing number of cases were described in 
different parts of the world characterized by 
an increase in the number of the different blood 
cells and often accompanied by an enlarged 
spleen. Louis Vaquez in France in 1892 descri-
bed the case of a middle-aged man with 
marked erythrocytosis, hepatosplenomegaly, 
and a ‘ruddy  ’   complexion. 31  Though it was ini-
tially thought that the underlying disease was 
‘congenital heart disease  ’  , an autopsy revealed 
a normal heart; in view of the enormous hepa-
tosplenomegaly, it was speculated that the 
underlying disease was probably hematological 
and it was given the term ‘maladie de Vaquez  ’   
or ‘Vaquez ’ s disease  ’  . In 1899, Richard Cabot 
in America described additio nal cases and the 

Picture of Sir Arthur Conan
Doyle in 1892 by which time
he was becoming famous as
the author of the Sherlock 
Holmes detective stories.

Dr Arthur Conan Doyle, the
author, then in medical practice
in Birmingham, UK, described the
use of arsenic (Fowler’s
solution) to treat a case of
leuco-cythaemia (CML) in a
letter to The Lancet (1882).

 Figure 1.4    Sir Arthur Conan 
Doyle (1892).  
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to CML. This abnormality was heralded as the 
first consistent cytogenetic abnormality in a 
human cancer at the First International Con-
ference on Chromosomal Nomenclature in 
1960 in Denver. It was at this conference that the 
abnormal chromosome described by Nowell 
and Hungerford was named Philadelphia 
(Ph 1 ) chromosome, after the city of its dis-
covery. The superscript ‘1  ’   was added on the 
premise that additional abnormalities origi-
nating from Nowell and Hungerford ’ s work, 
would be discovered in Philadelphia. This, of 
course, did not occur and the superscript had 
been dropped by most hematologists by 1990. 
The formal recognition that a human cancer 
might be caused by an acquired chromosomal 
aberration, of course, vindicated to some 
degree the hypothesis postulated by Theodore 
Boveri in Germany in 1914 that cancer 
may be caused by acquired chromosomal 
abnormalities. 42  

  The next important observations which 
established that CML was a stem cell-derived 
clonal disease came from Phillip Fialkow and 
colleagues in 1967. 43  They applied a genetic 
technique developed by Susumu Ohno, Ernest 
Beutler, and Mary Lyon, based on X chromo-
some mosaicism in females, and by exploiting 
the polymorphism in the X-linked glucose-
6-phosphatase dehydrogenase locus in female 
patients, they established the clonal nature of 
not only CML, but also polycythemia vera, 
essential thrombocythemia, and primary 
myelofibrosis (albeit in later papers published 
in 1976, 1978, and 1981, respectively). 44  ,  45  

 In 1972, Janet Rowley in Chicago described 
the morphological aspects of the Ph chromo-
some in some detail and confirmed that it 
arose as a consequence of a reciprocal translo-
cation of genetic material between the long arms 
of chromosomes 9 and 22, t(9;22)(q34;q11) 
( Figure 1.7 ). 46  She deserves credit for making 
an observation that strongly supported the 
notion that cytogenetic changes play an impor-
tant role in leukemogenesis. 

  The molecular events underlying the gene-
sis of the Ph chromosome began to unfold 
in 1982, when Heisterkamp and colleagues 
in Rotterdam mapped to chromosome 9 the 

Harrison in 1939 when they described two cases 
of ‘leucoerythroblastic anemia and myeloscle-
rosis  ’   and suggested that the trilineage prolife-
ration arose from a ‘common primitive reticulum 
cell  ’  . 39  By now efforts were in place to recog-
nize ‘myeloproliferative diseases  ’   as a separate 
entity from ‘acute leukemias  ’  . In 1951, William 
Dameshek, a distinguished American hema-
tologist who started the journal  Blood , grouped 
CML with polycythemia vera, essential throm-
bocythemia, and myelosclerosis, and called 
the diseases collectively ‘chronic myeloprolif-
erative diseases  ’   in a seminal  Blood  editorial 40  
( Figure 1.5 ). 

  In 1960 Peter Nowell and David Hungerford, 
in Philadelphia, described the presence of an 
abnormally small acrocentric chromosome, 
which resembled a Y chromosome, in two male 
patients with what was then called chronic gran-
ulocytic leukemia 41  ( Figure 1.6(a) and (b) ). 
They subsequently described the presence 
of this chromosomal abnormality in a further 
seven patients, including two females, with 
CML. They then speculated that the abnormal 
chromosomal abnormality was probably not 
constitutive and may well be causally associated 

 Figure 1.5    William Dameshek (1951).  
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8.5-kb ABL transcript and, in 1985, the BCR-ABL 
fusion gene that expressed a p210 oncopro-
tein was iden tified by Shtivelman, Stam, 
Ben-Neriah, and colleagues. 50    –  52  Three sepa-
rate breakpoint locations on the  BCR  gene 
on chromosome 22 are now recognized 
( Figure 1.8 ). The break in the major breakpoint 
cluster region (M-BCR) occurs nearly always in 
the intron between exon e13 and e14 or in the 
intron between exon e14 and e15 (toward 
the telomere). By contrast, the position of the 
breakpoint in the  ABL1  gene on chromosome 
9 is highly variable and may occur at 
almost any position upstream of exon a2. This 
translocation results in the generation of the 
chimeric  BCR-ABL  fusion gene transcribed as 
an 8.5-kb mRNA which encodes a protein of 
210 kDa (p210 BCR-ABL1 ) that has a greater 
tyrosine kinase activity compared with the 
normal ABL protein. The different break-
points in the M-BCR result in two slightly 
different chimeric  BCR-ABL1  genes, resulting 
in either an e13a2 or e14a2 transcript. The 
type of BCR-ABL transcript has no important 
prognostic significance. The second break-
point location on the  BCR  gene was noted to 
occur between exons e1 and e2 in an area 
designated the minor breakpoint cluster 
region (m-bcr) and forms a BCR-ABL tran-
script that is transcribed as an e1a2 mRNA 
which encodes for p190 BCR-ABL1 . This is found 
in about two-thirds of patients with Ph-positive 
acute lymphoblastic leukemia (ALL). 

  The presence of the p190 BCR-ABL1  fusion 
protein in patients with Ph-positive ALL was 
described by Erickson, Chan, Hermans, and 
colleagues between 1985 and 1987. 53  In 1988, 
Kurzrock and colleagues described the pres-
ence of the Ph chromosome in all leukemic 
cells of the myeloid lineage, and in some 
B cells and in a very small proportion of T cells 
in CML patients. 54  The transforming ability of 
these BCR-ABL fusion proteins was demon-
strated convincingly by George Daley and David 
Baltimore, in Boston, in 1988. 55  The precise 
nature of the transforming property of the 
 BCR-ABL1  fusion gene was attributed to the 
enhanced tyrosine kinase activity. Daley and 
Baltimore also showed, in 1990, the induction 

human homolog of the recently described 
Abelson murine leukemia virus. 47  ,  48  In 1984, 
the same group, led by John Groffen, Gerard 
Grosveld, and others, described the so-called 
‘breakpoint cluster region  ’   ( bcr ). 49  Subsequently, 
Canaani, Collins, and colleagues described an 

 Figure 1.6    (a) Nowell and Hungerford (1960). (b) Ima-
tinib and a schematic representation of how it might 
work in CML.  

(a)

(b)
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ents with classical clinical and hematological 
features of CML lack the Ph chromosome and 
are referred to as cases of Ph-negative CML. 
About half of such patients have a  BCR-ABL  
fusion gene and are referred to as Ph-negative, 
 BCR-ABL -positive cases; the remainder are 
 BCR-ABL  negative and some of these have 
mutations in the  RAS  gene. It is probable that 
these latter patients have a more aggressive 
clinical course. Some patients acquire addi-
tional clonal cytogenetic abnormalities as their 
disease progresses. The emergence of such 
clones often heralds development of blastic 
transformation. 

 In 1996 a third breakpoint location was found 
by Pane and colleagues in Italy. 58  Patients with 
the very rare Ph-positive chronic neutrophilic 

of a CML-like disease in mice, following the 
transduction of a retroviral infection of hema-
topoietic stem cells with p210 BCR-ABL1 . 56  This was 
confirmed by work done by Elephanty and 
colleagues, in Australia and Kelliher and 
colleagues in Los Angeles. The notion of the 
 BCR-ABL1  fusion gene having a central role in 
CML was then generally accepted. 57  

 With a general improvement in cytogenetic 
and molecular technology, the ‘classical  ’   Ph 
chromosome was easily identified in 80 %  of 
CML patients; in a further 10 %  of patients, 
variant translocations which may be ‘simple  ’   
involving chromosome 22 and a chromo-
some other than chromosome 9, or ‘complex  ’  , 
where chromosome 9, 22, and other additional 
chromosomes are involved. About 8 %  of pati-

 Figure 1.7    (a) Janet Rowley (b) Schematic representation of the Philadelphia (Ph) chromosome.  

(a)

(b)
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transformation have been implicated, not 
necessarily mutually exclusive. These include 
constitutive activation of mitogenic signaling, 
reduced apoptosis, impaired adhesion of cells 
to the stroma and extracellular matrix, and 
proteasome-mediated degradation of ABL inhi-
bitory proteins. The deregulation of the  ABL 
tyrosine kinase  facilitates autophosphorylation, 
resulting in a marked increase of phospho-
tyrosine on BCR-ABL itself, which creates bind-
ing sites for the SH2 domains of other proteins. 
A variety of such substrates, which can be tyro-
sine phosphorylated, have now been identi-
fied. Although much is known of the abnormal 
interactions between the BCR-ABL oncoprotein 
and other cytoplasmic molecules, the finer 
details of the pathways through which the 

leukemia had a much larger BCR-ABL fusion 
protein, p230 BCR-ABL1 . This was designated 
the micro breakpoint cluster region (µ-bcr) 
and results in e19a2 mRNA, which encodes a 
larger protein of 230   kDa. The remarkable 
consistency of these breakpoint locations paved 
the way to use of the polymerase chain reaction 
(PCR) technology to amplify small quantities 
of residual disease which might persist after 
effective treatment. This technique is now the 
preferred method for molecular monitoring of 
individual patients with CML. 

 Over the past decade much attention has 
focused on determining the precise role 
played by the various BCR-ABL proteins in the 
pathogenesis of CML. A number of possible 
mechanisms of BCR-ABL mediated mali gnant 

ABL
lb la a2 Xl

µ-BCRM-BCRm-BCR

BCR e1 e2 e6 e7 e12 e13 e14 e15 e16 e17e18 e19 e20 e23

b1

b1
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e14a2 (b3a2)
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 Figure 1.8    The various BCR-ABL transcripts.  
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cohort subjected to busulfan. Thereafter busul-
fan became the preferred treatment for all 
patients with CML. In 1961, Institorisz and 
colleagues introduced 1,6-dibromomannitol, as 
a possible alternative for patients who did not 
respond or became refractory to busulfan. 72  

 Hydroxycarbamide (previously hydroxyurea), 
a ribonucleotide reductase inhibitor, was intro-
duced into clinics in the early 1960s, largely as 
a result of efforts by Kennedy and colleagues, 
and it gradually became the treatment of 
choice for newly diagnosed patients in chronic 
phase. 73  A randomized study confirmed the 
superiority of hydroxycarbamide over busul-
fan, but neither drug reduced the proportion 
of Ph-positive cells in the bone marrow or 
prolonged the overall survival significantly. 74  
The next major development in the treatment 
of CML was the introduction of the first 
biological therapy, interferon alfa, by Moshe 
Talpaz and colleagues in 1983. 75  ,  76  This agent 
was able to reduce the proportion of Ph-positive 
cells in the bone marrow in some patients and 
a minority achieved complete cytogenetic 
remission. Subsequent prospective random-
ized stu dies comparing interferon alfa with 
hydroxycarbamide and busulfan confirmed 
the drug ’ s superiority, and it prolonged life by 
1 – 2 years. Remarkably, some of the patients 
who achieved Ph negativity continued to 
remain Ph negative even years after the drug 
was discontinued. By the early 1990s, inter-
feron alfa became the non-transplant treat-
ment of choice for the majority of patients 
with CML in chronic phase. 

 Though the original concept of bone mar-
row transplant was probably first advocated 
by Thomas Fraser in 1894, when he famously 
recommended that patients eat bone marrow 
‘sandwiches  ’   flavored with port wine (to improve 
taste), sporadic attempts at marrow transplan-
tation were undertaken much earlier. 77  The 
modern era of bone marrow (now stem cell) 
transplant did not begin until research had 
gained a basic understanding of the histocom-
patibility system. Much of the pioneering 
work in stem cell transplantation was carried 
out by Don Thomas (who was subsequently 
awarded a Nobel prize for his contributions) 

‘rogue  ’   proliferative signal is mediated, such 
as the RAS-MAP kinase, JAK-STAT, and the PI3 
kinase pathways, are incomplete and the rela-
tive contributions to the leukemic ‘phenotype  ’   
are still unknown. Moreover, the multiple 
signals initiated by the BCR-ABL have both 
proliferative and anti-apoptotic qualities, which 
are often difficult to separate. Much remains 
to be learned about the significance of tyrosine 
phosphatases in the transformation process. 

 Work done by Epstein, Melo, and others 
supported the notion that the Ph-positive cell 
was prone to acquire additional chromosomal 
changes, putatively as a result of increasing 
‘genetic instability  ’  , and this presumably under-
lies progression to advanced phases of the dis-
ease. 59  At the cytokinetic level, the mechanism 
by which the  BCR-ABL1  gene results in the 
preferential proliferation and differentiation 
of myeloid progenitors remains an enigma. 
There is evidence from the work of Holyoake 
and others, suggesting the presence of normal 
progenitors cells maintained in G 0  as a result 
of proliferation of leukemic cells which can, 
under certain circumstances, be induced to 
proliferate.60 

 In the first half of the 20th century, the 
treatment in general focused on an improve-
ment in the quality of life by controlling the 
symptoms attributed to CML. In the early 1900s 
radiotherapy to the spleen was introduced and 
became popular for control of splenic enlarge-
ment. 61  ,  62  Radioactive phosphorus was also 
used intermittently. 63  Other treatment moda-
lities used, with very limited success, inclu-
ded antileukocyte sera in 1932, benzene in 
1935, urethane in 1950, and leukapheresis. 64      –  67  
Despite the significant mortality associated 
and controversial benefits achieved, the use 
of splenectomy continued well into the 
20th century. 68  ,  69  There were a number of other 
notable treatment attempts, but most, if not all, 
were unsuccessful. 70  

 The first cytotoxic drug used was an alky-
lating agent, busulfan, which was introduced 
largely by David Galton in London, in 1953. 71  
Galton then carried out a prospective compa-
rison of busulfan and splenic radiation, and 
showed a significant survival advantage for the 
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led by Brian Druker in Portland, Oregon and 
Alex Matter in Basel, Switzerland, were pub-
lished in 1996 ( Figure 1.9 ). 84  They develo-
ped a small molecule, imatinib mesylate, 
which selectively inhibited the ABL tyrosine 
kinase and thereby disrupted the oncogenic 
signals which lead to the development of 
CML. Imatinib mesylate entered phase I trials 
in 1998 and phase II trials in 1999. 85  The results 
were considered convincing enough for regu-
latory agencies on both sides of the Atlantic to 
approve the use of this oral drug for the treat-
ment of CML considered to be resistant or 
refractory to interferon alfa, in 2001, even 
though the results of a phase III study were still 
unavailable. 86  ,  87  

         THE 21st CENTURY 

 Though the observation that a small molecule 
such as imatinib mesylate could reverse the 
clinical and hematological features of CML 
constituted the final proof of the importance 
of the  BCR-ABL oncoprotein  to CML, there 
persisted some uncertainty about whether 
BCR-ABL was the initiating lesion or only a 
secondary event. Indirect evidence, collated 
by Fialkow and colleagues in 1981, had sug-
gested that there may be a preceding predis-
position to genomic instability in a Ph-negative 
population.88 Clonal changes have now been 
seen in the Ph-negative populations in patients 
successfully treated for Ph-positive CML, espe-
cially  + 8, monosomy 7, and  − Y. Occasional 
cases of Ph-negative acute myeloid leukemia 
(AML) were reported by Kovitz and colleagues 
in 2006, in patients responding to imatinib. 89  
In 2007, Zaccaria and colleagues, in Rome, 
reported five CML patients who had multiple 
cytogenetic abnormalities coexisting in the Ph-
positive cells of newly diagnosed CML patients; 
when the patients were treated with imatinib 
therapy the Ph chromosome was eliminated 
but the other abnormalities persisted. 90  The 
authors speculated that the non-Ph abnorma-
lities must have preceded the acqui sition of the 
Ph chromosome. Furthermore, in 2007, Brazma 
and colleagues in London demonstrated 
that some patients with CML had acquired 

and colleagues in Seattle in the early 1970s. 78  ,  79  
The early results were, for the most part, dis-
appointing, largely because patients were in 
the advanced phases of the disease and suc-
cumbed to either the disease or the complica-
tions of the transplant. However, in 1979 the 
Seattle group reported successful treatment of 
four patients with CML in chronic phase who 
were transplanted with marrow cells collected 
from their respective normal genetically iden-
tical twins. 80  These efforts stimulated a num-
ber of investigators to initiate programs for 
transplanting CML patients in chronic phase 
using marrow cells from their respective HLA-
identical sibling donors. The results were very 
encouraging and by early 1990s, the potential 
for allogeneic transplant to induce a cure for 
the majority of patients was recognized. The 
precise mechanisms by which this cure is 
achieved, however, remains unclear, though it 
must, in large part, be attributable to an immu-
nological assault on residual leukemia cells in 
the patient, which has been designated the 
‘graft-versus-leukemia  ’   effect. 81  Most, but not 
all, patients in whom BCR-ABL transcripts are 
repeatedly undetectable at 5 years after their 
allogeneic stem cell transplant will remain neg-
ative for long periods thereafter and will prob-
ably never relapse. 82  

 In 1978 Goldman and colleagues in London 
showed that marrow-repopulating stem 
cells were present in the peripheral blood of 
un tr eated CML patients. 83  There was some 
hope that for patients ineligible for allograft-
ing the use of cytoreduction followed by 
auto grafting with peripheral blood stem 
cells might prolong life. In some patients mar-
row Ph- negative hemato poiesis was restored by 
this approach but very few patients remained 
Ph negative for extended periods. There 
appears to be some renewed interest in the pos-
sible role of autografting in the current tyrosine 
kinase inhibitor era. 

 Following the establishment of the central 
role of BCR-ABL1 in CML in 1990, efforts 
were made to develop a small molecule that 
could inhibit the deregulated tyrosine kinase 
activity of the BCR-ABL oncoprotein. The ini-
tial results of the ultimately successful program 
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molecular abnormalities iden tifiable by array 
comparative genomic hybridization. 91  

 The recent 6-year follow-up results of the 
phase III data on previously untreated chronic 
phase patients were presented in December 
2007, and published in abstract form. They 
clearly confirm not only the long-term efficacy 
of imatinib in inducing complete cytogenetic 
remission in about 64 %  of the original cohort, 
but also major molecular responses in a minority 
of these patients and an improved overall 
survival; the 5-year follow-up was published in 
December 2006. 92  ,  93  Conversely resistance, both 
primary and secondary, is seen in a significant 
minority of patients in chronic phase. 94  Primary 
resistance is actually very rare and can be asso-
ciated with low levels of the human organic 
cation transporter 1 (hOCT1), which are asso-
ciated with poor intracellular uptake of imatinib. 

(a) (b)

(d) (e)

(c)

Figure 1.9 Brian Druker (a) and the Ciba-Geigy 
scientific team: Alex Matter (b), Nicholas B 
Lydon (c), Jürg Zimmerman (d), and Elisabeth 
Buchdunger (e).

The mechanisms for secondary or ‘acquired  ’   
resistance whereby patients respond well ini-
tially and then lose their response, appear to 
be quite different. 95  The best characterized 
mechanism underlying this secondary resistance 
appears to involve expansion of a Ph-clone 
bearing a BCR-ABL kinase domain mutation. 
Currently over 100 different mutations have 
been characterized in 50 amino acid residues 
and the precise significance of each appears to 
be different; not all are causally associated with 
resistance to imatinib. The first such mutation 
was described in 2001. This so-called ‘gate-
keeper  ’   or T315I mutation remains a princi-
pal cause for resistance not only to the original 
ABL tyrosine kinase inhibitor, imatinib, but 
also to the second generation drugs such as 
dasatinib and nilotinib. 96  This mutation arises 
as a consequence of threonine being replaced 
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principles that molecularly targeted treatment 
can work and the lessons learned are already 
being applied in the cancer field in general. 107  
Compounds such as dasatinib, nilotinib, and 
bosutinib have been shown to have significant 
activity in selected patients resistant to ima-
tinib and one or other of these newer agents 
could prove to be the preferred treatment for 
newly diagnosed patients in chronic phase. 108  
Some of the current clinical outstan ding issues 
include:

   1.    Is imatinib the best initial treatment for 
every chronic-phase patient?  

  2.    At what dose should imatinib be started 
and how should response to treatment be 
monitored?  

  3.    For how long should the drug be contin-
ued in patients who have achieved and 
maintain a complete molecular response?  

  4.    What do we understand about the mecha-
nisms of resistance to imatinib and how 
important is it?  

  5.    What can we anticipate, if anything, 
from the next generation of tyrosine 
kinase inhibitors?  

  6.    What is the role of an allograft and should 
conditioning be myeloablative or redu ced 
intensity?  

  7.    What is the precise significance of reducing 
the CML leukemia cell burden by more 
than 4 or 5 logs compared to the baseline?  

  8.    What might immunotherapy and vaccines 
offer?    

 These and other issues, including biological 
questions, should keep CML aficionados busy 
for some time to come.     
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 INTRODUCTION 

 The efficacy of imatinib, a selective ABL-kinase 
inhibitor, for the treatment of chronic myeloid 
leukemia (CML) has set a paradigm for trans-
lational research in oncology. 1  ,  2  This success 
would have been impossible without a detailed 
understanding of the molecular pathogenesis 
of CML, a story that took more than 150 years 
to unravel. CML was described in 1845 inde-
pendently by Bennett and Virchow. 3  ,  4  Progress 
was moderate for more than a century, until in 
1960 Nowell and Hungerford reported the 
presence of a small (minute) chromosome 
22 (22q − ) in seven CML patients, 5  which was 
named the Philadelphia chromosome (Ph), 
according to the city of its discovery. The next 
four decades saw the identification of the 
(9;22)(q34;q11) reciprocal translocation by 
Janet Rowley and colleagues, and the identi-
fication of  BCR  and  ABL  genes as the trans-
location partners by Groffen and Bartram, 
respectively ( Figure 2.1 ). 6    –  8  Even before the 
recognition of the  BCR-ABL  fusion it had been 
known that  ABL  is an oncogene. When study-
ing the Moloney murine leukemia virus 
(M-MuLV) in neonatal mice, Abelson and 
Rabstein discovered a retrovirus with diffe-
rent oncogenic potential, which they termed 
Abelson-murine leukemia virus (A-MuLV). 9  ,  10  
Additional studies showed that the virus con-
tained GAG sequences fused upstream of 
murine ABL. 11  Around the same time Collett 
and Erikson reported a correlation between 
the protein kinase activity of the Rous sarcoma 
virus (RSV) SRC protein and its transforming 
potency, which was subsequently characterized 
as specific tyrosine kinase activity by Hunter 

and Sefton. 12  ,  13  The discovery that v-ABL is 
a tyrosine kinase and that the transforming 
potency of  BCR-ABL  is dependent on its tyrosine 
kinase activity led to the concept that trans-
forming oncogenes can dysregulate target 
cells via aberrant tyrosine phosphorylation. 14  ,  15  
Recognizing the central role of  BCR-ABL  
for disease pathogenesis, the World Health 
Organization has defined CML as a  BCR-ABL -
positive myeloproliferative disorder. 

  CML is probably the most extensively studied 
human malignancy and one might question 
the wisdom of yet another review. Surprisingly 
though, a number of questions remain unans-
wered. Moreover, recent developments such as 
the completion of the human genome project, 
advances in gene and protein analysis techno-
logy (genomics, proteomics), refinement of 
murine  in vivo  models of CML, progress in the 
analysis of CML stem cells, and reports on 
modification of CML disease biology by BCR-
ABL-inhibitory drugs have added important 
new information.   

 ETIOLOGY OF THE BCR-ABL 
TRANSLOCATION 

 Epidemiological and  in vitro  data show a clear 
relationship between exposure to ionizing 
radiation and the risk of developing CML. 16    –  18  
No hereditary, familial, geographic, ethnic, or 
economic associations have been linked to 
CML incidence. A hint as to why this trans-
location targets specifically hematopoietic 
cells was provided by nuclear gene topology 
studies. 19  ,  20  The distance between the  BCR  
and  ABL  genes in hematopoietic cell nuclei 
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varies considerably according to lineage and 
differentiation stage, but is significantly less 
than would be expected by chance. It is 
thought that this may favor translocation 
events between the two genes after double 
strand breaks occur. Another possibility is that 
repeat sequences in  BCR  may favor recombi-
nation events. 21  However, conflicting results 
on this issue have been published. 22    

 THE TARGET CELL OF THE BCR-ABL 
TRANSLOCATION 

 Low levels of BCR-ABL mRNA have been 
detected in the blood of healthy individuals, 
raising the question of whether BCR-ABL itself 
is sufficient for leukemia initiation. 23      –  26  One 
could explain this finding by postulating that 
BCR-ABL is acquired by a hematopoietic pro-
genitor cell that lacks the self-renewal capacity 
required to sustain the leukemic clone. 
Another possibility is that immunological 
surveillance mechanisms prevent the expan-
sion of the leukemic cell clone. In support of 
this, it was found that certain HLA types are 
protective against CML. 27  A third possibility is 
that BCR-ABL alone is insufficient to induce 
CML and requires a cooperating genetic lesion 
to realize the chronic phase phenotype. In 
support of this, X-chromosome inactivation 

studies using expression of glucose-6-
phosphate dehydrogenase isoenzymes as a 
clonality marker demonstrated the clonal ori-
gin of the Ph-positive cell clone. 28    –  30  Surpri-
singly however, skewing of the Ph-negative 
B-cell compartment towards the pattern 
observed in the CML clone was also observed, 
suggesting that a clonal state may predate the 
acquisition of Ph. This has been supported by 
mathematical modeling based on epidemio-
logical data, which concluded that more than 
one event is required for the induction of the 
chronic phase of CML. 31  

 The combination of fluorescence-activated 
cell sorting and fluorescence  in situ  hybridiza-
tion revealed the presence of BCR-ABL in 
myeloid and lymphoid hematopoietic proge-
nitor cells, consistent with a pluripotent 
hematopoietic stem cell (HSC) as the origin 
of CML. 32  The CML-like murine myeloproli-
ferative disease that is generated by transplan-
tation of bone marrow retrovirally infected 
with p210 BCR-ABL  into lethally irradiated reci-
pients is characterized by multilineage 
involvement, consistent with a pluripotent 
HSC as the relevant BCR-ABL target. 33  ,  34  
Recently, the identification of the Ph rear-
rangement in  ex vivo  propagated endothelial 
cells of five out of six CML patients and the 
 in situ  detection of  BCR-ABL  in myocardium 

 Figure 2.1     The Philadelphia translocation.  Breakpoints 
in the long arms of chromosome 9 (q34) and chromo-
some 22 (q11) lead to the reciprocal translocation of 
the telomeric fragments. This results in an elongated 
chromosome 9q +  and a shortened chromosome 22q − , the 
so-called Philadelphia chromosome (Ph). The  ABL  and 
 BCR  genes reside on the long arms of chromosomes 9 
and 22, respectively. As a result of the translocation, 
an  ABL-BCR  chimeric gene is formed on the derivative 
chromosome 9 and a  BCR-ABL  gene on the derivative 
chromosome 22.  
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exhibits three so-called breakpoint cluster 
regions (BCR). The breakpoints most fre-
quently detected in patients (almost all CML 
and one-third of Ph-positive acute lympho-
blastic leukemia (ALL) patients) are located 
in a 5.8-kb area spanning  BCR  exons 12 – 16 
(originally referred to as exons b1 – b5). Fusion 
transcripts ( Figure 2.2 ) derived from this so- 
called major breakpoint cluster region (M-bcr) 
show either e13a2 (b2a2) or e14a2 (b3a2) 
junctions, which code for the p210 BCR-ABL  

chimeric protein. Breaks in the minor bcr 
(m-bcr), which is localized further 5  ′   between 
the alternative exons e2  ′  and e2 and encom-
passes some 54.4   kb, give rise to an e1a2 
transcript and p190BCR-ABL protein. e1a2 is 
the predominant transcript in most patients 
with Ph-positive ALL. The rare e1a2-positive 
CML patients tend to have high monocyte 
counts. With sensitive polymerase chain reac-
tion (PCR) techniques e1a2 transcripts are 
detectable at a low level in a significant propor-
tion of pati ents with p210 BCR-ABL , suggesting 

derived endothelial cells of one CML patient 
prompted the hypothesis that CML may 
originate in an even more primitive cell, the 
putative hemangioblast. 35  This is further 
supported by the detection of Ph in a very 
immature adherent fetal liver kinase-1 positive 
(Flk-1 + ), CD33–, CD34– cell with hematopoi-
e tic and endothelial differentiation capacity, 
and the ability to induce leukemia in mice. 36    

 THE  BCR-ABL  GENE 

 The genomic anatomy of the fusion gene, its 
mRNA transcripts and the structure of 
the derivative fusion protein are depicted in 
 Figure 2.2  (for a review see reference  37 ). 

  Breakpoints in the  ABL  gene on chromo-
some 9 (q34) are spread out over a 300-kb 
region at the 5  ′   end, most frequently between 
the two alternative exons Ib and Ia. Regardless 
of the genomic breakpoint,  ABL  exon I is 
spliced out during processing of the primary 
hybrid transcript. The  BCR  gene, in contrast, 

 Figure 2.2     Molecular genetics of 
the BCR-ABL fusion.  Locations of 
the breakpoints in the  ABL  and 
 BCR  genes (a) and the structure of 
the chimeric mRNAs derived from 
the various breakpoints (b). 
Arrows mark the three possible 
breakpoint locations that deter-
mine the length of the mRNA 
transcripts.  
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 THE BCR AND ABL PROTEINS 

 The BCR-ABL fusion protein was first detected 
in the CML cell line K562 by Konopka  et al . 
and later identified as the product of the  BCR-
ABL  fusion gene by Ben Neriah  et al . 44  ,  45  In 
analogy to v-ABL, aberrant tyrosine kinase 
activity was established as the transforming 
principle of BCR-ABL. 15  The 145-kDa ABL pro-
tein is a ubiquitously expressed non-receptor 
tyrosine kinase with a modular domain struc-
ture ( Figure 2.3 ). 46    –  48  The N-terminus con-
sists of three SRC-homology (SH) domains 
(SH1 – SH3). The SH1 domain carries the 
tyrosine kinase function, whereas SH2 and 

alternative splicing. 38  Finally, breaks in the 
micro bcr ( µ -bcr) 3  ′   of e19 generate e19a2 
transcripts and p230 BCR-ABL , which is associated 
with chronic neutrophilic leukemia. 39  Atypical 
transcripts such as e13a3, e14a3, e1a3, e6a2, 
e8a2 or e2a2 have been occasionally (<1 % ) 
reported in patients with ALL and CML. 40    –  42  
The notion that ABL sequences are largely 
conserved in the different oncogenic fusions 
is in agreement with the role of ABL as the 
transforming principal. BCR, on the other hand, 
apparently modulates the disease phenotype. 
In simplistic terms, the less BCR sequence is 
conserved in the fusion protein, the more 
aggressive is the disease. 43    

 Figure 2.3     Structure of the ABL and the BCR proteins.  ( a ) ABL type Ia is slightly shorter than type Ib. The Ib isoform 
contains a myristoyl residue that is believed to govern attachment to the plasma membrane, and plays a central role 
in autoinhibition of the protein. The N-terminus is also called ‘cap  ’  , which recently was recognized to coordinate 
the myristoyl-phosphotyrosine switch for ABL autoregulation. The core part of the protein is composed of three SRC-
homology (SH) domains situated towards the NH 2  terminus. The SH1 domain comprises the catalytic domain for sub-
strate phosphorylation (ATP), the SH2 and SH3 domains are regulatory subunits for docking proteins and autoregulatory 
intramolecular interactions of the enzyme. The SH2 domain binds to phosphorylated tyrosines in a sequence-specific 
context, the SH3 domain binds to proline-rich sequences. The center of ABL contains proline-rich (PxxP) regions 
capable of binding to SH3 domains, and it harbors one of three nuclear localization signals (NLS). The carboxy termi-
nus contains two additional NLS, and DNA as well as G- and F-actin binding domains. The figure is not drawn to scale 
and multiple phosphorylation sites have been omitted for clarity reasons. ( b ) BCR is a 160-kDa serine/threonine kinase 
(S/T). The N-terminus consists of the coiled-coil oligomerization domain and the kinase domain. Tyrosine 177 (Y177) 
is an autophosphorylation site important for GRB2 binding. The center of the molecule contains a region homologous 
to Rho guanidine nucleotide exchange factors (Rho-GEF) as well as dbl-like and pleckstrin homology (PH) domains. 
Toward the C-terminus a putative site for calcium-dependent lipid binding (CalB) and a domain with activating function 
for Rac-GTPase (Rac-GAP) are found. Arrows indicate the position of the breakpoints in BCR-ABL fusion proteins.  
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runting, skeletal abnormalities, and disturbed 
immune function indicates that ABL plays an 
important role in development. 63  ,  64  Moreover, 
mice null for both ABL and ARG are embry-
onically lethal owing to lack of neurulation. 65  

 BCR is a ubiquitously expressed 160-kD 
multidomain protein ( Figure 2.3 ). 66  The 
N-terminus contains a coiled-coil domain 
capable of oligomerization, followed by a ser-
ine/threonine kinase domain. 66  ,  67  The center 
of the protein contains a dbl homology (DH) 
and a pleckstrin homology (PH) domain that 
stimulate the exchange of guanidine triphos-
phate (GTP) for guanidine diphosphate 
(GDP) on small GTPases of the Rho family, 
while the C-terminus activates the GTPase 
activity of Rac. 68  The Rho-GEF and Rac-GAP 
functions suggest a role of BCR in cytoskeletal 
remodeling through regulation of small 
GTPases of the Rho family, such as Rac, cdc42, 
and Rho. Fibroblasts expressing p190 BCR-ABL , 
which lacks the DBL-like, cdc42, and PH 
domains, exhibit a more profound disruption 
of the actin cytoskeleton than cells expressing 
p210 BCR-ABL , and this has been linked to the 
more aggressive phenotype of p190 BCR-ABL  

positive leukemia. 69  Recently, the demons-
tration of a BCR-dependent negative regula-
tory activity towards the RAS-ERK pathway 
ascribed potential tumor-suppressive proper-
ties to BCR. 70  Additionally, BCR was shown 
to negatively regulate the Wnt/ β -catenin 
pathway. 71  ,  72  The Wnt/ β -catenin axis plays 
a role in proliferation and self-renewal of 
hematopoietic cells 73  ,  74  and has also been impli-
cated in regulation of CML progression. 75  
Despite these findings it has been difficult 
to define BCR ’ s true biological function, as 
BCR null mice are viable and a reduced 
neutrophil oxidative burst is the only identi-
fiable defect. 76    

 DEREGULATION OF BCR-ABL 
TYROSINE KINASE ACTIVITY 

 Central to BCR-ABL ’ s oncogenicity is constitu-
tive tyrosine kinase activity. 15  Several mecha-
nisms have been implicated in the loss of 
regulation ( Figure 2.4 ). An essential feature of 

SH3 bind other proteins through recognition 
of phosphotyrosine or proline-rich sequences, 
respectively. ABL kinase activity is tightly 
regulated in physiological conditions, but the 
precise mechanism of regulation had been 
elusive until recently. The N-terminus of ABL 
is very similar to the N-terminus of SRC. 
However, ABL lacks an equivalent of SRC 
tyrosine 527, which upon phosphorylation 
binds the SH2 domain in an intramolecular 
clamp that is crucial to SRC autoinhibition. 
Mutational studies have also implicated the 
SH3 domain and the N-terminal cap region 
in autoinhibition, 49    –  51  but the mechanism 
remained elusive until a combined biochemi-
cal and crystallographic approach solved the 
mystery. 52  ,  53  The myristoylated ABL N-terminus 
binds to a hydrophobic pocket at the base of 
the SH1 domain, resulting in a clamp-like 
structure that resembles the autoinhibited 
conformation of SRC. In this conformation 
the kinase cannot ‘breathe  ’   and phosphoryla-
tion of the regulatory activation loop tyrosine 
393 is impossible. Tyrosine phosphorylation 
of the linker between the SH2 and kinase 
domain abolishes the intramolecular clamp-
ing of the kinase domain, which allows for 
outward orientation and subsequent phos-
phorylation of the activation loop on tyrosine 
393 (for review see references  48  and  54 ). The 
catalytic activity of ABL may additionally be fine 
tuned by co-inhibitory factors such as peroxi-
redoxin-I, 55  retinoblastoma protein (Rb) 56  or 
filamentous actin (f-actin). 57  

  ABL shuttles between the nucleus and the 
cytoplasm, and participates in a diverse array 
of cellular signaling cascades. Cytoplasmic 
localization is associated with proliferation 
and survival. 58  In contrast, nuclear localization 
is observed after cell cycle arrest and apoptosis 
induced by DNA damage. 59  Overall, it appears 
that ABL serves a complex role as a cellular 
module that integrates signals from various 
extracellular (growth factors, cytokines, adhe-
sions) and intracellular (oxidative stress, DNA 
damage) sources, and influences decisions 
in regard to cell cycle 60  ,  61  and apoptosis. 62  
The fact that ABL null mice show a severe 
phenotype, including high perinatal mortality, 
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domain linker), pointing to the complex regu-
lation of the BCR-ABL molecule. 51  An addi-
tional consequence of replacing the ABL 
N-terminus with BCR sequences is the loss of 
the cap. In the B isoform of ABL the cap is 
myristoylated and serves as a key component 
of the intramolecular clamp that stabilizes the 
inactive conformation of ABL ( Figure 2.4 ). 50  ,  53  
Therefore, critical structures regulating ABL 
autoinhibition are deleted in the fusion, favor-
ing an uninhibited state of the kinase. Mecha-
nisms acting in trans also contribute to kinase 
activation. The ABL SH3 domain negatively 
regulates ABL kinase activity through binding 
of trans-acting inhibitory proteins, including 
ABL interactor proteins 1 and 2 (ABI1, ABI2), 
and peroxiredoxin-I. 55  ,  96    –  98  ABI1 and ABI2 are 
degraded in BCR-ABL-positive cells via the 26s 
proteasome in a kinase-dependent fashion, 

oncogenic ABL derivatives such as GAG-ABL, 
BCR-ABL, and ETV6-ABL is the presence of 
an N-terminal oligomerization motif. 67  ,  92  ,  93  
Deletion of the coiled-coil oligomerization 
motif suppresses kinase activity and leukemo-
genicity  in vivo . 77  ,  78  ,  94  Crystal structure analysis 
revealed tetramer formation by the BCR N-ter-
minus, which allows for transphosphorylation 
of the activation loop tyrosine. 95  This results in 
structural rearrangements that lead to full 
kinase activation. Tetramerization may also 
favor engagement of phosphotyrosine ligands 
important for ABL activation. While the 
dimerization domain has a central role in an 
otherwise unmutated BCR-ABL, kinase activ-
ity, transformation, and leukemogenesis of 
dimerization-defective BCR-ABL can be 
restored by mutations in ABL regulatory 
domains (SH3 ligand binding site, SH2-kinase 

 Figure 2.4     Molecular mechanisms underlying aberrant ABL kinase activity and sites of the BCR-ABL protein that 
govern the disease phenotype.  ( 1 ) Fusion of the BCR moiety to the ABL N-terminus disrupts the autoinhibitory activity 
of the N-terminal myristoyl group that has been shown to be important for ‘latching  ’   the N-terminus to a hydrophobic 
pocket in the kinase domain, keeping ABL in a closed inactive conformation. 52  ,  53  ( 2 ) The coiled-coil (CC) domain of the 
BCR N-terminus is central to the aberrant kinase activation of the ABL-kinase allowing oligomerization (dimerization, 
tetramerization) and subsequently  trans -autophosphorylation. 51  ,  67  Increased phosphotyrosine interferes with autoinhi-
bitory constraints involved in the myristoyl-phosphotyrosine switch of ABL activation. Mutant CC-BCR-ABL fails to 
induce MPD in mice but induces T-cell leukemia/lymphoma with long latency. Combination of  ∆ CC-BCR-ABL with a 
kinase-activating mutation in the SH3 domain restores the MPD-inducing activity of BCR-ABL pointing to the signifi-
cance of the aberrant kinase activity for leukemia induction. 77  ,  78  ( 3 ) The tyrosine kinase activity located in the SH1 
domain of BCR-ABL is central to the transformation potency in  in vitro  cell models. 15  Inactivation of the kinase by point 
mutations within the SH1 domain abrogates leukemogenicity in mice, further supporting the notion that the ABL kinase 
activity is absolutely essential for BCR-ABL leukemogenesis  in vivo . 79  ( 4 ) Activation of the RAS and the PI3K-
signaling pathways strongly depends on tyrosine-phosphorylation at Y177 of BCR. 80    –  82   In vivo  induction of an MPD but 
not T-ALL or T-cell lymphoma depends on intact Y177. 77  ,  78  ,  83  ( 5 ) The SH3 domain is intramolecularly engaged in ABL 
autoinhibition. 49  ,  51  ,  52  c-ABL with a deleted SH3 domain shows increased tyrosine kinase activity and induces lymphoid 
lymphoma/leukemia in mice. 84  However, BCR-ABL lacking a functional SH3 domain still induces an MPD. 84  This points 
to the central role of the BCR moiety for the MPD phenotype. ( 6 ) The tight interaction between the SH2 domain and 
the kinase domain is involved in the so called ‘clamping  ’   of the autoinhibited c-ABL protein and can experimentally be 
disrupted by phosphopeptides. 52  Mutations in the SH2 domain of BCR-ABL reduce the ability of BCR-ABL to induce an 
MPD in mice, 85  ,  86  but do not affect lymphoid leukemogenesis. 86  ( 7 ) The tyrosine residue Y393 decides on the intra-
molecular position of the activation loop, which in an unphosphorylated state folds into the substrate and ATP-binding 
pocket of the kinase domain. 87  ,  88  Mutation of Y393 greatly impairs the leukemogenic activity of BCR-ABL in mice. 51  
( 8 ) Subcellular localization of BCR-ABL is governed by the F-actin binding domain (FABD). 89  ,  90  The FABD is not essen-
tial for induction of MPD in mice, 91  but is believed to influence the adhesion properties of BCR-ABL-expressing cells.  
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by the SRC family kinase HCK. 106  The role of 
SRC family kinases in the pathogenesis of 
BCR-ABL-positive leukemias is controversial. 
Mice lacking the SRC family kinases LYN, 
HCK, and FGR are selectively resistant to 
induction of lymphoid leukemia by BCR-ABL, 
while they readily develop CML. 107  Another 
study suggested a role for LYN in myeloid blast 
crisis. 108  These observations have received 
attention as a result of the availability of com-
bined ABL/SRC inhibitors for the treatment 
of imatinib-resistant CML and ALL. 109  ,  110    

 CHRONIC MYELOID LEUKEMIA 
MODELS 

 When studying data on kinase activity, signa-
ling, or functional oncogenicity of ABL or 
BCR-ABL mutants, it is important to reflect on 
the dependency of readouts on the cellular 
and intercellular context. Owing to the ease of 
manipulation and the abundant expression of 
relevant target proteins, cell lines provide a 
convenient platform for signaling and func-
tional studies. On the minus side, they carry 
genetic lesions besides BCR-ABL, their differ-
entiation is blocked and they are remote from 
the  in vivo  situation, where the leukemia cells 
are embedded in their microenvironment.  

  In vitro  models of CML 

 Fibroblast lines were used extensively in the 
early stages of CML research for domain 
requirements and protein interaction studies 
as well as analysis of signaling pathways. 111    –  113  
Fibroblast transformation  –  that is, anchorage-
independent growth in soft agar  –  is the stan-
dard  in vitro  test for tumorigenicity. 114  BCR-ABL 
transforms Rat-1 fibroblasts, 115  while NIH3T3 
cells are resistant. 116  Certain but not all fibro-
blast lines become serum-independent upon 
expression of BCR-ABL. 117  These partially 
conflicting findings indicate that the trans-
forming capacity of BCR-ABL is dependent 
on the cellular context, which renders the 
interpretation of data difficult and has spurred 
the development of more physiological expe-
rimental systems. Expression of BCR-ABL 

consistent with a positive feedback loop that 
enhances kinase activity. 

   BCR-ABL motifs other than SH1 with 
a critical role for leukemogenesis  

 The actin-binding domain 

 A large proportion of cytoplasmic ABL is asso-
ciated with the f-actin cytoskeleton through 
the C-terminal actin-binding domain. 89  In non-
cycling cells f-actin exerts a negative effect on 
ABL tyrosine kinase activity. 57  BCR-ABL, which 
is primarily found in the cytoplasm, is closely 
associated with f-actin, but is not inhibited. 99  ,  100  
Several factors such as BCR-ABL autophos-
phorylation and binding of SH3-docking 
proteins were found to be able to abolish the 
actin-dependent inhibition of the ABL kinase 
activity. 101  Recently, the structural basis of 
molecular interaction between actin and BCR-
ABL has been reported. This could open the 
possibility of pharmacologically interfering 
with this interaction to modulate the biolo-
gical activity of BCR-ABL. 102      

 TYROSINE 177 OF BCR 

 Autophosphorylation of Y177 generates a 
binding site for growth factor receptor bin-
ding protein 2 (GRB2). GRB2 binds SOS, a 
guanine-nucleotide exchanger of RAS, as well 
as the adapter GRB2-associated binding pro-
tein 2 (GAB2). 80  ,  81  ,  103  ,  104  The resulting GRB2/
GAB2 complex is required for full activation 
of the RAS/ERK pathway and recruitment of 
SHP2 and phosphatidylinositol 3-kinase 
(PI3K). Signal transduction downstream of 
PI3K leads to activation of AKT and mTOR. 81  ,  105  
A BCR-ABL mutant in which the Y177 phos-
phorylation site is disrupted by mutation of 
tyrosine to phenylalanine (Y177F) is defective 
for induction of CML-like disease, but retains 
the ability to induce T-ALL or T-cell 
lymphomas. 77  ,  78  ,  83  Similarly, loss of GAB2 
abolishes myeloid transformation by BCR-ABL 
but only partially attenuates lymphoid transfor-
mation. 81  Besides being a target for autophos-
phorylation, Y177 is also transphosphorylated 
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(i.e. K562 128 ), but some are of lymphoid 
lineage (i.e. BV173). 129  Their derivation from 
blast crisis makes them a reasonable model for 
CML-BC, but not for CML-CP. Attempts to 
immortalize chronic phase cells were not 
successful. EBV-transformed B-cell cultures 
from CML patients gradually become domi-
nated by Ph-negative clones, consistent with a 
limited life span of the Ph-positive clones. 130  

 Owing to the ease of maintaining CML cell 
lines in culture, these lines are very widely used 
and have undergone thousands of passages. 
Thus, frequently the lines housed in the various 
laboratories worldwide may not have much 
more in common than their name and BCR-
ABL positivity. Contamination of newly gene-
rated cell lines, frequently with K562 cells, is 
not uncommon. 127  Surprisingly, despite their 
multiple aberrations, most of the CML lines 
still depend on BCR-ABL, as treatment with 
imatinib inhibits growth and induces apop-
tosis. 131  Nonetheless, caution is warranted 
when extrapolating from human CML cell 
line data to general CML biology.   

 Primary human hematopoietic cells 

 Only recently, the transduction of primary 
human CD34 +  hematopoietic cells established 
an additional disease model with probably the 
closest relationship to the actual human 
disease. 132  ,  133  Transduced cells recreate many 
of the phenotypic abnormalities seen in pri-
mary CML CD34 +  cells, such as impaired 
control of proliferation by cell adhesion and 
delayed apoptosis after withdrawal of cyto-
kines and serum. 133  These experiments also 
provided evidence that BCR-ABL-dependent 
autocrine production of IL-3 and GM-CSF is 
relevant to the the expansion of CML proge-
nitor cells. 134    

 Animal models of CML 

 In a pioneering study, Daley and colleagues 
showed that retroviral transduction of murine 
bone marrow followed by injection into 
lethally irradiated syngeneic recipient mice 
induced a myeloproliferative disorder (MPD) 

induces factor-independent growth of cell 
lines that normally require cytokines such as 
interleukin-3 (IL-3), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), IL-7, or 
erythropoietin (EPO) for their proliferation 
and survival. 118    –  120  Ba/F3 cells, a murine pre-
B-cell line, and 32D cells, a murine myeloid 
progenitor cell line, have been used exten-
sively to study BCR-ABL signal transduction 
and the requirement of BCR-ABL domains for 
transformation (for review see reference  121 ). 
Although the two lines show differences in 
BCR-ABL oncogenicity studies, these are not 
as pronounced as in fibroblasts, and may be 
related at least partially to their specific lin-
eages. For example, a triple mutant lacking 
Y177 of BCR, Y393 in the ABL-kinase domain, 
and the ABL SH2-domain, rendered Ba/F3 
but not 32D cells factor independent. 120  A cell 
line model that comes closer to primary cells 
is the multipotent murine hematopoietic 
FDCPmix cell line transduced with a BCR-ABL 
mutant, in which kinase activity is temperature 
dependent. 122  Even at the permissive tempera-
ture, the cells remain growth factor dependent 
and are responsive to differentiation stimuli, 
although they exhibit enhanced survival and 
proliferation. Yet another approach is the use 
of  murine embryonic stem cells (ES) with 
potential to differentiate into multipotent 
hematopoietic progenitors. 123  In one such 
model, it was possible to reproduce one cardi-
nal feature of the clinical disease, namely the 
expansion of the myeloid compartment at the 
expense of the erythroid compartment. 124  
Similar to human proliferating CML progeni-
tors, the increase in total cell numbers in the 
BCR-ABL-transduced ES was found to result 
from increased proliferation though there was 
little effect on apoptosis. 125    

 Human CML cell lines 

 A number of human CML cell lines have 
been characterized. They are all derived from 
blast crisis patients and contain many genetic 
aberrations besides BCR-ABL, a reflection of 
the clonal evolution that characterizes dis-
ease progression. 126  ,  127  Most are of myeloid 
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transduction is not just a matter of yes or 
no (activation versus inactivation of target 
proteins), but rather a complex scenario of 
signal duration, signal attenuation, signal thres-
holds, and signal balances, which are in part 
governed by the cellular background. 143  ,  152  
This complexity accounts for the often con-
fusing and sometimes contradictory data 
generated using different cell lines, mouse 
strains or primary patient cells harvested at 
various stages of the disease. 

   RAS/MAPK signaling 

 Circumstantial evidence that RAS activation is 
important for the pathogenesis of Ph-positive 
leukemias comes from the observation that 
activating mutations are uncommon, even in 
the blastic phase of the disease, unlike in most 
other tumors. 153  ,  154  This implies that the RAS 
pathway is constitutively active, and no further 
activating mutations are necessary. Several 
lines of experimental evidence have put RAS/
MAPK-dependent signaling in the frontline 
of CML pathogenesis. Expression of an onco-
genic KRAS using a conditional knock-in line 
of mice was shown to induce MPD resembling 
human chronic myelomonocytic leukemia 
(CMML), indicating that RAS activation is suf-
ficient for induction of myeloid leukemia. 155  ,  156  
Consistent with this, activating mutations of 
RAS or inactivating mutations of RAS inhibi-
tory molecules are commonly found in 
CMML, 157  juvenile myelomonocytic leukemia 
(JMML), 158  and atypical (i.e. BCR-ABL nega-
tive) CML. 159  Inactivation of signal-induced 
proliferation-associated gene-1 (SIPA-1), a prin-
cipal RAP1 GTPase-activating protein in hema-
topoietic progenitors, led to a spectrum of 
myeloid disorders in part resembling CML in 
mice. 160  There had been debate as to whether 
BCR-ABL kinase activity directly activates 
RAS/MAPK signaling or additional mutations 
are required. 161  ,  162  At least three links between 
BCR-ABL and RAS have been described in 
various cellular contexts, including GRB2, 82  
SHC, 163  and CRKL. 113  The most important 
connection is probably the aforementioned 
binding of GRB2 to phosphorylated tyrosine 

closely resembling CML. 34  The original model 
suffered from incomplete penetrance and 
produced a variety of hematological neo-
plasms besides MPD, but was subsquently opti-
mized by modifications to the vector and 
infection conditions. 79  Current models are 
100 %  effective in inducing a MPD that resem-
bles the chronic phase of human CML. 33  ,  79  ,  135  
The development of transgenic models was 
hampered by the fact that BCR-ABL expres-
sion from the BCR promoter during embryo-
genesis is lethal. 136  Transgenic mice in which 
BCR-ABL is expressed from a metallothionein-
inducible promoter or the TEC promoter 
developed primarily T-cell ALL. 137      –  140  Studies 
targeting B-cell or megakaryocytic precursors 
with the  BCR-ABL  transgene demonstrated 
the importance of the precursor cell lineage 
for the leukemic phenotype (B-ALL versus 
megakaryocytic MPD). 141  Recently, a model 
has been described, where BCR-ABL is under 
the control of a tetracycline-repressible transac-
tivator, which in turn is under the control of 
the SCL enhancer that targets expression to 
hematopoietic cells. Upon tetracycline with-
drawal the mice develop a disease resembling 
chronic phase CML that is reversible upon 
re-challenge with tetracycline. 142  Together, 
these  in vivo  experiments provide the stron-
gest evidence that BCR-ABL expression alone 
is sufficient to induce chronic phase CML.    

 BCR-ABL-DEPENDENT SIGNALING 

 Signal transduction downstream of BCR-ABL 
has been studied extensively ( Figure 2.5 ). Many 
of the signaling cascades activated by BCR-
ABL expression are common targets of onco-
genic proteins. 143  They include pathways such 
as RAS/MAPK, PI3K/AKT or JAK/STAT, many 
of which are also activated by cytokine recep-
tors involved in regulation of normal hema-
topoiesis and stem cell differentiation. 144      –  147  
The list of BCR-ABL binding partners and 
tyrosine phosphorylated proteins is extensive 
and continues to expand, 54  ,  148      –  151  but a com-
prehensive picture of how these proteins initi-
ate leukemia and drive progression in patients 
is still lacking. This reflects the fact that signal 
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 Figure 2.5     The BCR-ABL-dependent signaling complex.  Depicted is a simplified cartoon of signaling and target 
molecules of BCR-ABL. Arrows indicate direct interaction or phosphorylation. The main pillars of BCR-ABL-dependent 
signaling cascades are the RAS/MEK/ERK, and the PI3K/Akt/mTOR pathways as well as signaling through STAT5. 
BCR-ABL disrupts normal cytokine signaling, which in many aspects shares the signaling events triggered by BCR-ABL. 
Modification of protein expression by either cytokines or BCR-ABL influences proliferation, survival or differentiation 
of hematopoietic cells. Interactions with the integrin receptor associated signaling complex (FAP: focal adhesion 
proteins and cytoskeletal proteins) are thought to be involved in the adhesion defects of BCR-ABL-expressing cells.  
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177 of BCR. 81  Recent data suggest that the 
regulatory network may be yet more compli-
cated, extending to other RAS family members. 
For example, RAP1 is a small GTPase of the 
RAS family that is activated in response to IL-3 
stimulation or BCR-ABL expression, thereby 
activating MEK/ERK signaling through activa-
tion of B-RAF. 164  ,  165  JNK/SAPK activation by 
BCR-ABL has been demonstrated as well as 
suppression of pro-apoptotic MAPK p38 as yet 
another mechanism of how BCR-ABL enhances 
survival and proliferation. 166  ,  167  

 The net effect of BCR-ABL-dependent 
RAS-MAPK and RAS-independent MAPK 
activation includes a multitude of prolifera-
tive and anti-apoptotic responses that are 
regulated by phosphorylation of transcription 
factors such as c-Myc or c-Jun, frequently in a 
cell context-dependent fashion. 151  ,  168  Thus, 
inhibition of BCR-ABL by imatinib rapidly 
inactivates ERK1/2 in BCR-ABL-transformed 
cell lines, leading to apoptotic cell death. 143  
In contrast, imatinib treatment of CD34-
enriched progenitor cells from CML patients 
in the presence of physiological growth factors 
leads to dose-dependent ERK1/2 activation, 

which protects the cells from apoptosis, an 
effect that can be abrogated by MAPK inhibi-
tors and provides a rationale for combination 
therapies. 169      –  172    

 PI3K and AKT 

 The phosphoinositol 3-kinase (PI3K) signa-
ling pathway is commonly deregulated in 
cancer and is considered an attractive thera-
peutic target ( Figure 2.6 ). 173  PI3K is a lipid 
kinase that converts phosphatidylinositol-4, 
5-bisphosphate to phosphatidylinositol-3,4,5-
trisphosphate (PIP 3 ). 174  Membrane-bound 
PIP 3  is a docking site for pleckstrin homology 
domain containing proteins such as phospho-
inositide-dependent kinase-1 (PDK-1) and 
AKT (also known as protein kinase B). 175  PI3K 
activation occurs via phosphorylation of its 
p85 regulatory subunit by BCR-ABL and is 
crucial for the growth of Ph-positive cells. 176  
Importantly, the observation that inactivation 
of phosphatase and tensin homolog deleted 
on chromosome 10 (PTEN), the lipid phos-
phatase that degrades PIP3, turns normal 
stem cells into leukemia initiating stem 
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fully leukemogenic in CBL null mice. 185  In 
contrast, BCR-ABL fails to induce MPD in 
GAB2 null mice. 81  

  PI3K activation leads to PIP3 accumulation, 
which recruits AKT to the membrane, where it 
is phosphorylated and activated by PDK1 and 
a yet unidentified serine/threonine kinase. 174  
Expression of dominant-negative AKT greatly 
diminishes BCR-ABL-dependent myeloid 
leukemogenesis, and constitutively active AKT 
can complement a transformation-deficient 
variant of BCR-ABL. 186  AKT phosphorylates 
diverse substrates in transformed cells promo-
ting cell growth, proliferation, and survival. 
A major target is the forkhead box subgroup 
O (FOXO) family of transcription factors. 
PI3K-AKT-dependent phosphorylation directs 
cytoplasmic sequestration and/or degradation 
of FOXO leading to suppression of FOXO tar-
get proteins. 187  It has been shown that BCR-ABL 
mediates suppression of tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-
induced apoptosis through inhibition of the 

cells suggests a profound role for PI3K signa-
ling in leukemogenesis. 177  Another counter-
player of PI3K is the SH2-containing 
inositol-5-phosphatase (SHIP), which is sup-
pressed by BCR-ABL expression in murine 
Ba/F3 cells. 178  Consistent with this, mice lac-
king SHIP develop a lethal CML-like myelo-
proliferative disease. 179  PI3K activation in 
BCR-ABL-expressing cells is mediated through 
phosphorylation of Y177 and recruitment 
of the adapter proteins GRB2 and GAB2. 81  
Alternative mechanisms involve recruitment 
of the GRB2–GAB2 complex via SHC 180  ,  181  or 
formation of a multimeric complex between 
BCR-ABL, CRKL, CBL, and the p85 regulatory 
subunit of PI3K. 182  Genetic approaches were 
explored to define more precisely the rele-
vance of the various pathways for leukemo-
genesis. CRKL overexpressing transgenic 
mice show enhanced sensitivity to p190 BCR-ABL -
induced lymphoid leukemia, but deletion 
of CRKL does not impair leukemic 
transformation. 183  ,  184  Similarily, BCR-ABL is 

Nucleus Transcription

14-3-3

14-3-3

S6K

Bad

PTENSHIP

Shc
CrkI

CbI

Grb2

Gab2

RAS

p110
?

eIF4E

4EBP1

S6K

FOXO

FOXO

BCR-ABL

PDK-1

mTOR

P

P

P

P

P

P

P

P

P

PI3K

Akt

p85

M
em

br
an

e

 Figure 2.6     PI3K signaling.  BCR-ABL activates PI3K by two well-characterized protein complexes, the GRB2/GAB2, or 
the CRKL/CBL adaptor complexes. Second messenger lipid products (depicted as membrane-bound hexamers) and 
phosphoinositide-dependent kinase-1 (PDK-1) activate AKT downstream of PI3K. AKT has a variety of downstream target 
proteins that promote cell growth, proliferation, and survival. For more details see paragraph PI3K and AKT.  
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STAT5. 205  The effect of STAT5 may be prima-
rily anti-apoptotic, and involve Bcl-X as a criti-
cal mediator. 206  Together, these data suggest 
that STAT5 signaling contributes to BCR-ABL 
leukemogenesis.    

 GENETIC ENGINEERING OF 
THE CHRONIC MYELOID LEUKEMIA-
LIKE PHENOTYPE IN MICE 

 Research over recent years has added valuable 
insights into candidate genes the deregulation 
of which has the potential of inducing a CML-
like disease in mice. In many instances, these 
genes are negative regulators of hematopoi-
esis and their disruption induces a hyperproli-
ferative state of the hematopoietic system that 
paves the way to MPD. For example, mice null 
for the interferon consensus sequence binding 
protein (ICSBP, also known as IRF-8) develop 
CML-like disease with 100 %  penetrance, the 
expression of ICSBP is downregulated in BCR-
ABL-induced murine CML-like disease, and 
forced co-expression of ICSBP inhibits BCR-
ABL-induced MPD. 207  ,  208  Downregulation of 
ICSBP transcripts was also found in patients 
with CML, and this reduction could be 
reversed by treatment with interferon alfa. 209  
 In vitro , co-expression of ICSBP and BCR-ABL 
antagonizes the leukemogenic effects of BCR-
ABL, possibly by downregulation of the anti-
apoptotic factor Bcl-2. 210  Along the same lines, 
mice null for the  Alox15  gene, the coding locus 
for 12/15-lipoxygenase, develop MPD, and 
this is associated with reduced levels of nuclear 
ICSBP, Akt activation, and elevated expression 
of Bcl-2. Further research is needed to clarify 
the role of  Alox15  in MPD, in particular in Ph-
positive MPD. 211  ,  212  

 Another transcriptional factor important 
for myelopoiesis that has been shown to induce 
a MPD closely resembling CML after genetic 
knock-out in mice is the AP-1 transcription 
factor JunB. 213  ,  214  In CML patient samples, 
JunB expression is downregulated, and down-
regulation is correlated with progression of 
disease to blast crisis. 215  ,  216  The mechanism 
of downregulation seems to be promoter 
hypermethylation, and treatment with the 

FOXO member FOXO3a. 188  Other relevant 
targets of AKT include pro-apoptitic Bcl-2 
family member BAD, 145  ,  189  which is inactivated 
by phosphorylation and possibly the trans-
cription factor nuclear factor- κ B (NF- κ B). 190  
The mechanism for NF- κ B activation is not 
fully understood, and seems to depend on 
cooperative effects between the RAS- and 
AKT-dependent signaling pathways. 191  From a 
therapeutic standpoint the most important 
AKT target is the serine/threonine kinase 
mammalian target of rapamycin (mTOR) 
owing to the availability of approved clinical 
inhibitors such as rapamycin, an immuno-
suppressant that is currently in clinical trials of 
CML. 105  ,  192      –  195  mTOR in turn phosphorylates 
ribosomal S6 kinases (S6K1/2) and the trans-
lation inhibitor protein 4EBP-1, which are part 
of an ancient system to regulate protein 
translation. 105  ,  196   Figure 2.6  gives a simplified 
overview of this central signaling cascade in 
CML pathogenesis.   

 JAK/STAT (or SRC/STAT, or 
BCR-ABL/STAT) 

 The JAK/STAT-pathway (janus kinase, signal 
transducer and activator of transcription) con-
nects cytokine receptors such as the IL-3 or 
GM-CSF receptors and gene transcription. 197  
JAKs are stimulated by activation of cytokine 
receptors and phosphorylate STATs, which 
translocate to the nucleus, where they regu-
late transcription. Although activation of 
STAT5 in BCR-ABL-expressing cell lines and 
primary leukemia cells was recognized almost 
a decade ago, the precise mechanism involved 
remains somewhat controversial. 198  ,  199  BCR-
ABL may either directly bind and phosphory-
late STAT5, 200  or the phosphorylation may be 
mediated by JAK2 201  or HCK. 202  Genetic inac-
tivation of STAT5 a  attenuates the induction of 
murine CML-like MPD, and fetal liver 
hematopoietic progenitors from STAT5 ab -/- 
mice fail to induce leukemia in recipient mice 
after retroviral transduction with BCR-
ABL. 203  ,  204  In primary human CD34 +  cells, 
Ph-positive myeloid colony formation is 
impaired by treatment with siRNA against 
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regarding the role of IL-3, as BCR-ABL is fully 
leukemogeneic in IL-3 null mice. 224  It is con-
ceivable that this reflects the aggressive nature 
of the transduction/transplantation model of 
CML, where the animals succumb to MPD 
derived from BCR-ABL expressing progenitor 
cells, whereas the effect of IL-3 may be critical 
at an earlier stage of differentiation. 225  What 
has been said for BCR-ABL and the IL-3 recep-
tor pathway, in many aspects is also valid for 
other cytokine pathways such as GM-CSF or 
EPO. 121  ,  148  Major effector molecules of growth 
factor signals include D-cyclins that activate 
cyclin-dependent kinases (CDK). Cyclin D1 
and ABL oncogenes are synergistic in the 
transformation of fibroblasts and hemato-
poietic cells in culture. More recent papers 
have shown BCR-ABL- and IL-3-dependent 
upregulation of cyclin D2. 226  ,  227  Conversely, 
BCR-ABL downregulates the CDK inhibitor 
p27 Kip1 . 227        –  231  p27 Kip1  is highly expressed and 
stable in quiescent, non-cycling cells, but 
undergoes degradation as cells progress 
into S-phase. 232  ,  233  BCR-ABL decreases 
p27Kip1-protein levels by increasing its degrada-
tion by the proteasome, probably by upregu-
lating SKP2, which provides the p27 
recognition moiety (F-box) of the E3 ubiquitin 
ligase SCF SKP2 . 230  Recently, direct tyrosine 
phosphory lation of p27 Kip1  by BCR-ABL was 
shown to allow for subsequent phosphoryla-
tion by CDK2, which in turn promotes 
SCF-SKP2-dependent proteasomal degrada-
tion of p27Kip1. 231  In primary progenitor cells 
BCR-ABL was shown to induce sequestration 
of p27Kip1 into the cytoplasm, where it is 
unavailable for inhibition of nuclear CDK2. 234    

 Insensitivity to growth-inhibitory signals 

 In addition to positive signals, quiescence, 
cycling, and differentiation of hematopoietic 
cells are subject to negative regulation by 
cytokines and the microenvironment, and 
there is evidence that BCR-ABL blocks growth 
inhibitory signals. For example, p27 Kip1  

induction by transforming growth factor 
(TGF) β  is completely blocked in BCR-ABL-
transformed human MO7e cells. 229  As yet this 

demethylating agent decitabine in part re-
induces JunB expression  in vitro . 215  

 Another example of a negative regulator 
the deletion of which is leukemogenic is the 
lipid phosphatase SHIP. 179  Consistent with 
this, BCR-ABL inhibits expression of SHIP in 
hematopoietic cells. 178    

 BCR-ABL AND THE HALLMARKS OF 
CANCER 

 A widely accepted notion first put forward by 
Hanahan and Weinberg is that during their 
development most if not all cancers have 
acquired a similar set of functional capabili-
ties. 217  These include self-sufficiency in growth 
signals, the ability to evade programmed cell 
death (apoptosis), insensitivity to growth-
inhibitory signals, sustained angiogenesis, 
limitless replicative potential, and the ability 
to invade tissue and metastasize. 

 CML provides an opportunity to observe 
the process of carcinogenesis from the adeno-
ma-like chronic phase through the acceler-
ated phase CML to the completely transformed 
state of blastic crisis, which satisfies all of the 
Weinberg criteria.  

 Self-sufficiency in growth signals 

 Mammalian cells are susceptible to regulation 
by extracellular signals during the early/mid 
G 1  phase of the proliferative cell cycle. Once 
the so-called restriction point (R) in mid/late 
G 1  has been passed, the cells complete the 
cycle independent of extrinsic signals. 218  
Expression of BCR-ABL induces factor-inde-
pendent growth of cell lines that normally 
require cytokines such as IL-3, GM-CSF or 
EPO. 216  ,  217  Primary CML progenitor cells are 
not growth factor independent, but do have 
reduced growth factor requirements com-
pared with normal cells. 219  The critical cytokine 
may be IL-3, which is produced by CML cells 
in a BCR-ABL kinase-dependent fashion and 
stimulates their growth in an autocrine 
loop. 79  ,  220    –  222  Additionally, ligand-independent 
activation of the IL-3 receptor can be induced 
by BCR-ABL. 223  However, there is controversy 
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characterizes CML cells and underlies pro-
gression to blast crisis.   

 Sustained angiogenesis 

 Angiogenesis, a requirement for solid tumors 
to maintain viability and growth is regulated 
by angiogenic factors such as vascular endothe-
lial growth factor (VEGF). 252  ,  253  The potential 
role of angiogenesis in CML has attracted 
attention owing to the high microvessel density 
in the bone marrow of CML patients. 254  ,  255  
High VEGF levels in the plasma of CML 
patients have also been reported. 256  Treatment 
of CML patients with imatinib leads to norma-
lization of bone marrow microvessel density 
and reduction of plasma VEGF levels. 257  ,  258  
Consistent with clinical observations, expres-
sion of BCR-ABL in hematopoietic cells induces 
VEGF secretion, which can be blocked by rap-
amycin, consistent with an mTOR-dependent 
mechanism. 194  Other angiogenic factors such 
as interleukin-8 (IL-8), hepatocyte growth fac-
tor (HGF), fibroblast growth factor-2 (FGF-2) 
or metalloproteinases (MMPs) have been 
reported to be released by BCR-ABL-expressing 
cells and are assumed to stimulate leukemia 
cell growth. 259  Whether anti-angiogenic therapy 
will be effective in CML therapy remains to be 
determined.   

 Limitless replicative potential 

 Stem cells are defined by their ability to self-
renew, a feature that is required to sustain 
hematopoiesis over a lifespan. Human cancer 
stem cells have been detected in a variety of 
malignant disorders and share functional 
properties with normal stem cells. 260  Primitive 
CML cells harvested from chronic phase 
patients exhibit increased turnover, in part 
induced by autocrine cytokine stimulation, 
and defective adhesion control. 222  ,  238  ,  261  The 
increased cycling rate is reflected by increased 
telomere shortening, which is assumed to 
contribute to chromosomal instability as the 
disease progresses. 262  In analogy to normal 
hematopoietic cells the self-renewal capacity 
of chronic phase CML cells is apparently 

has not been confirmed in primary cells, 235  
the TGF β  sensitivity of which appears to be 
increased rather than reduced, which may 
maintain the cells in a quiescent, imatinib-
resistant state. 236  

 In contrast to normal progenitors, CML 
progenitors proliferate continuously even 
when in contact with bone marrow stroma, 
which is a potent inhibitor of progenitor 
proliferation. 237    –  239  The unresponsiveness of 
CML progenitors to negative regulatory signals 
from the bone marrow is thought to be caused 
by their inability to signal via  β 1 integrins. 240    

 Evading programmed cell death 
(apoptosis) 

 The ability of leukemia cells to expand in 
number is determined not only by the rate of 
cell proliferation but also by the rate of cell 
death. Partially conflicting results have been 
reported on evasion of programmed cell death 
in CML cells. For example, responses to 
cytokine deprivation or ionizing irradiation 
have been reported to be similar in normal 
and in chronic phase CML progenitors in one 
study, while another study came to the opposite 
conclusion. 241  ,  242  All in all, however, it appears 
to be an accepted notion that inhibition of 
apotosis is one of the key effects of BCR-ABL. 
Pathways involved in transducing the anti-
apoptotic signals include PI3K/AKT/mTOR, 
RAS/MAPK, and JAK/STAT. 145  ,  174  ,  206  ,  243  ,  244  
Important effector molecules are BCL-X, 
BAD, survivin, and MCL-1. 145  ,  245    –  247  Apoptosis-
related molecules are currently the target 
of intense research aiming at overcoming 
the apoptosis-inhibiting function of BCR-
ABL. 248  ,  249  

 Another important mechanism by which 
BCR-ABL kinase negatively regulates apoptotic 
responses is downregulation of p53 by enhan-
cing the translation of Mdm2, the ubiquitin 
ligase that promotes p53 degradation. 250  ,  251  
Since the p53/Mdm2 pathway plays an impor-
tant role in the induction of cell cycle arrest 
or apoptosis in response to genotoxic stress, 
the corruption of the p53 response may 
contribute to the genomic instability that 
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impaired owing to a perturbation of chemo-
taxis mediated through stroma derived factor 
1 (SDF-1), and the corresponding surface 
receptor CXCR4. 274  Whether this is as a result 
of downregulation of CXCR4 or a signaling 
defect downstream of CXCR4 has yet to be 
determined. 275  ,  276  A recent publication suggests 
that interfering with homing and adhesion 
may be exploited therapeutically. Thus, hom-
ing and engraftment of transplanted BCR-ABL- 
expressing cells was inhibited in mice null for 
the hyaluronan receptor CD44, suggesting 
that interference with CD44 binding may 
prevent CML stem cells from engrafting after 
autologous stem cell transplantation. 277     

 MECHANISMS OF DISEASE 
PROGRESSION 

 The distinct feature of blast crisis CML 
(CML-BC) is the differentiation arrest of 
hematopoietic precursor cells with inherently 
high proliferation rate and resistance to apop-
tosis. Recent years have added many pieces to 
the still unresolved puzzle of disease progres-
sion from chronic phase to accelerated phase 
and eventually blast crisis. 278  ,  279  Clonal cytoge-
netic evolution occurs in 60 – 80 %  of patients. 
The most frequent abnormalities are trisomy 
8 (34 % ), duplication of Ph, trisomy 19, and 
isochromosome 17. 280  The specific role of 
chromosomal abnormalities in CML disease 
progression is not clear. One may expect that 
the  MYC  gene located at 8q24 is involved in 
disease progression in cases with trisomy 8, yet 
no correlation between trisomy 8 and MYC 
amplification/overexpression has been 
observed. 281  Similarly, an association between 
p53 mutations and the appearance of an iso-
chromosome 17 was hypothesized, owing to 
the loss of the corresponding 17p coding for 
p53. However, no mutations in the remaining 
p53 allele were found in i(17q) positive 
patients. 282  Mutational events below the detec-
tion level of cytogenetics are thought to play 
an important role in transformation to blast 
crisis. 126  Consistent with the importance of 
genetic abnormalities below the detection 
level of cytogenetics, patients with a normal 

confined to the most primitive compartment, 
while committed progenitors have limited 
replicative potential. 263  Moreover, it seems 
that BCR-ABL itself is unable to confer self-
renewal capacity, unlike MOZ-TIF2, a chime-
ric protein associated with AML, which implies 
that the BCR-ABL translocation must occur in 
a cell with innate self-renewal capacity. 264  ,  265  
In contrast, there is evidence that blast crisis 
granulocyte-macrophage progenitors (GMP) 
acquire the ability to self-renew. This is asso-
ciated with activation of the Wnt-signaling 
pathway and characterized by accumulation of 
nuclear  β -catenin, which seems to be critical 
for hematopoietic stem cell (HSC) self- 
renewal. 73  ,  75    

 The ability to invade tissues and 
metastasize  

 Ph-positive stem cells are presumed to have 
partially escaped the normal requirement for 
close association with specialized marrow 
regulatory stromal cells, because of defective 
adhesion control and altered cytoskeletal 
function. 238  ,  266  The result is a massively 
expanded pool of myeloid progenitor cells in 
the blood and hematopoiesis in the spleen 
and other extramedullary sites outside the 
physiological stem cell niche in the bone 
marrow. 267  Several constituents of the bone 
marrow microenvironment have been analyzed 
for their interaction with CML progenitors 
and significant differences between normal 
and CML-derived progenitors have been 
observed. 239  There is evidence that  β 1 integrin 
function is defective in CML CD34 +  cells, 
which may impair binding to cell adhesion 
molecules (CAM) such as vascular cell adhe-
sion molecule (VCAM) or matrix proteins 
such as fibronectin (FN). 268  The molecular 
mechanisms underlying abnormal integrin 
function involve the well-established effects of 
BCR-ABL on the cytoskeleton, such as binding 
to f-actin, and phosphorylation of cytoskeletal 
proteins such as paxillin, talin, vinculin, focal 
adhesion kinase (FAK), and CRKL or 
tensin. 83  ,  90  ,  91  ,  269        –  273  Besides defective  β 1 inte-
grin signaling, homing of CML progenitors is 
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 The efficacy of ABL inhibitors in patients 
with blast crisis indicates that in many cases 
the disease remains dependent on BCR-ABL, 
despite its genetic diversity. 294  Unfortunately, 
almost all patients eventually relapse owing to 
BCR-ABL kinase domain mutations or other 
mutations that reactivate BCR-ABL activity or 
confer BCR-ABL independence. 295  

 Prior to the availability of imatinib, CML 
often progressed within 5 years from diagno-
sis, which is now rare. 296  ,  297  This observation 
fits the concept that accumulation of addi-
tional mutations depends on BCR-ABL kinase 
activity. This suggests that more complete sup-
pression of BCR-ABL kinase activity with more 
potent second-line ABL inhibitors such as 
dasatinib or nilotinib in conjunction with a 
rapid reduction of the leukemia burden may 
further reduce the risk of blast crisis. For this 
to be fully effective, it will be crucial to inhibit 
BCR-ABL in the most primitive leukemia 
(stem) cells.   

 SUMMARY AND FUTURE 
DIRECTIONS 

 CML research continues to break new ground, 
opening new views and perspectives on cancer 
biology. The importance of understanding the 
disease biology has been demonstrated impres-
sively by the success of imatinib for the treat-
ment of CML. The lessons that continue to be 
learned from the imatinib experience will 
serve as a model for target cancer treatments 
with other molecules. 297  Despite the durability 
of most imatinib responses in patients treated 
in early chronic phase, persistence of residual 
disease is the rule, 298  suggesting that current 
therapy may be unable to efficiently target leu-
kemic stem cells. If we define cure as the erad-
ication of all leukemia cells then few patients 
may be curable with imatinib therapy. The 
key to overcome this will be a better under-
standing of CML stem cell biology and the 
mechanisms that allow the most critical cells 
to survive in the presence of imatinib. 261  ,  299  
Most importantly, defining whether persistence 
is a BCR-ABL-dependent or -independent 
phenomenon will be necessary to guide 

karyogram do not do significantly better in 
treatment studies compared with patients with 
an aberrant karyotype. 283  

 The underlying  mutator phenotype  of CML 
cells is probably the result of diverse mecha-
nisms that cooperate to destabilize the genome 
of the leukemia cells. Evidently, the high 
cell turnover itself combined with the anti-
apoptotic activity of BCR-ABL must increase 
the mutation risk per unit of time. At the bio-
chemical level, BCR-ABL negatively affects 
DNA repair. For example, downregulation of 
the DNA repair protein DNA-PK CS , upregula-
tion of DNA polymerase  β , the mammalian 
DNA polymerase with the least fidelity, or mod-
ulation of nucleotide excision repair (NER) 
was shown. 284    –  286  Deutsch and colleagues 
reported an association of BCR-ABL expres-
sion in primary CML cells and cell lines with 
downregulation of BRCA1, a protein involved 
in surveillance of genomic integrity. 287  Other 
mechanisms that may enhance the mutation 
rate are the reported accelerated telomere 
shortening, 262  or the generation of reactive 
oxygen species, which are potent mutagens. 288  
Important tumor suppressors disrupted in 
blast crisis are the cell cycle regulators p53 and 
INK4/ARF. Whereas p53 mutations are found 
in approximately 30 %  of myeloid blast crisis 
patients, the INK4/ARF locus is mutated 
exclusively in lymphoid blast crisis. 289  ,  290  How-
ever, these lesions do not readily explain the 
most prominent feature of blastic transforma-
tion, namely the loss of differentiation capac-
ity. Surprisingly, mutations in key regulators of 
hematopoietic differentiation are rarely found 
in blast crisis. 289  ,  291  ,  292  Thus, other mechanisms 
must be responsible for the differentiation 
block. For example, it has been demonstrated 
that BCR-ABL perturbs the translational 
control of  C/EBP α , an important myeloid 
transcription factor. 279  However, as BCR-ABL 
is expressed in all phases of CML, one would 
have to postulate an additional event to explain 
why the differentiation block occurs at the 
time of transformation. Alternatively, there 
could be a dose effect of BCR-ABL; since levels 
increase with disease progression, this could 
eventually overcome a critical threshold. 293  
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the development of rational therapeutic 
approaches. Are there additional, non-redun-
dant molecules that can be targeted with rea-
sonable selectivity against leukemic stem cells? 
Or is it the case that only the combination of 
molecular therapy with an immunological 
approach that is targeted against the leukemia 
stem cell rather than the BCR-ABL kinase will 
ultimately allow for disease eradication? If so, 
what is the appropriate antigen to be targeted 
by such an immunological approach? Eventu-
ally, only clinical trials will be able to answer 
these questions. Besides questions related to 
CML therapy, much remains to be learned 
about its biology. Is there really a Ph-negative 
clonal state that pre-dates the acquisition 
of Ph? What is the relation of lymphoid 
blast crisis and Ph-positive ALL? What is the 
molecular basis of the differentiation block? 
Answering these questions will require close 
collaboration between clinical and basic 
research scientists.     
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 PHILADELPHIA-POSITIVE CHRONIC 
MYELOID LEUKEMIA 

 The genetic lesion that causes Philadelphia 
(Ph)-positive chronic myeloid leukemia 
(CML) is the same in all patients and is unique, 
in spite of many well-founded hypotheses that 
more than one genetic abnormality is required 
for leukemic transformation of the hemopoi-
etic stem cells. 1      –  4  Consistent with the unifor-
mity of the defect, the clinical and laboratory 
features of CML, and the patterns of evolution 
towards accelerated and blast phases are rather 
homogeneous. In the absence of effective 
treatment, the annual death rate was about 
10 %  during the first year and about 20 %  from 
the second year onwards, with a median sur-
vival of 3 – 4 years and with about 5 % of patients 
alive at 10 years. 5  Nonetheless, it was recog-
nized more than 30 years ago that some clini-
cal and laboratory features could be associated 
with a significant difference in overall surviv-
al. 5  The factors that were prognostically sig-
nificant in univariate analysis included age, 
sex, spleen size, hemoglobin level, platelet 
count, white blood cell (WBC) count, and dif-
ferential blood count. 5  More than 20 years 
ago, Joseph Sokal, working at Duke University, 
North Carolina, collected data on 813 patients 
who had been treated by chemotherapy (con-
ventional and non-conventional) in the US 
and Europe, and elaborated a prognostic clas-
sification that was first named ‘international  ’  , 
but was renamed ‘Sokal  ’   after the death of its 
inventor. 6  This prognostic classification can 
separate patients into three groups, low risk, 
intermediate risk, and high risk, where the 

term ‘risk  ’   was not related to the probability of 
dying, which was close to 100 %  in all groups, 
but to the time to death. After the introduction 
of interferon alfa (IFN α ), Sokal ’ s prognostic 
classification was reviewed and refined by an 
European group of investigators, based on the 
course of the disease in patients treated with 
IFN α -based regimens. 7  Contemporarily, the 
European Group for Blood and Marrow Trans-
plantation (EBMT) worked out and 
proposed a risk score for patients submitted to 
allogeneic stem cell transplantation (alloSCT). 8  
Soon after, the protein tyrosine kinase inhibi-
tor (TKI) imatinib mesylate was established as 
the front-line treatment of Ph-positive CML, 9                –  17  
calling into question all prior prognostic 
formulations and highlighting the need to 
identify new and TKI-related prognostic 
features. 18    –  20  All the above prognostic classifi-
cations and scores, with the exception of 
the EBMT score, apply only to patients in 
early chronic phase (ECP). The prognosis of 
the patients in accelerated phase (AP) or 
in blast crisis (BC) is much poorer, and a 
shared and updated definition of AP and BC 
is required. 20    

 DEFINITION OF ACCELERATED 
PHASE AND BLAST CRISIS 

 According to the World Health Organization 
(WHO) 21  AP is defined by any one of the 
following criteria: increasing spleen size, 
increasing WBC count or a platelet count 
 >  1000  ×  10 9 /l unresponsive to therapy, a plate-
let count <100  ×  10 9 /l unrelated to therapy, 
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blast cells in blood or marrow 10 – 19 % , baso-
phils in blood  > 20 % , or clonal evolution 
(additional chromosome abnormalities in 
the Ph-positive clone). Currently, these recom-
mendations are not universally used, and 
several recent reports on the treatment of 
CML have used different criteria, 20  that have 
been reviewed and adopted provisionally by 
an expert panel appointed by European 
LeukemiaNet, 18  namely a platelet count <100 
 ×  10 9 /l unrelated to therapy, a blood or 
marrow blast cell percentage between 15 
and 29, or a blood basophil percentage   ≥  20 
( Table 3.1 ).  Table 3.1  also lists the criteria for 
the definition of BC, focusing on extra-
medullary leukemic involvement (such as 
lymph nodes, skin, bone, central nervous 
system (CNS), etc.) and on the blast cell 
percentage in marrow or blood, with an 
upper limit of 20 %  for WHO and of 30 %  
for several recent reports. 18  ,  20  Clearly, a shared 
definition of AP and BC is required. This 
was not critical until a few years ago, when 
treatment was ineffective and the prognosis 
was universally very poor; however, it may be 
critical today and may become even more 
critical tomorrow, following the introduction 
of imatinib mesylate, of second generation 
TKI, and other targeted agents, which may 
influence significantly response and survival. 
The next round of definitions will probably 

include more use of cytogenetics, as well 
as new molecular data, with focus on point 
mutations in the BCR-ABL kinase domain 
and on gene profile.     

 INTERNATIONAL (SOKAL) AND 
EUROPEAN (HASFORD) SCORES 

 The International, or Sokal score was devel-
oped in 1983, based on 813 patients who were 
treated with conventional chemotherapy at 
six American and European centers. 6  By multi-
variable analysis, four prognostic variables 
were identified at diagnosis, namely age, 
spleen size, platelet count, and the percentage 
of blast cells in blood. These four variables 
were incorporated as continuous variables 
in a formula that allowed calculation of the 
relative risk (RR) of each patient ( Table 3.2 ). 
It was proposed to divide the patients accor-
ding to the value of the RR into a low-risk group 
(39 %  of patients, median survival 5 years), an 
intermediate-risk group (38 %  of patients, 
median survival 3.7 years), and a high-risk 
group (23 %  of patients, median survival 2.5 
years). Such was the survival of Ph-positive 
CML patients treated with chemotherapy. The 
International or Sokal score was confirmed in 
several subsequent studies of patients treated 
with chemotherapy or with IFN α -based 
regimens. 22      –  25  Later, it was shown to predict 

Table 3.1 Definition of accelerated phase and blast crisis according to WHO,21 and according to the criteria reported 
by the European LeukemiaNet (ELN) expert panel20

     Accelerated phase          Blast crisis     

 WHO  ELN  WHO  ELN 

Extramedullary involvement NA NA Yes Yes

Spleen size Increasing  *  NA NA NA

Platelet count ( ×  10 9 /l) <100  †   or  > 1000  *  <100  †  NA NA

WBC count Increasing  *  NA NA NA

Blast cells in blood or marrow ( % ) 10 – 19 15 – 29   ≥  20  ‡    ≥  30

Basophils in blood ( % )   ≥  20   ≥  20 NA NA

Cytogenetics Clonal evolution NA NA NA

*Unresponsive to therapy; †unrelated to therapy; ‡or large focus or clusters of blast cells in the bone marrow biopsy.
NA, not applicable.
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A short course of hydroxyurea would modify 
spleen size, platelet count, and blood differ-
ential, and would make it impossible to 
calculate the risk. Neither of the two formulae 
can be applied to patients in late chronic 
phase (LCP), and neither was ever shown to 
predict survival in patients who received 
alloSCT.   

 EUROPEAN GROUP FOR BLOOD 
AND MARROW TRANSPLANTATION 
RISK SCORE 

 The EBMT risk score (also known as Gratwohl 
score) was developed in 1997 by the EBMT 
group, based on 3142 patients submitted to 
alloSCT in any phase of CML and from any 
donor. 8  Five independent prognostic variables 
were identified, including age, the interval 
from diagnosis to SCT, the phase of the 
disease, the donor – recipient sex match, and 
the donor type ( Table 3.3 ). It was proposed to 
divide the patients into five risk groups, accord-
ing to the overall risk score ( Table 3.3 ). The 
EBMT risk score was validated by the Center 
for International Blood and Marrow Trans-
plant Research (CIBMTR) in an independent 
series of patients 31  ( Table 3.3 ). Overall, 5-year 
survival of low-risk and high-risk patients 
ranged between 69 and 72 % , and between 

response and survival also in imatinib mesylate-
treated patients. 14  ,  17  ,  25  ,  26    

 The European, or Hasford, score was deve-
loped in 1997 based on 1573 patients who 
were treated with IFN α -based regimens at 
12 European institutions. 7  By multivariable 
analysis, six prognostic variables were identi-
fied, including the four prognostic variables of 
Sokal score (age, spleen size, platelet count, 
and the percentage of blast cells in blood), 
and the percentage of basophils and eosino-
phils in blood. All six variables were included 
in a formula that allowed calculation of the 
RR of each patient ( Table 3.2 ). It was proposed 
to divide the patients according to the value of 
RR into a low-risk group (41 %  of patients, 
median survival 8.2 years), an intermediate-
risk group (44 %  of patients, median survival 
5.4 years), and a high-risk group (14 %  of 
patients, median survival 3.5 years). These fig-
ures clearly reflect advances in treatment, owing 
to the introduction of IFN α . The European or 
Hasford score was confirmed in several subse-
quent studies of patients treated with IFN α -
based regimens, 27    –  30  and was reported to 
predict cytogenetic response in imatinib 
mesylate-treated patients. 26  

 It must be pointed out that all the variables 
necessary to calculate these scores must be col-
lected at diagnosis and before any treatment. 

Table 3.2 Calculation of the relative risk according to Sokal6 and Hasford.7 All data must be collected prior to 
any treatment

 International/Sokal score  European/Hasford score 

Age (years) 0.116 (age  −  43.4) 0.666 when age  > 50 years

Spleen size (cm)  *  0.0345  ×  (spleen  −  7.51) 0.042  ×  spleen

Platelet count ( ×  10 9 /l) 0.188  ×  [(platelet/700) 2   −  0.563] 1.0956 when platelet count   ≥  1500

Blood blast cells ( % ) 0.0887  ×  (blast cells  −  2.10) 0.0584  ×  blast cells

Blood basophils ( % ) NA 0.20399 when basophils  > 3 % 

Blood eosinophils ( % ) NA 0.0413  ×  eosinophils

Relative risk (Exponential of the total) (Total  ×  1000)

Low <0.8   ≤  780

Intermediate 0.8 – 1.2 781 – 1480

High  > 1.2  > 1480

*Maximum distance from costal margin.



RISK STRATIFICATION MODELS AND PROGNOSTIC VARIABLES FOR CHRONIC MYELOID LEUKEMIA   47

with imatinib mesylate the response to treat-
ment and the effect of treatment on survival 
may be related to other factors, different from 
the prognostic variables which have been iden-
tified so far. However, with imatinib mesylate 
as with any other treatment, the major prog-
nostic variables are the phase of the disease 
and the time lapsed from diagnosis to treat-
ment. ECP patients respond much better to 
imatinib mesylate than LCP patients, who 
respond much better than AP patients, who in 
turn respond much better than BC patients 
( Table 3.4 ). The reasons for such a strong 
prognostic value of phase and time have not 
been fully elucidated but can be easily under-
stood, based on the knowledge that the natu-
ral progression of CML, from CP to BC, is a 
function of time. While it may be difficult to 

11 and 21 % , respectively ( Table 3.3 ). The EBMT 
risk score was also applied to a series of 
187 patients who were submitted to reduced 
intensity conditioning alloSCT. 32  In that series, 
3-year overall survival was 70 %  for the patients 
with an EBMT score of 0 – 2, 50 %  for the 
patients with a score of 3 – 4, and about 30 %  
for those with a score of 5 or higher.     

 PROGNOSIS OF IMATINIB 
MESYLATE-TREATED PATIENTS  

 Baseline prognostic factors 

 Since the molecular basis of the therapeutic 
effects of imatinib mesylate differs from that 
of conventional cytotoxic agents, IFN α  and 
alloSCT, it is expected that in patients treated 

Table 3.3 European Group for Blood and Marrow Transplantation (EBMT) risk score (Gratwohl score).8 The risk is 
assigned based on five independent prognostic variables, and the patients are divided into five different risk groups. The 
table shows 5-year overall survival of the original 3142 patients analyzed by the EBMT group8 and of the 3211 patients 
subsequently analyzed by the Center for International Blood and Marrow Transplant Research (CIBMTR)31

 5-Year overall survival 

 Risk factors  Risk score  Total risk score  EBMT series  CIBMTR series 

 Age 

<20 years 0

20 – 40 years 1 0 – 1 72 % 69 % 

 > 40 years 2

 Interval from diagnosis to SCT 

  ≤  1 year 0 2 62 % 63 % 

 > 1 year 1

 Disease phase 

Chronic 0 3 48 % 44 % 

Accelerated 1

Blastic 2

Donor – recipient sex match 4 40 % 26 % 

Female donor, male recipient 1

Any other match 0

Donor type 5 – 7 22 % 11 % 

HLA-identical sibling 0

Any other 1

SCT, stem cell transplantation.
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cytogenetic response, high-risk patients differ 
also in PFS. 35  Increasing the imatinib mesylate 
dose to 800   mg daily can increase the response 
rate in all risk groups, but the difference 
remains significant. 36    

 Two other baseline variables were proposed 
to have a prognostic value, namely BCR-ABL 
amplification and the deletions of the long arm 
of chromosome 9 (del 9q + ). 18  If a leukemic 
cell has more than one copy of the  BCR-ABL  
gene, it is expected that the cell will have more 
BCR-ABL transcripts, hence more BCR-ABL 
protein molecules, and will be more resistant 
to TKI. This expectation is well founded, but 
to date there have been no reports proving or 
disproving this expectation. Del 9q +  was found 

detect the biological and molecular marker of 
progression during CP, they become more and 
more detectable in AP, and overt in BC.   

 In ECP patients treated with imatinib 
mesylate first-line, only one variable has been 
consistently found to affect the response, with 
a potential of influencing the long-term out-
comes, such as progression-free survival (PFS) 
and overall survival (OS). Rather surprisingly, 
in the era of molecular hematology and tar-
geted treatment, the variable is the relative 
risk according to Sokal. 17  ,  26  ,  33  ,  34  The complete 
cytogenetic response rate according to Sokal 
is reported in  Table 3.5 , showing that in high-
risk patients the response rate is lower and 
slower. Since PFS is strongly related with 

Table 3.4 Summary of the results of imatinib mesylate treatment in early and late chronic phase (400 mg daily), and in 
accelerated phase and in blast crisis (600–800 mg daily)10–17

 Complete hematological response  Complete cytogenetic reponse  Major molecular response 

Early chronic phase, first-line  > 95 % 75 – 90 % 50 – 60 % 

Late chronic phase, second-line 
(IFN α  resistant or intolerant)

 > 90 % 45 – 60 % 30 – 40 % 

Accelerated phase 30 – 40 % 10 – 20 % <10 % 

Blast crisis 10 – 15 %  5 – 10 % NA

NA, not available.

Table 3.5 Complete cytogenetic response rate according to Sokal’s risk score6 in three independent studies of previously 
untreated early chronic phase patients14,17,33,34

Sokal risk group

 Low  Intermediate  High 

 IRIS study, 400   mg daily 

12 months 14 76 % 67 % 49 % 

60 months 17 89 % 82 % 69 % 

 ICSG on CML, 400   mg daily  34* 

3 months 35 % 33 % 11 % 

6 months 73 % 75 % 17 % 

12 months 79 % 87 % 28 % 

60 months 88 % 96 % 72 % 

 MD Anderson Hospital, 400 – 800   mg daily  33 

12 – 24 months 96 % 94 % 86 % 

All the differences are significant (p <0.01). *The data from reference 34 have been updated.
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inhibition is accompanied by inhibition of 
other gene transcripts, including the WT1 
(Wilms tumor) gene, so that measuring  in vitro  
and also  in vivo  the WT1 transcript level can 
help to assess the sensitivity to imatinib mesy-
late and to predict treatment outcome. 57  

 The molecular basis of the sensitivity to TKI 
has not yet been fully elucidated, apart from 
BCR-ABL kinase domain point mutations, 58            –  64  
but some studies have begun to focus on gene 
expression profiling as an important area of 
investigation; it has already been reported 
that the profile of gene expression is different 
in different phases, and is different in cases 
of sensitivity or resistance to TKI. 65          –  70  This 
area is still investigational, but is very pro-
mising, not only to refine prognosis, but also, 
more important, to understand the causes of 
resistance and to provide biological guidelines 
to overcome resistance with other targeted 
agents.    

 RESPONSE-RELATED PROGNOSTIC 
FACTORS 

 Response to treatment is a potent prognostic 
factor. The response can be defined at three 
levels, hematological, cytogenetic, and molec-
ular ( Table 3.6 ). All the studies have shown 
that achieving a hematological response 
predicts for cytogenetic response, and that 
achieving a cytogenetic response predicts for 
molecular response. All the studies have shown 
that a complete hematological response, a 
complete cytogenetic response, and a major 
molecular response predict for a better event-
free, progression-free, and overall survival. 
Many studies have shown that the earlier the 
response the better the subsequent responses, 
as well as progression-free, or event-free 
survival. 73          –  78  However, while the time to 
achieve a complete hematological response is 
short in almost all cases, the time to achieve a 
complete cytogenetic response and a major 
molecular response is much more variable, 
and may range between 3 and 24 months. 
Moreover, the progression-free survival of late 
responders is likely to be as good as that of 
early responders. 79  Therefore, it is critical to 

to have a negative prognostic value before 
the introduction of imatinib mesylate, 37    –  39  
while the data in imatinib mesylate-treated 
patients were controversial. 40  ,  41  A prospective 
study of the Italian CML Working Party in 
more than 400 Ph-positive ECP CML patients 
treated first-line with imatinib mesylate 400   mg 
daily showed that the complete cytogenetic 
response rate and the major molecular 
response rate after 6 and 12 months of therapy 
are the same in the patients with and without 
del 9q + . 42  Therefore, del 9q +  should no longer 
be considered as a warning feature in the 
treatment of CML with imatinib mesylate, 
although is it possible that a more subtle rela-
tionship with prognosis could depend on the 
size of the deletion, and that small subgroups 
of patients may respond less well. 37    –  39  The 
expression and functional activity of a trans-
membrane protein belonging to the organic 
cation transporter family (OCT1), have been 
reported to influence the outcome of imatinib 
mesylate treatment, because OCT1, by trans-
porting imatinib mesylate into the cells, affects 
the intracellular concentration of the drug. 
Experimental data and clinical observations 
show that low expression of OCT1 is associated 
with a lower sensitivity to imatinib mesylate of 
Ph-positive cells and with a lower response 
rate. 43    –  45  The biological and clinical role of 
the transporters of the family of the ATP bind-
ing cassette, such as P-glycoprotein, MDR1 
and 2, MRP, BCP, and other molecules with 
the capacity of expor ting imatinib mesylate 
outside the cells and redu cing the imatinib 
mesylate intracellular concentration, has also 
been investigated, with contrasting results, 
but it is expected that the expression and 
activity of these transporters could contribute 
to a decreased sensitivity of Ph-positive cells, 
and particularly of Ph-positive stem cells, to 
TKI. 43                        –  54  

 The sensitivity of Ph-positive cells to imatinib 
mesylate and other TKI can be assessed by 
measuring the effects downstream of BCR-
ABL, namely the phosphotyrosine content of 
the cells and the phosphorylation status of Crkl, 
which is one of the first messengers down-
stream of BCR-ABL. 55  ,  56  Moreover, BCR-ABL 
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A patient who ‘fails  ’   to respond may still have 
a long-term benefit from continuing imatinib 
mesylate at a standard dose, but it is believed 
that the outcome would not be as good as 
expected, and it is recommended that such a 
patient should be moved to other available 
treatments, whenever they are available. A 
patient who has a ‘suboptimal  ’   response is 
likely to have a yet undefined long-term bene-
fit from continuing imatinib mesylate, but is 
eligible for investigational treatments and 
studies. While the evolution of the response as 
a function of time may require some degree of 
flexibility, the loss of any response, from com-
plete or major to less than complete or major, 
should always raise the suspicion that treat-
ment may be failing, and that alternative treat-
ment is required. These considerations 
highlight the importance of diligent and regu-
lar monitoring, hematolo gical, cytogenetic 
and molecular. 18  ,  19  ,  80  Cytogenetic monitoring 
requires marrow cells, but once a complete 
cytogenetic response has been achieved and 
confirmed, fluorescence  in situ  hybridization 
(FISH) on blood cells may be sufficient, and 
marrow cells can be required only in selected 
cases. 18  ,  81  Molecular monitoring of BCR-ABL 
transcript levels by reverse transcriptase, real- 
time, quantitative polymerase chain reaction 
(RTQ-PCR) is also mandatory; it is performed 
on blood cells (buffy coat cells). It is not 
expensive but requires careful harmonization 
of current methodologies and reagents, and a 
unique international scale for the expression 
of the results. 71  ,  72  Overall, the cost of moni-
toring is not negligible, but is always much 
lower than the cost of treatment, and treat-
ment with TKI must be optimized, both in the 
interest of the patients, and to be cost effec-
tive. 82  Monitoring should also include phar-
macokinetic data, namely the determi nation 
of trough imatinib mesylate plasma levels, 
because they correlate with cytogenetic and 
molecular response, 83  ,  84  and confirm that the 
patient is complying with treatment recom-
mendations.  

 The confirmation of the prognostic value 
of the responses as well as the identification of 
new response-related variables, is important 

assign a prognostic value to the response as a 
function of time. This issue was analyzed and 
discussed by a panel of experts appointed by 
European LeukemiaNet; 18  they proposed 
identifying three levels of response, namely 
optimal, suboptimal, and failure ( Table 3.7 ). 
The basis for this proposal was that the goal 
of imatinib mesylate treatment should be the 
achievement of a complete hematological 
response in 6 months, a complete cytogenetic 
response in 12 months, and a major molecu-
lar response in 18 months, in all patients. 
Any inferior results would be defined as 
subop timal or failure, depending on time. 

 Table 3.6    Working definitions of the three response 
levels, hematological, cytogenetic, and molecular. 
Cytogenetic response is assessed by conventional 
morphological techniques on at least 20 marrow cell 
metaphases. Molecular response is assessed on blood 
cells (buffy coat cells) and is expressed according to 
the international scale, where a ratio of 0.10 %  equals 
a 3-log reduction from an international standard. 71  ,  72  
The housekeeping gene is usually ABL, but others can 
be used such as G6PD, GUS,  β -2M or BCR. A complete 
hematological response, a complete cytogenetic 
response, and a major or a complete molecular 
response, must be confirmed in two subsequent tests  

 Hematological response 

Complete

 WBC count <10  ×  10 9 /l

 no immature granulocytes

 basophils <5 % 

 platelet count <450  ×  10 9 /l

 spleen non-palpable

 Cytogenetic response 

Complete Ph-positive 0

Partial Ph-positive 1 – 35 % 

Minor Ph-positive 36 – 65 % 

Minimal Ph-positive 66 – 95 % 

None Ph-positive  > 95 % 

 Molecular response 

Major BCR-ABL : ABL <0.10 % 

Complete BCR-ABL undetectable by RTQ-PCR and 
nested RT-PCR

RTQ-PCR, real-time quantitative polymerase chain reaction; 
RT-PCR, reverse transcriptase polymerase chain reaction.
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not only for improving treatment outcome, 
but also to provide early surrogate markers 
of response and survival, which may help to 
speed clinical studies of new agents or new 
treatment modalities. However, it should not 
be overlooked that the prognostic value of 
the baseline variables and of the responses 
that have been discussed and identified for 
imatinib mesylate may not apply in cases of 
other TKI, other targeted agents, and other 
treatment modalities.   
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 INTRODUCTION 

 Patients with chronic myeloid leukemia (CML) 
have been served well by clinical and labora-
tory research, particularly over the past two 
decades, and the unraveling of some of the 
molecular mechanisms which underlie the 
indolent or chronic phase (CP) of the disease 
has paved the way to defining potential spe-
cific targets for treatment. Patients with CML 
have in their leukemia cells a chromosomal 
translocation [t(9;22)] giving rise to the Phila-
delphia (Ph) chromosome (22q − ), that results 
in a fusion gene,  BCR-ABL1 . 1      –  4  This gene 
encodes a BCR-ABL oncoprotein with 
enhanced tyrosine kinase activity, which is 
generally considered to be the ‘initiating 
event  ’   in the leukemia, though there remains 
some debate as to whether it really is the initial 
molecular event in all cases. 5  ,  6  

 The incidence of CML is about 1.0 – 2.0 per 
100   000 of population per annum and is 
remarkably constant worldwide, at least in 
parts where national cancer registries have 
been maintained. In the Western world it rep-
resents approximately 15 %  of all adult leuke-
mias and <5 %  of all childhood leukemias but 
the percentage is probably higher in the East, 
for example India, where chronic lymphocytic 
leukemia is very rare. The median age of onset 
is about 50 years and there is slight male 
excess. There appear to be no obvious predis-
posing factors other than following exposure 
to high doses of irradiation, as occurred in 
survivors of Hiroshima and Nagasaki atomic 
bombs in 1945. 7  Even then, the actual risk of 

developing CML was only marginally increased. 
A small number of families with a high inci-
dence of the disease have been reported. One 
convincing case has been reported of CML 
recurring in cells of donor origin following 
related allogeneic stem cell transplantation. 8    

 NATURAL HISTORY 

 CML is a remarkably heterogeneous disease. 
Before the introduction of imatinib mesylate 
it typically ran a biphasic or triphasic course. It 
was usually diagnosed in CP and this lasted 
typically 3 – 6 years; the leukemia then sponta-
neously progressed to blast transformation. 
About 70 – 80 %  of patients had a myeloid blast 
transformation, and they usually survived 
between 2 and 6 months; patients entering a 
lymphoid blast transformation had a slightly 
better survival. About half of the patients in 
the CP transformed directly into blast trans-
formation and the remainder did so following 
a period of accelerated phase. 9  

 The advent of imatinib mesylate, the first 
ABL tyrosine kinase inhibitor, has radically 
changed this natural history for the majority 
of patients who receive this drug as initial 
therapy, especially if they remain in complete 
cytogenetic response beyond the 4th year of 
therapy. 10  ,  11  The recent 6-year follow-up of 
the phase III prospective trial (IRIS) which 
compared imatinib mesylate with the previous 
best non-transplant therapy, interferon alfa 
(IFN α ) and cytarabine, showed that no 
patient in complete cytogenetic response 
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continuing beyond the 4th and 5th year of 
treatment had subsequently entered the 
advanced phase 12  ( Table 4.1 ). At the time of 
this landmark analysis, about 60 %  of the origi-
nal cohort randomized to receive imatinib 
mesylate remained in complete cytogenetic 
response. Most, if not all, of this cohort were 
in early CP. Patients presenting in late CP 
appear to fare less well; the Italian collabora-
tive group (GIMEMA) recently demonstrated 
a complete cytogenetic response rate of 
50 – 60 %  in a prospective analysis of 277 late 
CP patients. 13  

       For patients subjected to an allogeneic 
stem cell transplant, the vast majority 
remain in a complete cytogenetic and 
molecular remission for 10 years or more. 
Some of these patients do become intermit-
tently positive for BCR-ABL transcripts, 
albeit at low levels, but the rare patient with a 
persisting high transcript level is at a high risk 
of relapse. 14  ,  15  A very small minority appear to 
relapse directly into the advanced phases of 
the disease.   

 CLINICAL PRESENTATION 

 The median age of patients at diagnosis 
appears to be 50 years in the West. However, 
the median age at diagnosis seems to be 
considerably lower, perhaps around 36 years, 
in some countries, such as India (Aggarwal, 

personal communication). In the West one-
third to one-half of patients with CML are 
diagnosed in CP following a routine blood 
test and the remainder present with signs 
and symptoms related to anemia, platelet 
dysfunction, and splenomegaly. In about 95 %  
of patients the diagnosis is typically made 
by the examination of a peripheral blood 
film and the demon stration of the Ph chromo-
some by conventional marrow cytogenetics; 
the remainder are diagnosed by the presence 
of a  BCR-ABL1  gene, though the use of 
fluorescence  in situ  hybri dization (FISH) 
results in occasional false negative results. 
It is useful to obtain a baseline real-time 
quantitative polymerase chain reaction 
(RQ-PCR) analysis of peripheral blood or 
marrow to confirm the presence of a 
 BCR-ABL1  transcript and characterize the 
BCR-ABL junction. 16  ,  17  

 Most patients will have leukocytosis owing 
to increased numbers of myelocytes and seg-
mented neutrophils; basophilia is almost uni-
versal and some patients have eosinophilia. 
The percentage of blast cells increases in par-
allel with the leukocyte count and may reach 
10 %  without indicating disease progression. 
The anemia tends to be mild and normochro-
mic normocytic in nature. Many patients have 
a minor degree of thrombocytosis, including 
some who might have it as the sole presenting 
blood count abnormality at diagnosis. The 
bone marrow trephine is hypercellular with 
complete or near complete loss of fat spaces; 
there is a high myeloid : erythroid ratio. The 
blast cell count is 5 – 10 %  of nucleated cells 
( Figure 4.1 ). 

  Up to half of all CP patients are asympto-
matic at diagnosis, which is usually made on 
a full blood count carried out for some 
other purpose. When present, typical 
clinical features may include sweats, weight 
loss, hemorrhagic manifestations such as 
spontaneous bruising and retinal hemor-
rhages, abdominal discomfort owing to sple-
nomegaly, fatigue often, but not always, related 
to anemia and fever ( Table 4.2 ). The median 
duration of symptoms prior to diagnosis is 
about 3 months. Most patients diagnosed in 

Table 4.1 IRIS study following a 6-year follow-up: 
annual events in patients who are in complete 
cytogenetic response (CCyR). Adapted from 
reference 12, with permission

Year after achieving CCyR All events  *  AP/BC

1st 5.5 % 2.1 % 

2nd 2.3 % 0.8 % 

3rd 1.1 % 0.3 % 

4th 0.4 %   0 % 

5th 0.4 %   0 % 

*All deaths or loss of response including progression to 
accelerated phase/blast crisis (AP/BC).
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symptomatic patients, followed by weight loss 
in 30 % , fever and sweats in 25 % , bleeding in 
20 % , and bone pains in <10 % . 18  ,  20    –  22  The most 
comprehensive recent descriptions have 
been those from the German CML-1 trialists 
assessing features in a cohort treated with vari-
ous antileukemia agents (busulfan, hydroxy-
urea (hydroxycarbamide), and IFN α ), and the 
Hammersmith Hospital (London) experience 
assessing 430 patients being considered for 
allogeneic stem cell transplantation between 
1981 and 1997. Despite the fact that the 
Hammersmith series had a considerably 
lower median age (34 years), by virtue of 
patients being referred for possible transplan-
tation, the findings, with the exception of 
the prevalence of hepatomegaly, were remark-
ably similar in the two patient populations. 
The German series reported hepatomegaly 
in about half of all symptomatic patients, 
whilst the Hammersmith series noted it in 
only 2.2 %  of the patients. 

 The Hammersmith series reported various 
laboratory parameters in detail ( Table 4.3 ). 
The presenting total leukocyte count was 
 > 100    ×    10 9 /l in over 70 %  and  > 350    ×    10 9 /l in 
19 %  of all patients. The presenting platelet 
counts were  > 450    ×    10 9 /l in 50 %  and just over 

the advanced phases of CML tend to be 
symptomatic.   

 Remarkably the early descriptions of the 
clinical features, in particular those which 
appeared to influence survival in the 
166 patients studied over a 10-year period by 
Minot and colleagues in 1926, remain of 
some use. 19  Various subsequent studies, all in 
the pre-imatinib mesylate era, have reported 
the presence of fatigue in about 60 %  of 

 Figure 4.1    A peripheral blood 
film from a patient with CML 
in CP.  

Table 4.2 Clinical features of patients with chronic 
phase CML seen at the Hammersmith Hospital London. 
Adapted from reference 18, with permission

 Clinical feature   %  

Fatigue 33.5

Bleeding 21.3

Weight loss 20.0

Abdominal discomfort 
(left upper quadrant)

18.6

Sweats 14.6

Bone pain  7.4

Splenomegaly 75.8

Hepatomegaly  2.2
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expansion of one or more Ph-positive subclones 
that are genetically more aggressive than 
the original Ph-positive population. The pro-
pensity of the Ph-positive clone to acquire 
such additional genetic changes is an example 
of ‘genomic instability  ’  , but the molecular 
mechanisms underlying this instability are 
poorly defined. 23  Such new events may 
occur in the  BCR-ABL  fusion gene or indeed 
in other genes in the Ph-positive population 
of cells. 

 In about 10 %  of all chronic phase CML 
patients, and perhaps up to 50 %  of those in 
the advanced phases, additional chromosomal 
abnormalities are observed at diagnosis. 24  ,  25  
The most common abnormalities described 
include trisomy 8, double Ph, and isochromo-
some 17 either alone or in combination. The 
precise significance of these clonal events 
remains an enigma, with those with an isolated 
trisomy 8 or a second Ph chromosome faring 
quite well, in contrast to those with multiple or 
complex chromosomal abnormalities who 
fare quite poorly. Studies including patients 
with clonal evolution who otherwise remain in 
CP suggest a poorer outcome compared with 
those without clonal evolution and in CP, 
particularly in those who do not achieve at 
least a partial cytogenetic response by 6 months 
on imatinib mesylate. 26  ,  27    

 RISK STRATIFICATION 

 Various efforts have been made to establish 
criteria definable at diagnosis, both progno-
stic (disease-related) and predictive (treatment-
related), that may help to predict survival for 
individual patients. 28  ,  29  The most frequently 
used method is that proposed by Sokal, 
whereby patients can be divided into various 
risk categories based on a mathematical for-
mula that takes into account the patient ’ s age, 
blast cell count, spleen size, and platelet count 
at diagnosis. Stratifying patients into good-, 
intermediate-, and poor-risk categories may 
assist in the decision-making process regard-
ing appropriate treatment options. Clinically, 
however, the best prognostic indicators seemed 

Table 4.3 Hematological variables in patients with 
chronic phase CML seen at the Hammersmith Hospital, 
London. Adapted from reference 18, with permission

  %  

 White blood count ( ×  10 9 /l) 

<20  4.5

20 – 99 23.0

100 – 249 36.2

250 – 350 17.2

 > 350 19.0

Hemoglobin (g/dl)

<7.5 11.0

7.6 – 9.4 23.5

9.5 – 11.4 27.6

 > 11.5 37.8

Platelets ( ×  10 9 /l)

<50  6.9

50 – 149  3.6

150 – 449 46.0

450 – 999 38.0

 > 1000 11.6

10 %  of all patients had platelet counts of 
<150    ×    10 9 /l. Remarkably <7 %  of the study 
cohort had platelet counts of <50    ×    10 9 /l, 
though bleeding was noted in over 20 %  of 
patients. Anemia was noted in about 60 %  of 
the patients, with 11 %  having a hemoglobin 
of <7.5   g/dl and a further 23.5 %  having hemo-
globin between 7.6 and 9.4   g/dl. The authors 
did not specifically report the prevalence of 
platelet dysfunction in this series, which might 
have shed light on the cause of the bleeding 
manifestation in almost one-fifth of the 
patients studied.     

 CLONAL EVOLUTION 

 It is likely that the acquisition of a  BCR-ABL  
fusion gene by a hematopoietic stem cell 
and the ensuing expansion of the Ph-positive 
clone set the scene for acquisition and 
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‘indolent  ’   defined as those who entered blast 
transformation at least 7 years following their 
initial diagnosis ( Figure 4.2 ). 

  Another recent potential biomarker for risk 
stratification related to disease heterogeneity 
appears to be the polycomb group  BMI1  gene, 
which regulates both normal and leukemic 
stem cells. Mohty and colleagues demon-
strated that the levels of  BMI1  RNA were 
significantly higher in patients with advanced 
phase of CML, compared with those in CP. 38  

 Following the introduction of imatinib 
mesylate into the clinic more than 10 years 
ago, and the realization that this agent is 
indeed the best treatment for almost all 
patients presenting in CP, efforts were made 
to assess the continued value of the updated 
Sokal index. 39  From the update of results of 
the IRIS study, it appeared that about 63 %  
of previously untreated CP patients remained 
in complete cytogenetic response on imatinib 
mesylate therapy at 6 years and there were 
three distinct progression-free survival proba-
bilities, with patients in the high-risk Sokal 
category faring the worst ( Figure 4.3 ). It is 
also of interest that older age, a feature of 
the Sokal index, might not be of major prog-
nostic relevance in imatinib mesylate-treated 
patients. Investigators from the MD Anderson 
Cancer Center (Houston) observed that 
among a cohort of 187 patients with CML in 

until recently to be the response to initial 
treatment with IFN α , with those achieving 
hematological control of their disease having 
the best survival. The recently introduced 
Euro or Hasford system is an updated 
Sokal index, which includes consideration of 
basophil and eosinophil numbers. 30  

 Other possible prognostic factors are the 
presence or absence of deletions in the region 
of the reciprocal  ABL-BCR  fusion gene on 
the derivative 9q +  chromosome and the rate 
of shortening of telomeres in the leukemia 
clone. 31    –  33  Such 9q +  deletions are quite large 
and associated with a poor prognosis, notably 
resistance to IFN α  therapy. It is, however, 
possible that the adverse effect of this poor-
risk feature is lost in patients treated with 
imatinib mesylate. 34  

 More recently gene expression changes 
associated with progression and response in 
CML have been introduced. 35    –  37  Molecular 
profiling of CD34 +  cells has been noted to 
identify low expression of CD7, concomitantly 
with high expression of proteinase 3 or 
elastase, as potential predictors of longer 
survival in patients with CML. By using oligo-
nucleotide microarray screening investigators 
were able to separate gene expression profi-
ling of two subsets of patients: ‘aggressive  ’  , 
defined as those who developed blast trans-
formation within 3 years of diagnosis, and 

 Figure 4.2    Risk stratification of 
patients with CML in CP by mole-
cular profiling of CD34 +  cells. 
Adapted from reference  36 , with 
permission.  
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 There is also evidence from clinical trials 
that the depth and quality of the cytogenetic 
and molecular responses may be influenced 
by the actual dose of imatinib mesylate. 
Patients who receive higher doses of imatinib 
mesylate, particularly 800   mg/day, appear to 
achieve complete cytogenetic response and 
major molecular response much earlier 
than those treated with 400   mg, and there 
is a trend for improved event-free survival. 44  
Interestingly achieving a major molecular 
response by 12 months has been shown by 
several workers to be associated with a low 
imatinib IC50. There also appears to be no 
correlation between imatinib mesylate 
plasma trough levels and body weight or body 
surface area, but high variability between 
patients, and a correlation of response 
with imatinib mesylate plasma levels on day 29 
following the initiation of therapy. 45  Larson 
and colleagues determined plasma concentra-
tions of imatinib mesylate and its metabolite, 
CGP74588, by liquid chromatography/mass 
spectrometry, on day 29 and observed that 
high imatinib mesylate trough levels were 
predictive of higher complete cytogenetic 
response independent of Sokal risk group. 
Adverse effects were similar among the 
imatinib mesylate quartile categories, except 

early CP, 87 %  of patients aged  >  60 years 
achieved a complete cytogenetic response 
compared with 79 %  of patients < 60 years 
when treated with imatinib mesylate. 40  This 
supports the notion that age  per se  does not 
influence the biology of the disease  –  instead 
the emergence of a potential co-morbid 
condition in the older patient might increase 
the probability of treatment-related adverse 
effects. 

  Prior to the recent 6-year follow-up of 
the IRIS cohort, most single-center studies 
supported the conclusion that the time to 
achieve a complete cytogenetic response was 
important, with patients who achieve a com-
plete cytogenetic response within the first 
12 months faring the best. 41  The IRIS analysis, 
however, suggested that patients who achieved 
a complete cytogenetic response at 18 months 
or later fared just as well, or just as badly, as 
patients who achieved a complete cytogenetic 
response earlier 42  ( Table 4.4 ). This analysis, 
however, has been criticized on a number 
of grounds. Nonetheless, the best outcome 
appears to be for the cohort who achieve 
a complete cytogenetic response and at 
least a 3-log or greater reduction of the 
 BCR-ABL  transcripts, compared with the 
baseline. 43    

 Figure 4.3    Correlation of long-
term outcome with Sokal index in 
patients with newly diagnosed CML 
in CP treated with imatinib mesy-
late. Adapted from reference  39 , 
with permission.  
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prinicipal consensus panels 50  ,  51  ( Table 4.5 ). 
Primary resistance or refractoriness to ima-
tinib mesylate appears to be very rare and 
when seen may be related to poor compliance, 
abnormal drug efflux and influx, poor 
gastrointestinal absorption, p450 cytochrome 
polymorphism, and interactions with other 
medications. 52  In a small cohort of patients a 
correlation of human OCT1 expression and 
response has been observed: the higher the 
levels of OCT1 the better the molecular 
responses ( Figure 4.4 ). 53  ,  54  

for fluid retention, rash, myalgia, and anemia, 
which were more common at higher imatinib 
mesylate concentrations.44 

 Amongst other parameters which appear 
to have some use as prognostic and predic-
tive tools in the   imatinib mesylate era, 
the degree of myelosuppression which an 
individual patient experiences may be 
important. 46  There is one multivariant 
analysis which supports the notion that 
patients who experience persistent grade 3 
and 4 myelosuppression fare relatively badly 
with the lowest rates of complete cytogenetic 
response. 47  Similarly Marin and colleagues 
have shown that a low neutrophil count and 
poor cytogenetic response to imatinib mesy-
late at 3 months comprise a poor risk signifi-
cance, but a similar analysis from another 
center did not support this conclusion. 48  ,  49  
The inferior survival seen in some patients 
with myelosuppression might be a conse-
quence of a reduced number of Ph-negative, 
and presumably largely normal, progenitors 
in such patients.   

 RESISTANCE TO IMATINIB 
MESYLATE 

 Defining responses to imatinib mesylate ther-
apy and monitoring of patients have been a 
challenge for some time and are discussed in 
Chapter 5. Various efforts to define failure 
and suboptimal responses have resulted in two 

 Table 4.4    Time to complete cytogenetic response (CCyR) does not affect long-term outcomes for patients ( n   =  509) 
with CML-CP on imatinib therapy. Adapted from reference  42 , with permission  

Time to achieve a CCyR n ( % ) OS at 6 years ( % ) EFS at 6 years ( % ) PFS at 6 years ( % )

  ≤  6 months 265(52) 94 93 97

 > 6 months  –    ≤  12 months 99(19) 95 90 97

 > 12 months  –    ≤  18 months  34(7) 91 87 97

 > 18 months  49(10) 98 89 98

No CCyR achieved  62(12) 63 33 63

*For overall survival (OS), event-free survival (EFS), and progression-free survival (PFS) p < 0.001 for patients with no CCyR versus CCyR 
irrespective of time.

Table 4.5 Criteria for failure and suboptimal response 
to imatinib. Adapted from reference 50, with permission

 Time (months)  Response 

 Failure  Suboptimal 

 3 No HR No CHR

 6 No CHR 100 %  Ph +   ≥  35 %  Ph + 

12   ≥  35 %  Ph +   ≥  5 %  Ph + 

18   ≥  5 %  Ph + No MMR 
(<3-log reduction 
BCR-ABL/ABL)

Any Loss of CHR Clonal evolution

Loss of CCyR Loss of MMR

Mutation Mutation

HR, hematological response; CHR, complete HR; 
MMR, major molecular response; 
CCyR, complete cytogenetic response.
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prior to the emergence of any clinical features. 
Many of these patients, though not all, are in 
early stage CP. The introduction of the 
original ABL tyrosine kinase inhibitor, 
imatinib mesylate, in 1998 for the treatment 
of CML appears to have changed not only the 
treatment paradigm, but also the natural 
history of the disease. The recent 6-year 
follow-up of the IRIS trail has confirmed a 
robust reduction of all events in patients 
who remain on imatinib mesylate treatment 
beyond 4 years and for the cohort who have 
achieved and remain in complete cytogenetic 
response, none progressed to the advanced 
phases of CML ( Table 4.1 ).  Pari passu , 
methods to stratify patients in accordance 
with the risks associated with disease and 
treatment-related parameters have improved. 
Notably prognostic scores in use during 
the pre-imatinib mesylate era have also been 
validated for current use. We can anticipate 
further advances in the gene microarray 
applications and the identification and use of 
more candidate genes in the near future .

       REFERENCES 
   1.      Nowell     PC   ,    Hungerford     DA   .  A minute chromosome 

in human granulocytic leukemia.   Science   1960 ; 
 132 :  1497  –  501 .  

   2.      Sawyers     CL   .  Chronic myeloid leukemia.   N Engl J 
Med   1999 ;  340 :  1330  –  40 .  

    A somewhat larger proportion of patients, 
about 20 %  in the CP, respond initially to 
imatinib mesylate and then lose their 
response. Some of these patients show 
evidence of expansion of subclones with 
point mutations in the  BCR-ABL  kinase 
domain (KD), which code for amino acid 
substitutions that may impede binding of 
imatinib mesylate but do not impair phospho-
rylation of downstream substrates that 
mediate the leukemia signal. 55  ,  56  The precise 
position of the mutation appears to dictate 
the degree of resistance to imatinib mesylate; 
some mutations are associated with minor 
degrees of imatinib mesylate resistance 
whereas one notorious mutation, the replace-
ment of threonine by isoleucine at position 
315 (T315I), is associated with near total 
non-responsiveness to imatinib mesylate 
as well as with resistance to the newer 
tyrosine kinase inhibitors, namely dasatinib, 
nilotinib, and bosutinib. 57  ,  58  The precise 
significance and indeed the kinetics of the 
over 70 currently well-characterized mutations 
remain largely unelucidated.   

 CONCLUSIONS 

 The past decade has witnessed an increasing 
proportion of patients with CML being 
diagnosed following a routine blood test and 

 Figure 4.4    Correlation of mole-
cular response with levels of OCT1 
activity in CML. Adapted from 
reference  54 , with permission.  

0

0.5

1

1.5

2

2.5

3

3.5

4
1 2 3 6 9 12 15 18 21 24

Lo
g 

re
du

ct
io

n 
B

C
R

-A
B

L

Months from imatinib start

High OCT1 activity (High OCT1 activity (nn = 28) = 28)

Low OCT1 activity (Low OCT1 activity (nn = 28) = 28)

pp = 0.008 = 0.008



CLINICAL ASPECTS OF CHRONIC MYELOID LEUKEMIA   63

who may not require further therapy.   Blood   2006 ; 
 102 :  4121  –  6 .  

  16.      Goldman     JM   .  How I treat chronic myeloid 
leukemia in the imatinib era.   Blood   2007 ;  110 : 
 2828  –  37 .  

  17.      Schiffer     CA   .  BCR-ABL tyrosine kinase inhibitors for 
chronic myelogenous leukemia.   N Engl J Med   2007 ; 
 357 :  258  –  65 .  

  18.      Savage     D   ,    Szydlo     R   ,    Goldman     JM    et al.    Clinical 
features at diagnosis of 430 patients with chronic 
myeloid leukemia seen at a referral centre over a 
16-year period.   Br J Haematol   1997 ;  96 :  111  –  16 .  

  19.      Minot     GR   ,    Buckman     TE   ,    Isaacs     R   .  Chronic myelo-
genous leukemia: age, incidence, duration and 
benefit derived from irradiation.   JAMA   1924 ;  82 : 
 1489  –  94 .  

  20.      Faderl     S   ,    Talpaz     M   ,    Estrov     Z    et al.    Chronic myelo-
genous leukaemia: biology and therapy.   Ann Intern 
Med   131 :  207  –  19 .  

  21.      Hasford     J   ,    Ansari     H   ,    Pfirrman     M    et al.    Analysis and 
validation of prognostic factors for CML. German 
CML study group.   Bone Marrow Transplant   1996 ; 
 17 :  549  –  54 .  

  22.      Hehlmann     R   ,    Heimpel     H   ,    Hasford     J    et al.    Random-
ized comparison of interferon-alfa with busulfan 
and hydroxyurea in chronic myelogenous leuke-
mia.   Blood   1994 ;  84 :  4064  –  77 .  

  23.      Mughal     TI   ,    Goldman     JM   .  A perspective on the 
molecular evolution of chronic myeloid leukemia 
from chronic phase to blast transformation.   Clin 
Leuk   2006 ;  1 :  101–07 .  

  24.      Kantarjian     H   ,    Keating     MJ   ,    Smith     TL    et al.    Proposal 
for a simple synthesis prognostic staging system in 
chronic myelogenous leukemia.   Am J Med   1990 ;  88 : 
 1  –  8 .  

  25.      Majlis     A   ,    Smith     TL   ,    Talpaz     M    et al.    Significance 
of cytogenetic clonal evolution in chronic 
myelo genous leukemia.   J Clin Oncol   1996 ;  14 :  1
96  –  203 .  

  26.      Cortes     J   ,    Talpaz     M   ,    Giles     F    et al.    Prognostic 
significance of cytogenetic clonal evolution in 
patients with chronic myelogenous leukemia 
on imatinib mesylate therapy.   Blood   2003 ;  101 : 
 3794  –  800 .  

  27.      O ’ Dwyer     ME   ,    Mauro     M   ,    Blasdel     C    et al.    Clonal 
evolution and lack of cytogenetic response are 
adverse prognostic factors for hematologic relapse 
of chronic phase CML patients treated with ima-
tinib mesylate.   Blood   2004 ;  103 :  451  –  5 .  

  28.      Sokal     JE   ,    Cox     EB   ,    Baccarani     M    et al.    Prognostic 
discrimination in good-risk chronic granulocytic 
leukemia.   Blood   1984 ;  63 :  789  –  99 .  

  29.      Gratwohl     A   ,    Hermans     J   ,    Goldman     JM    et al.   
 Risk assessment for patients with chronic myeloid 
leukaemia before allogeneic bone marrow trans-
plantation.   Lancet   1998 ;  352 :  1087  –  92 .  

  30.      Hasford     J   ,    Pfirmann     M   ,    Hehlmann     R    et al.    A new 
prognostic score for survival of patients with chronic 

   3.      Daley     GQ   ,    Van Etten     RA   ,    Baltimore     D   .  Induction of 
chronic myelogenous leukemia in mice by the p210 
bcr/abl gene of the Philadelphia chromosome. 
  Science   1990 ;  24 :  824  –  30 .  

   4.      Mughal     TI   ,    Goldman     JM   .  Chronic myeloid leukae-
mia: STI571 magnifies the therapeutic dilemma.  
 Eur J Cancer   2001 ;  37 :  561  –  8 .  

   5.      Goldman     JM   ,    Melo     JV   .  Chronic myeloid leukemia  –  
advances in biology and new approaches to treat-
ment.   N Engl J Med   2003 ;  349 :  1451  –  64 .  

   6.      Zaccaria     A   ,    Valenti     AM   ,    Donti     E    et al.    Persistence 
of chromosomal abnormalities additional to the 
Philadelphia chromosome after Philadelphia 
chromosome disappearance during imatinib therapy 
for chronic myeloid leukemia.   Haematologica   2007 ; 
 4 :  564  –  5 .  

   7.      Ichimaru     M   ,    Ichimaru     T   ,    Belsky     JL   .  Incidence of 
leukemia in atomic bomb survivors belonging to a 
fixed cohort on Hiroshima and Nagasaki, 1950 – 71. 
Radiation dose, years after exposure, age at expo-
sure, and type of leukemia.   J Radiat Res (Tokyo)  
 1978 ;  3 :  262  –  82 .  

   8.      Marmont     A   ,    Frassoni     F   ,    Bacigalupo     A    et al.    
Recurrence of Ph 1 -positive leukemia in donor 
cells after marrow transplantation for chronic 
granulocytic leukemia.   N Engl J Med   1984 ;  310 : 
 903  –  6 .  

   9.      Mughal     TI   ,    Goldman     JM   .  Molecularly targeted 
treatment of chronic myeloid leukemia: beyond the 
imatinib era.   Front Biosci   2006 ;  1 :  209  –  20 .  

  10.      Druker     BJ   ,    Tamura     S   ,    Buchdunger     E    et al.    Effects of 
a selective inhibitor of the Abl tyrosine kinase on 
the growth of the BCR-ABL positive cells.   Nat Med  
 2000 ;  2 :  561–66 .  

  11.      Druker     BJ   ,    Guilhot     F   ,    O ’ Brien     SG    et al.    Five-year 
follow-up of patients receiving imatinib for chronic 
myeloid leukemia.   N Engl J Med   2006 ;  355 :
 2408  –  17 .  

  12.      Hochhaus     A   ,  on behalf of the IRIS investigators.  
 Outcomes post imatinib for patients on the 
IRIS trial: a 6 year follow-up.   Blood   2007 ;  110 , 
 abstract 25 .  

  13.      Palandri     F   ,    Iacobucci     I   ,    Martinelli     G    et al.   
 Long-term outcome of complete cytogenetic 
responders after imatinib 400mg in late chronic 
phase, Philadelphia-positive chronic myeloid leu-
kemia: the GIMEMA Working Party on CML.   J Clin 
Oncol   2008 ;  26 :  106  –  11 .  

  14.      Mughal     TI   ,    Yong     A   ,    Szydlo     R    et al.    The probability 
of long-term leukaemia free survival for patients 
in molecular remission 5 years after allogeneic 
stem cell transplantation for chronic myeloid 
leukaemia in chronic phase.   Br J Haematol   2001 ; 
 115 :  569  –  74 .  

  15.      Kaeda     JS   ,    O ’ Shea     D   ,    Szydlo     R    et al.    Serial measure-
ments BCR-ABL transcripts in the peripheral blood 
after allogeneic stem cell transplant for chronic 
myeloid leukaemia: An attempt to define patients 



64   CHRONIC MYELOPROLIFERATIVE DISORDERS

  43.      Hughes     T   ,    Branford     S   .  Molecular monitoring 
of BCR-ABL as a guide to clinical management 
in chronic myeloid leukaemia.   Blood Rev   2006 ; 20: 
 29  –  41 .  

  44.      Larson     RA   ,    Druker     BJ   ,    Guihot     FA    et al.    Imatinib 
pharmacokinetics and its correlation with response 
and safety in chronic phase CML: a subanalysis of 
the IRIS study.   Blood   2008 ; 111: 4022–8.  

  45.      Kantarjian     H   ,    Talpaz     M   ,    O ’ Brien     S    et al.    High-
dose imatinib mesylate therapy in newly diagnosed 
Philadelphia chromosome-positive chronic phase 
chronic myeloid leukemia.   Blood   2004 ;  103 : 
 2873  –  8 .  

  46.      Kantarjian     H   ,    Sawyers     C   ,    Hochhaus     A    et al.    Hemato-
logical and cytogenetic responses to imatinib 
mesylate in chronic myelogenous leukemia.   N Engl 
J Med   2002 ;  346 :  645  –  52 .  

  47.      Sneed     TB   ,    Kantarjian     H   ,    Talpaz     M    et al.    The 
significance of myelosuppression during therapy 
with imatinib mesylate in patients with chronic 
myelo genous leukemia.   Cancer   2004 ;  100 :  
116  –  21 .  

  48.      Marin     D   ,    Marktel     S   ,    Bua     M    et al.    Prognostic factors 
for patients with chronic myeloid leukemia in 
chro nic phase treated with imatinib mesylate 
after failure of interferon-alfa.   Leukemia   2003 ;  17 : 
 1448  –  53 .  

  49.      Kantarjian     H   ,    Cortes     J   .  Testing the prognostic 
model of Marin et al in an independent chronic 
myelogenous leukemia study group.   Leukemia  
 2004 ;  18 :  650 .  

  50.      Baccarani     M   ,    Saglio     G   ,    Goldman     JM    et al.    Evolving 
concepts in the management of chronic myeloid 
leukemia: recommendations from an expert panel 
on behalf of the European LeukemiaNet.   Blood  
 2006 ;  108 :  1809  –  20 .  

  51.      Kantarjian     H   ,    Schiffer     CA   ,    Jones     D   ,    Cortes     JI   . 
 Monitoring the response and course of chronic 
myeloid leukemia in the era of Bcr-Abl tyrosine 
kinase inhibitors: practical advice on the use and 
interpretation of monitoring methods.   Blood   2008 ; 
 111 :  1774  –  80.   

  52.      Apperley     J   .  Part I: Mechanisms of resistance to 
imatinib in chronic myeloid leukemia.   Lancet 
Oncol   2007 ;  8 :  1018  –  29 .  

  53.      Thomas     J   ,    Wang     L   ,    Clark     RE   ,    Pirmohamed     M   . 
 Active transport of imatinib into and out of cells: 
implications for drug resistance.   Blood   2004 ;  104 : 
 3739  –  45 .  

  54.      White     DL   ,    Saunders     VA   ,    Dang     P    et al.    OCT-1 
mediated influx is a key determinant of the 
intracellular uptake of imatinib but not nilotinib 
(AMN107): reduced OCT-1 activity is the cause of 
low in vitro sensitivity to imatinib.   Blood   2006 ;  108 : 
 697  –  704 .  

  55.      Druker     BJ   .  Circumventing resistance to kinase-
inhibitor therapy.   N Engl J Med   2006 ;  354 :  
2594  –  6.   

myeloid leukemia treated with interferon-alpha.  
 J Natl Cancer Inst   1998 ;  90 :  850  –  8 .  

  31.      Sinclair     PB   ,    Nacheva     EP   ,    Leversha     M    et al.    Large 
deletions at the t(9;22) breakpoint are common 
and may identify a poor prognosis subgroup of 
patients with chronic myeloid leukemia.   Blood  
 2000 ;  95 :  738  –  43 .  

  32.      Cohen     N   ,    Rozenfeld-Granot     G   ,    Hardan     I    et al.   
 Subgroup of patients with Philadelphia-positive 
chronic myeloid leukemia characterised by a 
deletion of 9q proximal to Abl gene: expression 
profiling, resistance to interferon therapy and 
poor prognosis.   Cancer Genet Cytogenet   2001 ;  128 : 
 114  –  19 .  

  33.      Huntly     BJP   ,    Bench     A   ,    Green     AR   .  Double jeopardy 
from a single translocation: deletions of the deriva-
tive chromosome 9 in chronic myeloid leukemia.  
 Blood   2003 ;  102 :  1160  –  8 .  

  34.      Quintas-Cardama     A   ,    Kantarjian     H   ,    Talpaz     M    et al.   
 Imatinib mesylate therapy may overcome the poor 
prognostic significance of deletions of derivative 
chromosome 9 in patients with chronic myelo-
genous leukemia.   Blood   2005 ;  105 :  2281  –  6 .  

  35.      Radich     J   ,    Dai     H   ,    Mao     M    et al.    Gene expression 
changes associated with progression and response 
in CML.   Proc Natl Acad Sci U S A   2006 ;  103 :  
2794  –  9 .  

  36.      Yong     A   ,    Szydlo     R   ,    Goldman     JM    et al.    Molecular 
profiling of CD38 +  cells identifies low expression of 
CD7, along with high expression of proteinase 3 or 
elastase, as predictors of longer survival in patients 
with CML.   Blood   2006 ;  107 :  205  –  12 .  

  37.      Brazma     D   ,    Grace     C   ,    Howard     J    et al.    Genomic profile 
of chronic myelogenous leukemia: imbalances asso-
ciate with disease progression.   Genes Chromosomes 
Cancer   2007 ;  46 :  1039  –  50 .  

  38.      Mohty     M   ,    Yong     A   ,    Szydlo     R    et al.    The polycomb 
BMI1 gene is a molecular marker for predicting 
prognosis of CML.   Blood   2007 ;  110 :  380  –  3 .  

  39.      Simonsson     B   ,  on behalf of the IRIS Study Group.  
 Beneficial effects of cytogenetic and molecular 
response on long-term outcome in patients with 
newly diagnosed chronic myeloid leukemia in 
chronic phase (CML-CP) treated with imatinib 
(IM): update from the IRIS Study.   Blood   2005 ;  106 : 
 abstract  52a.  

  40.      Cortes     J   ,    Talpaz     M   ,    O ’ Brien         et al.    Effects of age 
on prognosis with imatinib mesylate therapy 
for patients with Philadelphia-positive chronic 
myelo genous leukemia.   Cancer   2003 ;  98 :  1105  –  3 .  

  41.      O ’ Brien     S   ,    Guilhot     F   ,    Larson     R    et al.    Imatinib 
compared with interferon and low dose cytarabine 
for newly diagnosed chronic phase chronic myeloid 
leukemia.   N Engl J Med   2003 ;  348 :  994  –  1004 .  

  42.      Guilhot     F   ,  on behalf of the IRIS investigators.  
 Time to complete cytogenetic response does not 
affect long term outcomes for patients with CML-CP 
on imatinib therapy.   Blood   2007 ;  110 :  abstract 27 .  



CLINICAL ASPECTS OF CHRONIC MYELOID LEUKEMIA   65

myeloid leukemias.   Clin Lymph Myeloma   2007 ; 7: 
 S81  –  4 .  

  58.      Soverini     S   ,    Iacobucci     I   ,    Baccarani     M   ,    Martinelli     M   . 
 Targeted therapy and the T315I mutation in 
Philadelphia-positive leukemias.   Haematologica  
 2007 ;  4 :  437  –  9 .           

  56.      Deininger     M   ,    Buchdunger     E   ,    Druker     BJ   .  The 
development of imatinib as a therapeutic agent 
for chronic myeloid leukemia.   Blood   2005 ;  105 : 
 2640  –  53 .  

  57.      Mughal     TI   ,    Goldman     JM   .  Emerging strategies 
for the treatment of mutant Bcr-Abl T315I 



5                     Chronic myeloid leukemia: 
current first-line treatment options   
   Elias   Jabbour   ,    Hagop   Kantarjian   ,    Jorge   Cortes       

 INTRODUCTION 

 Chronic myeloid leukemia (CML) is an 
uncommon disease. Its incidence is low, but its 
prevalence is increasing. In the US, approxi-
mately 4500 new cases of CML are diagnosed 
annually. 1  The median age at diagnosis is 55 
years. With an estimated survival rate of 90 %  
at 5 years, and an annual mortality rate of 2 % , 
the prevalence of CML in 20 years may reach 
200 000 – 300 000 cases in the US. 

 CML is associated with a specific chromo-
somal abnormality, the Philadelphia chromo-
some (Ph), that results from a balanced 
reciprocal translocation between chromo-
somes 9 and 22. 2  This translocation, desig-
nated t(9;22)(q34;q11.2), creates an aberrant 
fusion gene derived from the  ABL  gene 
encoded on chromosome 9 and the  BCR  
(breakpoint cluster region) gene encoded on 
chromosome 22. The product of this fusion 
 BCR-ABL  gene, is a constitutively active protein-
tyrosine kinase, p210  BCR-ABL , that promotes 
cellular proliferation and suppresses apop-
tosis. BCR-ABL kinase activity is critical to the 
development of CML. 

 Historically, CML was treated with busulfan 
or hydroxyurea, and was associated with a 
poor prognosis. 2  ,  3  These agents controlled the 
hematological manifestations of the disease, 
but did not delay disease progression. Treat-
ment with interferon alfa (IFN α ) produced 
complete cytogenetic responses in 5 – 25 %  of 
patients with CML in chronic phase (CP), and 
improved survival compared with previous 
treatments. 4  Combining IFN α  with cytarabine 
produced additional benefits. 5  ,  6  Allogeneic 

stem cell transplantation (alloSCT) may be 
curative in CML, but it is applicable to only a 
fraction of CML patients and carries a signifi-
cant risk of morbidity and mortality. In one 
recent study, the 5-year survival with IFN α  
(in most instances followed by imatinib) was 
significantly superior to that with alloSCT. 7  

 Imatinib mesylate, a potent and selective 
BCR-ABL tyrosine kinase inhibitor, is now 
established first-line standard therapy in CML. 
A complete cytogenetic response can be 
achieved in 50 – 60 %  of patients treated in 
chronic phase after failure with IFN α  8  ,  9  and in 
over 80 %  of those receiving imatinib as first-
line therapy. 10  ,  11  Responses are durable in 
most patients treated in early chronic phase, 
particularly among those who achieve major 
molecular responses (e.g.   ≥  3-log reduction in 
transcript levels). 12  ,  13  

 Here we review the most current informa-
tion regarding first-line therapy in CML, and 
briefly summarize the status of previous drugs 
such as IFN α  and cytotoxic agents.   

 CYTOTOXIC AGENTS 

 Busulfan (1,4-dimethane-sulfonyl-oxybutane) 
was the first alkylating agent to demonstrate 
activity in CML. 14  Busulfan therapy was associ-
ated with significant toxicities, including 
severe and prolonged myelosuppression. 
Busulfan should be used today only as part of 
some conditioning regimens in alloSCT, and 
must be avoided in patients awaiting alloSCT 
because its use prior to alloSCT has been asso-
ciated with an adverse outcome. 
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 Hydroxyurea, a ribonucleotide reductase 
inhibitor, is a well-tolerated oral cytotoxic 
agent that can control blood counts rapidly in 
most patients with CML. Rare side-effects 
include nausea, rash, mouth ulcers, and hand 
or leg ulcers. Hydroxyurea is usually given at 
a daily dose of 1 – 10   g, depending on the degree 
of leukocytosis, and the dose adjusted to keep 
the WBC count between 2 and 10  ×  10 9 /l. 
Hydroxyurea may be used for initial cytore-
duction, as a temporary measure to control 
counts in between definitive therapies. 
Although it is not necessary to use hydroxy-
urea or any other agent to decrease the WBC 
prior to the start of imatinib therapy, hydroxy-
urea may be used in patients in whom CML is 
suspected while the confirmatory detection of 
the Ph chromosome is under way. It should 
not be used alone as a definitive treatment in 
CML since it rarely suppresses Ph-positive 
cells.   

 INTERFERON ALFA 

 IFN α  showed anti-CML activity in the 1980s, 
and was the standard of care in CML until the 
advent of imatinib. IFN α  induced a complete 
hematological response in 50 – 80 %  of patients 
with previously untreated chronic phase CML, 
and cytogenetic response in 40 – 60 %  (major 
in 10 – 40 % ; complete in 5 – 30 % ). 4  A meta-
analysis of randomized studies of IFN α  versus 
hydroxyurea or busulfan, showed that IFN α   
therapy was associated with better survival 
than cytotoxic agents (5-year survival rates 
57 %  versus 42 % ,  p   < 0.00001). 4  The addition 
of cytarabine to IFN α  increased the probabil-
ity of achieving a complete cytogenetic 
response to up to 35 % . 5  IFN α , however, has 
minimal activity in the accelerated (AP) or 
blastic (BP) phases of CML. Administration of 
IFN α  is associated with significant side-effects 
including flu-like symptoms, fever, chills, 
myalgias, fatigue, depression, neuropathy, 
diarrhea, memory loss, immune-mediated 
complications, myelosuppression, and others. 15  

 Probably the most important lesson learnt 
from the IFN α  era was the recognition of 
the significance of achieving a complete 

cytogenetic response. Those patients achieving 
this level of response had a 78 %  probability of 
survival at 10 years, compared with only 39 %  
for those who achieve a partial cytogenetic 
response, and 25 %  for those with minor or no 
cytogenetic response. 16  Furthermore, approxi-
mately 30 %  of patients who achieved a com-
plete cytogenetic response had undetectable 
BCR-ABL transcripts by polymerase chain 
reaction (PCR); none of them relapsed after a 
median follow-up of 10 years and they were 
therefore probably cured. 16  ,  17  Interestingly, 
40 – 60 %  of those in complete cytogenetic 
response with presence of minimal residual 
disease at the molecular level did not relapse 
after 10 years. This has been attributed to 
IFN α -induced immune modulation, such as 
the presence of cytotoxic T lymphocytes 
specific for PR1, a peptide derived from pro-
teinase 3 which is over-expressed in CML cells. 
This phenomenon has been demonstrated in 
patients in complete remission after IFN α  
therapy and autologous stem cell transplan-
tation (auto-SCT) but not in those who fail to 
achieve complete cytogenetic response or those 
treated with chemotherapy. 18  

 New formulations of IFN α  attached to poly-
ethylene glycol (PEG) prolong its half-life, 
allow weekly administration, reduce toxicity, 
and may also improve results. 19    

 IMATINIB: THE STANDARD OF CARE 
IN CHRONIC MYELOID LEUKEMIA 

 The introduction of the orally administered 
2-phenylaminopyrimidine derivative imatinib 
(STI571; Gleevec ™ /Glivec ® ) has dramatically 
improved the outcome of patients with 
CML. Preclinical studies established that 
imatinib inhibits ABL and the related protein-
tyrosine kinase ABL-related gene (ARG) as 
well as the kinase activity of members of the 
class III family of receptor tyrosine kinases 
including KIT, PDGFR, and the macrophage 
colony-stimulating factor receptor CSF-1R 
(cFMS). 20        –  24  Inhibition of BCR-ABL protein-
tyrosine kinase activity with imatinib blocks 
intracellular oncogenic signal transduction 
pathways. 25  ,  26  
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response after 12 and 18 months of imatinib 
therapy correlated with survival without trans-
formation. The estimated 5-year survival rate 
without transformation in patients not achiev-
ing a major cytogenetic response at 12 months 
was significantly less (81 % ) than in those 
who achieved major cytogenetic response 
(complete 97 % , partial 93 % ;  p  <0.001). Based 
on the response at 18 months, the estimated 
5-year rate of survival without transforma-
tion for patients not achieving a complete 
cytogenetic response was significantly lower 
than in those who achieved complete cytoge-
netic response (99 %  versus 90 % ;  p  <0.001). 27  
In addition a significant number of patients 
without a complete cytogenetic response by 
12 months were lost by 18 months, presum-
ably from progression emphasizing the impor-
tance of achieving optimal response early 
during the course of therapy. This is empha-
sized in the criteria for optimal response to 
imatinib recently proposed by the European 
LeukemiaNet ( Table 5.1 ). 28    

 Similarly, molecular responses correlate 
with outcome. Patients with a complete cyto-
genetic response and at least a 3-log reduction 
in transcript levels after 12 months of therapy 
have a projected survival rate free from trans-
formation at 60 months of 100 % , compared 
with 95 %  for those with a complete cytoge-
netic response but less than a 3-log reduction 
in transcript levels and 88 %  for those without 
a complete cytogenetic response. There was a 
continuous improvement in the rate of mol-
ecular response: the rate of major molecular 

 Imatinib was established as first-line therapy 
for CML by the phase III International 
Randomized Study of Interferon versus 
STI571 (IRIS) in which 1106 patients with 
newly diagnosed CML in chronic phase were 
randomized to receive imatinib (400   mg/day) 
or IFN α  (target dose 5 million   U/m 2 /day) 
plus cytarabine (20   mg/m 2 /day for 10 days 
every month). 10  After a median follow-up of 
18 months, 95 %  of patients in the imatinib 
group achieved a complete hematological 
response, compared with 56 %  in the IFN α  
plus cytarabine group ( p  <0.001). The rates of 
complete cytogenetic response were 68 %  and 
5 % , respectively ( p  <0.001). More importantly, 
the molecular response rates were also signifi-
cantly better, with estimated 12-month major 
molecular response rates of 40 %  for imatinib-
treated patients versus 2 %  for those treated 
with IFN α . 13  

 A 5-year follow-up to the IRIS study pro-
vided evidence of the continued benefit with 
imatinib. 27  The rate of survival free from trans-
formation to AP or BP was 93 %  and the event-
free survival rate 83 % . Excluding deaths 
unrelated to CML, the survival rate was 95 %  
and the overall survival rate was 89 % . An 
important observation was that the probability 
of losing a response or progression to AP or 
BP decreased significantly over time. The rate 
of progression was less than 1 %  during the 5th 
year of treatment for patients originally 
randomized to imatinib, compared with rates 
during the previous 4 years of 1.5 % , 2.8 % , 
1.6 % , and 0.9 % . The depth of the cytogenetic 

Table 5.1 Imatinib therapy: thresholds for optimal response, suboptimal response, and failure

 Time from initiation  Optimal response  Suboptimal response  Failure 

3 months CHR, some cytogenetic 
response

Less than CHR No hematological 
response

6 months MCyR Less than MCyR Less than CHR

No CyR

12 months CCyR MCyR Less than MCyR

MMR Less than MMR

18 months CMR/MMR Less than MMR Less than CCyR

CHR, complete hematological response; MCyR, major cytogenetic response; CCyR, complete cytogenetic response; 
MMR, major molecular response; CMR, complete molecular response.
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imatinib therapy in newly diagnosed CML. In a 
retrospective study, the estimated 5-year sur-
vival rate for imatinib was 88 % , compared with 
63 %  for IFN-based therapies ( p   =  0.00001). 29  
A second study compared long-term survival 
rates among patients originally randomized 
to imatinib in the IRIS trial with patients 
treated with IFN α  and cytarabine. 30  The esti-
mated 3-year survival rate with imatinib in the 
IRIS trial was 92 %  compared with 84 %  with 
IFN α  plus cytarabine.  Figure 5.1  shows the 
survival of patients treated at our institution 
since 1965 by year of therapy. Imatinib has also 
demonstrated a survival advantage in patients 
with more advanced phases of CML treated 
with imatinib. For example, in accelerated 
phase, the median survival following treat-
ment with imatinib has not yet been reached 
at 4 years; the historical median survival is 
2 years. This benefit was seen even when 
comparing with patients treated with alloSCT, 
mostly owing to the early mortality of the 
latter. 31  

    IMATINIB DOSE SCHEDULES 

 The standard dose of imatinib is 400   mg 
daily. However, the phase I study of imatinib in 
CML evaluated doses ranging from 25 to 
1000   mg/day. The selection of 400   mg as the 

response improved from 53 %  at 1 year to 80 %  
at 4 years of therapy ( p  <0.001). 27  These 
results, however, represent a subset of 124 
patients with available data and it is possible 
that they overrepresented the actual rates. 
However, other studies have also suggested an 
increase in the percentage of patients achie-
ving a major molecular response until approx-
imately 3 years after which the rate reaches 
a plateau where approximately one-third of 
patients will not achieve a major molecular 
response.   

 SURVIVAL ADVANTAGE 

 The IRIS trial did not initially document a 
survival advantage for patients treated with 
imatinib. This was probably owing to the cross-
over design and the approval of imatinib while 
the study was still young. This resulted in over 
90 %  of patients crossing over from the IFN α  
arm to imatinib. Since imatinib effectively 
rescues patients who fail IFN α , this negated 
any possible survival benefit. Still, the recent 
5-year follow-up has now shown a survival 
benefit for those who initiated therapy with 
imatinib from the onset. 

 Comparisons with historical cohorts treated 
with IFN α -based therapy have confirmed 
the long-term survival superiority of first-line 

 Figure 5.1    Survival of patients 
with early chronic phase chronic 
myeloid leukemia treated at MD 
Anderson Cancer Center in differ-
ent eras compared with those 
treated with imatinib.  
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molecular response (i.e. undetectable tran-
script levels) were significantly better with 
high-dose imatinib. 43  More importantly, 
progression-free and transformation-free 
survival were significantly better for the high-
dose group ( p   =  0.02 and 0.005). Other studies 
have shown nearly identical results, confirm-
ing the high rate of cytogenetic and molecular 
responses with high-dose imatinib. 42,44,45   Higher 
doses are well tolerated in most patients. There 
is no difference in the frequency of non-
hematological toxicity grade 3 – 4, but some 
studies have suggested a higher rate of hema-
tological toxicity compared with what is seen 
with standard-dose imatinib. This translates 
into approximately 85 %  of patients continu-
ing to receive  >  400   mg imatinib 12 months 
after the start of therapy. Results from ongoing 
randomized studies will determine whether 
high-dose imatinib should be considered a 
standard approach.   

 LONG-TERM SAFETY 
AND CARDIOTOXICITY 

 Most adverse events with imatinib therapy are 
mild to moderate in severity, and usually occur 
early during the course of therapy, with the 
incidence decreasing over time. Treatment is 
eventually discontinued for adverse events in 
only 3 – 5 %  of patients. 10  ,  30  ,  32  ,  33  Grade 3 – 4 hema-
tological toxicities are also moderate, with 
neutropenia occurring in up to 48 % , throm-
bocytopenia in up to 42 % , and anemia in up 
to 42 % . Myelosuppression is usually transient 
and mostly seen during the first 3 months of 
therapy. Persistent or recurrent myelosuppres-
sion can be managed with hematopoietic 
growth factors in most instances. 46    –  48  Recently, 
it was reported that imatinib therapy could be 
associated with congestive heart failure possi-
bly mediated by inhibition of ABL. This came 
from a report of ten selected patients with 
this condition, while receiving imatinib. 49  
However, this toxicity is very rare. Among 
1276 patients treated at a single institution, 
22 (1.8 % ) patients (median age of 70 years) 
were identified as having symptoms that could 
be attributed to congestive heart failure, 50  

dose to use in subsequent studies was based 
on results from patients who received 
  ≥  300   mg/day, among whom the complete 
hematolo gical response rate was 98 %  and 
cytogenetic response rate was 54 % . 32  Also, the 
blood concentration of imatinib at 400   mg daily 
was consistently higher than that required to 
inhibit 50 %  of BCR-ABL tyrosine kinase activ-
ity  in vitro . 33  ,  34  However, no dose limiting toxi-
city was identified, and a maximal tolerated 
dose was not defined. In addition, imatinib 
600   mg daily was more effective than 400   mg 
for patients in AP or BP disease. 35    –  37  
Furthermore, among patients who had primary 
or secondary failure to standard-dose imatinib 
after dose escalation to 800   mg/day (600   mg/
day if previously reduced to 300   mg/day) 
38 %  of those with cytogenetic resistance or 
relapse achieved a major cytogenetic 
response. 38  

 Thus, there has been interest to explore 
higher doses of imatinib to determine whether 
outcome may be further improved. This was 
first investigated among patients with CML in 
late chronic phase post-IFN α . Patients received 
imatinib 400   mg twice daily and a complete 
cytogenetic response rate of 90 %  was achieved 
compared with 48 %  in historical controls 
treated with standard-dose therapy. In addi-
tion, 56 %  of patients had a major molecular 
response, including 41 %  with undetectable 
levels. 39  

 Several phase II studies using high-dose 
imatinib as first-line therapy in patients with 
previously untreated CML in chronic phase, 
have documented high rates of complete 
cytogenetic (up to 95 % ) and major molecular 
responses, as well as a high proportion of 
patients reaching undetectable BCR-ABL tran-
script levels. 29  ,  40    –  42  When compared with 
historical experience in similar patients 
treated with standard-dose imatinib, those 
treated with high dose had higher rates of 
complete cytogenetic response (91 %  versus 
76 % , p  =  0.002) and these occurred earlier, 
with 88 %  achieving this response by 6 months 
of therapy compared with 56 %  with standard 
dose ( p  <0.00001). The cumulative rates of 
major molecular response and ‘complete  ’   
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 DISCONTINUATION OF IMATINIB 
THERAPY 

 The optimal duration of imatinib therapy is 
unknown. The current recommendation is to 
continue treatment indefinitely unless there is 
unacceptable toxicity or treatment failure. 
There is no evidence to support the concept 
that imatinib can safely be discontinued even 
after transcript levels become undetectable. 
Most patients who have discontinued imatinib 
therapy even after having sustained undetect-
able levels of BCR-ABL for significant periods 
of time have experienced molecular or cytoge-
netic relapse usually shortly after 
discontinuation. 52    –  54  Rousselot  et al . reported 
on 12 patients who discontinued imatinib 
after maintaining undetectable BCR-ABL 
levels for 24 months or longer. Six patients 
were still PCR negative after a median follow-up 
of 18 months (range 9 – 24 months). 55  Although 
all six patients with sustained response had 
been previously treated with IFN α , four out of 
the six who relapsed had also received IFN α  
previously. Thus, although it has been sug-
gested that the effects of IFN α  may contribute 
to the patient ’ s ability to achieve a sustained 
and prolonged molecular response, this is still 
debatable. It has been suggested that the earli-
est, probably quiescent, progenitor cells in 
CML are insensitive to imatinib  in vitro . It is 
conceivable that these progenitors might trig-
ger proliferation of CML once the inhibitory 
pressure of imatinib is eliminated.   

 SIGNIFICANCE OF OTHER 
CYTOGENETIC ABNORMALITIES 

 Approximately 5 – 15 %  of patients who obtain 
a cytogenetic response develop karyotypic 
abnormalities in Ph-negative cells. These do 
not represent clonal evolution as they occur 
in cells without the Ph and should not be con-
sidered as part of the definition of accelerated 
phase. The significance of these events is 
currently unknown. 56  The most common such 
cytogenetic abnormalities include trisomy 8, 
monosomy 5 or 7, and deletion 20q. 57      –  60  These 
abnormalities frequently regress spontaneously, 

and only eight were considered possibly or 
probably related to imatinib. Eleven of the 
22 patients continued imatinib therapy with 
dose adjustments and management for the 
congestive heart failure symptoms with no 
further complications. Thus, at the present 
time there is no indication for increased 
cardiac screening for patients receiving 
imatinib. However, those who develop symp-
toms that may suggest this condition should 
be adequately investigated.   

 MONITORING RESPONSE TO 
IMATINIB THERAPY AND MINIMAL 
RESIDUAL DISEASE 

 With most patients achieving complete cyto-
genetic response with imatinib, achievement 
of molecular response has become the thera-
peutic goal in CML. The IRIS trial showed that 
a reduction of BCR-ABL transcript level by at 
least 3 logs below a standardized baseline value 
correlated with an improved progression-free 
survival. 13  In addition, achieving a major 
molecular response within the first 12 months 
of therapy is predictive of durable cytogenetic 
remission. 12  The lack of consistency in repor-
ting BCR-ABL transcript levels has been a 
source of confusion and debate. A recent con-
sensual proposal suggests harmonizing the 
differing methodologies for measuring BCR-
ABL transcripts by using a conversion factor 
whereby individual laboratories can express 
BCR-ABL transcript levels on internationally 
agreed scales: results will be converted by 
comparing analysis of standardized reference 
samples with the corresponding laboratories. 
It is suggested that after such adjustment, a 
value of 0.1 %  would correspond to a major 
molecular response in all laboratories. 51  
However, a uniform source of standards for 
harmonization of all laboratories is not yet 
available. 

 Current recommendations are to monitor 
patients by real-time PCR every 3 – 6 months. 
A routine cytogenetic analysis should be 
performed every 3 – 6 months, and every 
12 months once a complete cytogenetic 
response is achieved.   
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increase in dose of imatinib. 64  ,  66      –  69  The T315I 
mutation and some mutations affecting the 
so-called P-loop of BCR-ABL confer a greater 
level of resistance to imatinib and to the novel 
tyrosine kinase inhibitors. 51  ,  70  Kinase domain 
mutation screening for patients in chronic 
phase is indicated in cases of hematological 
or cytogenetic resistance/relapse, 51  or if there 
is an increase in BCR-ABL : ABL transcript 
ratio of at least 0.5 – 1 log. 71  Kinase domain 
mutations should be investigated in any 
patients presenting in advanced phase disease. 
Although mutations have been detected in 
occasional patients with advanced phases 
prior to therapy with imatinib, they have never 
been found in patients with chronic phase at 
the time of diagnosis.   

 NOVEL APPROACHES TO 
OVERCOME RESISTANCE 

 Novel more potent tyrosine kinase inhibitors 
have been developed to overcome imatinib 
resistance. 72  Dasatinib, an orally bioavailable 
dual BCR-ABL and SRC inhibitor, is now 
approved for the treatment of CML and Ph-
positive acute lymphoblastic leukemia after 
imatinib failure. 73  Nilotinib is an oral potent 
and selective BCR-ABL inhibitor in advanced 
clinical trials. 74  Both of these agents have 
shown significant activity in patients who have 
failed imatinib therapy and studies in early 
chronic phase have been initiated ( Table 5.2 ). 
Preliminary results in 14 patients with newly 
diagnosed CML treated with nilotinib 400   mg 
twice daily as first-line of therapy were recently 
reported. 75  Major cytogenetic response was 
observed in all patients at 3 months (complete 
in 13 and partial in one), and all seven 

and patients with these abnormalities have 
similar long-term outcome to patients without 
such abnormalities. However, occasional cases 
of progression to acute myeloid leukemia or 
myelodysplastic syndrome have been 
reported, 61  mainly in patients with a deletion 
of chromosome 7 and/or other complex 
abnormalities, but also in occasional patients 
with isolated trisomy 8, warranting a careful 
follow-up.   

 IMATINIB RESISTANCE AND 
MONITORING OF MUTATIONS 

 Despite the benefit of imatinib over prior 
treatments, some patients may develop 
resistance, 62  with a reported annual relapse 
rate of 1 – 4 %  in newly diagnosed patients in 
chronic phase with the incidence decreasing 
over time. 63  In fact, during the 4th and the 
5th year of follow-up on the IRIS trial, less 
than 1 %  of patients lost response per year. 
Multiple mechanisms of resistance to imatinib, 
BCR-ABL dependent and BCR-ABL indepen-
dent, have been identified; one of the best 
characterized is owing to mutations in the 
BCR-ABL kinase domain. Mutations have been 
detected in 30 – 50 %  of patients who develop 
imatinib resistance. 64  Clinically relevant muta-
tions disrupt critical contact points between 
imatinib and BCR-ABL or may favor the active 
conformation of BCR-ABL, to which imatinib 
is unable to bind. 62  ,  65  Numerous BCR-ABL 
mutations have been identified. Not all muta-
tions have the same biochemical and clinical 
properties: some BCR-ABL mutations result in 
a highly resistant phenotype  in vitro ; others are 
still relatively sensitive to imatinib and resis-
tance may potentially be overcome by an 

Table 5.2 Response to therapy in patients with newly diagnosed chronic myeloid leukemia 
in chronic phase

 Response at 3 months  Imatinib 400   mg/day  

( n   =  49)

 Imatinib 800 mg/day  

( n   =  202)

 Nilotinib  ( n   =  14)  Dasatinib  ( n   =  27)

MCyR ( % ) 73 90 100 81

CCyR ( % ) 37 61  93 73

MCyR, major cytogenetic response; CCyR, complete cytogenetic response.
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Three patients also achieved complete molec-
ular response. Additional studies with this 
vaccine are ongoing. Other vaccines have also 
shown promising results. These include PR1, a 
nonapeptide derived from proteinase 3 and 
able to induce immunological, and in some 
instances clinical responses. 81  Also, a K562 cell 
genetically engineered to secrete granulocyte-
macrophage colony-stimulating factor (GM-
CSF) has also shown early encouraging results. 
Polyethylene glycolated interferon has also 
been used as a means of non-specific immune 
stimulation with little success to date. 82  ,  83  The 
role of these and other immune modulating 
approaches in eliminating residual disease 
and potentially allowing permanent treatment 
discontinuation is still debatable.   

 CONCLUSION 

 The introduction of imatinib has marked an 
important and revolutionary step in the man-
agement of CML. The long-term outcomes 
after 5 years of follow-up are very favorable, 
and suggest a major change in the history of 
the disease. Current and future studies are 
exploring the role of high-dose imatinib and 
the new tyrosine kinase inhibitors as first-line 
therapy in CML to further improve the long-
term outcome. Long-term treatment of CML 
may require a combination of tyrosine kinase 
inhibitors, and possibly compounds with other 
mechanisms of action, both conventional and 
targeted. Vaccines to stimulate patient immu-
nity may control and eliminate residual disease. 
With these strategies, the treatment prospects 
of patients with CML are very hopeful.     
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 INTRODUCTION 

 Chronic myeloid leukemia (CML) is a progres-
sive, often fatal, hematopoietic neoplasm char-
acterized by the malignant expansion of 
pluripotent stem cells in the bone marrow. 
The disease comprises three clinically recog-
nized phases  –  chronic, accelerated, and 
blastic  –  although not all patients follow the 
classic three-phase course described. 1  The ini-
tial chronic phase is typically indolent and 
often asymptomatic; in half of patients the 
disease progresses directly from the chronic to 
the blastic phase. 1  The biology of CML has 
been extensively reviewed. 2      –  5  

 CML was the first neoplastic disease for 
which a direct chromosomal link was found. 
CML represents an important model for the 
development of targeted therapies in cancer, 
because a single oncogene is responsible for 
initiating the disease process. 4  Cytogenetically, 
CML is characterized in 95 %  of patients by 
the presence of the Philadelphia chromo-
some (Ph), a truncated derivative of chromo-
some 22 that arises following trans location 
of genetic material between this chromosome 
and chromosome 9 (t[9;22][q34;q11]). 6  The 
resulting fusion gene,  BCR-ABL  (breakpoint 
cluster region – Abelson murine leukemia 
viral proto-oncogene) codes for an abnormal, 
non-membrane-bound oncoprotein (p210 
 BCR-ABL ). The oncoprotein is a constitutively 
active tyrosine kinase that perturbs numer-
ous signal transduction pathways, resulting in 
uncontrolled cell proliferation and reduced 
apoptosis, or programmed cell death. 1  ,  7  Signal 
transduction pathways activated by BCR-ABL 
may be important targets for new therapies 
and include Ras/Raf/mitogen activated 

protein kinase (MAPK), 8          –  13  phosphatidylino-
sitol 3 kinase, 14        –  18  STAT5/Janus kinase, 19          –  24  
and Myc. 25      –  28  Activation of specific signaling 
pathways by BCR-ABL is mediated via SRC 
family kinases, which may also represent a 
therapeutic target. 8  ,  29  The pathogenesis of 
evolution from chronic phase to advanced 
phases of CML is not fully understood. 1  Acqui-
sition of the  BCR-ABL  fusion gene increases 
the propensity of the Ph-positive clone to 
acquire additional genetic changes. Moreover, 
the  BCR-ABL  gene may acquire new mutations 
that allow an already genetically unstable phe-
notype to acquire further changes. Common 
gene mutations in the evolution from chronic 
phase to blastic phase involve the p53 gene, 30  
loss of p16, INK41/arf EXON 2, 31  ,  32  and RB. 33  
Mutations can also be critical in the develop-
ment of treatment resistance. Acquisition and 
expansion of CML clones with mutations in 
the ATP phosphate-binding loop (P-loop) of 
the kinase domain may be associated with an 
increased risk of disease progression and early 
mortality in patients treated with imatinib 
mesylate. 34    –  36  This review describes the novel 
treatment strategies for patients who cannot 
obtain benefit from imatinib because of 
resistance or intolerance.   

 IMATINIB RESISTANCE  

 Incidence 

 The incidence of primary resistance (patients 
who never respond to imatinib) and second-
ary resistance (patients who become resistant 
after an initial response) increases with more 
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advanced phases of CML. For example, in 
a 4.5-year follow-up of patients with chronic, 
accelerated, or blastic phase CML (total  n   =  
300), 37  primary resistance occurred in 3 % , 
9 % , and 51 %  of patients (failure to achieve 
a complete hematological response), respec-
tively. Secondary resistance (hematological 
recurrence) was noted in 22 % , 32 % , and 41 %  
of patients, respectively. 37  

 The recent IRIS trial update described the 
discontinuation of treatment with imatinib 
in patients with CML. 38  At 5 years, 171 out of 
553 patients (31 % ) had discontinued treat-
ment with first-line imatinib. Treatment was 
discontinued for the following reasons: side-
effects (i.e. imatinib intolerance)/non-CML 
related deaths 6 %  ( n   =  32); lack of efficacy/
progression (i.e. imatinib resistance) 11 %  
( n   =  60); crossed-over to interferon alfa/cytara-
bine then discontinued 3 %  ( n   =  14); and 
‘other  ’   reasons 12 %  ( n   =  65). Recently, imatinib 
failure has been defined based on hemato-
logical and cytogenetic responses at set time 
points as well as on progression and signs of 
warning. 39  Thus, there is a need to overcome 
imatinib resistance in CML.   

 Mechanisms of imatinib resistance 

 Several mechanisms of resistance to imatinib, 
BCR-ABL dependent and BCR-ABL indepen-
dent, have been identified and are discussed 
below.  

  BCR-ABL -dependent mechanisms of resistance 

 Gene amplification resulting in increased 
expression of  BCR-ABL  may account for a 
small proportion of cases resistant to 
imatinib. 40  ,  41   BCR-ABL  gene mutations are 
noted in 30 – 50 %  of patients with imatinib 
resistance. Clinically relevant mutations dis-
rupt critical contact points between imatinib 
and BCR-ABL or induce a transition from the 
inactive to the active configuration, to which 
imatinib is unable to bind. 27  ,  30  Numerous  BCR-
ABL  mutations have been identified. Not all 
mutations have the same biochemical and 

clinical properties: some result in a highly 
resistant phenotype  in vitro ; others are 
relatively sensitive; and resistance may be 
overcome by imatinib dose increase. 8  ,  31      –  34  
The T315I mutation and some mutations 
affecting the so-called P-loop of BCR-ABL con-
fer a greater level of resistance to imatinib and 
to the novel tyrosine kinase inhibitors. 35  ,  36  ,  42    

  BCR-ABL -independent mechanisms of 
resistance 

 Resistance to imatinib may result from 
decreased intracellular drug concentrations, 
either caused by drug efflux proteins, 43  ,  44  or 
by binding to plasma proteins. 45  ,  46  Clonal 
evolution might also contribute to imatinib 
resistance. 41  The exact contribution of such 
mechanisms to resistance is unclear at present. 

 Recently, the role of SRC family kinases has 
attracted particular interest in understanding 
imatinib resistance in CML. 47    –  49  BCR-ABL acti-
vates multiple signal transduction pathways 
normally associated with growth, survival, and 
differentiation of hematopoietic cells. Tyrosine 
phosphorylation is a critical step in this activa-
tion. BCR-ABL itself has a constitutively active 
tyrosine kinase domain. It may also initiate 
signaling by activating other non-receptor 
tyrosine kinases, including members of the 
SRC family. 50      –  53  

 Overexpression and activation of the SRC 
family kinases (LYN) have been reported in 
imatinib-resistant CML cell lines. 48  ,  49  Blood 
cell lysates from imatinib-resistant patients 
also contained high levels of LYN protein. 48     

 Overcoming imatinib resistance 

 Several approaches have been investigated 
to overcome or prevent the development of 
resistance to imatinib. These include (1) high-
dose imatinib, (2) new more potent tyrosine 
kinase inhibitors, which would also be less 
susceptible to mutation-induced mechanisms 
of resistance, (3) imatinib combinations, and 
(4) non-tyrosine kinase inhibitors. The first 
of the newer-generation tyrosine kinase 
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major molecular response and complete 
molecular response were significantly better 
with high-dose imatinib. 40  Progression-free 
and transformation-free survival were also 
better in the high-dose group ( p   =  0.02 and 
 p   =  0.005). 55  

 The ability of higher doses of imatinib to 
elicit responses in patients refractory to or 
relapsed from previous therapy suggests that 
dose escalation represents a feasible second-
line alternative. Dose escalation is likely to be 
effective in a subset of patients in whom 
imatinib resistance is mainly owing to either 
BCR-ABL overexpression or BCR-ABL muta-
tions resulting in only partial resistance, 56  and 
in patients who previously achieved a prior 
cytogenetic response and lost it. Thus, alterna-
tive treatment options are still required.    

 DASATINIB 

 Dasatinib is a newly approved, potent, oral 
multitargeted kinase inhibitor of five critical 
oncogenic enzymes, BCR-ABL, SRC, c-KIT, 
platelet-derived growth factor receptor, and 
ephrin A receptor kinases. 57  It has 325-fold 
greater potency compared with imatinib 
against cells expressing wild-type BCR-ABL, 
and was effective against all imatinib-resistant 
kinase domain mutations, with the exception 
of T315I. 58  ,  59  In preclinical studies, dasatinib 
prolonged survival of mice with BCR-ABL-
driven disease, and inhibited proliferation 
of BCR-ABL-positive marrow progenitor 
cells from patients with imatinib-sensitive 
and -resistant CML. 58   

 Phase I study 

 In a phase I dose finding study, dasatinib 
showed efficacy in all phases of CML. 60  In 
chronic phase, 35 of the 40 patients (88 % ) 
treated achieved a complete hematological 
response, and 16 (40 % ) had a major cytoge-
netic response (33 %  complete). In advanced 
phases, the major hematological response 
(bone marrow blasts < 5 % ) rate was 80 %  
(8/10) in accelerated phase (complete 50 % ), 

inhibitors, dasatinib (Sprycel ® ; BMS-354825), 
an orally bioavailable dual BCR-ABL and SRC 
inhibitor, has been recently approved by the 
Food and Drug Administration (FDA) for the 
treatment of CML post-imatinib failure. Nilo-
tinib (Tasigna ® ; AMN-107) is another oral 
more potent and selective BCR-ABL inhibitor 
awaiting approval. Bosutinib and others are in 
advanced clinical trials. Other strategies 
include vaccines and investigational 
approaches.   

 High-dose imatinib 

 As the phase I clinical study of imatinib did 
not identify a maximum tolerated dose for 
imatinib, dose escalation beyond the standard 
400   mg/day is a potential strategy for address-
ing some forms of suboptimal response or 
secondary resistance to imatinib. 54  In a study 
of 54 patients whose CML had met criteria for 
non-responsiveness to standard-dose imatinib 
or had relapsed after a course of imatinib, 
treatment was initiated with imatinib at 600 or 
800   mg/day. Among 20 patients unresponsive 
to standard-dose imatinib, 13 (65 % ) achieved 
a hematological response (nine achieved a 
complete hematological response); however, 
only one achieved a major cytogenetic 
response. Among 34 patients with cytogenetic 
resistance or relapse, 13 (38 % ) achieved a 
major cytogenetic response (six complete). 

 The ability of higher doses of imatinib to 
improve responses in patients with primary 
or secondary imatinib resistance raises the 
question of whether imatinib should be ini-
tiated at a higher dose in newly diagnosed 
CML. Investigators from our institution com-
pared outcome of patients with newly diag-
nosed CML treated high-dose imatinib with 
historical matched cohorts of patients treated 
with standard dose. 55  Patients treated with 
high-dose imatinib had higher rates of 
complete cytogenetic response (91 %  versus 
76 % ,  p   =  0.002); these occurred earlier, with 
88 %  achieving this response after 6 months 
of therapy versus 56 %  with standard dose 
( p  <0.00001). The cumulative incidences of 
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15 months, 35 %  of patients treated with dasa-
tinib achieved a complete cytogenetic response 
compared with 16 %  of patients treated with 
imatinib. The difference in response rates was 
most evident after failure on imatinib 600   mg 
daily (major cytogenetic response rates 49 %  
versus 24 % ) but after failure on imatinib 
400   mg/day the major cytogenetic response 
rates were 58 %  versus 53 % , respectively. 
Progression-free survival was better with dasa-
tinib (estimated 12-month rates 94 %  versus 
70 % ;  p  <0.0001). Dasatinib has also shown 
activity in patients with accelerated and blastic 
phase CML after imatinib failure. Preliminary 
results from the first 174 patients treated in 
accelerated phase showed a major hematolo-
gical response in 64 %  of patients (complete 
in 45 % ); major cytogenetic response was 
achieved in 48 %  of patients. 62  The complete 
hematological response rates in patients 
with blastic phase CML and Ph-positive 
ALL were 27 %  and 35 % , respectively; the 
major cytogenetic response rates were 38 %  
(31 %  complete) and 57 %  (54 %  complete), 
respectively ( Table 6.1 ). 63  ,  64      

 Safety data 

 Pooled safety analysis of all six studies showed 
that dasatinib was well tolerated. Most drug-
related serious adverse events were managed 
with dose interruptions or reductions. Myelo-
suppression was the most common reason 

77 %  (17/22) in myeloid blastic phase (com-
plete 18 % ), and 60 %  (6/10) in lymphoid blas-
tic phase/Ph-positive acute lymphoblastic 
leukemia (ALL). The overall rates of major 
and complete cytogenetic responses in 
advanced disease were 36 %  (15/42) and 21 %  
(9/42), respectively.   

 Phase II studies 

 The phase II studies (SRC-ABL Tyrosine kinase 
inhibition Activity Research Trials (START)) 
included four trials evaluating the effects of 
single-agent dasatinib 70   mg twice daily in 
imatinib-resistant/-intolerant patients with 
chronic phase CML (START C), 61  accelerated 
phase CML (START A), 62  myeloid and lym-
phoid blastic phase CML (START B), 63  and 
Ph-positive ALL (START L). 64  

 In all 387 patients with chronic phase CML 
who had either imatinib resistance ( n   =  288) 
or intolerance ( n   =  99) were evaluable. After a 
median follow-up of 15 months, 80 %  of 
patients intolerant of imatinib achieved a 
major cytogenetic response (75 %  complete), 
and 52 %  of patients resistant to imatinib 
achieved a major cytogenetic response (40 %  
complete). 61  In another phase II study, patients 
with chronic phase CML after resistance to 
standard dose imatinib (400 – 600   mg/day) 
were randomized (2 : 1) to dasatinib 70   mg 
twice daily ( n   =  101) or high-dose imatinib 
( n   =  49). 65  With a median follow-up of 

Table 6.1 Results of dasatinib phase II studies in chronic myeloid leukemia and Philadelphia chromosome 
(Ph)-positive acute lymphoblastic leukemia (ALL) after imatinib failure

 Hematological response ( % )  Cytogenetic response ( % ) 

 Disease phase  n  Major  Complete  Major  Complete 

Chronic 387 91 58 49

Accelerated 174 64 45 37 28

Blastic 157 50 27 38 31

Ph-positive ALL  46 51 35 57 54

Chronic-randomized

   dasatinib 101 92 48 35

   high-dose imatinib  49 82 33 16
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data in patients treated with standard- and 
high-dose imatinib. 68     

 NILOTINIB 

 Nilotinib (AMN107, Novartis, Basel, Switzer-
land) is an orally administered derivative of 
imatinib that inhibits BCR-ABL with a 30- 
to 50-fold greater potency than imatinib. 59  
Replacement of the methylpiperazinyl group 
of imatinib and further rational design to 
optimize drug-like properties led to the dis-
covery of nilotinib, which has substantially 
increased binding affinity and selectivity for 
the ABL kinase compared with imatinib. 69  
Similar to imatinib, nilotinib binds BCR-ABL 
in its inactive conformation. Nilotinib has 
demonstrated activity against nearly all BCR-
ABL mutants tested, although similar to 
dasatinib (and imatinib), nilotinib is unable 
to inhibit the T315I mutation. 59  ,  70  Nilotinib 
inhibits PDGFR and KIT, but to a lower extent 
than dasatinib. Unlike dasatinib, it does not 
inhibit the SRC family of kinases.  

 Phase I study 

 In a phase I dose escalation study, nilotinib 
showed anti-CML activity in 119 patients 
(17 chronic phase, 56 accelerated phase 
(ten with clonal evolution only), 24 myeloid 
blastic phase, and 22 lymphoid blastic phase/
Ph-positive ALL) with imatinib-resistant 
CML. 71  Patients received nilotinib at dosages 
ranging from 50 to 1200   mg/day. Hemato-
logical responses were seen in 72 %  of patients 
in accelerated phase and in 38 %  of patients in 
blastic phase. Cytogenetic response rates 
ranged from 27 %  in lymphoid and myeloid 
blastic phase, to 48 %  in accelerated phase, 
and 53 %  in chronic phase. Nilotinib dosage 
was escalated up to 1200   mg/day with good 
tolerance, and the maximum tolerated dose 
was estimated at 600   mg twice daily. Hemato-
logical and cytogenetic responses were similar 
in patients with or without mutations, and 
in patients with P-loop or other mutations. 
The two patients with a T315I mutation did 
not respond to nilotinib. 71    

for dose reductions or interruptions. 
Grade 3 – 4 thrombocytopenia, neutropenia, 
and anemia were reported in 50 – 60 %  of 
patients in chronic phase. Non-hematological 
adverse events were mild to moderate. Pleural 
effusions were observed in 5 – 35 % ; they were 
severe in 3 – 15 % . These were managed with 
treatment interruptions/dose reductions, 
steroids, and diuretics.   

 Optimizing dose and schedule 

 The initial phase I trial of dasatinib suggested 
similar response rates at total daily doses 
of 100   mg daily or above given in twice daily 
and once daily schedules. Side-effects appeared 
to be lower with lower doses and with single 
dose daily schedules. Based on these observa-
tions, 662 patients with CML chronic phase 
after imatinib failure were randomized to four 
treatment arms: dasatinib 100   mg once daily 
( n   =  166), dasatinib 50   mg twice daily ( n   =  166), 
dasatinib 140   mg once daily ( n   =  163), or dasa-
tinib 70   mg twice daily ( n   =  167). 66  With a 
minimum follow-up of 6 months, there was 
no difference in efficacy in the four arms: 
complete hematological response rates varied 
between 87 %  and 93 % , major cytogenetic 
response rates between 54 %  and 59 % , and 
complete cytogenetic response rates between 
42 %  and 45 % . However, patients receiving 
dasatinib 100   mg once daily had less pleural 
effusions ( p   =  0.028), anemia ( p   =  0.032), neutro-
penia ( p   =  0.035), and thrombocytopenia 
( p   =  0.001) than those receiving the other three 
dose schedules. 66  In patients with ad van ced 
stage disease, dasatinib 140   mg once daily was 
equivalent in activity to 70   mg twice daily, 
and was associated with a signi ficantly lower 
incidence of pleural effusion ( p   =  0.024). 67    

 First-line therapy 

 In a phase II study in newly diagnosed CML 
chronic phase, 24 patients received dasatinib 
100   mg once daily or 50   mg twice daily. The 
complete cytogenetic response rates at 6 and 
9 months were 73 %  and 95 % , respectively, and 
were better than the results with historical 
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chronic phase. Non-hematological side-effects 
were infrequent and usually grade 1 – 2. These 
included fatigue, pruritus, headache, muscle 
spasms, and gastrointestinal disturbances. 
Nilotinib was not associated with the common 
toxic effects seen with imatinib such as fluid 
retention, edema, cramps, and weight gain, or 
with pleural effusions. Nilotinib prolonged 
the QTcF interval in rare patients.   

 First-line therapy 

 In preliminary results from 14 patients with 
newly diagnosed CML treated with nilotinib 
400   mg twice daily, 75  a major cytogenetic 
response was observed in all patients at 
3 months (complete in 13 and partial in one); 
the complete cytogenetic response rate was 
100 %  in all evaluable patients at 6 months 
( n   =  13) and 9 months ( n   =  11). Major mole-
cular response rates at 6 and 9 months were 
significantly higher with nilotinib compared 
with historical data with standard-dose and 
high-dose imatinib. 73     

 BOSUTINIB 

 Bosutinib (SKI606), an orally available dual 
SRC/ABL inhibitor, is 30 – 200 times more 
potent than imatinib. It has minimal inhibitory 
activity against c-KIT and PDGFR (therefore it 
is expected to produce less myelosuppression 
and pleural effusions). In a phase I/II study of 
69 patients with CML treated after imatinib 
failure, the complete hematological response 
rate among 48 patients in chronic phase was 

 Phase II studies 

 The efficacy of nilotinib was confirmed in 
three ongoing phase II studies in imatinib-
resistant or -intolerant patients with CML in 
chronic, accelerated, and blastic phases. In all 
282 patients with chronic phase after imatinib 
failure were treated with nilotinib 400   mg twice 
daily. The complete hematological response 
rate was 74 % , the major cytogenetic response 
rate 52 % , and the complete cytogenetic 
response rate 34 % . The estimated 1-year 
survival rate was 95 % . Side-effects were mod-
est, including grade 3 – 4 myelosuppression in 
20 – 30 % ; no pleural effusions were observed. 
Response rates were similar in patients with 
imatinib resistance versus intolerance and in 
patients with or without mutations. 72  The activ-
ity of nilotinib in CML accelerated and blastic 
phase after imatinib failure was also encourag-
ing, although response rates were lower and 
response durations shorter ( Table 6.2 ). 73  ,  74  
Among 64 patients in accelerated phase, the 
hematological response rate was 59 %  and 
the major cytogenetic rate 36 % . Among 161 
patients in blastic phase, the hematological 
response rate was 33 %  (complete 21 % ). 
Among 41 patients with Ph-positive ALL, 
the complete hematological response rate 
was 24 % . 74      

 Safety data 

 In all three phase II studies, nilotinib was well 
tolerated. The rate of grade 3 – 4 neutropenia 
was 28 %  and of thrombocytopenia 29 %  in 

Table 6.2 Results of nilotinib phase II studies in chronic myeloid leukemia (CML) and 
Philadelphia chromosome (Ph)-positive acute lymphoblastic leukemia (ALL) after imatinib failure

 Cytogenetic response 

 Disease  n  CHR ( % )  Major ( % )  Complete ( % ) 

CML chronic 280 74 52 34

CML accelerated 64 25 36 22

CML blastic 120 21 NR NR

Ph-positive ALL 41 24 NR NR

CHR, complete hematological response.
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 OTHER THERAPEUTIC APPROACHES 

 Other approaches are being developed for 
patients who develop resistance to imatinib. 
Two orally administered farnesyl transferase 
inhibitors (tipifarnib, R115777; and lona-
farnib, SCH66336) have shown clinical activity 
both as single agents and in combinations 
with imatinib in heavily pretreated patients 
with advanced phase disease. 79      –  82  Decita-
bine (5-aza-2  ′  -deoxycytidine) administered to 
35 patients with imatinib-resistant CML 
induced hematological response in 23 patients 
(66 % ; 34 %  complete hematological response) 
and cytogenetic response in 16 (46 % ). 83  ,  84  
Homoharringtonine may have an additive or 
synergistic effect with imatinib. In preliminary 
data of a study administering subcutaneous 
homoharringtonine to five evaluable patients 
with CML in chronic phase who had failed 
imatinib therapy, all achieved a hematological 
response, and three patients achieved a 
cytogenetic response. 85    

 CONCLUSION 

 For patients with CML, imatinib represented 
a significant breakthrough in first-line treat-
ment. Resistance to imatinib monotherapy has 
emerged as an important clinical challenge. 
The recent availability of highly potent tyrosine 
kinase inhibitors, dasatinib and nilotinib, has 
further broadened the treatment armamen-
tarium against CML. With the advent of novel 
agents and the combination of tyrosine kinase 
inhibitors, farnesyl transferase inhibitors, and 
possibly compounds with other mechanisms 
of actions, both conventional and targeted, 
the treatment prospects of patients with CML 
are very hopeful.     
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 INTRODUCTION 

 Myeloproliferative disorders (MPD) are clonal 
stem cell diseases, which typically include 
Philadelphia (Ph) chromosome/ BCR-ABL -
positive chronic myeloid leukemia (CML), 
polycythemia vera, idiopathic myelofibrosis, 
and essential thrombocytosis. Recently, the 
World Health Organization proposed that 
chronic myelomonocytic leukemia (CMML) 
and atypical CML (CML without evidence of 
Ph chromosome or BCR-ABL translocation) 
should also be considered as MPD. 1  Many of 
these disorders have been shown to arise from 
chromosomal abnormalities leading to muta-
tions that result in proteins with abnormal 
tyrosine kinase activity. Ph-positive CML has 
been the prototype of these disorders, and 
treatment with specific inhibitors has dramati-
cally altered the natural history of the disease. 2  ,  3  
The identification of JAK2 mutations as an 
important molecular event in the develop-
ment of other MPD could similarly revolution-
ize treatment of JAK2 +  MPD. 4  Nevertheless, 
many patients with CML and other MPD will 
fail to respond to tyrosine kinase inhibitors. 
For these patients allogeneic hematopoietic 
stem cell transplantation (HSCT) remains 
the most effective curative therapy. In this 
chapter we review the results of HSCT in CML 
and other MPD, and their current and future 
role in the treatment of these disorders in the 
era of tyrosine kinase inhibitors.   

 ALLOGENEIC TRANSPLANT FOR 
CHRONIC MYELOID LEUKEMIA 

 Imatinib has revolutionized the treatment 
of CML 2  ,  3  and has changed the role of 

hematopoietic stem cell transplantation, which 
was once the only curative treatment for CML. 
Since the advent of imatinib the number of 
transplants performed for CML has declined. 5  ,  6  
Imatinib has now become the first-line therapy 
for patients with CML, both because of its effec-
tiveness as an orally admini stered drug and 
because of its limited side-effects. The best com-
plete cytogenetic response in patients receiving 
imatinib was 69 %  at 12 months and 89 %  at 
60 months with overall survival and progres-
sion-free survival rates of 89 %  and 83 % , respec-
tively. 7  Thus, the role of HSCT in the treatment 
of CML needs to be defined in this context. 

 Allogeneic transplant is a highly efficacious 
and potentially curative therapy for patients 
with CML. Its efficacy is as a result of both the 
graft-versus-leukemia effect and the effect of 
conditioning chemotherapy. Since the begin-
ning of allogeneic transplant in the early 1980s, 
stem cells from a variety of sources have been 
used and the results of transplant have signifi-
cantly improved. 2  ,  8  

 Transplant outcomes have improved 
over time. The most recent analysis from 
the European Group for Blood and Mar-
row Transplantation (EBMT) registry showed 
that, for all patients, the 2-year overall 
survival rate improved from 53 %  to 61 %  
in the most recent years (2000 – 2003) compared 
with the years 1980 – 1990. This improvement 
was mainly owing to a reduction in transplant-
related mortality of from 41 %  to 30 %  in all 
patients and from 31 %  to 17 %  in patients 
with low-risk disease (EBMT risk score of 0 – 1). 
These patients with low-risk disease have a 
2-year overall survival rate of 80 % . 8  Likewise, 
a recent study from Seattle has shown an 86 %  
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3-year survival rate in young patients (median 
age, 43 years) with CML in the chronic phase 
receiving transplants from matched siblings 
with targeted busulfan and cyclophosphamide 
(Bu/Cy) conditioning. 9  

 In the pre-imatinib era, the outcome after 
allogeneic transplant was compared with the 
outcome after interferon-based therapy. In these 
early studies higher transplant-related mortality 
negated the benefit of transplant. A retrospec-
tive registry study comparing the outcome of 
patients treated with a HLA-identical sibling 
transplant and a cohort of patients treated 
with hydroxyurea or interferon showed a sur-
vival advantage for drug therapy in the first 
4 years after transplantation. An advantage for 
transplant was seen only in the 6th year after 
diagnosis. This benefit was even delayed for 
patients with low-risk disease. 10  A randomized 
trial comparing the best-available drug therapy 
(interferon based) with allogeneic transplant, 
performed to confirm these earlier results, 
showed significantly superior survival for 
patients treated with drug therapy after a 
median follow-up of 8.9 years. In particular, 
the overall survival rates at 5 years in the trans-
plant group and interferon-based drug ther-
apy group were 62 %  and 73 % , respectively. 
This was most pronounced in low-risk patients. 
However, overall survival at 10 years was similar 
in both groups, at 53 %  and 52 % , respectively. 11  
With advances in transplant technology and 
more importantly with availability of imatinib, 
these data are largely of historical interest. 

 The outcome of patients in the accelerated 
phase and of patients in blast crisis is much 
worse, with only a 41 %  and 18 %  leukemia-free 
survival rate, respectively, compared with 57 %  
in patients in the chronic phase, in a registry 
study of patients who received transplants 
between 1987 and 1994. This was due in large 
part to a high risk of relapse of 26 %  and 58 % , 
respectively, 12  in these two groups of patients. 
Similar results were noted in a study from 
Seattle, with a 43 %  event-free survival rate in 
patients with accelerated phase disease. 13  How-
ever, the survival was better for patients who 
had accelerated phase disease solely based 
on cytogenetics criteria than for patients who 

had accelerated disease based on other criteria 
(66 %  versus 34 % , respectively). 13  Unfortu-
nately unlike the outcome from transplant 
in patients with chronic phase CML, the out-
come from transplant in patients in the accel-
erated phase or in blast crisis has changed 
little in recent years, with the recent EBMT data 
for patients treated between 2000 and 2003 
showing a 47 %  and 16 %  2-year survival rate 
for patients in the accelerated phase and blast 
phase, respectively. 2  

 For patients without a matched related donor, 
a matched unrelated-donor (MUD) transplant 
is an alternative. 14  Early reports of 196 consecu-
tive patients who received transplants procu-
red by the National Marrow Donor Program 
(NMDP) confirmed the feasibility and efficacy 
of this approach: the 2-year disease-free sur-
vival rates were 45 % , 36 % , 27 % , and 0 %  in 
patients who received their transplants in the 
chronic phase within 1 year of diagnosis, more 
than 1 year after diagnosis, in the accelerated 
phase, and in the blast phase, respectively. 15  
A further update of NMDP data, in this case 
for 1423 patients treated over a period of 
8.5 years, showed an improved outcome over 
that reported earlier: the 3-year disease-free 
survival rate in patients who received their 
transplants within 1 year of diagnosis had 
risen to 63 % . 16  Subsequently, better results 
were reported from single centers. For exam-
ple, in a series of 198 patients who under-
went transplantation between May 1985 and 
December 1994, the overall survival rate was 
57 %  at a median follow-up of 5 years. Factors 
found in this study to adversely affect survival 
were an interval from diagnosis to transplant 
of    ≥   1 year, HLA DRB1 mismatch, and age 
 >  50 years. The survival rate was 74 %  in those 
with more favorable characteristics, in particu-
lar age younger than 50 years and interval from 
diagnosis to transplant <1 year. 17  With modern 
HLA typing techniques some single-institution 
studies have shown similar outcomes in both 
groups of patients in contrast to earlier studies 
which in general showed inferior outcomes 
for unrelated donor recipients. 16          –  21  

 For patients who do not have a HLA-identical 
related or unrelated donor, a transplant from a 
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haploidentical related donor or from cord blood 
is an alternative. However, these approaches are 
associated with a higher treatment-related mor-
tality, but some patients do survive long-term 
leukemia free. 22    –  24    

 SOURCE OF STEM CELLS: 
PERIPHERAL BLOOD OR 
BONE MARROW 

 In randomized trials and a meta-analysis, 
peripheral blood stem cell grafts were found 
to improve disease-free survival and overall 
survival compared with bone marrow, though 
at the expense of a higher incidence of chro-
nic graft versus host disease (GVHD) disease 
in patients receiving transplants from HLA-
identical siblings; therefore, it is a preferred 
stem cell source in this setting. 25  ,  26  The ben-
efit is not so clear in patients receiving a 
transplant from a matched unrelated donor. 
In particular, use of a peripheral blood stem 
cell graft from such donors was associated 
with earlier engraftment, no difference in the 
incidence of acute GVHD or risk of relapse, a 
higher incidence of chronic GVHD, and a bet-
ter leukemia-free survival rate in patients with 
advanced CML (33 %  versus 25 % ) but lower 
leukemia-free survival rate in patients in the 
first chronic phase (41 %  versus 61 % ) compared 
with use of bone marrow. 27  ,  28    

 CONDITIONING REGIMEN 

 The most commonly used myeloablative con-
ditioning regimens used in HSCT for CML 
are the combination of cyclophosphamide with 
total body irradiation (Cy/TBI) or Bu/Cy. 29  ,  30  
These regimens have been compared in four 
randomized trials. Both regimens were found 
to be equally effective in early disease, but 
Bu/Cy was better tolerated and was thought to 
be an acceptable alternative to Cy/TBI. 31  ,  32  

 To overcome the eratic oral absorption of oral 
busulfan some investigators have used phar-
macologic monitoring and dose adjustment to 
a target steady-state level of 900 – 1200 ng/ml, 
which showed an impressive 86 %  3-year overall 
survival rate in patients in the chronic phase. 33  

In summary, Bu/Cy and Cy/TBI remain the 
two most commonly used conditioning regi-
mens for patients with CML.   

 NON-ABLATIVE TRANSPLANTATION 

 The graft-versus-leukemia effect is particularly 
potent in patients with CML making it par-
ticularly susceptible to the immune effect of 
transplant. Several studies 34              –  41  ( Table 7.1 ) of 
non-ablative transplantation have demonstrated 
the safety and efficacy of this approach. It is 
therefore a suitable option for patients who 
cannot tolerate myeloablative transplantation 
because of age or co-morbidity.  

 Crawley  et al.  reported on the outcomes 
of 186 patients who underwent non-ablative 
transplantation recorded in the EBMT regis-
try. These authors found a 2-year non-relapse 
mortality (NRM) rate of 23 % , a 3-year overall 
survival rate of 58 % , and a disease-free survival 
rate of 37 %  in this group of patients. How-
ever, outcomes varied according to the phase 
of the disease. Specifically, the overall survival 
rates were 69 % , 57 % , 24 % , and 8 % , and the 
progression-free survival rates were 44 % , 30 % , 
10 % , and 0 %  in patients in the first chronic 
phase, second chronic phase, advanced phase, 
and blast phase, respectively. 35  

 GVHD is the major cause of NRM in this 
group of patients. The overall incidence of 
GVHD is increased in these patients as a result 
of the early withdrawal of immunosuppressive 
treatment and/or the increased use of donor 
lymphocyte infusions (DLI) to promote full 
donor engraftment and prevent relapse. NRM 
is higher in patients in the advanced phase of 
disease than in patients in the chronic phase 
(20.3 %  versus 11.6 % ). 35  The incidences of 
both acute and chronic GVHD are lower in 
patients who receive antithymocyte globu-
lin (ATG) or alemtuzumab, but this is at the 
expense of a higher incidence of relapse. The 
highest risk of relapse, 76 %  at 2 years, is seen 
after alemtuzumab use. 35  

 Although there are no randomized trials 
comparing different conditioning regimens for 
non-ablative transplantation, the best reported 
outcome has been seen for the combination 
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or after conversion to full donor T-cell chi-
merism, which is delayed compared with the 
timing of conversion in recipients of ablative 
transplants, 44  although complete donor chi-
merism is not necessary for response. A persis-
tently high level of BCR-ABL transcripts 28 – 56 
days after transplant predicts for relapse in 
patients who undergo 2-Gy TBI-based condi-
tioning. 45  The kinetics of the molecular clear-
ance of disease are similar between patients 
undergoing non-ablative transplantation and 
those receiving DLI: the maximal response 
often occurs only after a delay of up to 1 year 
after the therapy. 46    

 PROGNOSTIC FACTORS 

 The outcome after transplantation depends 
on the disease biology and the health of 
the recipient. The most important prognostic 

of busulfan, fludarabine (Flu), and ATG. 35  In 
contrast, a high incidence of rejection (45 % ) 
was seen in patients who received a low-dose 
TBI-based regimen, particularly in MUD trans-
plant recipients, probably owing to the highly 
proliferative nature of the disease and the lack 
of previous aggressive chemotherapy. 36  Marrow 
grafts in patients who undergo non-ablative 
transplantation were found to be associated 
with a higher risk of graft failure than was 
the case for recipients of peripheral blood 
stem cell grafts. 42  Sloand  et al.  found that the 
majority of patients who underwent Flu/Cy 
conditioning failed to achieve remission and 
required further intervention (DLI, imatinib, or 
a second transplant) for disease eradication. 43  

 Molecular remission is achievable but 
occurs more slowly or is delayed in patients 
who receive non-ablative as opposed to con-
ventional transplants. This occurs usually with 

Table 7.1 Non-ablative hematopoietic cell transplantation for chronic myeloid leukemia

 No. of 
patients 

 Condi-
tioning 
regimen 

 Median 
age 

(years) 

 Interval 
from 

diagnosis 
(months) 

 Disease 
phase 

(CP1/CP2/
AP/BC) 

 Related/
MUD 

 Median 
follow-up 
(months)  NRM ( % )  DFS ( % )  OS ( % ) 

Or 
 et al.  38 

24 Flu/Bu/
ATG

35 9 19/5 42 13 85 85

Crawley 
 et al.  35 

186 Multiple  *  50 13.5 133/52 35 23.3 37 58

Baron 
 et al.  34 

21 TBI/Flu 54 26 12/2/5/1 0/21 867 days 2/21 7/21 14/21

Weisser 
 et al.  40 

35 Flu/Cy/
TBI/
ATG

51 26/9 19/16 30 28.5 49 63

Kerbauy 
 et al.  37 

24 TBI/Flu 
or TBI

58 28 14/4/6/0 24/0 36 21 54 54

Ruiz-
Arguelles 
 et al.  39 

24 Flu/Bu/
Cy

41 19 24/0 24/0 17 8 92 92

Kebriaei 
 et al.  41 

64 Flu/Mel 
or Flu/
Ara/Ida

64 31 13/17/29/5 34/30 84 48 20 33

*Largest number (n = 95) Flu/Bu. CP1, first chronic phase; CP2, second chronic phase; AP, accelerated phase; BC, blast crisis; MUD, 
matched unrelated donor; GVHD, graft versus host disease; NRM, non-relapse mortality; DFS, disease-free survival; OS, overall survival; 
ATG, antithymocyte globulin; TBI, total body irradiation; Flu, fludarabine; Bu, busulfan; Mel, melphalan; Cy, cyclophosphamide; Ara, 
Ara C; Ida, idarubicin.
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but no such improvement was seen in another 
study. 56    

 RELAPSE AFTER ALLOGENEIC 
TRANSPLANT 

 Relapse continues to occur after allogeneic 
transplant, with an incidence of up to 20 %  in 
patients who undergo transplantation in the 
chronic phase and up to 60 %  in patients who 
undergo the procedure in the advanced phase 
of disease. 8    –  10  Survival after relapse is limited 
and is worse for patients in the advanced phase 
of disease at the time of relapse or at the time 
of transplant, for patients who undergo trans-
plantation in the late chronic phase more 
than 2 years after diagnosis, and for patients 
who receive transplants from an unrelated 
donor. 57  

 Relapse post-transplant can be successfully 
treated with DLI, 58            –  64  with approximately 70 %  
of patients in the chronic phase responding 
and achieving a prolonged durable remission. 
The response rate is low (10 – 20 % ) in patients 
with advanced disease but high in patients 
with molecular or cytogenetic relapse. DLI 
can sometimes be complicated by fatal GVHD 
or aplasia. A higher incidence of GVHD and 
treatment-related mortality has been noted 
after higher doses of DLI. The first dose of 
DLI should not exceed 0.2  ×  10 8  T cells/kg. 61  
To prevent or reduce incidence of GVHD, 
escalating doses of DLI have been used, using 
the least possible cell dose that will result in 
a therapeutic response. 62  Alternatively CD8 
depletion of donor lymphocytes has also been 
successfully used for this purpose. 63  ,  64  

 Relapsed CML after allogeneic transplan-
tation also responds to imatinib. 65  Imatinib 
treatment in patients who suffered relapse fol-
lowing allogeneic transplant was observed to 
result in a complete hematological response in 
100 % , 83 % , and 43 %  of patients in the chronic 
phase, accelerated phase, and blast phase, res-
pectively. The main side-effects were GVHD and 
myelosuppression. 65  ,  66  Interferon alfa (IFN α ) is 
also effective in some patients, but its use has 
been superseded by more effective drugs such 
as imatinib. 67  

factor is the phase of the disease, with the out-
come in patients in the chronic phase being 
better than that in patients with more advanced 
disease, either in the accelerated phase or blast 
phase. 47  Even among patients with chronic 
phase disease, the outcome is better for those 
who receive transplants early, within 1 year of 
diagnosis, as opposed to later. 10  ,  47  

 The EBMT registry developed a prognostic 
index that could be used to predict survival after 
transplant, help make treatment decisions, 
and counsel patients. 48  This index was subse-
quently validated. 49  The EBMT score is based 
on five variables: donor type (HLA-identical 
sibling donor versus MUD), age (<20, 20 – 40, 
and  > 40 years), disease phase (first chronic, 
accelerated, and blast), donor – recipient sex 
combination (female donor – male recipient, 
other), and interval from diagnosis to trans-
plant (<1 year versus  > 1 year). Survival rates at 
5 years were shown to be 72 % , 70 % , 62 % , 
48 % , 40 % , 18 % , and 22 %  for risk scores of 
0, 1, 2, 3, 4, 5, and 6 or 7, respectively.   

 IMPACT OF PRETRANSPLANT 
IMATINIB ON OUTCOME 

 The use of imatinib prior to transplant 
does not impair engraftment, increase non-
relapse-related mortality, or lead to inferior 
overall or event-free survival. 50  Even patients 
with a mutation in the ABL tyrosine kinase 
domain, which confers imatinib resistance, can 
be successfully salvaged with transplant. 51  ,  52  
Although relatively small retrospective stud-
ies found a higher incidence of liver toxicity 53  
in patients in whom this approach was used, 
three larger studies did not find an increased 
incidence of liver toxicity in such patients. 53  ,  54  
Likewise, reports on the incidence and sever-
ity of GVHD have been mixed, with a higher 
incidence of GVHD seen in some studies but 
not others. 53  ,  54  

 In patients with advanced phase CML, 
imatinib pretreatment before transplant did 
improve the outcome particularly in patients 
who converted to a second chronic phase with 
<35 %  Ph-positive cells; the 3-year overall sur-
vival rate in these latter patients was 81 % , 55  
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 ALLOGENEIC TRANSPLANT FOR 
PHILADELPHIA-NEGATIVE CHRONIC 
MYELOPROLIFERATIVE DISORDERS 

 Primary myelofibrosis and myelofibrosis second-
ary to polycythemia vera and essential thrombo-
cythemia are disorders severe enough to warrant 
hematopoietic cell transplantation. The chal-
lenge is to identify the patients who will respond 
poorly with standard measures. The annual 
incidence of primary myelofibrosis ranges from 
0.5 to 1.5 per 100 000, and the median age at 
diagnosis is 67 years, 75  ,  76  factors that account 
for the limited data on the role of HCT in these 
diseases. This is likely to change with exciting 
recent data on the efficacy of allogeneic trans-
plantation with reduced intensity regimens in 
older patients with these disorders. 77  ,  78  

 These clonal myeloproliferative disorders 
are caused by an acquired somatic mutation 
of a hematopoietic progenitor cell, resulting 
in clonal erythrocytes, platelets, granulocytes, 
monocytes, and their precursors. These malig-
nant megakaryocytes and monocytes secrete 
fibrogenic cytokines (transforming growth 
factor (TGF), platelet-derived growth factor 
(PDGF), and fibroblast growth factor (FGF)), 
which cause polyclonal fibroblast prolifera-
tion, collagen and reticulin deposition, and 
eventual bone marrow fibrosis, the hallmark 
of the disease. Most patients with primary 
myelofibrosis present with anemia, marked 
splenomegaly, early satiety, and constitutional 
symptoms. During the clinical course, most 
patients experience progressive anemia requir-
ing frequent blood transfusions, and death 
occurs eventually owing to bone marrow failure 
or leukemic transformation. 75  Current treat-
ment of primary myelofibrosis is palliative, 
consisting of supportive care with blood trans-
fusions, erythropoietin, splenectomy, splenic 
radiation, hydroxyurea, and more recently 
thalidomide as well as lenalidomide. 79          –  84  
None of these therapies alters the natural 
history of this disease. 

 In patients with primary myelofibrosis, the 
median survival is 5 years from diagnosis, but 
survival can vary from 2 years to greater than 

 Despite the high rate of response to ima-
tinib, most patients are not cured of their 
disease and the responses are not as durable 
as those that have been seen with DLI. For 
example, in a small study of patients treated 
with imatinib following allogeneic transplant, 
nine of ten patients who suffered relapse after 
allogeneic transplant responded to imatinib. 
However, six of these nine patients suffered 
relapse while being treated with imatinib and 
the other three suffered relapse when imatinib 
treatment was stopped. 68    –  70  

 The use of polymerase chain reaction (PCR) 
to monitor for minimal residual disease may 
allow relapse to be predicted, which will permit 
early intervention. The finding of three con-
secutive BCR-ABL : ABL ratios of  > 0.02 %  or two 
consecutive values of  > 0.05 %  6 months after 
transplantation is considered to signify molec-
ular relapse; the relapse rate in this group is 
70 % . 71  However, these results cannot be con-
sidered as standard, as PCR assays are differ-
ent at different laboratories. Standardization 
of these assays among centers will go a long 
way to resolving this problem. 72  

 In summary, with the advances in modern 
drug therapy for CML, allogeneic transplant 
cannot be recommended as a first-line therapy 
for patients in the early chronic phase, 73  but 
only at the first sign of an inadequate response. 
An international expert panel has recom-
mended that allogeneic transplant should be 
considered at the first sign of drug therapy 
failure. 73  Based on data from the IRIS trial, 
this has been defined as a lack of hematologi-
cal response by 3 months to first-line imatinib 
therapy at a dose of 400   mg daily, no cytoge-
netic response (Ph-positive cells  > 95 % ) by 
6 months, less than a partial cytogenetic response 
(Ph-positive cells  > 35 % ) by 12 months, and a 
complete cytogenetic response not reached 
until 18 months. In patients failing to achieve 
the stated response by the said time, the 
likelihood of eventual response is small and 
alternative therapy is very reasonable. 74  Allo-
geneic transplant, with its long track record, 
is an appropriate second-line therapy for such 
patients who have an available donor.   
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and to the uncommon occurrence of this 
disease and older age at disease onset, very few 
studies with more than 20 patients have been 
reported in the literature, and all but one are 
multicenter/registry studies ( Table 7.2 ). Several 
reports in the 1990s demonstrated the feasi-
bility of alloHCT in myelofibrosis. 94              –  101  Overall 
survival, disease-free survival, and transplant-
related mortality were 47 % , 39 % , and 27 % , 
respectively. Osteosclerosis, low hemoglobin 
(<10   g/dl), older age, and abnormal karyotype 
were associated with adverse outcome. In an 
update of this series, 100  Guardiola  et al.  pub-
lished data on 66 patients, demonstrating infe-
rior results for older patients: 5-year survival was 
14 %  in patients older than 45 years and 62 %  
in younger patients. 97  In the largest single cen-
ter study, 98  from the Fred Hutchinson Cancer 
Center in Seattle, 56 patients with a median 
age of 43 years were transplanted from HLA-
matched donors for myelofibrosis. At a median 
follow-up of 34 months, the 5-year survival was 
58 % , with continuing resolution of fibrosis, 
reduction in spleen size, transfusion indepen-
dence, and improvement in blood counts. 
Six patients either rejected the graft ( n   =  3) 
or were mixed chimera ( n   =  3). The major 
reason for treatment failure was transplant-
related mortality of 32 % . Dupriez score, abnor-
mal karyotype, and degree of marrow fibrosis 
adversely affected survival; however, the use of 
targeted busulfan and cyclophosphamide was 
associated with a higher probability of survival. 
Interestingly, outcomes were similar for both 
patients with related donors and those with 
unrelated donors in this study. An update from 
the same center with 104 patients confirmed 
these results, with NRM of 34 %  and 7-year 
survival of 61 % . In addition to the above-
mentioned prognostic factors, a higher co-
morbidity score was associated with increased 
mortality. 99  The most representative trials are 
summarized in  Table 7.3 .   

 In summary, with myeloablative transplanta-
tion, 40 – 60 %  of patients are long-term survi-
vors, but the biggest problem is a high NRM 
of 27 – 48 % . The best reported results are with 
a targeted busulfan and cyclophosphamide 

10 years depending on the presence or absence 
of well-defined prognostic indicators. 85            –  91  
These indicators include anemia (Hb <10   g/dl), 
advanced age ( > 64 years), constitutional symp-
toms (fever, night sweats, weight loss), leukocy-
tosis ( > 30   × 109/l) or leukopenia (<4.0 × l09/l), 
circulating blasts ( > 1 % ), and high-risk cytoge-
netic abnormalities ( + 8, 12p − ). A simple but 
widely accepted scoring system using two of 
these factors, namely Hb <10   g/dl and WBC 
 > 30   × 109/l or <4.0 × l09/l, separates patients into 
three groups with low (no factors), intermedi-
ate (one factor), and high (two factors) risks, 
associated with median survivals of 93, 26, and 
13 months, respectively. 90  Allogeneic trans-
plantation would therefore be justifiable for 
patients with intermediate-risk and high-risk 
disease. However, for patients with low-risk dis-
ease (median survival of more than 7 – 10 years), 
the risk of transplant-related mortality out-
weighs the potential benefit from transplant. 
These prognostic factors were derived from 
patients with primary myelofibrosis and may 
have limited applicability to patients with post- 
polycythemia vera and post-essential throm-
bocythemia myelofibrosis. In a study from the 
Mayo Clinic, cytogenetic abnormalities other 
than del 20q and del 13q were identified as 
adverse factors indicating poor survival. In the 
same study, when cytogenetic abnormality was 
excluded from analysis, multivariate analysis 
identified age  > 45 years, anemia (Hb <10 g/dl), 
and polycythemia vera to be independent risk 
factors for shortened survival. 92  All the above-
mentioned risk factors for primary and second-
ary myelofibrosis should be taken into account 
to select patients with significantly shortened 
life expectancy for allogeneic transplantation.   

 MYELOABLATIVE ALLOGENEIC 
STEM CELL TRANSPLANTATION 

 By eradicating the malignant clone and restoring 
normal hematopoiesis, allogeneic hematopoi-
etic cell transplantation would be expected 
to alter the natural history of primary myelo-
fibrosis. Owing to intuitive concern about 
engraftment in the hostile microenvironment 
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and melphalan and with stem cells from a 
HLA-identical sibling. At a median follow-up of 
13 months, all four patients were alive with sta-
ble full donor chimerism. 108  Further follow-up 
of these four patients and additional patients 
treated at multiple institutions with various 
RIC regimens, for a total of 21 patients, was 
reported by Rondelli  et al . 77  Patients had inter-
mediate-risk or high-risk disease per Dupriez 
criteria, with a median age of 54 years. Of 
the 21 patients, 18 had a HLA-identical rela-
ted donor graft. With a median follow-up of 
31 months, overall survival and NRM were 
85 %  and 10 % , respectively. Snyder  et al.  
reported on nine patients with a median age of 
54 years undergoing an RIC allogeneic trans-
plant with fludarabine and melphalan from 
an unrelated donor ( n   =  7) or a related donor 
( n   =  2). Five patients were alive at a median 
follow-up of 32 months. 93  

 In the largest prospective study of RIC allo-
geneic transplantation, which used busulfan 

conditioning regimen, young age (<45 years), 
and transplant performed early in the natural 
history of disease. A special problem area is the 
treatment of older or debilitated patients, who 
form the majority of patients with this disease 
and who require an alternative approach.   

 REDUCED INTENSITY ALLOGENEIC 
TRANSPLANT: RECENT DATA 

 Another approach would be to use a reduced 
intensity (RIC) or a non-myeloablative condi-
tioning regimen, which have been reported 
to successfully extend the use of allogeneic 
transplants to older patients and patients with 
other co-morbid medical conditions in other 
hematological malignancies. 102      –  105  These early 
reports and demonstration of graft versus 
myelofibrosis effect set the stage for evaluation 
of RIC in patients with myelofibrosis. 106  ,  107  
In an early report, four patients with a median 
age of 56 years were treated with fludarabine 

Table 7.2 Allogeneic transplantation for myelofibrosis: reduced intensity regimens

 Study 
 No. of 

patients 
 Median age 

(years) 

 Median time 
from diagnosis to 
transplantation 

(months) 
 Non-relapse 

mortality ( % ) 

 Median 
follow-up 
(months) 

 Overall 
survival ( % ) 

Rondelli  et al.  77 21 54 11 10 31 85

Kroger  et al.  78 21 53 18 16 22 84

Synder  et al.  93  9 54 41 44 32 56

Table 7.3 Allogeneic transplantation for myelofibrosis

Study
No. of 

patients
Median age 

(years)

Median 
time from 
diagnosis 
(months)

Non-relapse 
mortality (%)

Median 
follow-up 
(months)

Overall 
survival (%)

Guardiola et al.97 55 42 21 27 36 47

Daly et al.101 25 48 10 48 35 41

Kerbauy et al.99 104 49 15 34 63 61

Ballen et al. (related donor)100 170 45 — 22* 41 39

Ballen et al. (unrelated 
donor)100

117 47 — 42* 48 31

*100-day non-relapse mortality.



HEMATOPOIETIC CELL TRANSPLANTATION   97

any immune interventions such as donor lym-
phocyte infusion. 110    

 ROLE OF SPLENECTOMY 
BEFORE TRANSPLANT 

 Because of concern about engraftment, sple-
nectomy is frequently performed before a 
transplant, but available data do not support 
routine splenectomy before transplant in 
all patients. Splenomegaly is associated with 
delayed engraftment, 97  ,  98  ,  110  but no definite 
data exist documenting increased rejection 
risk or showing that prophylactic splenectomy 
prevents this risk. Splenectomy in patients with 
myelofibrosis entails high rates of morbidity 
and mortality (33 %  and 9 %  of patients, respec-
tively). Bleeding (14 % ), thrombosis (10 % ), and 
infections (10 % ) are some of the major com-
plications. Leukemic transformation (14 % ) 
and increasing hepatomegaly (10 % ) have also 
been reported after splenectomy; these latter 
complications probably reflect advanced dis-
ease stage in patients who need to undergo 
splenectomy. 83  ,  111    

 CONCLUSIONS 

 Allogeneic transplant is a promising therapy 
for curing myelofibrosis. Ongoing research 
studies in patients with RIC regimens hold 
promise for extending this therapy to the 
majority of patients with this disease.     
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8                     Monitoring response to therapy for 
patients with chronic myeloid leukemia   
   Devendra   K Hiwase   ,    Timothy   Hughes       

 HISTORY OF MONITORING 
MINIMAL RESIDUAL DISEASE 

 Chronic myeloid leukemia (CML) has become 
a model in cancer medicine for how advances 
in understanding of the biology of the disease 
can be translated into the characterization of 
targets for therapy and how these same targets 
can be used effectively as molecular markers 
in the diagnosis and monitoring of the 
patient ’ s response to therapy. In the 1990  s, 
treatment options available for CML patients 
were hydroxyurea, busulfan, interferon alfa    
(IFN α ) with or without low-dose cytosine arabi-
noside, and allogeneic stem cell transplant. 
Introduction of imatinib mesylate in 1998, 
revolutionalized treatment of CML. Improve-
ment in treatments necessitates improvement 
in monitoring of minimal residual disease 
(MRD) and the past three decades have 
witnessed significant changes in monitoring 
of CML patients on therapy. 

 The degree of tumor load reduction is an 
important prognostic factor for CML patients 
on therapy. Response can be expressed in 
terms of hematological, cytogenetic, and 
molecular response. Hematological response 
is defined as the normalization of peripheral 
blood counts, absence of immature cells from 
the blood, and normalization of spleen size. 
Conventional cytogenetics has been consid-
ered the ‘gold standard  ’   for evaluating 
response to treatment. Complete cytogenetic 
response is defined as 0 %  Philadelphia (Ph)-
positive cells, partial cytogenetic response as 
1 – 35 %  Ph-positive cells in bone marrow 
metaphase, and major cytogenetic response 
includes complete cytogenetic response and 
partial cytogenetic response. 1  Although cyto-
genetic analysis has been the mainstay of 

disease monitoring, there are several limita-
tions: (1) it is labor intensive and time con-
suming, (2) mitotic cells need to be cultured 
for analysis, and (3) only 20 – 25 metaphases 
are generally examinable. This last limitation 
makes the estimate of the percentage of 
Ph-positive cells quite imprecise. 

 Fluorescence  in situ  hybridization (FISH) 
has been used for monitoring CML patients 
on treatment. FISH is performed by cohybri-
dization of BCR and ABL probes to denatured 
metaphase or interphase (I-FISH) chromo-
somes. I-FISH is relatively insensitive and has 
a false-positive rate of 1 – 5 %  2  and hence is not 
suitable for the analysis of MRD. Dual color 
FISH (D-FISH) utilizes four probes that bind 
to 5  ′  BCR, 3  ′  ABL, and 3  ′  BCR, 5  ′  ABL spanning 
breakpoints of both chromosomes 9 and 22. 
In the presence of the BCR-ABL translocation, 
D-FISH yields a double fusion signal because 
the four probes bind to their respective BCR-
ABL and ABL-BCR loci. 3  D-FISH provides a 
much lower level of background positivity 
(< 0.8 % ), although its sensitivity is still sub-
optimal. Hypermetaphase FISH provides 
better sensitivity as well as a low false-positive 
rate and may be useful for following patients 
until they achieve complete cytogenetic 
response. 4  FISH analysis cannot detect other 
chromosomal abnormality apart from the Ph 
chromosome and hence cannot replace con-
ventional cytogenetics. FISH may be useful in 
cases where cytogenetics is not informative. 

 Patients with leukemia at presentation or 
relapse usually have a total burden of 10 11  to 
10 12  malignant cells, and cytogenetics and 
conventional FISH have a maximum sensiti-
vity of 1 % . Thus, a patient with negative results 
using these assays may harbor as many as 
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10 9  to 10 10  residual leukemic cells. In the late 
1980s more sensitive methods were assessed to 
follow patients who achieved complete cytoge-
netic response following allogeneic stem cell 
transplant. 5  In 1989, the first encouraging 
results concerning detection of MRD by poly-
merase chain reaction (PCR) in CML patients 
after allogeneic bone marrow transplantation 
were reported. 6  The leukemia specific BCR-
ABL transcript is an excellent target for mole-
cular monitoring by PCR because most CML 
patients have one of two transcript types 
(e13a2 or e14a2). Initially qualitative PCR was 
established which can identify the presence 
or absence of BCR-ABL transcripts by either 
single-step amplification or a two-step ‘nested  ’   
amplification with internal primers to increase 
sensitivity. 6    –  8  Nested reverse transcription PCR 
(RT-PCR) can detect residual CML cells with a 
sensitivity of up to one in 10 5  or 10 6  cells. This 
qualitative PCR method has been used to 
follow patients after allogeneic stem cell trans-
plant. However, patients who are negative by 
qualitative RT-PCR could have a tumor load 
up to 10 6  cells, 9  and in patients who are posi-
tive the BCR-ABL transcript levels may be 
declining or increasing. Hence, qualitative 
PCR has limited value as a predictor of relapse 
in individual patients. 10  

 In view of the limited value of qualitative 
PCR for monitoring patients who achieved 
complete cytogenetic response, quantitative 
PCR methods were developed and used to 
follow patients after allogeneic stem cell trans-
plant. Low or falling BCR-ABL transcript lev-
els following transplantation were associated 
with continuous remission, while high or ris-
ing BCR-ABL transcript levels predict relapse 
prior to cytogenetic or hematological 
relapse. 11        –  15  

 For quantitative RT-PCR, Cross  et al . used 
competitive nested PCR strategies that can 
effectively control for variations in amplifica-
tion efficiency and reaction kinetics. In gen-
eral, nested PCR was performed using serial 
dilutions of a BCR-ABL competitor construct 
added to the same volume of patients ’  cDNA. 
The equivalence point at which the competi-
tor and sample band would be of equal inten-

sity can be determined by densitometry. 11  ,  16  
Choosing an appropriate control gene is 
important for generating reliable and repro-
ducible data. Comparison with control gene 
results helps not only to identify RNA samples 
of unacceptable quality but also compensates 
for variations in transcript levels owing to 
sample degradation after collection, efficiency 
of the RT step, and variations in the amount 
of RNA. The three genes that have been stu-
died extensively and appear most suitable for 
BCR-ABL quantitation are BCR, ABL, and 
β-glucuronidase (GUSB). BCR-ABL transcript 
numbers were expressed per microgram of 
leukocyte RNA. 11  Hochhaus  et al . normalized 
BCR-ABL copy number to control gene tran-
scripts and the value was expressed as a per-
centage ratio. 16  

 However, competitive PCR was time consu-
ming as multiple PCR reactions were required 
to titrate the sample with competitor and 
extensive post-PCR manipulation was needed. 
In the late 1990s, real-time PCR (RQ-PCR) 
procedures were developed that simplified the 
quantitation of transcript copy numbers.   

 CURRENT MONITORING 
STRATEGIES FOR CHRONIC 
MYELOID LEUKEMIA-CHRONIC 
PHASE PATIENTS ON TYROSINE 
KINASE INHIBITORS 

 The principal aim of residual disease analysis 
in patients with CML is to accurately and sensi-
tively determine response to treatment and to 
enable early diagnosis of relapse.  

 Baseline investigation 

 All CML patients should be assessed thor-
oughly, including detailed history and clinical 
examination with emphasis on duration of 
illness and prior treatment, and assessment of 
liver and spleen span. Sokal 17  and Hasford 
prognostic scores have some value in predic-
ting response in the imatinib era. In the inter-
national randomized trial comparing imatinib 
with IFN α  plus cytosine arabinoside (IRIS) 
study, Sokal score was predictive of cytogenetic 
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2 weekly until complete hematological res-
ponse is achieved and then 3 monthly unless 
otherwise required. 25    

 Cytogenetic response 

 Traditionally conventional cytogenetics has been 
used for monitoring response to treatment. In 
the IRIS study, 69 %  of patients achieved com-
plete cytogenetic response by 12 months. 19  
Patients who had complete cytogenetic res-
ponse at 12 months had significantly lower 
risk of progression at 60 months than pa-
tients without complete cytogenetic response 
(p <0.01). 19  Recently, studies have shown 
good correlation between cytogenetic 
response and RQ-PCR results. 27      –  30  Ross  et al . 30  
reported that in patients who had simulta-
neous blood RQ-PCR and bone marrow cyto-
genetics, 98 %  of patients who achieved 1 – 2-log 
reduction from a standardized baseline were 
in a major cytogenetic response and 95 %  of 
patients who had achieved 2 – 3-log reductions 
were in complete cytogenetic response. Also, 
82 %  of patients who had not achieved a 1-log 
reduction had also not achieved major cytoge-
netic response. 

 With availability of RQ-PCR assays and 
limited sensitivity of cytogenetic analysis, one 
could make a case for stopping routine cyto-
genetic analysis after therapy commences. 
However, only cytogenetic analysis can iden-
tify emergence of additional chromosome 
abnormalities in the leukemic clone (clonal 
evolution, CE), and other chromosomal abnor-
malities (OCA) in Ph-negative metaphases. CE 
is considered one manifestation of the 
multistep progression of CML. It was 
originally described in patients with blastic 
phase CML, occurring in 50 – 80 %  of cases 31  ,  32  
and subsequently reported in 5 – 10 %  of 
patients presenting with chronic phase CML 
and in 30 %  of patients developing accelerated 
phase features. CE has been associated with 
poor prognostic features. 17  ,  33  ,  34  In patients 
treated with imatinib, CE prior to imatinib is 
associated with a lower probability of complete 
cytogenetic response 35  and shorter overall 
survival. 36  Chromosome 9q +  deletions were 

response, complete cytogenetic response at 
12 months was 76 % , 67 % , and 49 %  in low-, 
intermediate-, and high-risk patients, respec-
tively. 18  Progression-free survival at 60 months 
was 97 % , 92 % , and 83 %  in low-, intermediate-, 
and high-Sokal risk patients. 19  

 All patients should have a complete blood 
count, bone marrow biopsy, cytogenetic ana-
lysis on bone marrow, and RQ-PCR on peri-
pheral blood. Newer prognostic markers such 
as intrinsic sensitivity to ABL kinase inhibitors 
(IC50), 20  OCT1 expression, 21   in vitro  suppres-
sion of Wilms tumor gene (WT1) expression 
by imatinib, 22  and mRNA expression profile 23  ,  24  
may predict cytogenetic or molecular response; 
however, further evaluation is required. 

 Patients who are started on imatinib should 
be followed regularly for hematological, cyto-
genetic, and molecular response as described 
below ( Figure 8.1 ). 

    Hematological response 

 Complete hematological response is defined 
as platelet counts <450    × 10 9 /l, WBC count 
< 10  ×  10 9 /l, differential without immature 
granulocytes, < 5 %  basophils, and no palpable 
spleen. 25  In the IRIS study 96 %  of patients 
achieved complete hematological response by 
12 months and 98 %  at 60 months. 19  Failure to 
achieve complete hematological response by 
3 months is generally regarded as imatinib 
failure, indicating the need to consider second-
line therapy. Some patients on imatinib deve lop 
cytopenia. In the IRIS trial 17 % , 9 % , and 4 %  of 
patients developed grade 3 – 4 neutropenia, 
thrombocytopenia, and anemia, respectively. 19  
Patients who develop grade 3 – 4 cytopenia 
may need temporary cessation or dose reduc-
tion of therapy. In the therapeutic intensifica-
tion in  de novo  leukemia (TIDEL) trial, 
significant imatinib dose reduction during 
the first 6 months of therapy reduced the 
probability of major molecular response (MMR) 
at 24 months. 26  Hence maintenance of dose 
intensity is recommended, if at all possible. 

 The European LeukemiaNet recommenda-
tions are that, after starting imatinib, peri-
pheral blood counts should be monitored 
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marrow studies even for patients in MMR may 
be justified.   

 Real-time quantitative polymerase 
chain reaction 

 Competitive RT-PCR was used to follow 
patients on IFN α  and following allogeneic 
stem cell transplantation. The introduction 
of real-time quantitative PCR (RQ-PCR) tech-
niques (TaqMan (Applied Biosystem, Foster 
City, CA) and LightCycler system (Roche 
Applied Science, Indianapolis, IN)) not only 
simplified quantification of residual disease, 
but also contributed to increased precision 
and accuracy of the PCR measurements, mak-
ing RQ-PCR the current standard for BCR-
ABL quantification. The TaqMan assay is based 
on the use of the 5  ′   nuclease activity of  Taq  
polymerase to cleave a non-extendable dual-
labeled hybridization probe during the exten-
sion phase of the PCR assay. One fluorescent 
dye serves as a reporter and its emission spec-
tra is quenched by the second fluorescent dye. 
The nuclease degradation of the probe releases 
the quenching dye resulting in an increase of 
fluorescence monitored by a detector in real 
time. Cycle thres hold (Ct) values are calcu-
lated by determining the point at which the 
fluorescence crosses a threshold limit. An 
alternative RQ-PCR approach for detection 
and quantification of BCR-ABL fusion tran-
scripts has been established using the LightCy-
cler technology. Fluorescence monitoring of 
PCR amplification is based on the concept of 
fluorescence resonance energy transfer (FRET) 
between two adjacent hybridization probes 
carrying donor and acceptor fluorophores. 
Excitation of a donor fluorophore (fluores-
cein) with an emission spectrum that overlaps 
the excitation spectrum of an acceptor fluoro-
phore results in non-radioactive energy trans-
fer to the acceptor. Once conditions are 
established, the amount of fluorescence result-
ing from the two probes is proportional to the 
amount of PCR product. 50  ,  51  

 In RQ-PCR, the kinetics of PCR are followed 
during the linear amplification phase rather 

reported to be associated with less complete 
hematological response, less complete cytoge-
netic response, and shorter progression-free 
survival in one study, 37  but not in another 
study. 38  

 OCA have been reported in the Ph-negative 
cells of about 5 %  of patients who achieved 
complete cytogenetic response with 
imatinib. 39            –  45  The most common abnormality 
is trisomy 8 (50 % ), but deletion of chromo-
some 7 alone or with other abnormalities 
is observed in about 15 %  of cases. In some 
cases OCA have been associated with the 
development of a myelodysplastic syndrome 
or acute myeloid leukemia, mainly in patients 
with a deletion of chromosome 7 and/or 
other complex abnormalities, but also in 
some patients with isolated trisomy 8. 
However, some patients remain in complete 
cytogenetic response and hematological 
remission after detection of OCA 43  ,  45      –  48  and 
in some cases OCA may be transient. The 
presence of OCA without dysplastic features 
in the blood is probably not an indication 
for a change in therapy, based on our current 
understanding. 

 The next issue to consider is how fre-
quently should marrow sampling be per-
formed for cytogenetic analysis? Cytogenetic 
response at 3 and 6 months predicts com-
plete cytogenetic response and progression-
free survival at 24 months. However, 
cytogenetic response at 6 months is a better 
predictor than a cytogenetic response at 
3 months. 49  Hence a reasonable approach 
would be to conduct bone marrow cytogenetic 
analysis at baseline, at 6 months, and then 
6 monthly until a patient achieves MMR. 30  
Patients with a significant rise in BCR-ABL 
level and loss of MMR should probably 
recommence marrow cytogenetic studies. 30  
This approach would mean that some patients 
with OCA would not be identified. However, 
if signs of myelodysplasia, progressive anemia, 
or macrocytosis are identified, marrow 
studies would then be justified. If a clinician 
would change therapy in the setting of OCA 
with a normal blood picture, then regular 
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that standard-dose imatinib treatment may 
not be the best choice, and the patient 
requires more careful monitoring. Patients 
who fail to achieve optimal response are 
most likely to have some form of imatinib 
resistance, although poor compliance should 
be considered.    

 IMATINIB RESISTANCE 

 Imatinib resistance can be categorized as 
primary or acquired. Primary resistance is the 
failure to achieve specified levels of response. 
This has been defined as failure to achieve 
complete hematological response by 3 months 
(2 – 3 %  of patients) or major cytogenetic response 
by 6 months (approximately 15 %  of  patients) 
despite a therapeutic dose of imatinib (at least 
300   mg daily). Overall, 10 – 16 %  of newly diag-
nosed CML patients appear to have primary 
resistance to imatinib at 400   mg/day. 19  ,  54  
Primary resistance is more frequent in chronic 
phase patients who were treated with imatinib 
following IFN α  failure or intolerance, 5 %  did 
not achieve complete hematological response 
and 40 %  did not achieve major cytogenetic 
response by 18 months. 55  Imatinib failure is 
also more common in advanced stage disease 
patients, 76 %  of patients in accelerated phase 
and 84 %  of patients in blast crisis failed to 
achieve major cytogenetic response. 56  ,  57  

 Currently mechanisms of primary resistance 
are not clear but it does not appear to be 
due to kinase domain mutations. 53  Recently, 
White  et al . suggested OCT1-mediated imatinib 
influx may be a key determinant of molecular 
response to imatinib and patients with lower 
OCT1-mediated intracellular drug uptake and 
retention may have lower rates of MMR at 
3 and 12 months. 21  

 Acquired resistance can be defined as onset 
of advanced phase disease in a patient who 
previously had sustained complete hemato-
logical remission or loss of sustained complete 
hematological response without progression 
to advanced phase or loss of major cytogenetic 
response or loss of a complete cytogenetic 
response with a corresponding significant 
increase in BCR-ABL transcript numbers. 58  

than at or near the end point where 
amplification plateaus. This eliminates the 
need for co-amplification of a competitor. 
The fluorescence-based technology enhances 
reproducibility since quantitation is deter-
mined during the exponential phase of the 
PCR. The real-time detection of accumulating 
product eliminates the need for post-PCR 
manipulation and, thus, the possibility of 
post-PCR contamination is reduced. The real-
time technique is performed on an analyzer 
that incorporates a thermal cycler, fluores-
cence detection, and result calculation, which 
has greatly simplified quantitative PCR. 

 The IRIS trial provided evidence for the 
first time that a reduction of BCR-ABL tran-
scripts was predictive of progression-free sur-
vival. 52  In the molecular analysis of the IRIS 
study a major molecular response was defined 
as   ≥  3-log reduction in BCR-ABL : BCR level 
when compared with the standardized median 
pretreatment level. This was established by 
calculating the median BCR-ABL level of 
30 pretherapy samples. In this study 53 %  and 
80 %  of patients who were in complete cytoge-
netic response achieved major molecular 
response at 12 and 48 months, respectively. 19  
In a landmark analysis of the IRIS trial, achieve-
ment of MMR by 12 months was associated 
with 100 %  probability of transformation-free 
survival at 60 months. 19  Molecular response 
at 3 months is also a good indicator of sub-
sequent response. Those patients who do not 
achieve a 1-log reduction by 3 months have a 
very low probability of achieving MMR (only 
13 %  at 30 months). Patients who achieved 
 > 2-log and 1 – 2-log reductions at 3 months 
have 100 %  and 69 %  probability of achieving 
MMR. 53  Recently, a consensus group within 
the European LeukemiaNet proposed a defi-
nition of failure and sub optimal response at 
different time points. 25  ‘Failure  ’   means that 
continuing imatinib treatment at the current 
dose is no longer appropriate for these 
patients, who would likely benefit more from 
other treatments. ‘Suboptimal response  ’   
means that the patient may still have substan-
tial benefit from continuing imatinib, but that 
the long-term outcome of the treatment would 
not likely be as favorable. A ‘Warning  ’   means 
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stem cell resistance  ’  . Leukemic stem cells may 
be in a quiescent state (G 0 ) which renders 
them resistant to imatinib and may be respon-
sible for resistance and progression. 67  

 More than 70 mutations have been identi-
fied in the kinase domain and an update 
of the reported mutations is represented in 
 Figure 8.2 . The mutations are located through-
out the kinase domain including the ATP 
binding loop (P-loop), imatinib binding site, 
activation loop (A-loop), catalytic domain, 
and the carboxy terminal.

   (1)   P-loop mutations. The P-loop normally 
accommodates the phosphate group of 
ATP. It is a glycine-rich structure and 
encompasses amino acids 248 – 257. 
Upon binding of imatinib, the P-loop 
undergoes major downward displace-
ment and forms a hydrophobic cage 
surrounding imatinib, which is stabi-
lized by water-mediated hydrogen bonds 
between Y253 and N322. Mutations in 
the P-loop (L248V, G250E, Q252H/R, 

In the IRIS trial the rate of all progression 
events was 18 %  after a median follow-up of 
5 years, most of which occurred within the 
first 3 years of treatment. 19  The incidence of 
secondary resistance or progressive disease 
was higher (26 % ) in chronic phase patients 
who were previously treated with IFN α  and 
substantially higher in accelerated (73 % ) and 
blast phases (95 % ) of CML. 54  

 The most common mechanism of acquired 
resistance to imatinib is the reactivation of 
BCR-ABL kinase activity within leukemic cells 
despite the presence of imatinib. Point muta-
tion in the BCR-ABL kinase domain is the most 
common cause (50 – 90 %  of cases) of acquired 
imatinib resistance; 59          –  64  other proposed mech-
anisms of acquired imatinib resistance are over-
expression and amplification of the  BCR-ABL  
gene, 59  ,  60  activation of BCR-ABL independent 
pathways such as members of the SRC kinase 
family, 65  binding of imatinib to serum  α 1 acid 
glycoprotein, and increased drug efflux 
through the multidrug resistance protein. 66  
The other concept which is evolving is ‘leukemic 

 Figure 8.2    Linear representation of ABL kinase domain and relative position of mutations. There are more than 
70 mutations reported; however, amino acid substitution at seven residues (M244V, G250E,  Y253 H/F , E255K/V, T315I, 
M351T, and F359V) account for 85 %  of all resistance associated mutations. 86   
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allosterically interferes with drug bin d-
ing.  In vitro  kinase analysis shows that 
T315I is highly resistant to imatinib with 
IC 50   > 10  µ M. While F317L is less resis-
tant with imatinib IC 50  of 0.9    µ M (3 times 
higher than wild-type BCR-ABL). 64   

  (3)   Mutations involving the activation loop 
(A-loop mutation). The activation loop 
comprises amino acids 381 – 402 and 
regulates the kinase activity. Mutations 
in the A-loop prevent the kinase from 
adopting its inactive conformation, 
which is required for imatinib binding. 72  
A-loop mutations comprise 5 %  of all 
mutations and exhibit moderate imati-
nib resistance in cellular and in vitro 
kinase assays.  

  (4)   Mutations of catalytic domain. Mutations 
of the catalytic domain comprise appro x-
imately 20 %  of all mutations with 
M351T being the most common. M351 
contacts the ABL SH2 domain and helps 
to stabilize the autoinhibited conforma-
tion of ABL. The M351T mutation dis-
rupts the interaction between the SH2 
and the kinase domain and impairs 
autoinihibition, shifting the equilibrium 
toward the active conformation to which 
imatinib cannot bind. 72  M351T confers 
moderate imatinib resistance in  in vitro  
kinase assay. 64   

  (5)   Mutations in the carboxy terminal. 
Mutations in the carboxy terminal have 
been detected in about 16 %  of all 
patients with mutations tested at our 
institution. The IC50 values for most of 
these mutations are unknown.  An in vitro  
mutagenesis screen identified many 
additional mutations within and outside 
the kinase domain, which have not yet 
been recovered from patients. However, 
most of the studies sequenced the kinase 
domain and hence information regard-
ing mutation outside the kinase domain 
is limited.    

  Although kinase domain mutations are com-
mon cause of acquired imatinib resistance, all 

 Y253F/H , and E255K) may lead to desta-
bilization of the distorted shape and 
shift the equilibrium toward the active 
state, thus hindering the conformation 
of the P-loop required for imatinib 
binding. P-loop mutations comprise 
45 – 50 %  of all mutations and have been 
associated with a poor prognosis com-
pared with other mutations. We reported 
mortality of 92 %  in patients with P-loop 
mutations (median survival of 4.5 months 
after detection of the mutation), while 
only 21 %  of patients with mutations 
outside the P-loop died. 62  Two other 
groups also reported that P-loop muta-
tion were associated with poorer prog-
nosis and shorter survival compared 
with patients with other mutations. 68  ,  69  
 In vitro  analysis revealed that E255K, 
E255V, Y253H, Y253F, and G250E were 
highly resistant to imatinib with IC 50  
values greater than 10-fold higher than 
wild-type BCR-ABL. 64  However, Jabbour 
 et al . did not find that P-loop mutations 
were associated with poorer prognosis. 70  
A recent report has determined that 
some mutations in the P-loop may alter 
the transformation potency of BCR-ABL 
by altering substrate specificity and signal 
transduction pathway activation. 71  The 
two P-loop mutations that were tested, 
E255K and Y253F, displayed increased 
transformation potency compared with 
wild-type and the other mutants. While 
another common mutant M351T, dis-
played the least transforming potency.  

  (2)   Mutations at the imatinib binding sites. 
Amino acids T315 (‘gatekeeper posi-
tion  ’  ), V289, F317, and F359 interact 
directly with imatinib via hydrogen bond 
(T315) or van der Waals interactions 
(V289, F317). T315I is largely insensi-
tive not only to imatinib but also to 
second generation tyrosine kinase inhi-
bitors including nilotinib and dasatinib. 
Substitution of threonine with the bulky 
isoleucine not only disrupts the hydro-
gen bond with imatinib but also 
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reliability of the assay. The depth of BCR-ABL 
reduction from which change is detected is 
also relevant, and loss of threshold levels of 
response, such as loss of MMR may define 
patients in need of change in therapy, particu-
larly if linked to a molecular cause such as 
kinase mutation. 82    

 ADDITIONAL VALUE OF REAL-TIME 
QUANTITATIVE POLYMERASE 
CHAIN REACTION TO MONITOR 
COMPLIANCE 

 A greater than 2-fold rise in BCR-ABL tran-
scripts and/or a persistent rise in consecutive 
RQ-PCR assays for BCR-ABL indicates the 
need for kinase domain mutation screening. 
However, not all patients with a rise in BCR-
ABL transcripts have detectable mutations. 
Some of these patients will have acquired 
resistance without kinase domain mutations. 
Furthermore, in some cases poor compliance 
may lead to a pattern mimicking acquired 
resistance. An illustrative case from our center 
is a 37-year-old man diagnosed with CML-CP 
( Figure 8.3 ). After starting imatinib, BCR-ABL 
transcripts decreased for the first 9 months. 
However, because of an intercurrent psychia-
tric illness he ceased taking imatinib without 
informing his treating physician. Within 
2 months of stopping imatinib BCR-ABL tran-
scripts increased to baseline level. The kinase 
domain mutation screen was negative. After 
restarting imatinib BCR-ABL transcripts 
decreased steadily over the next 12 months. 
However, he again ceased imatinib. Within a 
short time of stopping imatinib BCR-ABL 
transcripts once again rapidly increased and 
again kinase domain mutation screen was 
negative. Imatinib was restarted under super-
vision and his BCR-ABL transcripts fell once 
again. 

  This case highlights that poor compliance 
should be considered if BCR-ABL transcripts 
rise and also highlights the additional role for 
regular RQ-PCR for BCR-ABL to monitor 
patient compliance.   

mutations may not be associated with ima-
tinib resistance. 73  By using sensitive assays, 
kinase domain mutations have been detected 
within 3 months of imatinib treatment 
exposure 74  or prior to imatinib therapy 68  
and even at diagnosis. 75  However, these 
mutations were not always detected in 
patients who developed subsequent imatinib 
resistance. There are several technologies 
available for mutation detection and they 
vary in sensitivity. Direct sequencing can 
usually detect mutant clones representing 
 > 15 – 20 %  of total BCR-ABL, 60  ,  61  while sub-
cloning and sequencing has a sensitivity of 
5 – 10 %  depending on the number of clones 
examined. 64  Denatu ring high-performance 
liquid chromato graphy (D-HPLC) is a more 
sensitive method that is able to detect  > 0.1 %  
mutant clone. 76  ,  77  

 As mutation analysis is costly and not readily 
available, it is imperative to select patients 
for detailed analysis, who are likely to have 
mutations. Mutations are most common in 
blast crisis. Our group have reported that 
accelerated phase patients have a 61 %  proba-
bility of developing mutations by 24 months of 
imatinib. Late chronic phase patients treated 
with prior IFN α  had a 26 %  probability of 
mutations emerging by 2 years, whereas newly 
diagnosed patients had a 7 %  probability of a 
mutation. 78  Hence regular mutation screen-
ing would be appropriate for patients in the 
advanced phase of CML. However, monitoring 
newly diagnosed patients with regular muta-
tion screens is probably not cost effective. 78  
Selected chronic phase patients who have sub-
optimal cytogenetic and molecular response 
or have significant increases in BCR/ABL 
should be targeted. 78  ,  79  We reported that 61 %  
of patients who had more than a 2-fold rise in 
BCR-ABL transcripts had a mutation detect-
able by direct sequencing. Only 0.6 %  of 
patients with stable or decreasing BCR-ABL 
levels had a detectable mutation. 80  Another 
group reported that a serial rise in BCR-ABL 
transcripts may be more reliable than a sin-
gle 2-fold rise in BCR-ABL transcripts. 81  This 
is highly dependent on the measurement 



112   CHRONIC MYELOPROLIFERATIVE DISORDERS

stopped. It would clearly be advantageous to 
increase the sensitivity of MRD monitoring to 
enable patient response to be monitored for 
longer and allow a more substantial response 
to be determined.   

 Standardization of RQ-PCR assay 

 Although RQ-PCR is currently the most sensi-
tive test to monitor patients who achieve com-
plete cytogenetic response, there is still 
considerable diversity in the way in which 
RQ-PCR for BCR-ABL is carried out and how 
the results are reported in different labora-
tories. Methods have not been standardized 
across all laboratories and guidelines for 
acceptable levels of reproducibility and sensi-
tivity are still being established. In addition 
certified international reference and control 
methods are not available. 

 To address these issues there was an investi-
gator meeting at the National Institutes of 
Health (NIH) in Bethesda in October 2005 
and key recommendations made at this 
mee ting were published in 2006. 85  It is beyond 
the scope of this chapter to include detailed 
guidelines. Here we discuss some of the key 
issues and recommendations.  

 LIMITATIONS OF CURRENT 
MONITORING METHODOLOGY AND 
STRATEGIES FOR IMPROVEMENT  

 Sensitivity of PCR assay 

 RQ-PCR for BCR-ABL mRNA is by far the most 
sensitive assay in the context of residual disease 
analysis and can detect a single leukemia cell 
in a background of 10 5  to 10 6  normal cells. 
Therefore, PCR is up to 2 – 3 logs more sensi-
tive than conventional methods. However, 
patients who have no residual disease detect-
able by RQ-PCR may still have up to a million 
leukemic cells that could contribute to subse-
quent relapse. Currently, MMR confers pro-
tection from progression-free survival (PFS). 19  
Patients who achieved MMR by 12 months 
had 100% PFS at 5 years.83 Current assays are 
not usually sensitive enough to detect BCR-
ABL transcript levels below 4.5-log reduction 
from standar dized baseline. Rousselot  et al . 84  
stopped imatinib in patients who had persis-
tently negative RQ-PCR assays for more than 
2 years on imatinib therapy. Half of their 
patients relapsed within 6 months of stopping 
imatinib. This indicates that many patients 
who are PCR negative still have residual disease 
capable of early relapse when imatinib is 

 Figure 8.3    Role of real-time quantitative polymerase chain reaction (RQ-PCR) for BCR-ABL in monitoring patient 
compliance to imatinib (IM). Following initial response, BCR-ABL transcripts increased twice first at 12 months and 
then at 31 months after starting imatinib. On both occasions kinase domain mutation studies were negative. Both 
increases in BCR-ABL transcripts were owing to poor compliance to imatinib.  
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9                     Immunotherapy in chronic 
myeloid leukemia   
   Richard E   Clark      

 It is clear that the immune system is particu-
larly important in achieving the cure associ-
ated with allogeneic stem cell transplantation 
(SCT). This is especially true for chronic 
myeloid leukemia (CML), as supported by a 
number of clinical observations. In patients 
who remain leukemia free for many years 
after SCT, BCR-ABL transcripts often remain 
detectable in the first few weeks after trans-
plantation, though they disappear by around 
6 months after SCT, suggesting that an ongoing 
immune response may be important in confer-
ring cure. T-cell depletion of the graft has 
been widely used to mitigate the effects of 
graft versus host disease, but is associated 
with an increased relapse rate. Post-SCT 
relapse of CML responds to infusions of donor 
T lymphocytes, and such responses may be 
curative. 

 Considerable laboratory work has been 
carried out in the past decade on the immune 
response to CML, and this has helped our 
understanding of how the host immune 
system may respond to malignancy. This infor-
mation is now leading to clinical trials of immu-
notherapy in CML. Since BCR-ABL is not only 
central to the pathogenesis of CML, but also 
completely leukemia specific, the majority of 
clinical strategies have been directed against 
this antigen. Additional strategies have tar-
geted other leukemia-associated antigens that 
are overexpressed in CML cells.  

 MOLECULAR FEATURES 

 The molecular biological features of CML are 
reviewed elsewhere in Chapter 2. The t(9;22)

(q34;q11) translocation juxtaposes the distal 
part of the long arm of chromosome 9 to 
chromosome 22, creating the Philadelphia 
chromosome (Ph). 1  The chromosome 22 
breakpoints are typically concentrated in the 
major breakpoint cluster region (M-bcr) of 
the  BCR  gene. In almost all CML patients, the 
 BCR  breakpoint occurs in or between exons 
e13 (formerly b2) and e14 (formerly b3) or 
exons e14 and e15 (formerly b4), and all  BCR  
exons distal to the breakpoint are removed to 
chromosome 9. The chromosome 9 break-
points occur over a large 200-kb region within 
the  ABL  gene. Because of splicing events 
during transcription, the 5  ′   part of the  BCR  
gene becomes fused with the a2 exon of  ABL . 
Almost all CML patients therefore express 
either e13a2 or e14a2 transcripts, which are 
translated to an e13a2 or e14a2 210-KDa BCR-
ABL fusion protein. About 30 %  of Ph-positive 
acute lymphoblastic leukemia cases have the 
same molecular features. In the remaining 
70 % , there is juxtaposition of exon e1 of  BCR  
to a2 of  ABL , resulting in an e1a2 fusion 
transcript and a 190-kDa product.   

 BCR-ABL FUSION PEPTIDES 

 The amino acid sequences that span the BCR-
ABL fusion junction are novel to the immune 
system, and are specific to leukemic cells. In 
the e14a2 transcript, a triplet codon is altered, 
and this creates a novel amino acid (lysine) at 
the actual BCR and ABL junction in the pro-
tein product. In the e13a2 transcript, a similar 
codon disruption also occurs, but this does 
not change the resultant amino acid. 
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 The function of class I and II molecules of 
the major histocompatibility complex (MHC) 
is to present peptides on cell surfaces for 
scrutiny by T lymphocytes. Foreign protein 
antigens are ingested by antigen processing 
cells, which then degrade them to oligopep-
tides that are loaded onto class II MHC 
molecules. Endogenous antigens are degraded 
to smaller oligopeptides of 8 – 11 amino acids 
in length, which are assembled in the 
endoplasmic reticulum lumen into a stable 
complex with class I HLAα chain and  β 2 
microglobulin. This complex is then exported 
to the cell surface, for recognition by cytotoxic 
T lymphocytes (CTL). 

 Several class I HLA molecules bind strongly 
to peptides spanning the BCR-ABL fusion 
junction. In a screen of 21 e13a2 and e14a2 
junctional peptides for their binding to puri-
fied HLA molecules, the e14a2 junctional 
sequences KQSSKALQR, ATGFKQSSK, and 
HSATGFKQSSK showed affinity for HLA-A3.2 
and -A11, and GFKQSSKAL showed affinity 
with HLA-B8. 2  This screen did not identify any 
peptides from the e13a2 junction that bound 
well to HLA class I. Mutations at or close to the 
anchor residue may improve the binding 
of e14a2 junctional peptides to HLA-A3 3  and 
HLA-A2.1, 4  and may improve the immuno-
genicity of BCR-ABL junctional peptides, 
including e13a2. 4  

 We have shown that the HLA-A3/A11 asso-
ciated e14a2 junctional peptide KQSSKALQR 
can be eluted from HLA molecules on the 
surface of HLA-A3 positive/e14a2 positive 
CML cells. 5  This demonstrates that BCR-ABL 
junctional peptides are present on CML cells 
in the context of HLA molecules, and there-
fore have the potential to be immunogenic. 
However, there are no additional data con-
firming that BCR-ABL junctional peptides are 
present in other HLA types, and to date we 
have been unable to demonstrate BCR-ABL 
junctional peptides in eluates from HLA-A201 
positive patients. 6  This is in line with the 
 in vitro  observation that KQSSKALQR but 
not GFKQSSKAL may be generated by protea-
somal cleavage of BCR-ABL. 7  

 Fewer data are available concerning the 
HLA class II affinities of BCR-ABL peptides. 8  ,  9  
The 17-mer sequence ATGFKQSSKALQRP-
VAS, which evenly spans the e14a2 breakpoint, 
will elicit a CD4 +  proliferative response espe-
cially in samples from DR  *  0401 and DR  *  0901 
positive healthy subjects, which can be modi-
fied by mutations at various sites in the 
sequence.   

 IMMUNOGENICITY OF BCR-ABL 
JUNCTIONAL PEPTIDES 

 There is a broad correlation between the HLA 
binding affinity and the immunogenicity of 
BCR-ABL junctional peptides. Peptides from 
the e14a2 fusion junction that bind well to 
HLA-A3, -A11, and -B8 will generate specific 
class I HLA-restricted CTL responses in nor-
mal donors. 8  ,  9  In all HLA-A3 positive donors 
tested, the A3/A11 binding peptide KQSSKA-
LQR induced CTL that killed allogeneic 
HLA-A3 matched peptide-pulsed leukemia 
cell lines, CML cells from a HLA identical 
sibling, and unpulsed HLA matched but not 
mismatched e14a2 positive CML cells. CTL 
specific for e14a2 can also be generated from 
CML patients. 8  ,  9  Using tetramer technology, 
we have shown that most HLA-A3 and/or 
HLA-B8 positive patients with e14a2 positive 
CML have circulating BCR-ABL specific CD8 +  
T-cells, especially if their leukemia is well 
controlled. 10  

 These  in vitro  data suggest that CML patients 
have the capacity to respond to their own 
leukemic cells, and provide indirect evidence 
that CML cells are able to process and present 
endogenous e14a2 junctional peptides in the 
context of HLA, that can then serve as targets 
for class I HLA-restricted CTL. However, it is 
again important to note that these studies 
have only been carried out on a limited num-
ber of HLA types, principally HLA-A3, and 
almost exclusively on the e14a2 fusion 
junction. 

 These studies of  in vitro  CD8 +  T-cell 
responses have typically used exogenous 
cytokines to replace any requirement for 
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 Following allogeneic SCT, T cells of donor 
origin may be targeted to host hemopoiesis-
specific antigens that are not necessarily leu-
kemia specific, such as minor histocompatibility 
antigens (mHA). 21  Examples are HA-1 and 
HA-2, the expression of which is HLA-A2 
restricted and limited to hemopoietic cells. 21  
The Leiden group have extensively studied 
the role of immune responses to mHA after 
allogeneic SCT. 21  Infused donor CTL directed 
against mHA may confer remission in relapse 
after allogeneic SCT. 22    

 DENDRITIC CELLS IN CHRONIC 
MYELOID LEUKEMIA 

 Dendritic cells can present BCR-ABL, since 
BCR-ABL specific CD4 +  T-cell clones will 
produce γ-interferon on incubation with e14a2 
positive monocyte-derived dendritic cells. 23  
Dendritic cells from patients with e13a2 CML 
had no stimulatory activity, suggesting that 
dendritic cells presentation of e13a2 BCR-ABL 
might be inferior to e14a2 BCR-ABL. In 
untreated CML, many dendritic cells are BCR-
ABL positive, and might therefore induce 
T-cell tolerance to BCR-ABL by endogenous 
expression on thymic dendritic cells. However, 
antigen processing and function by Ph-positive 
dendritic cells is abnormal, 24  though imatinib 
may change the dendritic cells population 
from predominant BCR-ABL positivity towards 
polyclonality as patients enter complete 
cytogenetic remission, 25  thus removing an 
important source of BCR-ABL peptide 
presentation. 

 Co-stimulatory molecule expression may be 
deficient in CML. In nude mice, immuniza-
tion with leukemic cells with modified B7.1 
expression is protective against later challenge 
with lethal doses of unmodified leukemic 
cells. 26  Furthermore, CD80 and CD86 expres-
sion may be low or absent on CML cells, but 
granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and interleukin (IL)-4 may 
increase their apparent expression in cultured 
adherent cells, presumably by selection for Ph-
positive dendritic cells. Cells primed in this 
way will elicit proliferative T-cell responses 

CD4 +  T cells. Several groups have demon-
strated specific CD4 +  T-cell responses to e14a2 
fusion peptides in samples from healthy 
subjects, 8  ,  9  and CD4 +  T-cells specific for the 
e13a2 junction have been expanded from a 
healthy subject under conditions suitable for 
clinical use. 11  However, the limited available 
data suggest that CD4 +  responses to BCR-ABL 
junctional peptides may be impaired in CML 
patients in comparison to healthy subjects. 12    –  14  
This may be important, since if CD4 +  responses 
are deficient  in vivo , a net anergic response 
may arise.   

 OTHER LEUKEMIA-ASSOCIATED 
ANTIGENS 

 Because of concern that BCR-ABL may be a 
weak antigen, or may not bind well to some 
HLA types, several workers have focused on 
alternative antigens that are known to be 
overexpressed in CML cells. A 9-mer peptide 
from myeloperoxidase, the main component 
of neutrophil primary granules, binds well 
to HLA-A  *  0201, and will elicit CTL in normal 
donors which will kill HLA matched CML tar-
get cells. 15  CTL directed against PR1, a HLA-
A  *  0201 restricted peptide from proteinase-3, 
another neutrophil granule protein overex-
pressed in CML, may circulate in CML 
patients, 16  and CTL with high avidity for their 
target are found in responding but not newly 
diagnosed patients. 17  The Wilms tumor gene 
product WT1 is overexpressed in most myeloid 
leukemias, and WT1-directed CTL circulate 
in CML patients. 16  CML progenitor cells 
may express sufficiently high levels of WT1 
to elicit CTL, which leads to selective 
elimination of leukemic CD34 +  progenitors, 18  
and WT1 peptides may also elicit class 
II-restricted T-cell responses. 19  CD8 +  T cells 
with specificity for PR1 and WT1 peptides have 
been reported in HLA-A2 positive healthy 
individuals. 16  T cells directed against the 
neutrophil granule protein elastase are reac-
tive against CML cells. 20  This may be of 
relevance since in poorly controlled CML, 
circulating elastase levels may be high, and 
may contribute to pathogenesis. 
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precursors, 19  and high avidity CTL may be 
isolated that are useful in treatment. 33  Several 
other preclinical studies of cellular immuno-
therapy strategies have been carried out. In a 
mouse model of BCR-ABL positive leukemia, 
immunization of dendritic cells pulsed with 
the e14a2 BCR-ABL junctional peptide 
GFKQSSKAL may confer a BCR-ABL specific 
CTL response, and this was greater than in 
mice immunized with peptide alone. 34  Similar 
results have been reported after re-infusion of 
presumed Ph-positive dendritic cells in a CML 
patient. 35  Healthy donor dendritic cells trans-
fected with an adeno-associated virus vector 
expressing the e14a2 BCR-ABL fusion region 
have been shown to prime HLA-restricted 
BCR-ABL specific CD4 +  and CD8 +  T cells 
 in vitro , to levels comparable to those achieved 
using BCR-ABL peptides alone. 36  This strategy 
may have the advantage that multiple epitopes 
are generated, which may transcend the prob-
lem of HLA restriction for individual peptides. 
However, these studies of cellular immuno-
therapy require considerable resources, and 
their main value is of proof of principle rather 
than as clinical strategies for future widespread 
use. A recent trial has avoided choosing any 
particular antigen, by vaccinating imatinib 
treated patients with irradiated K562 cells 
engineered to produce GM-CSF, and several 
clinical responses have been described, with 
some molecular remissions. 37  

 Vaccination of autologous multivalent heat 
shock protein (HSP) extracts is under investi-
gation in a number of tumors. The rationale is 
that HSP chaperone intracellular peptides 
around the cell, and HSP – peptide complexes 
should therefore contain potentially immuno-
genic tumor associated peptides. A phase I 
study of this approach reported cytogenetic 
and/or molecular responses in 13 of 20 CML 
patients with minimal toxicity, though it was 
given concurrently with imatinib. 38  However, a 
phase II study in patients failing imatinib 
showed less impressive effects, 39  and at present 
it is uncertain whether HSP vaccination will 
find a place in CML therapy, especially because 
of the effort involved in preparing individual 
patient vaccines. 

that are effective against unprimed CML cell 
targets. 27    

 EFFECTS OF TYROSINE KINASE 
INHIBITORS ON THE IMMUNE 
SYSTEM 

 The tyrosine kinase inhibitor imatinib has 
revolutionized the outlook for CML over the 
past 5 years. However, there has been concern 
that it may have unwanted effects on the various 
cellular components of the immune system. 
Imatinib may restore the clonality of dendritic 
cells from Ph-positive to polyclonality, 25  and 
this is associated with return of dendritic cells 
function to normal. 28  However, it may inter-
fere with the differentiation of monocytes and 
CD34 +  progenitors into functional dendritic 
cells, impairing their ability to stimulate a 
primary T-cell response. 29  In addition, several 
studies have reported impaired T-cell 
proliferation, 30  and this effect may be as a 
result of inhibition of the kinase LCK. In con-
trast, an increase in interferon-γ producing 
T cells has been observed after 3 months of 
treatment, and imatinib may restore Th1 cell 
function toward normal, even in the absence 
of cytogenetic remission. 31  Overall, the effects 
may be of minor clinical importance, since 
there is no clinical evidence that imatinib 
treated patients have an increased susceptibi-
lity to infection. A possible explanation for 
these conflicting data is that many of these 
studies have used far higher imatinib concen-
trations that those achieved  in vivo , even at 
high dosages. 

 At present there are no data on the immu-
nological effects of either of the second gene-
ration tyrosine kinase inhibitors, dasatinib or 
nilotinib.   

 CLINICAL STRATEGIES 

 The effect of infusing expanded CTL directed 
against leukemic antigens has been examined 
in CML. Leukemia-reactive CTL from a HLA 
matched donor expanded  ex vivo  can induce 
remission in refractory advanced CML. 32  WT1 
specific CTL will selectively kill leukemic 
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14 patients in major cytogenetic response 
(MCR) at trial entry had at least a 1-log fall in 
BCR-ABL transcripts, in contrast to no benefit 
in any of five patients not in MCR at entry, 
underlining the view that immunotherapy is 
most likely to be effective in patients with well-
controlled disease. The molecular responses 
typically occurred several months after com-
pleting vaccination, consistent with an effect 
at a primitive CML stem cell level. Vaccination 
improved the fall in  BCR-ABL  transcripts in 
patients who had previously received imatinib 
for more than 12 months, 48  suggesting that 
immunotherapy may be most effective if 
delayed until after disease reduction with 
conventional treatment. 

 In all these peptide vaccination studies, the 
toxicity profile is excellent, though some local 
delayed type hypersensitivity reactions have 
occurred. Overall, these observations suggest 
that BCR-ABL peptide vaccination may 
improve control of CML, especially in patients 
responding well to imatinib, but we do not 
currently know whether these cytogenetic and 
molecular responses are durable, and whether 
they were entirely owing to the vaccinations 
(or to other concurrent therapy especially 
imatinib). Randomized trials are therefore 
urgently required to address this further. 

 An interesting variation of BCR-ABL peptide 
vaccination is currently in phase I trial, 49  based 
on observations that amino acid substitutions 
at or near the anchor residues may increase 
the immunogenicity of both e13a2 and e14a2 
junctional peptides. 4  These heteroclitic pep-
tides induce CD8 +  T-cell responses that cross-
react with native junctional peptides, and 
might constitute a way to overcome the poor 
immunogenicity of e13a2 sequences.   

 CONCLUSIONS 

 A considerable body of  in vitro  data clearly 
indicate that the immune system is capable of 
responding against CML cells. However, the 
data do not cover all HLA and transcript types, 
and these studies have limited relevance to 
 in vivo  conditions, where the Ph-positive clone 
gradually expands over a long period of time. 

 In contrast, peptide vaccination against 
specific antigens may be more generally 
applicable. WT1 peptide vaccination gene-
rates specific CTL, 40  and may induce remis-
sion in acute leukemia. 41  Clinical trials of WT1 
peptide vaccination are now in progress in 
CML. A future extension of this may be the 
engineering of WT1 specific T cells by trans-
ducing WT1 specific T-cell receptor genes. 42  ,  43  
Vaccination studies are under way using the 
PR1 peptide. 44  

 Three groups have immunized CML patients 
with BCR-ABL junctional peptides, aiming to 
induce a leukemia specific CTL and CD4 +  
response  in vivo . Three of six CML patients 
treated at the highest dose levels generated 
BCR-ABL specific proliferative immune 
responses. 45  In a follow-up study, the same 
group showed that patients receiving imatinib 
can also mount CD4 +  and in some cases CD8 +  
responses, 46  and some patients demonstrated 
cytogenetic and molecular responses. In a 
separate study using a very similar BCR-ABL 
peptide vaccination strategy, cytogenetic 
responses were observed in ten imatinib 
treated cases, and  BCR-ABL  transcripts became 
undetectable in three of the five cases of 
complete cytogenetic responders. 47  

 We have recently reported a phase I study of 
BCR-ABL peptide vaccination in 19 e14a2 
patients in first chronic phase, and on a stable 
dose of imatinib. 48  Either KQSSKALQR or 
GFKQSSKAL were used, dependent on the 
HLA class I type, and each peptide was also 
linked to PADRE (pan DR epitope) to augment 
CD4 +  T-cell help. PADRE is a 15-mer which 
includes four non-natural amino acids, which 
binds with high or intermediate affinity to 
15 of the 16 most common HLA-DR types. 
 In vitro , PADRE induces CD4 +  T-cell responses 
in virtually all individuals, and it has been used 
in several vaccination studies. Six vaccinations 
were given over 9 weeks, together with sargra-
mostim. T-cell responses to PADRE were seen 
in all patients, confirming that the vaccine is 
visible to the immune system. Fourteen of 
19 patients developed T-cell responses to BCR-
ABL peptides, which were CD45RO +  indica-
ting a memory cell phenotype. Thirteen of 
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Clearly, the immune system cannot operate 
optimally  in vivo , since otherwise CML would 
never exist as a clinical phenotype. It is temp-
ting to speculate that the emergence of CML 
depends not only on the Ph translocation and 
BCR-ABL, but also on the failure of the 
immune system to eradicate the Ph-positive 
clone, and this is supported by the demonstra-
tion of low levels of BCR-ABL transcripts in 
otherwise normal subjects. 50  ,  51  Based on the 
premise that the immune system may have 
become tolerant to CML associated antigens, 
several clinical immunotherapy strategies have 
been tried. The majority of available data have 
examined BCR-ABL specific responses, 
because of their leukemia specificity. However, 
BCR-ABL specific responses may not be the 
only important immune mechanism in CML, 
especially following allografting. Recent data 
suggest that BCR-ABL may be a weaker immu-
nogen than proteinase-3 or other CML related 
antigens, and it is possible that effects against 
multiple CML-related antigens may be 
additive. 52  

 Immunotherapy in CML may therefore be 
approaching an awkward dilemma. On the 
one hand, it is tempting to now advocate large 
randomized studies of, for example, peptide 
vaccination, to determine whether this adds 
anything to the responses now achievable with 
tyrosine kinase inhibitors. A more cautious 
alternative approach will be to continue to 
adapt and refine protocol details in multiple 
smaller focused studies, in the hope that a 
more effective strategy can then be explored 
in larger randomized studies. As in other areas 
of its biology and clinical behavior, CML will 
continue to point the way for better under-
standing and treatment of more common 
tumors.     
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10                     Potential treatment algorithms and 
future directions for patients with 
chronic myeloid leukemia   
   Tariq I   Mughal,       John M   Goldman       

 INTRODUCTION 

 Since the introduction of imatinib mesylate, 
the ‘first generation  ’   tyrosine kinase inhibitor 
(TKI), into the clinic in 1998, the drug has 
become the preferred treatment for the 
majority, if not all, newly diagnosed patients 
with chronic myeloid leukemia (CML) in 
chronic phase (CP), except perhaps for 
children. 1  ,  2  Imatinib reduces substantially 
the number of CML cells in a patient ’ s 
body, resulting in a complete cytogenetic 
remission in a significant proportion of 
patients but complete molecular responses 
only in a minority and then only after some 
years of treatment and probably in less 
than 50 %  of patients. 3  The next (second) 
generation TKIs, dasa tinib and nilotinib, 
appear to be more potent than imatinib 
and are now in the clinic, for the treatment 
of imatinib-resistant/refractory CML and Phila-
delphia chromosome (Ph)-positive acute lym-
phoblastic leukemia (ALL). 4  ,  5  Other candidate 
drugs include bosutinib (SKI-606), INNO-406 
(NS-187), and an aurora kinase inhibitor, 
MK-0457 (VX680). Allogeneic stem cell trans-
plantation (alloSCT), however, remains the 
only therapeutic modality that can clearly 
produce long-term complete molecular 
remission associated, presumably, with eradi-
cation of all residual leukemia stem cells. 6  ,  7  
In this chapter we address the current treat-
ment algorithms for patients with CML, 
with an emphasis on the non-transplant 
therapies, and speculate on some of the 
challenges for the future. AlloSCT is discussed 
in Chapter 7.   

 A POTENTIAL TREATMENT 
ALGORITHM FOR A NEWLY 
DIAGNOSED PATIENT WITH 
CHRONIC MYELOID LEUKEMIA IN 
CHRONIC PHASE 

 Until the end of the 20th century it was 
standard practice to recommend alloSCT to all 
patients less than 50 years of age with newly 
diagnosed CML in CP provided they had suit-
able HLA-identical sibling or ‘HLA-matched  ’   
unrelated donors. 8  Patients presenting in the 
advanced phases of CML usually received 
combination chemotherapy, often followed 
by an alloSCT if a ‘second  ’   CP could be 
achieved. The treatment algorithm for the 
newly diagnosed patients changed dramati-
cally once the impressive success of ima-
tinib in inducing complete hematological 
response and complete cytogenetic responses 
in the majority of newly diagnosed patients 
with CML in CP was recognized. Thereafter, 
imatinib became the preferred first-line ther-
apy worldwide (Chapter 5). 

 Imatinib inhibits the enzymatic action of 
the activated BCR-ABL tyrosine kinase by 
occupying the ATP-binding pocket of the 
ABL-kinase component of the BCR-ABL 
oncoprotein, thereby blocking the capacity 
of the enzyme to phosphorylate downstream 
effector molecules. It also binds to an adjacent 
part of the kinase domain (KD) in a manner 
that holds the activation loop of the BCR-
ABL oncoprotein in its inactive conformation 
( Figure 10.1 ). 10  

  For patients who started imatinib in 
un tre ated (‘early  ’  ) chronic phase in the IRIS 
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study (a phase III randomized trial of 
interferon alfa (IFN α ) and cytarabine com-
pared to imatinib mesylate) imatinib induced 
cumulative best complete hematological 
remissions in 98 %  and cumulative best com-
plete complete cytogenetic response in about 
83 %  at 6 years; the corresponding figures 
following a 5-year follow-up were 98 %  and 
83 % , respectively. 3  ,  11  The actual proportion of 
patients who remain in complete cytogenetic 
response whilst on imatinib at 6 years is about 
60 %  ( Figure 10.2 ). 1  About 2 %  of all patients 
in CP progress to advanced phase disease each 
year, which contrasts with estimated annual 
progression rates of  > 15 %  for patients treated 
with hydroxyurea and about 10 %  for patients 
receiving IFN α , either with or without cytar-
abine. Indeed, preliminary evidence suggests 
that this annual rate of progression, about 2 % , 
actually diminishes as the years pass and for 
patients who have been on therapy beyond 
the 4th and 5th years is zero (Figure 10.3). 11  
Complete molecular responses are, however, 
less common and imatinib will probably not 
eradicate all residual CML in the vast majority 
of patients.  

  Nevertheless, the drug prolongs overall 
survival very substantially compared with 
historical data for patients receiving IFN α  
or hydroxyurea. 12  Furthermore, of patients 
who achieve a   ≥  3-log reduction in BCR-ABL 

transcripts, the majority remain alive in 
continuing complete cytogenetic response at 
5 years after initiation of imatinib. 13  There-
fore, a topical issue is whether total eradication 
of all residual leukemia stem cells is actually 
necessary, since the survival of small numbers 
of residual leukemia stem cells might well 
be compatible with an individual patient ’ s 
long-term survival. Conversely, if such a 
population of cells was a possible source 
of sub sequent relapse, the notion of two 
contrasting therapeutic algorithms for patients 
based on prognostic factors, both disease-
related such as the Sokal or Hasford risk score, 
and treatment-related, such as the European 
Group for Blood and Marrow Transplanta-
tion (EBMT) transplant risk score, can be 
considered. 15  ,  16  The  Sokal risk score, though 
derived in the pre-imatinib era, has recently 
been validated for use in imatinib-treated 
patients. It is likely that other candidate 
disease-related prognostic factors, such as 
gene expression profiling, will be found 
useful in the near future. 17  ,  18  Clearly the most 
robust prognostic indicators to imatinib treat-
ment, so far, are the cytogenetic and molecu-
lar responses. It is of considerable interest that 
the latest analysis of the IRIS cohort suggests 
that the actual time to achieve a complete 
cytogenetic response does not appear to affect 
the long-term outcome. 19  This is at variance 

 Figure 10.1    How imatinib 
therapy might work in patients 
with chronic myeloid leukemia.
From reference  9 , with 
permission.   
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ABL transcripts, compared to the baseline, 
appear to have a lower risk of disease pro-
gression compared to those who attain lesser 
degrees of molecular responses. 

      For the vast majority of patients, imatinib 
is the first-line treatment of choice. The 
standard starting dose of initial imatinib is 
400   mg/day, though several studies suggest 
that higher doses, up to 800   mg daily, might 
give better results with a greater proportion 
of patients achieving a complete molecular 
response. 21  ,  22  Such studies also suggest better 
progression-free and transformation-free sur-
vival, but with potentially more side-effects, 
particularly myelosuppression. The higher 
dose imatinib studies are still on-going and 
until the longer-term results are available, 
it is reasonable to start newly diagnosed 
patients in CP on 400   mg/day. 

 The alternative treatment option should 
involve an early allogeneic SCT for the small 
minority of patients who would benefit from 
an immediate alloSCT compared with con-
tinuing imatinib irrespective of the outcome 
from imatinib. A retrospective analysis from 
the Center for International Blood and 
Marrow Transplant Research (CIBMTR) and 
the EBMT suggests that for adult patients, 

with the current definitions of response, such 
as those proposed by the European Leuke-
miaNet, which consider anything less than a 
complete cytogenetic response at 12 months 
to be suboptimal ( Table 10.1 ). 20  The relation-
ship between the level of residual disease and 
risk of disease progression is, however, well 
recognized. Patients who consistently attain a 
3-log reduction in the concentration of BCR-

 Figure 10.2    Responses on imatinib at 6 years for the 
IRIS cohort. CCyR, complete cytogenetic response. 
Adapted from reference  11 , with permission. (a) In 
CCyR on Imatinib. (b) No CCyR. (c) Discontinued.  
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confirmed that the risk is no higher than 
that of the normal population. 24  ,  25  There 
remains, however, a concern for the older 
patients who are anemic and may have 
pre-existing cardiac disease. It is therefore 
appropriate to exercise caution under these 
circumstances.   There has also been some 
concern about the potential to induce second-
ary malignancies, in particular acute myeloid 
leukemia, and a small excess of urothelial 
tumors were reported in one small series. 26  ,  27  
Other rare, but potentially serious adverse 
effects have included cerebral edema. 28  ,  29  
Myelotoxicity appears to be dose related and 
reversible. When higher doses of imatinib are 
used, many patients require adjunctive ther-
apy with myeloid growth factors, which can be 
given quite safely.   

 A POTENTIAL TREATMENT 
ALGORITHM FOR A PATIENT WITH 
CHRONIC MYELOID LEUKEMIA IN 
CHRONIC PHASE WHO IS RESISTANT 
OR INTOLERANT TO IMATINIB 

 About 20 %  of patients with CML in 
early CP eventually become resistant to 
imatinib. 30  Resistance is more common 

including those with low risk for transplant 
related mortality by EBMT criteria, it is not 
possible to identify a cohort who would 
clearly benefit from an immediate SCT versus 
continuing imatinib irrespective of the out-
come from imatinib. 23  The outcome for chil-
dren, those with a potential syngeneic donor 
and possibly those with high-risk disease by 
Sokal or Hasford criteria, is uncertain. The 
current EBMT recommendations, however, 
suggest that patients with high-risk disease 
and a low transplant risk should probably 
still be considered for an early alloSCT. Such 
a cohort, if treated with imatinib in the first 
instance should probably not receive a second 
TKI on relapse (see below) and rather proceed 
to SCT. With regard to children, many pediat-
ric hematologists still recommend initial treat-
ment by alloSCT for patients under the age 
of 16 who have HLA-identical siblings, largely 
because of a lack of adequate data pertaining 
to the use of imatinib as first-line therapy in 
children. 

 The current safety analysis of imatinib is 
quite impressive, with very few potentially 
serious long-term effects. There was initially 
concern about the potential for myocar-
dial toxicity, but the recent IRIS analysis has 

Table 10.1 Definitions of failure and suboptimal response in patients with early chronic phase chronic 
myeloid leukemia treated with 400 mg/day imatinib

Time Failure Suboptimal response Warnings

Diagnosis  –  – High risk
Del9q+
AOA in Ph+ cells

3 months No HR < CHR

6 months < CHR
No CyR

< PCyR

12 months < PCyR < CCyR < MMoIR

18 months < CCyR < MMoIR

Anytime Loss of CHR
Loss of CCyR
Mutation

ACA in Ph+ cells
Loss of MMoIR
Mutation

Any ↑ BCR-ABL
transcript level
OCA in Ph− cells

From reference 20, with permission.
*Low level of insensitivity to imatinib.
ACA, additional chromosomal abnormalities; HR, hematological response; CHR, complete HR; CyR, cytogenetic response; 
PCyR, partial CyR; CCyR, complete CyR; MMoIR, major molecular response; OCA, other chromosomal abnormalities.
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the second generation drugs such as dasatinib 
and nilotinib. 37  ,  38  This mutation arises as a 
consequence of threonine being replaced by 
isoleucine at ABL position 315. The isoleucine 
is a much larger amino acid compared with 
threonine and impairs the actual binding of 
the various inhibitors by steric hindrance. 

 There is also debate at present about the 
optimal treatment strategy for patients who 
remain in complete cytogenetic response (on 
imatinib treatment), but develop a molecular 
relapse. 39  It is likely that such a cohort may 
fare best either by increasing the dose of ima-
tinib, or, as appears more likely, by switching 
to an alternative TKI, such as dasatinib or nilo-
tinib. 40  Studies in progress should help define 
this particular enigma in the near future. 

 For patients who develop  de facto  resistance 
to imatinib, there are a number of clinical 
trials in progress, assessing the benefits of 
adding other treatments to imatinib, based 
on  in vitro  studies suggesting potential 
synergism between imatinib and a number 
of conventional as well as investigational 
agents. 39  ,  41  Preliminary results from trials 
assessing the combination of imatinib with 
IFN α  are encouraging, but only relatively 
small doses of IFN α  can be tolerated in com-
bination with full dose imatinib. More recent 
efforts are being directed towards use of 
the long-acting form of IFN α , pegylated 
IFN α , which was introduced a decade ago in 
the hope of reducing many of the IFN α -related 
toxic effects. An Italian study confirmed 
complete cytogenetic response in 63 %  of the 
cohort, but 58 %  of the patients experienced 
toxicity, both hematological (50 % ) and non-
hematological (50 % ). 42  

 Small series of patients subjected to combi-
nations of imatinib and low-dose cytarabine 
showed a complete cytogenetic response in 
57 %  of patients, but an excessive number 
of side-effects, both hematological and non-
hematological, were noted. Over 50 %  of all 
patients discontinued therapy at 9 months 
because of toxicity. Recently, there has 
been considerable interest in combining 
imatinib with hypomethylating agents, such 
as 5-azacitidine and 5-aza-2  ′  -deoxycitidine 

in patients who start imatinib in late CP. 
It occurs in about 70 %  of patients treated 
in myeloid blast crisis and in all of the patients 
in lymphoid blast crisis. Resistance, both 
primary and secondary, is now being increa-
singly recognized in a significant minority of 
patients in chronic phase. Primary resistance 
is actually very rare and can be associated 
with low levels of the human organic cation 
transporter 1 (hOCT1), which are associated 
with poor intracellular uptake of imatinib, 
or with a poorly compliant patient. 31  ,  32  The 
mechanism for secondary or acquired resis-
tance whereby patients respond well initially 
and then lose their response, appear quite 
different. 33  The principal mechanism under-
lying this form of resistance appears to involve 
expansion of a Ph-positive clone bearing a 
BCR-ABL kinase domain (KD) mutation. It 
can also arise from a variety of other mecha-
nisms, including amplification of the  BCR-
ABL  fusion gene, relative overexpression of 
BCR-ABL oncoprotein and overexpression 
of P-glycoprotein that enhances the cellular 
removal of imatinib. Structural studies sug-
gest that not all mutations are equivalent; 
T315I, E255K, and some (but not all) P-loop 
mutations are associated with resistance to 
imatinib, probably because they interfere 
with imatinib binding to the BCR-ABL KD. 34  

 Currently there is debate about the signifi-
cance of these mutations in CML, particularly 
since some mutations have been identified 
at very low levels in newly diagnosed patients 
and probably reflect the natural evolution 
of the CML stem cells. Therefore, the emer-
gence of a mutation, particularly in patients 
who appear to be responding to imatinib, 
should not by itself be considered as a failure 
of treatment. 35  ,  36  Currently over 70 different 
mutations have been characterized and the 
precise significance of each appears to be 
different, with only a minority being associ-
ated directly with resistance to imatinib. It is 
of interest that one of the very first mutations 
described in 2001, the so-called ‘gate-keeper  ’   
or T315I mutation, remains a principal cause 
for resistance not only to the original ABL 
tyrosine kinase inhibitor, imatinib, but also to 
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imatinib suggest that about 90 %  of patients 
have a complete hematological response
and 52 %  of patients have a complete cytoge-
netic response. 50  About 25 %  of patients with 
the more advanced phases of CML and Ph-
positive ALL also have reasonable responses 
( Table 10.2 ). Responses are seen in patients 
with most of the currently known ABL 
KD mutations, except the T315I mutation. 
Hematological toxicity is common, particu-
larly in those with the advanced phases of 
CML and Ph-positive ALL. These include 
neutropenia (49 % ), thrombocytopenia (48 % ), 
and anemia (20 % ). Non-hematological toxi-
city includes diarrhea, headaches, superficial 
edema, pleural effusions, and occasional 
pericardial effusions. Grade 3/4 side-effects 
are rare and grade 3/4 pleural effusions 
occurred in 6 %  of patients. The recently 
completed ‘dose and schedule  ’   study con-
firmed the notion that a lower dose of dasa-
tinib (100   mg/day) was as effective as the 
previously approved higher dose (70   mg bid) 
in terms of the hematological, and major 
and complete cytogenetic responses, inclu-
ding the time to achieve these responses, but 
the toxicity profile confirmed a much 
lower incidence of pleural and pericardial 
effusions. 51   

  Dasatinib is also being assessed as a poten-
tial first-line treatment and studies involving 
patients in CP, following at least 3 months of 
dasatinib therapy, show 89 %  complete hema-
tological response and 79 %  complete cytoge-
netic response. 52  These data compare well with 

(decitabine), both of which disrupt the chro-
matin by inhibiting DNA methylation and 
thus lead to gene silencing. 43  Both agents 
are active when used independently in small 
pilot studies, and preclinical studies show 
synergy when imatinib is added, particu-
larly with decitabine. Other investigational 
approaches include combining imatinib 
with a farnesyl transferase inhibitor (FTI), 
such as lonafarnib (SCH66336) or tipifarnib 
(R115777). 44  ,  45  Homoharringtonine, a semi-
synthetic plant alkaloid that enhances apop-
tosis of CML cells, is active in combination 
with imatinib in imatinib-resistant/refractory 
patients. 46  Pilot studies using other agents 
such as arsenic trioxide and bortezomib 
in combination with imatinib are also in 
progress. 

 The majority of patients who are resistant/
intolerant to imatinib should receive dasa-
tinib or nilotinib, both of which are currently 
approved for this indication in many parts of 
the world. Dasatinib, in contrast to imatinib, 
is a thiazole-carboxamide structurally unre-
lated to imatinib. Furthermore, it binds to the 
ABL KD regardless of the conformation of the 
activation loop, be it open or closed. It also 
inhibits some of the SRC family kinases. 47  ,  48  
Preclinical studies showed that dasatinib was 
300-fold more potent than imatinib and is 
active against 18 of 19 tested imatinib-resistant 
KD mutant subclones, with the notable excep-
tion of the T315I mutant. 49  

 Current experience with dasatinib in 
patients with CP CML resistant/refractory to 

Table 10.2 Collated responses in patients with imatinib-resistant or imatinib-intolerant chronic myeloid leukemia in 
various phases receiving dasatinib 70 mg twice daily. Minimum follow-up of >12 months for all studies

Chronic phase 
(n = 387)

Advanced phase 
(n = 174)

Myeloid blast crisis 
(n = 109)

Lymphoid blast crisis 
(n = 48)

Ph+ ALL 
(n = 46)

Complete hematological 
response

91% 64% 34% 35% 41%

Major cytogenetic 
response

59% 39% 33% 52% 56%

Complete cytogenetic 
response

49% 32% 26% 46% 54%

Ph+ ALL, Philadelphia chromosome-positive acute lymphoblastic leukemia.
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response in these patients ( Figure 10.4 ). 53  ,  54  
Patients in the advanced phases of CML also 
respond, but to a lesser degree. The most 
common treatment-related toxicity is myelo-
suppression, followed by headaches, pruritus, 
and rashes. Overall, 22 %  of the CP patients 
experienced thrombocytopenia, with 19 %  
having either grade 3/4 severity; 16 %  had 
neutropenia and a further 16 %  had anemia. 
Most of the non-hematological side-effects 
were of a grade 1/2 severity. All, including 
the hematolo gical effects were fully revers-
ible. About 19 %  of all patients experience 
arthralgias and about 14 %  experience fluid 
retention, particularly pleural and pericar-
dial effusions. Importantly, patients with the 
imatinib-acquired T315I mutation appear to 
be refractory to nilotinib. Nilotinib is also 
being tested as first-line therapy for newly diag-
nosed patients in chronic phase. Preliminary 
results confirm the drug to be more potent 
than imatinib and further patient accrual 
continues. 55  

  As discussed earlier, based on current 
EBMT experience, it is reasonable to consider 
an early alloSCT for those patients who are 
resistant to imatinib and have high-risk dis-
ease, by Sokal and Hasford risk stratification, 
and a low transplant risk, by EBMT criteria, 
and wish to be transplanted, rather than sub-
jecting them to the next generation TKI. An 
alternative would be to prescribe a second TKI 
for a defined period and then proceed with an 

first-line responses to imatinib. The toxicity 
profile appears to be similar to that seen in the 
imatinib-resistant studies, but the number of 
patients entered so far is quite small. The drug 
has also been tested in patients with CML in 
advanced phases whose disease was resistant to 
both imatinib and nilotinib; remarkably, 57 %  
hematological responses, including 43 %  com-
plete hematological response, were observed. 
Among those patients who had a hematologi-
cal response, 32 %  had a cytogenetic response, 
including two patients who exhibited a com-
plete cytogenetic response. 

 Nilotinib, like imatinib, works by binding to 
a closed (inactive) conformation of the ABL 
KD, with a much higher affinity than imatinib. 
Like imatinib, it inhibits the dysregulated 
tyrosine kinase activity by occupying the ATP-
binding pocket of the ABL kinase component 
of the BCR-ABL oncoprotein and blocking 
the capacity of the enzyme to phosphory-
late downstream effector molecules.  In vitro  
studies suggest that nilotinib is about 
30 – 50-fold more potent than imatinib. 
Nilotinib is also active in 32 of the currently 
33 imatinib-resistant cell lines with mutant 
ABL kinases, but has no activity against the 
T315I mutation. 

 Current phase II studies in patients who 
are resistant or intolerant to imatinib are 
still in progress, and preliminary results sug-
gest a complete hematological response in 
about 70 %  and a 40 %  complete cytogenetic 

 Figure 10.4    Summary of the 
phase II results of nilotinib in 
patients with chronic phase 
chronic myeloid leukemia 
resistant/refractory to imatinib 
after ≥6 months of treatment. 
Median time to complete 
hematological response (CHR) 
was 1 month and to major 
cytogenetic response (CG) was 
2.8 months. CCyR, complete 
cytogenetic response. Adapted 
from reference  54 , with 
permission.  
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based on small patient series do not, however, 
suggest that prior treatment with imatinib 
increases the probability of transplant-related 
mortality ( Figure 10.5 ). 57  ,  58  Moreover, patients 
with KD mutations appear to fare as well post-
transplant as those lacking such mutations. 
The experience with alloSCT after initial treat-
ment of advanced phase disease with imatinib 
is still limited. 

    FUTURE APPROACHES 

 Following the realization that a molecular 
remission and ‘cure  ’   might not be possible 
with imatinib alone, and the notion that the 
graft-versus-leukemia effect is the princi-
pal reason for success in patients with CML 
subjected to an allograft, many efforts are 
being directed to exploring the potential of 
developing an active specific immunother-
apy strategy for patients with CML by induc-
ing an immune response to a tumor-specific 
antigen. 59  At the same time, better under-
standing of the resistance mechanisms to 
imatinib, and indeed dasatinib and nilotinib, 
has paved the way towards the development 
of more potent drugs, both TKI and others. 

 The principle involves generating an 
immune response to the unique amino 
acid sequence of p210 at the fusion point. 

alloSCT if the response is suboptimal. In prac-
tice, however, many patients will opt to receive 
a trial of a next generation TKI.   

 A POTENTIAL TREATMENT 
ALGORITHM FOR A PATIENT WITH 
CHRONIC MYELOID LEUKEMIA IN 
CHRONIC PHASE WHO IS RESISTANT 
TO ALL CURRENTLY AVAILABLE 
TYROSINE KINASE INHIBITORS 

 For patients who are resistant/refractory to 
the current generation of TKIs, and are under 
the age of 50 years, it is probably best to con-
sider an alloSCT, provided that a suitable 
donor is identified and the patient remains 
in CP. For those with advanced phase disease, 
one could offer combination chemotherapy 
or if appropriate a clinical trial assessing one 
of the new agents active against the T315I 
mutation, and then consider alloSCT if a 
second CP is achieved. 56  Clearly, this is an area 
which is evolving rapidly; it is difficult to make 
firm recommendations at present. 

 Patients who proceed to an alloSCT after 
prior treatment with imatinib appear to have 
a higher relapse incidence than those 
who have not previously received imatinib. 14  
This most likely represents a selection bias for 
relatively resistant disease. Preliminary data 

 Figure 10.5    Overall survival 
probability after allogeneic bone 
marrow transplantation for 
chronic myeloid leukemia after 
imatinib treatment according to 
pretransplant risk score 
(Gratwohl score).  
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17-AAG appears to have activity in patients 
with the E255K and T315I mutations. It also 
downregulates  BCR-ABL  mRNA, though the 
precise mechanism remains unclear. Another 
novel TKI, PD166326, also appears to have 
significant activity in patients with the H396P 
and M351T mutations. 68  This agent also 
appears to be superior to imatinib in murine 
models. Other potential agents include 
rapamycin, an mTOR inhibitor, and wortman-
nin, which is a PI3K inhibitor not currently 
available in a formulation suitable for clinical 
use. Rapamycin synergizes with imatinib in 
inhibiting BCR-ABL-transformed cells, inclu-
ding those that are imatinib resistant. 

 Strategies being developed to overcome 
the T315I mutants include the aurora kinase 
inhibitor MK-0457 (previously known as 
VX-680). 56  Preliminary clinical studies con-
firm hematological and cytogenetic responses 
in patients with the T315I mutant imatinib-
refractory CML, but the trials have been 
suspended at present pending investigation 
of potential myocardial toxicity. Efforts are 
also being directed to downregulating sur-
vivin, a key member of the inhibitor of apopto-
sis family of proteins, in both imatinib-sensitive 
and imatinib-resistant CML patients. 69    

 CONCLUSIONS 

 The substantial understanding of the mole-
cular features and pathogenesis of CML has 
provided important insights into targeting 
treatment to specific molecular defects. The 
successful introduction of imatinib as targeted 
therapy for CML has made the approach to 
management of the newly diagnosed patient 
fairly complex. The second generation of TKI, 
dasatinib and nilotinib, have shown to have 
significant activity in selected patients in both 
CP and the more advanced phases of the 
disease, who are resistant to imatinib. Efforts 
are also in progress assessing the potential 
first-line role of both these drugs. 70  The notion 
that the graft-versus-leukemia effect is the 
principal reason for success in patients with 
CML subjected to an allograft has renewed 
interest in immunotherapy. The use of 
kinase inhibitors in conjunction with various 

Clinical responses to the BCR-ABL peptide 
vaccination, including complete cytogenetic 
responses, have been reported in a small series. 
In contrast to previous earlier unsuccessful 
attempts, the current series included admin-
istration of granulocyte-macrophage colony-
stimulating factor as an immune adjuvant, and 
patients were only enrolled if they had mea-
surable residual disease and human leukocyte 
alleles known to which the selected fusion pep-
tides were predicted to bind avidly. 60  ,  61  If these 
results can be confirmed, vaccine development 
against BCR-ABL and other CML-specific anti-
gens could become an attractive treatment for 
patients who have a minimal residual disease 
status with imatinib. Other targets for vaccine 
therapy now being studied include peptides 
derived from the Wilms tumor-1 protein, 
proteinase-3, elastase, and PRAME, all of 
which are overexpressed in CML cells. 62    –  64  

 From the next generation TKI perspective, 
the largest current experience is with bosutinib 
(SKI-606). Bosutinib is an oral dual ABL/SRC 
kinase inhibitor, like dasatinib. It appears to 
be about 200 times more potent than imatinib, 
and unlike imatinib and dasa tinib, does not 
inhibit other targets such as KIT or platelet-
derived growth factor receptor. 65  The prelimi-
nary results of treating patients with CML in 
CP and advanced phase, as well as Ph-positive 
ALL, appear encouraging, and the toxicity 
profile appears reasonable, with gastrointesti-
nal and cutaneous toxicities being the major 
grade 3/4 adverse effects. Another drug of 
interest, currently in phase I studies, is INNO-
406 (previously called NS-187). 66  This drug 
inhibits the ABL and LYN kinases, and pre-
clinical studies have confirmed its candidacy 
for the treatment of imatinib-resistant CML. 

 Other specific inhibitors of signal trans-
duction pathways downstream of BCR-ABL 
have been tested alone and in combination 
with imatinib. Some of these agents, such as 
17-allylaminogeldanamycin (17-AAG), are 
just entering formal clinical trials or might do 
so in the near future. 17-AAG, a drug which 
degrades the BCR-ABL oncoprotein by inhi-
biting the heat shock protein 90, a molecu-
lar chaperone required for stabilization of 
BCR-ABL, has just entered phase I studies. 67  
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immunotherapeutic strategies is now being 
studied.    

 For the moment, the various treatment 
options should be assessed carefully in terms 
of the relative risk – benefit ratios and a man-
agement strategy developed accordingly. For 
the minority of patients, who are either chil-
dren or in whom the risk of transplant-related 
mortality is relatively low but with high Sokal 
risk stratification, it appears reasonable to 
recommend an early alloSCT. It would also 
be reasonable to contemplate an early SCT 
for patients who have an identical twin donor. 
For all other patients (who constitute the vast 
majority), it is best to commence imatinib 
at 400   mg/day, increasing to a maximum of 
800   mg/day in patients with a suboptimal 
response. 

 Patients who are resistant/refractory to 
imatinib should receive dasatinib, or nilotinib 
when the latter drug is approved. For those 
who are resistant/refractory to these drugs, 
it is best to consider an alloSCT, provided 
that a suitable donor is identified or after an 
appropriate clinical trial assessing emerging 
drugs for those with a T315I mutation. Clearly, 
this is an area which is evolving rapidly; it is 
difficult to make firm recommendations at 
present. 

 Finally,  pari passu  with all the non-
transplant treatment efforts, efforts in impro-
ving the technology of alloSCT, such as the 
ability to prevent GVHD without abrogation 
of graft-versus-leukemia, are also in progress. 
If successful, they might restore alloSCT as an 
alternative treatment option for some newly 
diagnosed patients, who might otherwise 
have to continue lifelong to take a TKI at not 
inconsiderable expense.     
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11                     History of  BCR-ABL-negative chronic 
myeloproliferative disorders  
   Tiziano   Barbui      

 Current classification of the myeloproliferative 
disorders (MPD) by the World Health Organi-
zation (WHO) includes Philadelphia chromo-
some (Ph)-positive chronic myeloid leukemia 
(CML) and Ph-negative clonal hematological 
diseases. The most frequent of this latter group 
are polycythemia vera (PV), essential throm-
bocythemia (ET), and idiopathic myelofibro-
sis (IMF). Less common conditions encompass 
systemic mastocytosis, chronic eosinophilic 
leukemia, chronic myelomonocytic leukemia, 
and chronic neutrophilic leukemia. 

 The focus of this chapter is to summarize 
the history of the main biological and clinical 
developments achieved in the three most 
common Ph-negative MPD. 

 The history of PV began in 1892 with the 
initial description by Vaquez of a single patient 
who showed a particular form of cyanosis 
associated with persistent, autonomous, and 
extreme erythrocytosis. 1  A decade after this 
description, Osler delineated PV as a new 
clinical entity characterized by ‘cyanosis with 
polycythemia and enlarged spleen with symp-
toms somewhat indefinite and with pathology 
quite obscure  ’  . 2  These clinicians thought PV 
was marked only by the increase of red cell 
count not secondary to congenital heart dis-
ease and failed to recognize that the process 
resulted from a global bone marrow prolifera-
tion, as evidenced by concomitant hyperplasia 
of granulocytic and megakaryocytic cell lines. 
As a consequence, erythrocytosis was consi-
dered the most prominent cause of clinical 
manifestations and, accordingly, much of the 
research regarding the pathogenesis of PV 
focused on erythropoiesis. 

 At about the time efforts were made to 
distinguish PV from secondary diseases asso-
ciated with erythrocytosis, true polycythemia 
was differentiated from chronic relative poly-
cythemia occurring in patients with intravas-
cular fluid depletion and without splenomegaly. 
The concept of secondary polycythemia was 
further elucidated by Gaisbock in 1905 who 
described the association of polycythemia with 
hypertension and regarded this picture as a 
separate entity distinct from PV. 3  Subsequently, 
many other authors reported cases of poly-
cythemia associated with obesity, anxiety, and 
smoking. Noteworthy was the observation by 
Russell and Conley that, in contrast to patients 
with PV, individuals with secondary poly-
cythemia had little improvement in symptoms 
after phlebotomy, suggesting that in these 
secondary erythrocytoses there was no cause –  
effect relationship between the increased 
hematocrit and vascular disturbances. 4  These 
early publications set the stage for more reliable 
and accurate classification of the polycythemic 
states. 

 The measurement of red cell mass (RCM) 
by the in vitro labeling of autologous erythro-
cytes with [51Cr] sodium chromate, as 
described by the International Committee for 
Standardization in Hematology in 1973, was 
considered an essential element in establishing 
the diagnosis of absolute erythrocytosis. 5  
Further advances in the differential diagnosis 
of polycythemic states came from the work 
done in France by Najean and co-workers. 6  
These investigators demonstrated that the 
simultaneous measurement of red cell and 
plasma volume was more reliable than either 
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the hematocrit evaluation or the measure-
ment of a single volume to differentiate PV 
from primary thrombocythemia, pure eryth-
rocytosis, and spurious and secondary poly-
cythemia. 

 The first to describe the natural history of 
PV were Rosenthal and Bassen in 1938. 7  By 
reviewing the reported cases, they divided the 
clinical course of PV into the asymptomatic 
phase, the subsequent polycythemic and symp-
tomatic phase and the terminal phase, called 
by the authors ‘anemic and spent phase  ’  . 
These investigators pointed out the chronicity 
of the disease and recognized that acute leu-
kemia and myelofibrosis were part of its natural 
evolution. In 1954, Wasserman advanced a 
hypothetical concept for the course of PV and 
distinguished subsequent stages of this disor-
der. 8  The first stage is featured by pure eryth-
rocytosis with increase of hematocrit but with 
normal platelet and leukocyte counts and no 
splenomegaly. This description may corre-
spond to an initial phase of PV or to the so 
called ‘idiopathic erythrocytosis  ’   that was the 
object of subsequent clinical studies in 
Europe. 9  The second stage, according to 
Wasserman, 8  included the overt picture of PV 
and the subsequent phases represented the 
evolution to myelofibrosis that can be suspected 
when an apparent spontaneous remission of 
PV is occurring. The incidence, type of com-
plications and causes of death were reported 
some years later in 1962. European investiga-
tors followed up a cohort of PV patients left 
untreated and calculated a median survival 
varying from 6 to 18 months from diagnosis. 10  
With modern therapy, the life expectancy of 
PV patients in the first decade after diagnosis 
is not different from that of a matched popula-
tion whereas a slight difference is seen after 
10 years, owing to increase of malignancy. 11  

 In contrast to PV, the history of ET and IMF 
is less rich. The first description of ET was 
reported by Epstein and Goedel in 1934, 12  but 
it should be mentioned that there was consi-
derable controversy as to whether this condi-
tion truly represented a distinct entity. McCabe 
 et al . claimed that if patients were followed 
for a sufficient length of time, some other 

underlying hematological diseases would 
eventually emerge. 13  It was not until the classic 
papers of Gunz 14  and Ozer  et al . 15  in 1960, 
both of whom critically reviewed their experi-
ence and other reported cases of hemorrhagic 
thrombocythemia, that ET became widely 
accepted as a separate myeloproliferative dis-
order. However, despite its recognition, the 
lack of uniform diagnostic criteria made ET 
the least well-defined of the chronic MPD. 

 IMF was recognized in 1879 when Heuck 
described two cases that differed from classical 
CML on the finding of extramedullary eryth-
ropoiesis and bone marrow fibrosis. 16  It 
became apparent that IMF was a unique path-
ological entity after the work of Ward and 
Block in 1971, who presented evidence that 
this myeloid disorder had to be distinct from 
the others. 17  

 The term ‘myeloproliferative disorders  ’   was 
coined by Dameshek in 1951 and this concept 
survives to the present day. 18  Dameshek was 
the first to recognize that PV, ET, and IMF, 
together with CML, were related diseases with 
common clinical and laboratory features. His 
initial schema also included megakaryocytic 
leukemia and erythroleukemia. The different 
clinical course, the laboratory features and 
the subsequent discovery of the Philadelphia 
(Ph 1 ) in 1960, led to the separation of CML 
from PV, ET, and IMF. These latter were classi-
fied as Ph-negative MPD. To elucidate his 
unifying theory, Dameshek postulated two 
different pathogenetic mechanisms: the first 
was that, in response to unrecognized stimulus, 
the myeloid, erythroid, megakaryocytic, and 
fibroblastic elements of the bone marrow 
proliferated en masse. The second possibility 
he advanced, was that the entire process of 
excessive myeloproliferation could be the 
result of a lack or diminution of inhibitory 
factors controlling the hematopoiesis. He also 
suggested that dormant embryonal hemato-
poietic cells in extramedullary sites could 
become activated. 

 It was 20 years later, in 1974, that hemato-
poietic stem cells derived from bone marrow 
or peripheral blood of PV patients were found 
to proliferate in serum containing cultures in 
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treatment was introduced in the years between 
1903 and 1908. 25  In the late 1930s, Lawrence 
introduced radiophosphorus as treatment 
for PV 26  and the first recorded case of acute 
leukemia associated with the use of radiophos-
phorus was reported some years later. 27  In a 
panel discussion organized in 1955 by 
Dameshek the two modalities of treatment, 
venesection and radiophosphorus, were dis-
cussed and a consensus was reached to recom-
mend radiophosphorus as the first-line therapy 
of PV. 28  However, Dameshek dissented and 
claimed that venesection had to be the first 
preferable therapy. At a similar time, new 
chemotherapeutic agents became available, so 
that thiotepa, busulfan, chlorambucil, cyclo-
phosphamide, and melphalan were considered 
as alternatives to venesection or radiotherapy. 
These drugs were thought to have advantages 
over phlebotomy since they were able to con-
trol not only the excessive erythrocytosis but 
also the thrombocytosis, leukocytosis, and 
splenomegaly. 

 A great impetus to solve the uncertainties in 
the management of these disorders was given 
by Wasserman who established in 1967 the 
Polycythemia Vera Study Group (PVSG). This 
consortium included hematologists from the 
US and Europe with particular interest in PV 
and other MPD. The goals of this group were 
to define very stringent diagnostic criteria for 
future clinical trials, to delineate the epide m-
iology, natural history and pathophysiology, 
and to determine the optimal treatment. 

 With respect to PVSG diagnostic criteria, it 
should be underlined that, to enroll patients 
in clinical trials, the demonstration of eleva-
tion of red cell mass and plasma was required. 29  
Since its creation, the group has conducted a 
total of 14 separate studies addressing ques-
tions on PV, ET, and IMF. Under the auspices 
of the National Cancer Institute, a randomized, 
controlled trial that compared the efficacy 
of phlebotomy alone with that of radiophos-
phorus and chlorambucil was designed 
(protocol 01). The results of this trial and 
those of studies 05 (aspirin plus persantin) 
and 08 (hydroxyurea) significantly influenced 
the worldwide clinical practice regarding PV. 

the absence of exogenous erythropoietin. 19  
Initially, some concerns were raised regarding 
these experiments since these ‘endogenous 
erythroid colonies  ’   or ‘EECs  ’  , could be driven 
by minimal traces of erythropoietin (EPO) 
contamination in the serum but, subsequently, 
any doubts were dispelled by using an improved 
serum and EPO-free medium. EECs are one of 
the current WHO criterion for the diagnosis 
of PV. 

 At a similar time, studies based on X-
chromosome inactivation in women with PV 
found that these disorders were derived from 
a clone of a single multipotent hematopoietic 
stem cell. 20  Thus, the question of whether 
PV was a benign condition, as interpreted by 
Osgood 21  and by Ward and Block, 17  or a neo-
plastic process, as claimed by Wasserman 8  
years before, was answered. In 1960, CML 
became the first cancer associated with a spe-
cific cytogenetic marker (the Ph chromosome) 
which subsequently was shown to harbor a 
reciprocal chromosomal translocation t(9;22)
(q34;q11). From the 1980s onwards, new 
insights into the molecular pathogenesis of 
the Ph-negative MPD were discovered. It was 
demonstrated that, in analogy with what had 
been discovered about CML, MPD have altered 
common components in the signal transduc-
tion pathways activated by growth factors. 
In the 1980s, German pathologists Burkhardt 
 et al . described typical histopathological 
features from bone marrow biopsy material 
for the diagnosis and classification of each of 
the three Ph-negative MPD ET, PV, and IMF. 22  
These pathological findings, currently con-
firmed by the majority of pathologists, inspired 
the WHO to include bone marrow morpho-
logy in the diagnostic criteria of MPD. 23  The 
recent discovery of a single acquired point 
mutation in the Janus kinase 2  (JAK2)  gene in 
the majority of PV patients and in about half 
of ET and IMF cases, has provided an unique 
pathogenetic explanation for many clinical 
and biological features of MPDs and has 
permitted revision of the classification of 
these disorders. 24  

 As far as the history of therapy is concerned, 
the application of venesection as a form of 
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reported optimistic results registered in small 
size retrospective and phase II studies. 

 In the past decade, large randomized clini-
cal trials have been carried out by European 
Investigators in PV and ET and some impor-
tant questions on the natural history, risk 
factors, and therapy have been addressed. 31  
In addition, the European collaborative expe-
rience shows that large, long-term networks 
of centers treating these rare diseases are man-
datory to ensure even epidemiological repre-
sentation, using a sufficient number of patients 
to allow statistical power. The recent descrip-
tion of the JAK2 mutation has opened new 
horizons for therapy. Whether JAK2-targeted 
molecules will alter the natural history of these 
disorders, as imatinib for CML, remains to be 
demonstrated. 

 In conclusion, from the observation of 
Vaquez in 1892 to the recent discovery of  JAK2  
mutation, the history of these relatively rare 
diseases serves as an ideal model to evaluate 
the incremental progress of our understand-
ing, first measured over centuries and now in 
months.    

 REFERENCES 
   1.      Vaquez     HM   .  Sur une forme speciale de cyanose 

s ’ accompagnant d ’ hyperglobulie excessive et persis-
tente.   C R Soc Biol (Paris)   1892 ;  44 :  384  –  8 .  

   2.      Osler     W   .  Chronic cyanosis with polycythemia 
and enlarged spleen.   Am J Med Sci   1903 ;  126 : 
 187  –  201 .  

   3.      Gaisbock     F   .  Die bedentung der blutdruckmessung 
fur die arztliche praxis. Deutch.   Arch Klin Med  
 1905 ;  83 :  363  –  409 .  

   4.      Russell     RP   ,    Conley     CL   .  Benign polycythemia: 
Gaisbock ’ s syndrome.   Arch Intern Med   1964 ;  114 : 
 734  –  40 .  

   5.    International Committee for Standardization in 
Hematology (ICSH).   Standard techniques for the 
measurement of red cell and plasma volume.   Br J 
Haematol   1973 ;  25 :  795  –  814 .  

   6.      Najean     Y   ,    Cacchione     R   ,    Dresch     C, Rain JD   .    Interet 
pratique de la mesure du volume globulaire dans le 
poliglobulies.   Nouv Presse Med   1975 ;  4 :  1633  –  6 .  

   7.      Rosenthal     N   ,    Bassen     FA   .  Course of polycythemia.  
 Arch Intern Med   1938 ;  62 :  903  –  17 .  

   8.      Wasserman     LR   .  Polycythemia vera  –  its course and 
treatment: relation to myeloid metaplasia and leu-
kaemia.   Bull N Y Acad Med   1954 ;  30 :  343  –  75 .  

From these studies, the recommended treat-
ment for PV was phlebotomy for low-risk 
patients and hydroxyurea for high-risk cases. 
The leukemogenicity played by hydroxyurea, 
currently recommended as first-line therapy 
when cytoreductive therapy is indicated, is still 
a matter of concern and the dilemma of 
whether acute leukemia may be owing to the 
drug or represents an evolution of the under-
lying MPD remains unanswered. The conclu-
sion of the PVSG 05 randomized clinical trial 
was that aspirin plus persantin, at the doses 
employed in the study, should not be used 
prophylactically. The hypothesis that low-dose 
aspirin could be helpful in PV was reconsid-
ered in Europe and the multicenter, multi-
national European study called ECLAP 
(European Collaborative Low dose Aspirin in 
Polycythemia), supported by a grant from the 
Biomed 2 Program of the European Union 
and by unrestricted grants from Bayer and 
Bayer Italia, showed that aspirin was able to 
reduce the combined end-points of major 
thrombotic events without increasing the risk 
of hemorrhage. 30  

 The clinical course and therapy of ET 
were also among the goals of the PVSG and 
an  ad hoc  subcommittee initiated, during the 
latter half of the 1970s, a series of studies 
showing that hydroxyurea and not melphalan 
had to be the drug of choice when indicated. 29  
In the following years, however, some long-
term follow-up studies revealed that a propor-
tion of ET patients given hydroxyurea 
developed acute leukemia and myelodyspla-
sia. This problem became a big issue and cast 
doubt on the use of hydroxyurea. Moreover, 
while it was clear that this drug was able to 
normalize platelet count in ET, no formal 
demonstration was available that this was asso-
ciated with a decrease thrombotic rate. 

 The history of treatment in IMF is quite 
poor. Large and controlled clinical trials are 
lacking and, still today, therapy is symptomatic 
and does not influence overall survival. Cura-
tive approaches by using hematopoietic stem 
cell transplantation are being currently 
explored but further studies are required to 
confirm in larger series of patients the recently 



142   CHRONIC MYELOPROLIFERATIVE DISORDERS

  23.    WHO classification of the chronic myeloprolifera-
tive diseases (CMPD) polycythemia vera, chronic 
idiopathic myelofibrosis, essential thrombocythemia 
and CMPD unclassifiable.   In:    Jaffe     ES  ,   Harris     NL  , 
  Stein     H  ,   Vardiman     JW , eds.   WHO Classification of 
Tumours. Pathology and Genetics of Tumours of 
Hematopoiesis and Lymphoid Tissues.   Lyon, 
France :  IARC Press ,  2001 :  31  –  42 .  

  24.      Campbell     PJ   ,    Green     AR   .  The myeloproliferative 
disorders.   N Engl J Med   2006 ;  355 :  2452  –  66 .  

  25.      Berlin     NI   .  The closing of the Wasserman-
Polycythemia Vera Study Group era.   Semin Hematol  
 1997 ;  34 :  1  –  5 .  

  26.      Lawrence     JH   .  Polycythemia: physiology, diagnosis 
and treatment based on 303 cases.   Modern Medical 
Monographs.    New York : Grune and Stratton ,   1955 ; 
 13  –  136 .  

  27.      Tinney     WS   ,    Hall     BE   ,    Giffin     HZ   .  Hematologic 
complications of polycythemia vera. Proc   Staff Meet 
Mayo Clin   1943 ;  18 :  227  –  30 .  

  28.      Dameshek     W   ,    Lawrence     JH   ,    Rosenthal     L    et al.   
 Panels in therapy: III The treatment of polycythemia 
vera.   Blood   1955 ;  10 :  655  –  61 .  

  29.      Berk     PD   ,    Wasserman     LR   ,    Fruchtman     SM    et al.   
 Treatment of polycythemia vera: a summary of 
clinical trials conducted by the Polycythemia Vera 
Study Group.   In:    Wasserman     LR  ,   Berk     PD  ,  
 Berlin     NI , eds.   Polycythemia Vera and Myeloproli-
ferative Disorders.   Philadelphia, PA :  WB Saunders , 
 1995 .  

  30.      Landolfi     R   ,    Marchioli     R   ,    Kutti     J    et al.    Efficacy 
and safety of low-dose aspirin in polycythemia vera.  
 N Engl J Med   2004 ;  350 :  114  –  24 .  

  31.      Barbui     T   ,    Finazzi     G   .  Therapy of polycythemia vera 
and essential thrombocythemia is driven by the 
cardiovascular risk.   Semin Thromb Hemost   2007 ; 
 33 :  321  –  9 .      

   9.      Pearson     TC   ,    Wetherly-Mein     G   .  The course and com-
plications of idiopathic erythrocytosis.   Clin Lab 
Haematol   1979 ;  1 :  189  –  96 .  

  10.      Chievitz     E   ,    Thiede     T   .  Complication and causes of 
death in polycythemia vera.   Acta Med Scand   1962 ; 
 172 :  513  –  23 .  

  11.      Finazzi     G   ,    Barbui     T   .  How we treat patients with poly-
cythemia vera.   Blood   2007 ;  109 :  5104  –  11 .  

  12.      Epstein     E   ,    Goedel     A   .  Haemorrhagische thrombo-
cythemie bei vascularer schrumpfmilz.   Virchow ’ s 
Archiv Abteilung   1934 ;  293 :  233  –  47 .  

  13.      McCabe     WR   ,    Bird     RM   ,    Mc Laughlin     RA   .  Is primary 
hemorrhagic thrombocythemia a clinical myth?  
 Ann Intern Med   1955 ;  43 :  182  –  90 .  

  14.      Gunz     FW   .  Hemorrhagic thrombocythemia: a critical 
review.   Blood   1960 ;  15 :  706  –  23 .  

  15.      Ozer     FL   ,    Truax     WE   ,    Miesch     DC   .  Primary hemorrha-
gic thrombocythemia.   Am J Med   1960 ;  28 :  807  –  23 .  

  16.      Heuck     G   .  Zwei falle von leukamie mit eigenthumli-
chen blut-resp. Knochenmarksbefund.   Arch Patol 
Anat Physiol Virchows   1879 ;  78 :  475  –  96 .  

  17.      Ward     HP   ,    Block     MH   .  The natural history of agno-
genic myeloid metaplasia and a critical evaluation 
with the myeloid proliferative disorders.   Medicine  
 1971 ;  50 :  357  –  420 .  

  18.      Dameshek     W   .  Some speculations on the myelopro-
liferative syndromes.   Blood   1951 ;  6 :  372  –  5 .  

  19.      Prchal     JF   ,    Axelrad     AA   .  Bone-marrow responses in 
polycythemia vera.   N Engl J Med   1974 ;  290 :  1382 .  

  20.      Adamson     JW   ,    Fialkow     PJ   ,    Murphy     S   ,    Steinmann     L   . 
 Polycythemia vera: stem cell and probable clonal 
origin of the disease.   N Engl J Med   1976 ;  295 :  913  –  16 .  

  21.      Osgood     EE   .  Polycythemia vera: age relationships 
and survival.   Blood   1965 ;  6 :  243  –  56 .  

  22.      Burkhardt     R   ,    Bartl     R   ,    Jaeger     K    et al.    Chronic myelo-
proliferative disorders.   Pathol Res Pract   1984 ;  179 : 
 131  –  86 .  



12                     BCR-ABL-negative atypical chronic 
myeloproliferative disorders   
   Sonja   Burgstaller   ,    Andreas   Reiter   ,    Nicholas CP   Cross       

 INTRODUCTION 

 Chronic myeloproliferative disorders (MPD) 
include a spectrum of diseases characterized 
by excess clonal proliferation of one or more 
myeloid lineages in the bone marrow with cell 
maturation being relatively normal. Excess 
proliferation results in increased numbers of 
leukocytes, red cells, and/or platelets in the 
peripheral blood, and is frequently associated 
with splenomegaly and hepatomegaly. The 
original classification proposed by Dameshek 
included four related chronic MPD, often 
referred to as ‘classical  ’   MPD and currently 
called chronic myeloid leukemia (CML), poly-
cythemia vera (PV), essential thrombocythemia 
(ET), and primary myelofibrosis (PMF). 1  
Although many people considered that CML 
was distinct from the other three disorders, 
Dameshek ’ s suggestion that his classification 
‘may prove useful and even productive  ’   was 
dramatically borne out by the finding that 
chronic MPD, at least as far as we know at pres-
ent, have a common root cause: aberrant acti-
vation of tyrosine kinase signaling as a result of 
specific acquired mutations that results in 
clonal, stem cell-derived hyperproliferation. 
The importance of tyrosine kinases was of 
course highlighted by the finding and charac-
terization of  BCR-ABL  in CML, 2    –  4  but a clear 
pointer towards the wider involvement of this 
class of signaling proteins in the pathogenesis 
of MPD came from the study of so-called ‘atyp-
ical  ’   MPD, a heterogeneous group of diseases 
that are the subject of this review.   

  BCR-ABL -NEGATIVE CHRONIC 
MYELOID LEUKEMIA AND RELATED 
ATYPICAL DISORDERS 

 Conventional cytogenetic evaluation detects 
the reciprocal translocation t(9;22)(q34;q11) 
in the majority of cases of CML. In about 10 %  
of cases, variant translocations are seen that 
involve one or more chromosomes in addition 
to chromosomes 9 and 22. 5  The vast majority 
of these variant cases turn out to be positive 
for the  BCR-ABL  fusion gene when tested 
by molecular methods such as reverse tran-
scriptase polymerase chain reaction (RT-PCR) 
to detect  BCR-ABL  mRNA or using fluorescent 
 in situ  hybridization (FISH) to detect the jux-
taposition of the  BCR  and  ABL  genes. In addi-
tion to these variant cases, a further 5 – 10 %  
of patients with a provisional or suspected 
diagnosis of CML do not have rearrangements 
of chromosomes 9 or 22. Approximately half 
of these turn out to be  BCR-ABL  positive on 
further investigation and half are  BCR-ABL  
negative, the latter often being referred to as 
‘ BCR-ABL -negative CML  ’  . 

 Although the entity ‘ BCR-ABL -negative 
CML  ’   is not recognized by the WHO classifica-
tion system, 6  it remains a useful (if somewhat 
vague) umbrella term for a heterogeneous but 
clearly related spectrum of disorders that bear 
a resemblance to CML at presentation but are 
found to be negative for the Philadelphia 
chromosome and the  BCR-ABL  fusion. Patients 
may or may not have dysplastic features and 
thus span the WHO-defined category of 
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chronic MPDs (CMPDs) and myelodysplastic/
myeloproliferative diseases (MDS/MPD). In 
the WHO system, patients with  BCR-ABL -
negative CML may be correctly classified as 
atypical CML (aCML), chronic neutrophilic 
leukemia (CNL), chronic eosinophilic leuke-
mia (CEL), chronic myelomonocytic leukemia 
(CMML), juvenile myelomonocytic leukemia 
(JMML), or, for cases that do not fit into any of 
these categories, CMPD-unclassified or MDS/
MPD-unclassified. Collectively, these entities 
plus systemic mastocytosis (SM) are often refer-
red to as ‘atypical  ’   or ‘non-classic  ’   MPD to dis-
tinguish them from the four ‘classical  ’   MPD. 

 From a clinical point of view, patients with 
 BCR-ABL -negative CML have a more aggres-
sive clinical course, poorer response to treat-
ment, and shorter survival than those with 
typical CML. In a series of 76 cases from a 
single institution over a 32-year period, the 
median overall survival was only 2 years, with 
a median age at presentation of 66 years. 7  
Of those who died, one-third had transformed 
to myeloid blast crisis; the remainder died from 
other causes. Multivariate analysis indicated 
that age greater than 65 years, hemoglobin 
<10   g/dl, and leukocyte count  > 50  ×  10 9 /l were 
independent predictors of a poor prognosis 
and that these factors could be used to distin-
guish a high-risk group with a median survival 
of only 9 months from a lower-risk group with 
a median survival of 38 months. 7    

 CHALLENGES AT THE BEGINNING 
OF THE CURRENT CENTURY 

 As described in detail below, it has become 
evident that constitutive activation of tyrosine 
kinase signaling plays a central role in the 
pathogenesis of MPD, including  BCR-ABL -
negative CML and related diseases. Collectively, 
however, abnormalities of tyrosine kinases or 
downstream signaling components are only 
seen in about one-third of cases. A major 
challenge, therefore, is the identification of 
causal molecular changes in the remaining 
cases. 

 Activated tyrosine kinases are excellent drug 
targets, as dramatically demonstrated by the 

effects of imatinib in CML. 8  Since imatinib is 
also active against some other kinases including 
platelet-derived growth factor receptor 
(PDGFR) α  and PDGFR β  kinases, this 
paradigm has been widened to include some 
atypical MPD. However, effective compounds 
are not yet available to target all activated 
tyrosine kinases or related abnormalities. 

 An accurate diagnosis including morpho-
logy, karyotyping, and molecular genetics will 
become increasingly important to reach the 
aim of direct individualized treatment. In addi-
tion, new molecular findings need to be incor-
porated into disease classification systems.   

 THE MOLECULAR PATHOGENESIS 
OF  BCR-ABL -NEGATIVE 
MYELOPROLIFERATIVE DISORDERS  

 Overview 

 The following sections describe the molecular 
abnormalities that have been identified to 
date in atypical MPD along with their clinical 
implications. The mechanism by which these 
abnormalities result in hyperproliferation of 
specific cell lineages is not considered in any 
detail. 

 The vast majority of patients with atypical 
 BCR-ABL -negative MPD present with a normal 
or aneuploid karyotype  –  that is, gains or losses 
of whole chromosomes, most commonly  + 8. 7  
Thus, for most cases there are no clues at 
this level of analysis to indicate what under-
lying abnormalities are driving aberrant 
proliferation of myeloid cells. However, a 
small subset of patients, perhaps 1 % , harbor 
reciprocal chromosomal translocations that 
facilitate molecular investigation. Many of 
these translocations are recurrent, although 
all are very uncommon. The t(5;12)
(p13;q31-33) was the first recurrent abnor-
mality to be described and, to date, more than 
50 cases with this translocation have been 
reported. Many other translocations have 
been described only in single individuals, but 
at least six recurrent breakpoint clusters have 
emerged at chromosome bands 4q11-12, 
5q31-33, 8p11-12, 9p34, 9q34, and 13q12. 
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  In all cases known to date, fusion genes 
encode proteins in which the N-terminal 
region of a partner gene is fused in-frame to 
the C-terminal region of the kinase, including 
the catalytic domain. The partner gene pro-
vides a promoter to drive transcription of the 
fusion in hemopoietic progenitor cells and, in 
nearly all cases, an oligomerization domain 
that is essential for kinase activation. In con-
trast to their normal counterparts, fusion 
tyrosine kinases are constitutively active and 
no longer dependent on upstream signals to 
transmit proliferative, anti-apoptotic, and 
other signals. In model systems, fusion tyrosine 
kinases transform growth factor-dependent 
cell lines to factor independence and give rise 
to CML-like diseases when expressed appro-
priately in mice. Some point mutations in 
tyrosine kinases and downstream signaling 
components have also been identified, all of 
which serve to activate signaling.   

Cloning of these translocations has revealed 
that they frequently target and activate protein 
tyrosine kinases, with the breakpoint clusters 
above involving  PDGFRA ,  PDGFRB ,  FGFR1 , 
 JAK2 ,  ABL , and  FLT3 , respectively ( Figure 12.1 ). 
Most of these fusions are not specific to any 
particular WHO-defined entity and so the 
following sections are therefore based on their 
molecular classification. Fusion genes are 
largely formed by cytogenetically visible chro-
mosomal translocations and indeed the only 
fusion that is not usually associated with a visi-
ble karyotypic aberration is  FIP1L1-PDGFRA . 
Consequently, conventional cytogenetic analy-
sis remains an important part of the diagnos-
tic work up for atypical MPD, along with 
histopathological and molecular analysis. 
Cytogenetics often serves as a critical pointer 
towards the presence of a particular fusion 
gene which can then be specifically tested for 
by RT-PCR and other techniques. 

 Figure 12.1    Network of 39 tyrosine kinase fusion genes in atypical myeloproliferative disorders and related conditions. 
Fusions involving  ABL ,  PDGFR  a   and  PDGFR  b   have either been shown to be sensitive or are predicted to be sensitive to 
imatinib, dasatinib, nilotinib (and possibly other tyrosine kinase inhibitors) as indicated by the jagged arrowheads.  
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in other series has varied widely between 3 and 
56 %  14  ,  15  ,  19    –  21  and the principal reason for this 
appears to be different patient selection crite-
ria. The fusion has been recently described in 
two patients after receiving combination che-
motherapy for non-Hodgkin lymphoma and 
Langerhans cell histiocytosis, respectively. 22  ,  23  
These two cases raise the possibility of a 
therapy-related genetic lesion. 

 The use of imatinib treatment for patients 
with HES started before the underlying molec-
ular target had been identified, and the clear 
responses of some patients paved the way for 
the finding of the  FIP1L1 - PDGFRA  fusion. 
Between 2001 and 2003 a total of 24 patients 
with HES received imatinib with more than 
half achieving a complete hematological 
remission. 24          –  29  Subsequently, Cools and col-
leagues showed that five patients harbored 
the  FIP1L1 - PDGFRA  fusion, all of whom 
responded to imatinib. However, four patients 
with dur able responses to imatinib did not 
reveal  FIP1L1 - PDFGRA , indicating that an 
unidentified target of imatinib may be the 
driving force behind these cases of HES. 12  
However, subsequent studies have suggested 
that dur able responses to imatinib in  FIP1L1-
   PDGFRA -negative cases are uncommon 29  
which in turn suggests that novel mutations in 
imatinib responsive genes in HES are also very 
uncommon. 

 Other  PDGFRA  fusion partners that have 
been recently identified in single patients 
are  KIF5B ,  CDK5RAP2, ETV6  and  STRN . 30    –  32  
 KIF5B  is located at 10p11 and encodes kinesin 
family member 5B, a microtubule-based motor 
protein involved in transport organelles. The 
 KIF5B-PDGRA  fusion was identified in a single 
patient with a complex karyotype involving 
chromosomes 3, 4, and 10. 30   CDK5RAP2  is 
located at 9q33 and encodes a protein that is 
believed to be involved in centrosomal regula-
tion; fusion to  PDGFRA  resulted from insertion 
of part of chromosome 9 into chromosome 4. 31  
 STRN  encodes striatin, a scaffolding protein 
that targets proteins such as the estrogen 
receptor to the cell membrane, facilitating 
the assembly of other proteins required 
for rapid receptor activation.  STRN - PDGFRA  

 PDGFRA fusion genes 

 PDGFR α  is a class III protein tyrosine kinase 
encoded by  PDGFRA  at 4q12. To date, six  PDG-
FRA  fusion genes have been described in asso-
ciation with atypical MPD, the first of which 
was a fusion of  BCR  and  PDGFRA  seen in 
two patients with  BCR-ABL -negative CML, 
peripheral blood eosinophilia, and a t(4;22)
(q12;q11). 9  Subsequently, other patients with 
 BCR-PDGFRA  were reported in the setting of 
acute pre-B-cell acute lymphoblastic leukemia 
(ALL) and secondary  BCR-ABL -negative CML 
after treatment for diffuse large B-cell 
lymphoma. 10  ,  11   BCR - PDGFRA  shows molecular 
heterogeneity, with different  BCR  exons 
involved. Most gene fusions are spliced to give 
rise to clean exon to exon chimeric mRNAs 
but, unusually, the  PDGFRA  breakpoints 
cluster within an exon (exon 12). The conse-
quences of this are described in more detail 
below. Other patients with  BCR-PDGFRA  
aCML have been reported, and we have also 
identified a patient who progressed to B-cell 
ALL (B-ALL), one who presented with B-ALL, 
and another that had T-lymphoblastic 
extramedullary disease. These findings 
strongly suggest that  BCR-PDGFRA  disease, 
like CML, is a stem cell disorder. 9  ,  10  

 The second partner gene to be identified 
was  FIP1L1 .  FIP1L1 - PDGFRA  is generated by 
a cytogenetically cryptic 800-kb interstitial 
deletion on chromosome 4q12 12  ,  13  and is cur-
rently the second most common tyrosine 
kinase fusion in MPD after  BCR-ABL . Although 
seen in very occasional cases of atypical CML, 
it is almost always associated with CEL, pre-
senting as hypereosinophilic syndrome (HES) 
or SM with eosinophilia. In addition, these 
patients typically show splenomegaly, increased 
serum vitamin B 12 , and mast cell tryptase 
levels. Noteworthy is the extreme male pre-
ponderance in this subtype of leukemia 
reported in many previous studies. 14      –  17  In a 
series of 376 UK patients with persistent 
unexplained hypereosinophilia the  FIP1L1 - -
PDGFRA  fusion was detectable in 40 (11 % ) of 
patients, only one of whom was female. 18  The 
frequency with which  FIP1L1 - PDGFRA  is seen 
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and splenomegaly. The phenotype of  PDGFRB -
rearranged patients with other partners is 
somewhat more diverse and fusions have 
been described in patients with aCML, CMML, 
CEL, MDS, PMF, AML, and CMPD-unclas-
sified. Eosinophilia is usually present, but 
lack of eosinophilia does not necessarily 
exclude involvement of  PDGFRB . Similarly, the 
finding of a translocation that targets 5q31-33 
does not definitely mean that  PDGFRB  is 
involved, even in cases with pronounced 
eosinophilia. 47    –  49  This is an important point 
since only those cases with a bona fide PDGFR β  
fusion are likely to be responsive to imatinib 
treatment. 

 Patients with  PDGFRB  rearrangements have 
a very wide age range (2 – 84 years) with 
the median age at presentation being about 
40 years. As for  PDGFRA  fusions, men are 
affected more often than women with an 
approximately 8 : 1 male : female ratio. The 
reasons for this are unknown. The clinical 
course of patients with  PDGFRB  fusions is 
highly variable, but since the number of 
patients reported with different translocations 
is very small an accurate definition of the 
disease is not possible. Some cases progress 
to acute leukemia and the overall impression 
is that the median time to transformation is 
several years and probably similar to CML. 
The 2-year survival rate of 18 evaluable patients 
with  PDGFRB  fusions was given as only 55 % , 48  
but this rate was based on published case 
reports with limited follow-up, so this estimate 
may be considerably biased towards more 
aggressive cases. 

  PDGFRB  genomic breakpoints are usually 
intronic (intron 10) and consequently encode 
fusion proteins that retain the WW domain, 
which is almost identical to the corresponding 
domain in PDGFR α . However, variant break-
points have been reported that involve exon 
12 for  NIN - PDGFRB  39  and  PRKG2 - PDGFRB , 44  
exon 10 for  GIT2-PDGFRB , and exon 11 with 
 GPIAP1-PDGFRB  fusion. 44   PDGFRB  exon 12 
breakpoints result in a loss of the WW 
domain, 39  ,  44  indicating that it is not required 
for constitutive activation of the PDGFR β  
kinase.   

and  ETV6-PDGFRA  were seen in conjunction 
with a t(2;4)(p24;q12) and t(4;12)(q2?3;p1?2), 
respectively. 32  

 For five of the six fusions, the breakpoints 
within  PDGFRA  are located within exon 12, 
which, after splicing, leads to an mRNA fusion 
in which the partner gene is joined to a trun-
cated  PDGFRA . Intron-derived sequences are 
often incorporated into the mature RNA and 
the region encoding the negative regulatory 
WW-like domain within the PDGFR α  jux-
tamembrane region is disrupted. Stover and 
colleagues showed that FIP1L1 is highly 
unusual in that is does not appear to have a 
self-dimerization motif and, more surprisingly, 
FIP1L1 appears to be completely dispensable 
for activation of PDGFR α . 33  Truncation of the 
PDGFRα WW-like domain appears to be suffi-
cient to activate the kinase in the absence of 
an oligomerization domain provided by the 
partner protein. 33  It remains unclear why the 
WW-like domain is truncated with other fusion 
partners that do provide an oligomerization 
domain (such as BCR), and also why trunca-
tion of this domain is not usually seen for 
fusions involving PDGFR β .   

  PDGFRB  fusion genes 

 To date, 16  PDGFRB  fusions have been 
described in the context of MPD ( Figure 12.1 ). 
All   are associated with visible chromosomal 
translocations of 5q31-33 with published 
partners at 1q21 ( TPM3  and  PDE4PIP ), 3p22 
( WDR48  and  GOLGA4 ), 4q21 ( PRKG2 ), 
7q11 ( HIP1 ), 10q21 ( CCDC6/H4 ), 11p13 
(G PIAP1 ), 12p13 ( ETV6 ), 12q24 ( GIT2 ), 
14q24 ( NIN ), 14q32 ( KIAA1509 ), 15q22 
( TP53BP1 ), 16p13 ( NDE1 ), 17p13 ( RABEP1 ), 
and 17p11 ( SPECC1/HCMOGT1 ). 34                      –  45  A 17th 
partner gene,  TRIP11  (also known as  CEV14 ) 
has been identified in a patient with a t(5;14)
(q33;q32) appearing during progression of 
underlying acute myeloid leukemia (AML) as 
a secondary abnormality. 46  

 Of these fusions,  ETV6 - PDGFRB  is the most 
frequently described, although it is still very 
uncommon. Patients usually present with 
peripheral-blood eosinophilia, monocytosis, 
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formation to AML or occasionally B-ALL. 
The median time to transformation is only 
6 – 9 months according to published case 
reports but again it is unclear to what extent 
these are biased towards more aggressive cases. 
Certainly we are aware of anecdotal patients 
who have been maintained for 2 years or more 
in chronic phase on interferon alfa or even 
hydroxyurea but, nevertheless, it seems clear 
that EMS cases should be considered for early 
allogeneic bone marrow transplantation 50  and 
currently this is the only technique that can 
result in long-term molecular remission. 63  

 Despite the small number of cases reported 
in the literature, some trends indicating a cor-
relation between the identity of the partner 
gene and the clinical phenotype have emerged. 
Patients exhibiting a t(8;22) and  BCR - FGFR1  
fusion seem to show a phenotype that is more 
similar to classic  BCR-ABL -positive CML than 
to patients with other  FGFR1  fusions, although 
one case that was studied in detail also showed 
evidence of lymphoproliferation. 64    –  66  

 Some  BCR-FGFR1  cases also showed baso-
philia, a feature that is uncommon in  BCR-
ABL -negative MPD. Biphenotypic presentation 
of an MPD in association with a T-cell non-
Hodgkin lymphoma seems to be more com-
mon in patients with a t(8;13) compared with 
other translocations. 50  Patients with a t(8;9) 
present relatively frequently with thrombocy-
tosis and monocytosis, 50  whereas some patients 
with a t(6;8) were diagnosed initially as having 
PV. 67  Detailed mouse modeling of the  BCR-
FGFR1  and  ZNF198-FGFR1  fusions demon-
strated that the GRB2 binding site (Y177) was 
primarily responsible for the CML-like pheno-
type, confirming the suggestion that the part-
ner genes may play a direct role in specifying 
the precise clinical phenotype. 68  

 Although different partner proteins are 
involved in a wide range of cellular processes, 
it is notable that several (e.g. NIN, FGFR1OP1/
FOP, CEP110, PCM1, CDK5RAP2) are compo-
nents of the centrosome. The FGFR1OP1-
FGFR1 fusion protein has been shown to be 
located almost exclusively at centrosomes and 
actively signals from this position. Delavel  et al . 
hypothesize that the centrosome, which is 

  FGFR1  fusion genes 

 The involvement of 8p11 was first described in 
1984 in a patient with a t(6;8)(q27;p11) who 
presented with a  BCR-ABL -negative MPD in 
combination with a T-cell lymphoma. Subse-
quently other similar cases were reported 
with distinct translocations but a common 
breakpoint at 8p11-12, leading Macdonald 
to postulate that they constituted a new 
nosological entity which he termed the 
‘8p11 myeloproliferative syndrome (EMS)  ’  . 50  
Others noted the similarity and unusual 
features associated with the t(8;13)(p11;q12) 51  
and the name ‘stem cell leukemia-lymphoma 
syndrome (SCLL) also emerged. Molecular 
proof that EMS/SCLL is indeed a distinct syn-
drome came with the finding that the translo-
cations disrupt another receptor tyrosine 
kinase,  FGFR1 . 

 To date, eight different  FGFR1  fusion part-
ners have been described in EMS at 6q27 
( FGFR1OP1 / FOP ), 7q34 ( TRIM24/TIF1 ), 9q33 
( CEP110 ), 12p11 ( FGFR1OP2 ), 13q12 ( ZNF198;  
also known as  RAMP ,  FIM  or  ZMYM2 ), 17q11 
( MYO18A ), 19q13 ( LOC113386 / HERV-K ), 
and 22q11 ( BCR ). 52                  –  61  No cytogenetically invis-
ible fusion involving  FGFR1  has so far been 
reported and all mRNA fusions described to 
date involve  FGFR1  exon 9. 

 The vast majority of EMS patients present 
with typical features of an MPD, i.e. leukocyto-
sis, hypercellular bone marrow, and spleno-
megaly. Eosinophilia in the peripheral blood 
and/or bone marrow is usually but not always 
present. EMS can resemble CMML and aCML, 
but the distinguishing feature of this condi-
tion is the strikingly high incidence of co-
existing non-Hodgkin lymphoma, which 
immunohistochemical investigation usually 
reveals to be of T-cell phenotype. Lymphade-
nopathy can occur either at the time of 
diagnosis or during the course of the disease. 
Such lymphadenopathy is not unique to EMS 
and has been described in association with 
other tyrosine kinase fusions, notably  FIP1L1-
PDGFRA . 62  

 Clinically, EMS typically exhibits a very 
aggressive pattern of behavior with trans-
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As seen for  PDGFR  fusions,  JAK2  fusions are 
predominantly seen in males. 

 More recently,  JAK2  has emerged as a criti-
cal factor in classical MPD with the finding of 
the V617F mutation in more than 95 %  of 
patients with PV and roughly 50 %  of patients 
with ET and PMF. 82  In addition, V617F has 
been detected in a range of atypical MPD: 
17 – 19 %  of  BCR-ABL -negative CML, 3 – 13 %  of 
CMML, roughly one-quarter of CNL, and 
occasional cases with HES or SM. V617F was 
not detectable in any case of MPD with rare 
tyrosine kinase fusion genes or in any individ-
ual case with  BCR-ABL -positive CML. 83    –  85  In 
addition, V617F has been reported in cases of 
MDS with a myeloproliferative component. 86      –  89  

 It is not clear why different individuals with 
V617F show different phenotypes with prefer-
ential expansion of erythroid, granulocyte, 
megakaryocyte, monocyte, or eosinophil lin-
eages. Accumulating evidence suggests that 
this difference is unlikely to be owing to the 
identity of the cell in which the mutation arises 
but rather may be caused by the constitutional 
genetic background of the individual or by 
acquired changes that may precede or be sub-
sequent to V617F. Thus far, there are no data 
regarding the prognostic significance of V617F 
in  BCR-ABL -negative CML or other atypical 
MPD.   

  KIT  mutations 

  KIT  is required for the growth, differentiation, 
and functional activation of human mast cells 
and activating mutations of this receptor are 
seen in the great majority of cases of SM, a dis-
ease that is described in detail elsewhere in 
this book but is also included here briefly for 
completeness. Most SM cases are positive for 
the activating mutation D816V, although the 
incidence in different studies is highly variable 
owing to patient selection, sensitivity of the 
molecular method, and the source of the spe-
cimen that is analyzed. However, if sensitive 
methods are used, especially in combination 
with purification or enrichment of mast cells, 
then more that 80 %  of cases are D816V posi-
tive. Of the remaining cases, other mutations 

linked to the microtubules, is close to the 
nucleus, and is connected to the Golgi appa-
ratus and the proteasome, could serve to 
integrate multiple signaling pathways control-
ling cell division, cell migration, and cell fate. 
Abnormal kinase activity at the centrosome 
may be an efficient way to pervert cell division 
in malignancy. 69    

  FLT3  mutations and fusion genes 

 The FMS-like tyrosine kinase 3 ( FLT3 ) gene is 
located at chromosome 13q12 and plays an 
important role in normal hematopoiesis. 
Although activating internal tandem duplica-
tions (ITD) or point mutations are more com-
mon in acute leukemias, they have been 
described in 5 %  of cases with aCML 70  and 13 %  
of patients with CMPD or CMPD/MDS. 71  
Recently, two patients with  FLT3  fusion genes 
have been identified.  ETV6-FLT3  was found in 
a patient with a  BCR-ABL -negative MPD with 
hypereosinophilia and at (12;13)(p13;q12), 72  
and  SPTBN1-FLT3  was found in a patient with 
aCML as a consequence of a t(2;13)(p16;q12). 70  
Both the  FLT3  ITD and  ETV6-FLT3  induce a 
myeloproliferative phenotype in mouse mod-
els, indicating that constitutive activation of 
 FLT3  may be sufficient to induce an MPD-like 
disorder, but insufficient to recapitulate the 
AML phenotype. 73  ,  74    

  JAK2  mutations and fusion genes 

 The first reports of the involvement of  JAK2  in 
human MPD were published in 1997, when 
the fusion of  ETV6  to  JAK2  was described in 
two patients with a t(9;12)(p24;p13) and child-
hood ALL and in one patient with a t(9;15;12)
(p24;q15;p13) and a  BCR-ABL- negative CML. 75  ,  76  
Two further  JAK2  partner genes in patients 
with aCML have subsequently been identified: 
 PCM1  in association with a t(8;9)(p21-23; 
p23-24) and  BCR  in association with t(9;22)
(p24;q11). 77  ,  78  Several additional cases with 
 PCM1-JAK2  have now been identified in the 
context of a diverse range of hematological 
malignancies including myeloid and lymphoid 
disorders including T-cell lymphoma. 79    –  81  
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or biallelic loss of function mutations of  NF1 , 
with these abnormalities being seen in roughly 
one-third and one-quarter of JMML cases, 
respectively. 100  ,  101   RAS ,  NF1 , and  PTPN11  
mutations are almost always mutually exclu-
sive, suggesting that mutations in these genes 
have the same functional consequences. Other 
abnormalities are seen in a small proportion 
of JMML cases, including V617F 102  plus some 
of the tyrosine kinase fusions detailed above. 

 The association between JMML and  NF1  was 
initially suspected because some children with 
neurofibromatosis type 1, a disease caused by 
inherited  NF1  mutations, also developed 
JMML.  NF1  is a large gene which has not been 
screened comprehensively in adult atypical 
MPD; however, the apparent lack of associa-
tion between neurofibromatosis and adult 
MPD suggests that  NF1  mutations may not play 
an important role in these diseases. We have 
not detected  PTPN11  mutations in  BCR-ABL -
negative CML and also failed to find 
abnormalities in a number of other genes 
including  BRAF  and several tyrosine kinases 83  
plus more recently  MPL515  or  JAK2 exon  
12 (unpublished data).    

 CLINICAL IMPLICATIONS OF 
MOLECULAR ABNORMALITIES 

 For most patients with  BCR-ABL -negative 
CML, hydroxyurea remains the basic treat-
ment to control elevated leukocyte counts. 
The great majority of patients are too old to 
consider stem cell transplantation but some 
achieve durable complete hematological 
remission and occasionally cytogenetic remis-
sion with interferon  alfa.  103  However, the 
finding of deregulated tyrosine kinases 
opened up the possibility of targeted signal 
transduction therapy following the paradigm 
of imatinib in CML. 

 Patients with rearrangements of  PDGRA  or 
 PDGFRB  show excellent responses to treat-
ment with imatinib achieving a high rate of 
durable hematological and cytogenetic 
responses. 12  ,  30  ,  31  ,  39  ,  40  ,  49  Recently published 
data indicate that the majority of patients 
exhibiting a  FIP1L1 - PDGFRA  fusion gene 

have been described that affect the same 
amino acid (D816Y, D816F, D816H) plus a 
range of other rare changes (D820G, V560G, 
F522C, E839K, V530I, K509I). 90  In addition to 
SM, KIT mutations play a pathogenetic role in 
a variety of other malignancies, including 
AML and gastrointestinal stromal tumors 
(GIST). 91  Whereas mutations located in the 
juxtamembrane or extracellular domains of 
 KIT  are sensitive to imatinib, the kinase loop 
mutation D816V is highly resistant. However, 
 in vitro  data with several compounds including 
PKC412, dasatinib, and nilotinib show some 
promising results. 92      –  95  and clinical trials with 
these compounds are underway.   

  RAS, PTPN11 , and  NF1  mutations 

 In addition to activation of tyrosine kinases, 
mutations affecting downstream signaling com-
ponents have been identified in some MPD. 
RAS proteins are small GTPases that play 
a critical role in transducing signals from 
up s tream receptors, including tyrosine kinases. 
Activating  RAS  mutations are widespread in 
malignancy and within the MPD approxi-
mately 50 %  of aCML/CMML cases were 
found to harbor activating  NRAS  or  KRAS  
mutations. 96  ,  97  However, these studies used 
sensitive allele-specific hybridization methods 
and it is possible that many changes were only 
present in minor subclones. A more recent 
analysis using less sensitive methods found 
only 13 %  of patients with  BCR-ABL -negative 
CML to have activating  RAS  mutations, all of 
which were in  NRAS . 83  Activating kinase muta-
tions, kinase fusion genes, and  NRAS  muta-
tions are almost always mutually exclusive, 
presumably because they are functionally 
redundant. In one study, the presence of a 
 RAS  mutation was not found to be of prognos-
tic value. 7  

 Activation of the RAS pathway is particularly 
prominent in JMML.  NRAS  and  KRAS  muta-
tions are seen in about 20 %  of cases 98  and 
some of these mutations appear to be associ-
ated with disease that improves spontaneously 
over time. 99  RAS may also be activated indi-
rectly by gain of function mutations  PTPN11  
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in an analogous position to the T315I muta-
tion that leads to resistance to imatinib in 
the setting of CML. 47  Sorafenib is a potent 
inhibitor of B-RAF and VEGFR, and was also 
shown to inhibit FLT3, KIT, and PDGFR. This 
compound, which was recently approved for 
the treatment of metastatic renal cell carci-
noma, has been shown to be a potent inhibitor 
of  FIP1L1-PDGFRA  and its imatinib-resistant 
T674I mutation. 105  In addition, it has been 
shown that PKC412 and nilotinib are able to 
inhibit effectively the T674I mutant  in vivo  
and  in vitro , respectively. 106  ,  107  

 Imatinib is not active against JAK2 or FGFR1, 
and thus alternative compounds are needed 
to target diseases driven by abnormalities in 
these kinases. PKC412 inhibits  ZNF198-FGFR1  
kinase activity  in vitro  and induced a partial 
response in a patient with this fusion and 

reached a molecular remission under treat-
ment with imatinib, including patients receiv-
ing low-dose imatinib (100 or 200   mg/day). 18  ,  29  
Treatment with imatinib as monotherapy or as 
maintenance after intensive chemotherapy 
was also highly effective in  FIP1L1-PDGFRA -
positive secondary AML with seven of seven 
patients disease-free and in complete hemato-
logical and complete molecular remission 
after a median time of 20 months on ima-
tinib. 62  Overall, these striking results suggest 
that imatinib should be the treatment of 
choice for all patients with  PDGFRA  or  PDG-
FRB  fusion genes. 

 Similar to resistance occurring in patients 
treated with imatinib in chronic phase CML, 
an acquired point mutation of the FIP1L1-
PDGFRA fusion protein has been 
described. 12  ,  104  This T674I mutation is located 

Table 12.1 Conventional and molecular classification of atypical myeloproliferative disorders (MPD)

Usually associated with Abnormalities

Molecularly defined entities

PDGFRA-rearranged MPD CEL, SM-eo >95% FIP1L1-PDGFRA; 5 other 
PDGFRA fusions

PDGFRB-rearranged MPD CEL, aCML, CMML 50% ETV6-PDGFRB; 15 other 
PDGFRB fusions

8p11 myeloproliferative syndrome aCML, CMML, CEL 
(+T-NHL)

8 FGFR1 fusions

JAK2-rearranged MPD aCML, CEL, AML, other >90% PCM1-JAK2; 2 other JAK2 
fusions

SM >80% KIT D816V; 5% other KIT 
mutations

Partially molecularly defined entities

JMML, CNL, aCML, CMML, unclassified MPD 30% PTPN11 mutations; 20% 
RAS mutations; 20% NF1 
mutations

5–50% V617F JAK2; 5% FLT3 
ITD; 10% RAS

Molecularly undefined entities

Includes the majority of cases of CEL, CNL, CMML, 
aCML, CNL, and unclassified MPD or MDS/MPD 
that are negative for the abnormalities above, plus a 
small proportion of cases of JMML and SM

CEL, chronic eosinophilic leukemia; SM-eo, systemic mastocytosis associated with eosinophilia; aCML, atypical chronic myeloid 
leukemia; CMML, chronic myelomonocytic leukemia; NHL, non-Hodgkin lymphoma; AML, acute myeloid leukemia; 
JMML, juvenile myelomonocytic leukemia; CNL, chronic neutrophilic leukemia; MDS, myelodysplastic syndrome.



152   CHRONIC MYELOPROLIFERATIVE DISORDERS

    5.      Chase     A   ,    Huntly     BJ   ,    Cross     NCP   .  Cytogenetics of 
chronic myeloid leukaemia.   Best Pract Res Clin 
Haematol   2001 ;  14 :  443  –  71 .  

    6.      Vardiman     JW   ,    Harris     NL   ,    Brunning     RD   .  The World 
Health Organization (WHO) classification of the 
myeloid neoplasms.   Blood   2002 ;  100 :  2292  –  302 .  

    7.      Onida     F   ,    Ball     G   ,    Kantarjian     HM    et al.    Characteristics 
and outcome of patients with Philadelphia chromo-
some negative, bcr/abl negative chronic myeloge-
nous leukemia.   Cancer   2002 ;  95 :  1673  –  84 .  

    8.      Druker     BJ   ,    Guilhot     F   ,    O ’ Brien     SG    et al.    Five-year 
follow-up of patients receiving imatinib for 
chronic myeloid leukemia.   N Engl J Med   2006 ;  355 : 
 2408  –  17 .  

    9.      Baxter     EJ   ,    Hochhaus     A   ,    Bolufer     P    et al.    The t(4; 22)
(q12; q11) in atypical chronic myeloid leukaemia 
fuses BCR to PDGFRA.   Hum Mol Genet   2002 ;  11 : 
 1391  –  7 .  

   10.      Trempat     P   ,    Villalva     C   ,    Laurent     G    et al.    Chronic 
myeloproliferative disorders with rearrangement of 
the platelet-derived growth factor alpha receptor: a 
new clinical target for STI571/Glivec.   Oncogene  
 2003 ;  22 :  5702  –  6 .  

   11.      Safely     AM   ,    Sebastian     S   ,    Collins     TS    et al.    Molecular 
and cytogenetic characterization of a novel translo-
cation t(4; 22) involving the breakpoint cluster 
region and platelet-derived growth factor receptor-
alpha genes in a patient with atypical chronic myel-
oid leukaemia.   Genes Chromosomes Cancer   2004 ; 
 40 :  44  –  50 .  

   12.      Cools     J   ,    DeAngelo     DJ   ,    Gotlib     J    et al.    A tyrosine 
kinase created by fusion of the PDGFRA and FIP1L1 
genes as a therapeutic target of imatinib in idio-
pathic hypereosinophilic hyndrome.   N Engl J Med  
 2003 ;  348 :  1201  –  14 .  

   13.      Griffin     JH   ,    Leung     J   ,    Bruner     RJ    et al.    Discovery of a 
fusion kinase in EOL-1 cells and idiopathic hyper-
eosinophilic syndrome.   Proc Natl Acad Sci U S A  
 2003 ;  100 :  7830  –  5 .  

   14.      Pardanani     A   ,    Ketterling     RP   ,    Li     CY    et al.    FIP1L1-
PDGFRA in eosinophilic disorders: prevalence in 
routine clinical practice, long-term experience 
with imatinib therapy, and a critical review of the 
literature.   Leuk Res   2006 ;  30 :  965  –  70 .  

   15.      Pardanani     A   ,    Brockman     SR   ,    Paternoster     SF    et al.   
 FIP1L1-PDGFRA fusion: prevalence and clinico-
pathologic correlates in 89 consecutive patients 
with moderate to severe eosinophilia.   Blood   2004 ; 
 104 :  3038  –  45 .  

   16.      Klion     AD   ,    Noel     P   ,    Akin     C    et al.    Elevated serum 
tryptase levels identify a subset of patients with a 
myeloproliferative variant of idiopathic hypereo-
sinophilic syndrome associated with tissue fibrosis, 
poor prognosis, and imatinib responsiveness.   Blood  
 2003 ;  101 :  4660  –  6 .  

   17.      Klion     AD   ,    Robyn     J   ,    Akin     C    et al.    Molecular remis-
sion and reversal of myelofibrosis in response to 
imatinib mesylate treatment in patients with the 

advanced phase disease; 108  however, thus 
far we are unaware of any patient who has 
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PKC412. Other small molecule inhibitors 
are in development that may ultimately prove 
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 The results of trials with second generation 
tyrosine kinase inhibitors, including dasatinib 
(BMS354825) and nilotinib (AMN107), show 
that these molecules are active against a num-
ber of different imatinib-resistant ABL kinase 
domain mutations seen in  BCR-ABL -positive 
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therapy is possible for only a small proportion 
of cases; however, several candidate molecules 
are in development that are likely to be of 
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 INTRODUCTION 

 Mast cells originate from CD34 + /c-KIT + /CD13 +  
pluripotent hematopoietic cells in the bone 
marrow and are released into the circulation 
in the immature state before they undergo ter-
minal maturation/differentiation in different 
tissues. 1      –  4  The interaction between the cytokine 
stem cell factor (SCF) and its cognate recep-
tor, c-KIT (KIT) plays a key role in regulating 
mast cell growth and differentiation. c- KIT  is 
the cellular homolog of the v- KIT  oncogene 
of the Hardy-Zuckerman 4 feline sarcoma 
virus (HZ4-FeSV), 5  and encodes for KIT, which   
belongs to the type III subfamily of receptor 
tyrosine kinases (RTK). KIT is expressed on 
hematopoietic progenitors and is downregu-
lated upon their differentiation into mature 
cells of all lineages, except mast cells, which 
retain high levels of cell surface KIT expression. 6  
Soluble SCF exists as a homodimer in plasma 
and can crosslink two KIT receptors on the cell 
surface, thereby leading to activation of KIT, 
as well as downstream signal transduction. 7  

 Mast cells are ubiquitous, but are most numer-
ous at anatomic sites that are in contact with 
the environment, such as in the mucosa of air-
ways and gut, as well as in the skin. Although 
mast cells have long been identified as key 
 cellular mediators of the allergic inflamma-
tory response, 8        –  12  they have other physiologi-
cal functions, including a role in innate 
immunity. 13      –  16  Mast cells mediate ‘early-phase  ’   
(e.g. anaphylaxis, acute asthma) and ‘late-
phase  ’   allergic responses, as well as non-type I 
hypersensi tivity reactions through release of 
mediators ( vide infra ). 17  Furthermore, mast 
cells mediate upregulation of Th2-responses 
and allergen-specific IgE biosynthesis, which 

contribute to host defenses against parasitic 
infections. 18  ,  19  

 Mast cells undergo activation, classically fol-
lowing cross-linking of Fc ε RI-bound IgE by 
multivalent allergen in sensitized individu-
als. Non-IgE triggers for mast cell mediator 
release include anaphylatoxins of the comple-
ment system (C3a and C5a), neuropeptides 
(e.g. vasoactive intestinal peptide, somatosta-
tin, substance P), lipopolysaccharides (LPS), 
chemokines (e.g. CCL3/MIP1 α ), and Toll-
like receptors (TLR). 13  ,  14  ,  16  Upon activation by 
either IgE-dependent or -independent mecha-
nisms, the following mediators are released: 
(1) vasoactive amines, particularly histamine; 
(2) several distinct tryptases ( α ,  β , and  δ ) that 
comprise the principal protein component 
of mast cells; (3) anionic proteoglycans 
(e.g. heparin, chondroitin sulphate) that 
confer metachromasia upon staining with 
toluidine blue; (4) various lipid mediators, 
these arachidonic acid-derived eicosanoids, 
which include leukotriene C 4 , leukotriene B 4 , 
and prostaglandin D 2 , mediate vasodilation, 
vasopermeability, smooth muscle constric-
tion, mucus secretion, as well as other 
proinflammatory processes; (5) other proteases 
(e.g. chymase, carboxypeptidase A); and (6) 
specific cytokines. 9  ,  20                    –  30  The latter recruit and 
activate specific cells, including basophils 
(IL-3), eosinophils (IL-5), neutrophils (tumor 
necrosis factor (TNF)- α /IL-8), and lympho-
cytes (IL-4/IL-13).   

 MASTOCYTOSIS 

 Mast cell disease/mastocytosis is characterized 
by the abnormal growth and accumulation of 
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morphologically and immunophenotypically 
abnormal mast cells in one or more organs in 
the body.  

 Pathogenesis 

 Furitsu  et al.  initially showed that KIT expressed 
on HMC-1 cells, an immature mast cell line 
established from a patient with mast cell 
leukemia, 31  was constitutively phosphorylated 
and activated in the absence of SCF. 32  Sequenc-
ing of c- KIT  in these cells revealed two point 
mutations, one each in the juxtamembrane 
(V560G) and tyrosine kinase (D816V) domains. 
Soon after this report, Nagata  et al.  published 
the first report of the  KIT  D816V mutation in 
human mastocytosis. 33  Since then, other  KIT  
mutations, either involving D816 or an adja-
cent amino acid residue (e.g. D816Y, 34    –  36  
D816F, 34  D816H, 37  I817V or VI815-816, 38  and 
D820G 39 ), or other domains (extracellular, 40  
transmembrane, 41  ,  42  or juxtamembrane 43  ,  44 ) 
have also been identified in mastocytosis. The 
juxtamembrane mutations include V560G, 
K509I, and V559A; some are rare alleles detec-
ted in germline DNA in cohorts with familial 
mastocytosis. 45  

 While activating  KIT  mutations are clearly 
associated with human mastocytosis, they do 
not occur universally, 46  and the question as to 
whether individual mutations are necessary 
and sufficient to cause mast cell trans formation 
remains to be determined. Although introduc-
tion of human  KIT  D816V (or its murine 
homologs) into IL-3-dependent cell lines 
(e.g. Ba/F3) can induce cytokine-independent 
growth, 47    –  49  such experiments do not provide 
direct confirmation of the neoplastic transfor-
mation potential of activating  KIT  mutations 
since these cell lines are immortalized and have 
acquired,  a priori , the capacity to self-renew by 
unknown events. 

 Systemic mastocytosis (SM) patients may 
exhibit eosinophilia, 50      –  53  and in some cases, 
harbor the  FIP1L1-PDGFRA  oncogene, which 
results from an interstitial deletion in chro-
mosome 4q12, leading to constitutively 
active platelet-derived growth factor receptor 
 A (PDGFRA)  tyrosine kinase activity, that is 

uniquely sensitive to inhibition by imatinib 
mesylate. 54  However, the revised WHO criteria 
for the classification of myeloid neoplasms 
categorize  FIP1L1-PDGFRA -associated eosino-
philia and bone marrow mastocytosis in a group 
different from SM.   

 Classification 

 The WHO classification incorporates recent 
advances in our understanding of mastocy-
tosis, including the role of c- KIT  mutations, 
aberrant expression of cell surface immuno-
phenotypic markers on neoplastic mast cells, 
and the utility of mast cell mediators as surro-
gate measures of mast cell burden. 55  ,  56  It classi-
fies mastocytosis into seven variants ( Table 13.1 ): 

Table 13.1 World Health Organization variants of 
mastocytosis56

Cutaneous mastocytosis (CM)

Maculopapular CM

Diffuse CM

Mastocytoma of skin

Indolent systemic mastocytosis (ISM)

Smoldering systemic mastocytosis (SSM)

Isolated bone marrow mastocytosis

Systemic mastocytosis with an associated clonal 
hematological non-mast cell lineage disease 
(SM-AHNMD)

SM-MDS

SM-MPD

SM-CEL

SM-CMML

SM-NHL

Aggressive systemic mastocytosis (ASM)

With eosinophilia (SM-eo)

Mast cell leukemia (MCL)

Aleukemic MCL

Mast cell sarcoma

Extracutaneous mastocytoma

MDS, myelodysplastic syndrome; MPD, myeloproliferative 
disorder; CEL, chronic eosinophilic leukemia; CMML, chronic 
myelomonocytic leukemia; NHL, non-Hodgkin lymphoma.
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trunk, and abdomen, but spare sun-exposed 
areas, including the palms, soles, and scalp. 
The lesions commonly exhibit an urticarial 
response to mechanical stimulation such as 
stroking or scratching (Darier ’ s sign). 58  ,  59  
Biopsies of UP lesions demonstrate multifocal 
mast cell aggregates mainly around blood ves-
sels and around skin appendages in the papil-
lary dermis. 59  ,  60  Children account for nearly 
two-thirds of all reported cases of cutaneous 
mastocytosis, with the majority of cases arising 
before the age of 2 years. 61    –  63  In contrast, most 
adult mastocytosis patients with UP have sys-
temic disease at presentation, that is most com-
monly revealed by a bone marrow biopsy done 
as part of the diagnostic work-up. 64  

 Another major manifestation of SM is refer-
red to as ‘mast cell degranulation symp-
toms  ’  : pruritus, urticaria, angioedema, flushing, 
bronchoconstriction, neuropsychiatric mani-
festations, and hypotension. 65  Gastrointestinal 
features such as nausea, vomiting, abdominal 
pain, diarrhea, and malabsorption may be 
prominent in some patients. Histamine recep-
tor stimulation increases gastric acid produc-
tion, which may cause peptic ulcer disease 
with potential morbidity from a bleeding pep-
tic ulcer and/or perforation. 66  ,  67  Presyncope, 
episodic vascular collapse, and sudden death 
represent the more dramatic clinical presenta-
tions of mast cell mediator release. 68  

 Other manifestations include musculoskeletal 
symptoms (bone pain, diffuse osteoporosis or 
osteopenia, myalgias, arthralgias, pathological 

cutaneous mastocytosis (CM), indolent systemic 
mastocytosis (ISM), systemic mastocytosis with 
an associated clonal hematological non-mast 
cell disorder (SM-AHNMD), aggressive sys-
temic mastocytosis (ASM), mast cell leukemia 
(MCL), mast cell sarcoma, and ext racutaneous 
mastocytoma. In addition, two relatively rare 
variants of mastocytosis with characteristic 
clinicopathological features have also been 
described: ‘well-differentiated systemic mas-
tocytosis  ’   (WDSM) and ‘systemic mastocytosis 
without skin involvement associated with 
recurrent anaphylaxis  ’   (SM-ana). 38   

 The WHO classification system mandates 
a number of staging investigations to define 
the exact subtype of disease. 56  Identification 
of ‘B  ’   findings ( Table 13.2 ) alone such as 
 > 30 %  mast cells in the bone marrow or serum 
tryp tase  > 200   ng/ml are indicative of a high 
systemic mast cell burden (i.e. ‘smoldering 
SM  ’  ), while the additional presence of ‘C  ’   
findings ( Table 13.3 ) such as cytopenias, path-
ological fractures, hypersplenism, etc., indicate 
impaired organ function directly attributable 
to mast cell infiltration, and are diagnostic for 
the presence of ‘aggressive  ’   disease (i.e. 
ASM).     

 Clinical features 

 Urticaria pigmentosa (UP) is the commonest 
manifestation of mastocytosis. The skin lesions 
are typically yellow tan to reddish brown mac-
ules, and generally involve the extremities, 

 Table 13.2    ‘B  ’   findings: indication of high mast cell 
burden 57   

Infiltration grade (mast cells) in  > 30 %  in bone marrow 
in histology and serum total tryptase levels  > 200   ng/ml

Hypercellular marrow with loss of fat cells, discrete signs 
of dysmyelopoiesis without substantial cytopenias or 
WHO criteria for an MDS or MPD

Organomegaly: palpable hepatomegaly, splenomegaly, 
or lymphadenopathy (on computed tomography or 
ultrasound)  > 2   cm without impaired organ function

MDS, myelodysplastic syndrome; MPD, myeloproliferative 
disorder.

 Table 13.3    ‘C  ’   findings: indication of impaired organ 
function attributable to mast cell infiltration 56   

Cytopenia(s): absolute neutrophil count <1000/ µ l, 
or hemoglobin <10   g/dl, or platelets <100   000/ µ l

Hepatomegaly with ascites and impaired liver function

Palpable splenomegaly with hypersplenism

Malabsorption with hypoalbuminemia and weight loss

Skeletal lesions: large-sized osteolysis or severe 
osteoporosis causing pathological fractures

Life-threatening organopathy in other organ systems 
that definitively is caused by an infiltration of the tissue 
by neoplastic mast cells
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eosinophils, neutrophils, histiocytes, endothe-
lial cells, and fibroblasts. 69  Eosinophils are most 
commonly observed at the periphery of mast 
cell aggregates (often focally). 70  While irregu-
lar trabecular thickening is commonly noted, 
other cases may be characterized by a marked 
thinning of bone marrow trabeculae and 
osteopenia. In some cases, mast cell infiltrates 
may be associated with a dense network of reti-
culin fibers. 

   The most frequent non-mast cell disorders 
associated with mastocytosis are the chronic 
myeloproliferative disorders (except  BCR-ABL -
positive chronic myeloid leukemia (CML)), 
acute myeloid leukemia (AML), and myelo-
dysplastic syndromes (MDS). 71    –  73  Mast cell leu-
kemia (MCL) is characterized by increased 
numbers of mast cells in bone marrow ( > 20 %  
in aspirate smear) and peripheral blood 
( > 10 % ), with associated bone marrow failure 
manifest as peripheral cytopenias. The mast 
cells are immature, sometimes blastic, and often 
have sparse metachromatic granules, and 
hence may be missed on routine staining unless 
tryptase 74  ,  75  and/or immunophenotyping stud-
ies are performed. 76  ,  77  

 In general, mast cells may not be readily 
 recognized by standard dyes such as Giemsa, 
particularly when associated with significant 
hypogranulation or with abnormal nuclear 
morphology. 69  ,  78  Among the immunohisto-
chemi cal markers, staining for tryptase is 
considered the most sensitive, being able 
to detect even small-sized mast cell infiltrates 
( Figure 13.1 ). 79  ,  80  Given that virtually all mast 
cells, irrespective of their stage of maturation, 
activation status, or tissue of localization express 
tryptase, staining for this marker detects even 
those infiltrates that are primarily composed of 
immature, poorly granulated mast cells. 76  Nei-
ther tryptase, nor other immunohistochemical 
markers such as chymase, KIT/CD117, or 
CD68 can distinguish between normal and 
neoplastic mast cells. 81  In contrast, immunohis-
tochemical detection of aberrant CD25 expres-
sion on bone marrow mast cells appears to be 
a reliable diagnostic tool in systemic mastocy-
tosis, given its ability to detect abnormal mast 
cells in all mastocytosis subtypes. 76  

fractures, skeletal deformities, and/or compres-
sion radiculopathies), hepatosplenomegaly 
(with or without liver dysfunction, ascites, or 
hypersplenism), lymphadenopathy, and mala-
bsorption with hypoalbuminemia and weight 
loss. Extensive marrow involvement may result 
in anemia and eventually to pancytopenia.   

 Diagnosis 

 The WHO criteria for diagnosis of systemic 
mastocytosis are enumerated in  Table 13.4 . 56  
The bone marrow is virtually always involved 
in adults and shows characteristic histologic 
features; in contrast, histological criteria for 
non-bone marrow organ involvement have not 
been clearly defined. A bone marrow exami-
nation also allows determination of whether 
an associated clonal non-mast cell lineage 
hematological disorder is present. The pathog-
nomonic lesion, which represents the WHO 
major diagnostic criterion, is presence of mul-
tifocal, dense mast cell aggregates, frequently 
in perivascular and/or paratrabecular loca-
tions ( Figure 13.1 ). These aggregates may be 
relatively monomorphic, composed mainly of 
fusiform mast cells, or may be polymorphic 
with mast cells admixed with lymphocytes, 

Table 13.4 World Health Organization criteria 
for diagnosis of systemic mastocytosis56

Major

Multifocal dense infiltrates of mast cells in bone 
marrow or other extracutaneous organ sections 
(>15 mast cells aggregating)

Minor

≥25% mast cells in tissue sections or bone marrow 
aspirate smear are spindle shaped or have atypical 
morphology

c-KIT point mutation at codon 816V

Expression of CD2 and/or CD25 by mast cells

Baseline serum tryptase persistently >20 ng/ml 
(not valid in presence of another non-mast cell 
clonal disorder)

Major plus one minor or three minor criteria are needed 
to diagnose systemic mastocytosis.
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related marker in SM, and is included as a 
minor criterion for diagnosing the condition 
per WHO guidelines. 56  ,  88  The total tryptase level 
ranges from 1 to 15   ng/ml in healthy individu-
als, but is increased in most patients with SM 
( > 20   ng/ml). An elevated serum tryptase level 
may also, however, be observed in patients 
with non-mast cell myeloid malignancies, includ-
ing AML, 89  ,  90  MDS, 91  and CML, 92  which man-
dates exclusion of these conditions before 
reaching a diagnosis of SM. Furthermore, the 
serum tryptase level is frequently elevated in 
the setting of anaphylaxis or severe allergic 
reaction. 88  Total tryptase levels may be useful 
for monitoring treatment response in masto-
cytosis patients, although the levels may vary 
considerably (e.g. with use of radiocontrast 
agents or narcotics). 

 Molecular studies in mastocytosis patients 
are important from the diagnostic standpoint 
and, increasingly, from the therapeutic stand-
point as well. The rate of detection of  KIT  
D816V is correlated to the proportion of 
lesional/clonal cells in the sample, as well as 
to the sensitivity of the screening method 

 Mast cell immunophenotyping by multi-
parametric flow cytometry can be extremely 
useful in distinguishing normal bone marrow 
mast cells from their pathological counter-
parts. 82  Normal mast cells typically express 
KIT/CD117 and Fc ε RI, and their typical profile 
is CD117 +  + /Fc ε RI + /CD34 − /CD38 − /CD33 + /
CD45 + /CD11c + /CD71 + . Neoplastic mast cells 
typically express CD25 and/or CD2, and the 
abnormal expression of at least one of these two 
antigens counts as a minor criterion towards 
the diagnosis of systemic mastocytosis as defined 
by the WHO system. 56  In general, the detec-
tion of CD25 on mast cells, by either flow cyto-
metry or immunohistochemistry, appears to be 
the more reliable marker (relative to CD2). 76  ,  83  
Other immunophenotypic features of neoplas-
tic mast cells include abnormally high expres-
sion of complement-related markers such 
as CD11c, 84  CD35, 85  CD59, 85  and CD88, 85  as 
well as increased expression of the CD69 early-
activation antigen, 86  and the CD63 lysosomal-
associated protein. 87  

 Measurement of serum tryptase (a mast cell 
enzyme) has proven to be a useful disease-

 Figure 13.1    Bone marrow trephine biopsy showing paratrabecular mast cell infiltrate comprising morphologically 
atypical (fusiform) mast cells, as shown by (a) hematoxylin-eosin stain, and (b) tryptase immunostain. (c) Patho-
gnomonic mast cell aggregate as shown by tryptase immunostain.  

(a) (b)

(c)
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agents such as opioid analgesics, alcohol, aspi-
rin/other non-steroidal anti-inflammatory 
medications, and contrast dyes; the patient 
history often  provides useful clues in this regard. 
Furthermore, appropriate precautionary mea-
sures during anesthesia and surgery are recom-
mended in these patients. 97      –  100  

  Non-cytoreductive therapy of mast cell 
degranulation symptoms includes the use of 
oral H-1 (e.g. hydroxyzine, diphenhydramine, 
fexofenadine, cetirizine, cyproheptadine, chlor-
pheniramine) and H-2 (e.g. ranitidine, famoti-
dine) antihistaminics for pruritus and peptic 
symptoms, respectively, and orally admini-
ste red cromolyn sodium for nausea, abdominal 
pain, and diarrhea. Use of the latter is sup-
ported by level I evidence. 101  ,  102  Corticoster-
oids are occasionally used for treating recurrent 
or refractory symptoms, and it is recommen-
ded that patients with a propensity towards 
vasodilatory shock wear a medical alert brace-
let and carry an Epi-Pen injector for self-
administration of subcutaneous epinephrine. 103  
In the rare case of a patient with severe and/
or recurrent life-threatening degranulation-
related events that are refractory to the afore-
mentioned agents, cautious consideration may 
be given to the use of cytostatic or cytoreductive 

employed. 45  The specimen mast cell content 
may be enriched by laser capture microdissec-
tion, or magnetic bead- or flow cytometry-based 
cell sorting. 93    –  95  Furthermore, use of allele-
specific polymerase chain reaction (PCR), 96  or 
PCR with peptide nucleic acid (PNA) probes 
to ‘clamp  ’   the wild-type allele, dramatically 
enhance the probability of mutation detection 
in bulk cells (sensitivity 10  − 3 ). 36  ,  38  Using the 
latter method, the D816V mutation has been 
detected in virtually all patients with ISM or 
ASM (93 % ). 38     

 MANAGEMENT OF PATIENTS WITH 
SYSTEMIC MASTOCYTOSIS 

 An algorithm illustrating our general approach 
for treating patients with SM is presented in 
 Figure 13.2 . Management of mast cell degranu-
lation symptoms includes measures to prevent 
mast cell degranulation, with use of medica-
tions for symptom relief. In all cases, avoidance 
of triggers for mast cell degranulation (e.g. ani-
mal venoms, extremes of temperature, mecha-
nical irritation, alcohol, and emotional and 
physical stress) remains the cornerstone of ther-
apy. Some patients cannot tolerate certain 

 Figure 13.2    A treatment algorithm for systemic mastocytosis.  
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refractory/intolerant mastocytosis. 118        –  122  In a 
prospective multicenter pilot study of ten 
patients, 2-CdA was found to be therapeuti-
cally active in all mastocytosis subsets. 122  While 
all patients had a clinical response, and bone 
marrow mast cell cytoreduction was also noted 
in nine of ten patients, no complete remis-
sions were observed. Myelosuppression was 
the major adverse effect in this study. Wider 
use of single-agent 2-CdA has been restrained 
by the relatively limited experience in this set-
ting; additional data are awaited to clarify the 
optimal dose/schedule of administration, re-
sponse rates in specific mastocytosis subtypes, 
and durability of treatment responses. Given 
the potential for prolonged bone marrow 
aplasia and lymphopenia and associated risk 
of opportunistic infections, its use is probably 
best restricted to select cases with IFN α  refrac-
tory disease.   

 Imatinib mesylate (Gleevec ® ) 

 Imatinib is an orally bioavailable small molecule 
inhibitor of KIT, ABL, ARG, and PDGFR tyrosine 
kinases. Clinically meaningful responses have 
been observed in the rare mastocytosis patient 
with KIT juxtamembrane mutations (e.g. F522C, 
K509I). 42  ,  44  Furthermore, patients who harbor 
 FIP1L1-PDGFRA  also uniformly achieve com-
plete clinical, histological, and molecular/cyto-
genetic responses with ‘low-dose  ’   imatinib 
therapy, in the absence of mutations that confer 
imatinib resistance ( PDGFRA -T764I), which may 
be acquired with clonal evolution. 123        –  127  Finally, 
imatinib is predicted to be effective in SM with 
specific mutations such as V560G 128  and del419, 40  
although clinically proof is lacking to date. It is 
currently recommended that patients with pri-
mary eosinophilia, particularly in the presence 
of increased bone marrow mast cells/increased 
serum tryptase level (i.e. SM-CEL/CEL) 
be screened for presence of  FIP1L1-PDGFRA  
( Figure 13.2 ). Imatinib mesylate, generally at 
the 100   mg daily dose level, is considered to be 
first-line therapy for this group of patients. 129    –  131  
Initiation of imatinib therapy in patients with 
clonal eosinophilia harboring  FIP1L1-PDGFRA  
can rarely lead to cardiogenic shock resulting 

agents; one must keep in mind, however, the 
potential adverse effects, including potentially 
mutagenic effects of the such agents.  

 Cytoreductive treatment in 
systemic mastocytosis 

 Cytoreductive therapy in SM is generally 
reser ved for patients with progressive symp-
tomatic disease and organopathy (‘C  ’   find-
ings) that is directly related to tissue mast cell 
infiltration.  

 Interferon alfa 

 Interferon alfa   (IFN α ) is often considered the 
first-line cytoreductive therapy in SM. 104  IFN α  
is generally started at the dose of 1 million 
units (MU) subcutaneously three times per 
week, followed by gradual escalation to 3 – 5 
MU three to five times per week, if tolerated. 
IFN α  (with or without concomitant cortico-
steroids for synergistic effect) has been reported 
to improve symptoms of mast cell degra n-
ulation, 105  decrease bone marrow mast cell 
infiltration, 106          –  111  and ameliorate mastocytosis-
related ascites/hepatosplenomegaly, 106  ,  107  ,  112  
cytopenias, 113  skin findings, 104  ,  108  ,  114  and osteo-
porosis. 109  ,  110  ,  115  ,  116  The optimal dose and dura-
tion of IFN α  therapy for SM remain uncertain. 
The time to best response may be a year or 
longer 113  and delayed responses to therapy 
have been described. 117  IFN α  treatment is 
frequently (up to 50 % ) complicated by 
toxicities, including flu-like symptoms, bone 
pain, fever, worsening cytopenias, depression, 
and hypo thyroidism. 105  ,  107  Consequently, the 
adverse dropout rate with IFN α  treatment is 
not trivial and must be factored into the treat-
ment strategy. Finally, a significant proportion 
of patients will relapse within several months 
of IFN α  treatment being discontinued, outlin-
ing the largely ‘cytostatic  ’   effect of IFN α  on 
neoplastic mast cells. 105  ,  107    

 2-Chlorodeoxyadenosine/cladribine 

 Single-agent 2-chlorodeoxyadenosine (2-CdA) 
has therapeutic activity in the setting of IFN α  
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WT or  KIT   D816V at nanomolar concentra-
tions. 149  ,  150  In contrast to imatinib, dasatinib 
binds to the ABL and KIT ATP-binding sites 
irrespective of the activation-loop confor-
mation. 151  ,  152  Preliminary data indicate modest 
activity in SM mastocytosis; in one report, 
although 30 %  had symptomatic benefit, only 
two of 24 patients achieved significant mast cell 
cytoreduction (both patients were  KIT  D816V-
negative and achieved complete remission). 153    

 Non-tyrosine kinase inhibitors 

 17-(allylamino)-17-demethoxygeldanamycin 
(17-AAG) is a geldanamycin derivative that 
binds to heat shock protein 90 (hsp90), thus 
enhancing the proteasomal degradation of 
several hsp90 client kinases, including mutant 
KIT. In one report, a dose-dependent decrease 
in phosphorylation of KIT, AKT, and STAT3 
was observed in both human mast cell line 
(HMC) 1.1 and HMC 1.2 cells. 154  Further-
more, 17-AAG inhibited patient-derived neo-
plastic mast cells  ex vivo , relative to mononuclear 
cells. 17-AAG is currently in phase II clinical 
trials for the treatment of mastocytosis.       
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 Polycythemia vera (PV) is characterized by 
clonal proliferation of bone marrow proge-
nitors leading to abnormal production of 
erythroid cell line that is independent of 
physiological growth factor erythropoietin 
(EPO). This notion led investigators to exam-
ine downstream receptors events and patho-
genesis. The diagnosis of this disease has 
advanced considerably with the recent dis-
covery of acquired mutations of Janus kinase 2 
( JAK2 ) gene in the vast majority of patients. 1          –  6  

 Early studies in untreated patients found a 
high incidence of thrombotic events and a life 
expectancy of about 18 months after diagno-
sis. 7  Cytoreductive treatments of blood hyper-
viscosity by phlebotomy or chemotherapy as 
well as antithrombotic therapy have been 
shown to dramatically reduce the number of 
vascular events, though hematological trans-
formations to post-polycythemic myelofibrosis 
(MF) and acute leukemia still represent a 
major cause of death. 8  

 In this chapter, we undertake a short review 
of the seminal studies contributing to the status 
quo up to the year 2000; challenges and unan-
swered questions at the beginning of this 
century; and discuss the most recent develop-
ments in the current state-of-the-art and some 
speculations for the future.  

 SEMINAL STUDIES UP TO 
THE YEAR 2000  

 Pathogenesis 

 Clonality and EPO independence of erythroid 
colonies are the defining features of PV and 

the necessary background for appreciating 
the clinical significance of the discovery of 
 JAK2  mutations. 

 The original studies of clonality in PV used 
a rare polymorphism in the glucose-6-
phosphate dehydrogenase  (G6PD)  gene that 
gives rise to identifiably distinct protein 
products. Red blood cells, platelets, granulo-
cytes, and bone marrow buffy coat showed 
predominant expression of a single allele, 
whereas both alleles were expressed in skin or 
bone marrow fibroblasts. 9  Then, clonality 
assays underwent progressive refinement to 
be useful in a larger proportion of patients 
and to truly reflect X-chromosome inactiva-
tion of genes. Some investigators differen-
tiated between the active and inactive 
X-chromosomes by examining the methyla-
tion status of various genes such as the human 
androgen receptor gene ( HUMARA ). 10  Other 
groups developed a method based on direct 
measurement of X-chromosome mRNA tran-
scripts so as to truly differentiate between 
genes located on the active versus inactive 
X-chromosome. 11  Using these approaches, 
 >  90 %  of informative females with the 
full PV phenotype showed clonal reticulo-
cytes, granulocytes, platelets, and, at times, 
B lymphocytes. 12  

 In 1974 the key observation was made that 
cultures of PV bone marrow cells yielded 
 in vitro  erythroid colonies even when no exog-
enous EPO was added to the culture media. 13  
These have been termed endogenous (or 
EPO-independent) erythroid colonies (EEC). 
It was subsequently shown that the EEC from a 
given patient all expressed the same G6PD 
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allele, and that this was the same allele that 
was expressed in granulocytes and platelets. 14  
By contrast, colonies grown in the presence 
of added EPO were mixed, with some colonies 
expressing one parental G6PD allele and the 
remainder expressing the other. 14  Several 
studies showed that EEC provided a useful 
diagnostic tool and were found in almost all 
PV patients. 15  ,  16  However, the mechanism(s) 
responsible for EEC remained obscure. An 
important clue was the reported hypersensi-
tivity of PV progenitors to several different 
growth factors including stem cell factor 
(SCF), interleukin-3 (IL-3), granulocyte-
monocyte colony-stimulating factor (GM-CSF), 
and insulin-like growth factor-1 (IGF-1). 17  ,  18  
These findings were consistent with a model 
in which the acquired pathogenetic lesion in 
PV was not restricted to the EPO receptor 
molecule. Thus, the search for a defect in a 
downstream signal transduction pathway com-
mon to multiple different receptors was 
started.   

 Diagnosis 

 The Polycythemia Vera Study Group (PVSG) 
was the first to formulate a set of diagnostic 
criteria for PV, 19  initially aimed at enrolling a 
uniform patient population with overt disease 
for studies on therapeutic intervention. Conse-
quently, if these stringent criteria are adopted, 
patients in the initial stages of the disease may 
be excluded from this diagnosis. For such 
individuals, more specific techniques inclu-
ding cytogenetic studies, endogenous colony 
formation, and serum EPO assay were deve-
loped. 20  A revision of the PVSG criteria that 
also takes into account these latter findings 
was proposed by the WHO and is reported in 
 Table 14.1 . 21  The WHO retained the PVSG 
concept of distinguishing major and minor 
diagnostic criteria but it should be recognized 
that robust tools for the diagnosis of PV were 
still lacking. The available tests were expen-
sive, not universally available, and lacking in 
sensitivity and specificity. This uncomfortable 
situation prompted several investigators to 
look for a molecular diagnostic marker.   

 The first molecular marker described for 
PV was a reduced expression of the throm-
bopoietin (TPO) receptor, c-Mpl. Moliterno 
et al. 22  reported that c-Mpl expression was 
markedly reduced on platelets of 34 of 34 PV 
patients as well as 13 of 14 MF patients but not 
in patients with chronic myeloid leukenia 
(CML) or secondary erythrocytosis (SE). 
These authors also demonstrated the feasibil-
ity of using Western blotting to quantify c-Mpl 
protein for the diagnosis of PV: in a cohort of 
27 PV and 19 SE patients, this assay showed a 
sensitivity of 96 %  and a specificity of 95 %  for 
the distinction of PV from SE. 23  However, 
these promising findings were not confirmed 
by other studies. 24  Technical differences may 
in large part account for the discrepancies, 
emphasizing the logistic difficulties involved 

 Table 14.1    World Health Organization criteria for 
polycythemia vera 21   

  Major criteria  

Elevated red cell mass  > 25 %  above mean normal 
predicted value, or hemoglobin  > 18.5   g/dl in men, 
16.5   g/dl in women, or  > 99th centile of method-specific 
reference range for age, sex, and altitude of residence

No cause of secondary erythrocytosis, including:

   absence of familial erythrocytosis

   no elevation of erythropoietin owing to:

      hypoxia (arterial  p  O  2  ≤    92 % )

    high oxygen affinity hemoglobin

    truncated erythropoietin receptor

    inappropriate erythropoietin production by tumor

Splenomegaly

Clonal genetic abnormality other than Philadelphia 
chromosome or  BCR-ABL  fusion gene in marrow cells

Endogenous erythroid colony formation  in vitro 

  Minor criteria  

Thrombocytosis  > 400  ×  10 9 /l

Leukocytosis  > 12  ×  10 9 /l

Bone marrow biopsy showing panmyelosis with 
prominent erythroid and megakaryocytic proliferation

Low serum erythropoietin levels

  Diagnosis requires the presence of the first two major criteria 
together with either any one other major criterion or two minor 
criteria  .
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The incidence of acute leukemia, myelofi-
brosis, and death were compared with the 
incidence in 134 patients treated only with 
phlebotomy in the PVSG-01 protocol. There 
were no significant differences in any of the 
three parameters, although the hydroxyurea 
group showed a tendency to more acute leu-
kemias (9.8 %  versus 3.7 % ), less myelofibrosis 
(7.8 %  versus 12.7 % ), and fewer total deaths 
(39.2 %  versus 55.2 % ). 

 Based on these studies, the PVSG produced 
the following recommendations. Phlebotomy 
was suggested in all patients to keep the hema-
tocrit below 0.45. Stable patients at low risk 
for thrombosis (age  < 60 years, no history of 
thrombosis) might not require additional 
therapy. In patients at high risk of thrombosis 
or with a very high phlebotomy requirement 
or progressive splenomegaly, the choice of a 
myelosuppressive agent was age adapted. 
Older patients could be managed with  32 P, 
busulfan, or pipobroman, whereas hydroxyurea 
was considered the agent of choice in younger 
patients. 

 In a small nandomized controlled trial, the 
PVSG evaluated the role of aspirin in PV. 30  
A group of 166 patients were randomly 
assigned to the combination of high-dose 
aspirin (900   mg daily) plus phlebotomy and 
dypiridamole versus  32 P. The trial was stopped 
because of an excess of major bleeding without 
the demonstration of efficacy in thrombosis 
prevention. This study had a significant impact 
on clinical practice: in a recent survey among 
American physicians it was reported that the 
use of aspirin was reserved to a minority of PV 
patients owing to the concern of safety. 31     

 CHALLENGES AT THE BEGINNING 
OF THIS CENTURY 

Factors to be determined include:  

  (1)   Pathogenic mechanism(s) underlying 
clonal and EPO-independent hemato-
poiesis in PV;  

  (2)   Molecular markers of the disease to be 
used as a sound diagnostic tool;  

in using Western blotting as a diagnostic tool. 
Soon after, another molecular marker of PV 
was proposed, that is quantification of poly-
cythemia rubra vera-1 (PRV-1) receptor. 25  The 
PRV-1 mRNA was found to be 8- to 64-fold 
overexpressed in granulocytes from PV 
patients compared with patients with SE and 
healthy controls. A quantitative reverse tran-
scriptase polymerase chain reaction (RT-PCR) 
assay was developed and validation of this assay 
on 48 PV patients, 34 healthy controls, and 
eight patients with SE revealed a sensitivity 
and specificity of 100 % . 26  Further experiences 
with this assay were less favorable 27  ,  28  and its 
current role in the diagnosis of PV is marginal, 
if any. 20  Nevertheless, the way was opened 
for a molecularly based identification of the 
disease.   

 Therapy 

 The modern therapy of PV started with the 
PVSG studies. In the first trial, 19  431 patients 
were randomized to one of the following treat-
ments: phlebotomy alone, radiophosphorus 
( 32 P) plus phlebotomy, and chlorambucil plus 
phlebotomy. Patients treated with phlebo t-
omy alone had a better median survival time 
(13.9 years) than those receiving  32 P (11.8 years) 
or chlorambucil (8.9 years). Causes of death 
were different in the three groups. Phleboto-
mized patients showed an excess of mortality 
within the first 2 – 4 years, principally caused by 
thrombotic complications. Those in the two 
myelosuppression arms suffered higher rates 
of acute leukemia and other malignancies 
developing later during the follow-up. The 
incidence of  MF  was virtually identical in the 
three arms. 

 In the late 1970s, the search for a non-
mutagenic myelosuppressive agent led the PVSG 
to investigate hydroxyurea, an antimetabolite 
that prevents DNA synthesis by inhibiting the 
enzyme ribonucleoside reductase. At that 
time, it was assumed that this agent would not 
be leukemogenic or carcinogenic. In the 1997 
PVSG report, 29  51 PV patients treated with 
hydroxyurea were followed for a median and 
maximum of 8.6 and 15.3 years, respectively. 
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in the JH2, or pseudokinase, domain, which 
negatively regulates the kinase domain. This 
change in a single amino acid renders the 
JAK2 enzyme constitutively active. Biochemi-
cal studies have shown that the  JAK2  V617F 
mutation causes cytokine-independent activa-
tion of JAK-STAT and other pathways, all of 
which are implicated in intracellular EPO-
receptor signaling. 1  ,  2  ,  5  

 In mice,  JAK2  V617F induces a PV-like dis-
ease with erythrocytosis, low serum EPO level, 
splenomegaly, extramedullary hematopoiesis, 
granulocytosis, megakaryocytic hyperplasia, 
and delayed-onset bone marrow fibrosis and 
anemia. 1  Primary blood and spleen cells from 
mice with  JAK2  V617F-induced ‘PV  ’   display 
constitutive STAT5 activation and endogenous 
and EPO-hypersensitive erythroid colony 
formation. 34  

 In man, the mutation occurs in about 95 %  
of patients with PV and in approximately 50 %  
of those with essential thrombocythemia (ET) 
and primary myelofibrosis. 1          –  6  Conversely,  JAK2  
V617F was found in <3 %  of  de novo  patients 
with myelodysplastic syndrome or acute 
myeloid leukemia and is virtually absent in 
patients with chronic myeloid leukemia. 35  
Interestingly, the remaining 5 %  of patients 
with V617F-negative PV may have other  JAK2  
mutations with functional effects similar to 
those of V617F. Scott  et al . have recently 
described four in-frame deletions or tandem 
point mutations in exon 12 of the  JAK2  gene. 36  
As for V617F, the exon 12  JAK2  mutations 
induce cytokine-independent proliferation of 
cell lines that express EPO receptor and 
cause these cells to become hypersensitive to 
cytokines. 

 Overall, the V617F (and exon 12)  JAK2  
mutations provide a unifying explanation 
for many features of the myeloproliferative 
disorders and are now regarded as a major 
breakthrough in the understanding of the 
pathogenesis of these disorders and as a target 
for the development of new treatments. 37  ,  38  
However, it is becoming increasingly evident 
that  JAK2  mutations are not an essential com-
ponent for MPD other than PV and might not 
be the initial clonogenic event even in PV. 39  

  (3)   Impact of the therapeutic PVSG recom-
mendations on survival and major clini-
cal complications;  

  (4)   Efficacy and safety of low-dose aspirin in 
preventing thrombosis     .

 IMPORTANT DEVELOPMENTS 
SINCE THE YEAR 2000  

 Pathogenesis 

 One approach to identifying genetic muta-
tions associated with PV was to screen PV 
patients using microsatellite markers and 
search for loss of heterozygosity. Loss of 
heterozygosity signifies loss of an allele in a 
gene pair. Using this approach, loss of hete-
rozygosity in the short arm of chromosome 9 
was found in six of 20 PV patients screened. 32  
This finding provided a starting point for later 
investigators, who more closely examined the 
short arm of chromosome 9 for pathogenic 
mutations. 

 A second approach relied on the loss of 
erythropoietic functions owing to various 
inhibitors. EPO exerts its effect on erythro-
poiesis through the EPO receptor. Binding of 
EPO to the homodimer receptor results in a 
conformational change with consequent 
phosphorylation and activation of JAK2. The 
activated JAK2 then initiates a cascade of intra-
cellular signalling promoting erythroid proli-
feration and differentiation. A role for JAK2 in 
the pathogenesis of PV was first suggested by 
experiments in which inhibition of the JAK2 
pathway by a short inhibitory RNA prevented 
the formation of EPO-independent colonies 
and the erythroid differentiation of PV cells. 33  
These experiments prompted a closer exami-
nation of the  JAK2  gene for any mutations. 

 Using either loss of heterozygosity or func-
tion strategies to screen for genetic mutations, 
in 2005 several groups of investigators 
described the V617F mutation. 1          –  6  JAK2 V617F, 
resulting from a G to T somatic mutation at 
nucleotide 1849 in exon 14, causes the substi-
tution of valine with phenylalanine at position 
617 of the JAK2 protein. This residue is located 
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false-negative results in patients with a low 
allele burden. 40  In general, quantitative PCR 
assays are preferred, because they enable 
accurate assessment of allele burden as well as 
molecular monitoring of treatment response 
and residual disease. 

 Recently, the WHO ’ s committee on hemato-
logical cancers revised the diagnostic criteria 
for diagnosis of PV including information on 
 JAK2  mutations, as outlined in  Table 14.2 . 41  
Most of the previous major and minor WHO 
criteria ( Table 14.1 ) were considered no longer 
necessary and replaced by adding ‘presence of 
 JAK2  V617F or other functionally similar  JAK2  
mutation  ’   as a major criterion ( Table 14.2 ). 
Accordingly, two ‘major  ’   criteria have been 
proposed: laboratory evidence of increased 
hemoglobin, hematocrit, or red cell mass 
(RCM); and the presence of a  JAK2  mutation.

  Similarly, three biologically relevant ‘minor  ’   
criteria have been suggested: MPD-consistent 
bone marrow histology; decreased serum 
erythropoietin level; and presence of endoge-
nous erythroid colonies. Diagnosis of PV 
under the new proposed criteria will require 
either the presence of both major criteria and 
at least one minor criterion or the presence of 
the first major criterion and at least two minor 
criteria ( Table 14.2 ). 

 In the first major criterion, a documented 
increase of hemoglobin or hematocrit has 
been added to help bypass the need for 

Future studies should be addressed to identify 
the molecular mechanism(s) underlying  JAK2 -
negative ET and MF and to establish whether 
cooperating mutations occur at an early stage 
of  JAK2 -positive MPD even predating the  JAK2  
mutation.   

 Diagnosis 

 The discovery of  JAK2  mutations provides 
an excellent molecular marker for the diag-
nosis of PV, since virtually all patients with PV 
carry  JAK2  mutations, whereas those with 
secondary polycythemia do not. Testing for 
the  JAK2  V617F mutation is now widely avail-
able and allows simplification of the diagnostic 
work-up. 

 Allele-specific PCR assay, pyrosequencing, 
restriction-enzyme digestion, and real-time 
PCR are all sufficiently sensitive to detect 
the presence of heterozygous mutation in as 
few as 5 – 10 %  of cells. 37  These assays have low 
false-positive rates, making them useful diag-
nostic tools. However, it should be recognized 
that the current  JAK2 -mutation screening tests 
are not standardized and quality control is not 
guaranteed, so that molecular testing should 
not be substituted for sound clinical judg-
ment. 40  It is important to consider not only 
that highly sensitive assays can detect low 
levels of  JAK2  V617F in healthy people, but 
also that inadequately sensitive assays lead to 

 Table 14.2    Proposed revised World Health Organization criteria for polycythemia vera. 41  Diagnosis requires the 
presence of both major criteria and one minor criterion  or  the presence of the first major criterion together with 
two minor criteria  

  Major criteria  

Hemoglobin  > 18.5   g/dl in men, 16.5   g/dl in women  or  another evidence of increased red cell volume * 

Presence of  JAK2  V617F or other functionally similar mutation such as  JAK2  exon 12 mutation

  Minor criteria  

Bone marrow biopsy showing hypercellularity with trilineage hyperplasia (panmyelosis) with prominent erythroid, 
granulocytic, and megakaryocytic proliferation

Low serum erythropoietin level

Endogenous erythroid colony formation  in vitro 

    *   Hemoglobin or hematocrit  > 99th centile of method-specific reference range for age, sex, and altitude of residence,  or  hemoglobin 
 > 17   g/dl in men, 15   g/dl in women if associated with a documented and sustained increase of at least 2   g/dl from an individual ’ s baseline 
value that cannot be attributed to correction of iron deficiency,  or  elevated red cell mass  > 25 %  above mean normal predicted value.   
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mended by the hematologist in charge of their 
care. The procedures in the study were 
planned to mimic the routine care of patients 
with PV. Data collection was specifically 
recorded at follow-up visits at 12, 24, 36, 48, 
and 60 months, respectively. The mean dura-
tion of follow-up was 2.7 years (0 – 5.3 years). 

 The main outcome measures were fatal, 
major, and minor thrombosis. Major thrombo-
sis included cerebral ischemic stroke, myocar-
dial infarction, peripheral arterial thrombosis, 
and venous thromboembolism. All fatal and 
major events were objectively documented 
and validated by an ad-hoc committee of 
expert clinicians blinded to patients ’  treat-
ment assignment. Hematological evolution to 
myelofibrosis or acute leukemia and overall 
mortality were also evaluated. Standard statis-
tical methods were used for analysis.   

 Clinical course of patients  
 Of the 1638 enrolled patients 35 %  had been 
newly diagnosed or diagnosed in the 2 years 
before registration, whereas in 27 %  and 38 %  
of cases the diagnosis of PV had been made 
between 2 and 5 years, and more than 5 years 
prior to registration, respectively. Median age 
at diagnosis and at registration was 60 and 
65 years, respectively. Thrombotic events 
before registration were documented in 633 
(38.4 % ) cases. The median duration of 
follow-up from registration was 2.8 years 
(range 0 – 5.3 years) and the median time 
elapsed from diagnosis was 6.3 years (range 
1 – 18 years). Overall mortality during follow-up 
was 3.5 deaths/100 persons per year. As 
compared with the general Italian population 
standardized for age and sex, the excess of 
mortality of PV patients was 2.1 times. Cardio-
vascular events, hematological transformation 
(mainly acute leukemia), and major bleeding 
were responsible for 41 % , 13 %  and 4 %  of 
deaths, respectively. 

 During follow-up, non-fatal major throm-
boses were observed in 122 patients (7.4 % ), 
of which 87 were arterial (53 cerebral isch-
emia, 14 acute myocardial infarction, and 
20 peripheral arterial thrombosis) and 50 (3 % ) 
were venous. Progression to MF occurred in 

RCM measurement. This assay is a technically 
demanding procedure that is difficult to stan-
dardize and many laboratories have greatly 
reduced or abandoned the test. 20  Neverthe-
less, the diagnostic relevance of RCM measure-
ment is still a matter of debate 20  ,  42  and it was 
considered wise, for the moment, to maintain 
this test in the revised criteria. 

 Other proposals for diagnosis of PV inclu-
ding  JAK2  mutations have been put forward. 38  
Which of these diagnostic combinations will 
become the standard of practice is a challenge 
for the future.   

 Therapy  

 European Collaboration on Low-dose Aspirin 
in Polycythemia Vera study 

 The long-term effect of the management 
recommendations proposed by the PVSG 
investigators, as well as the role of low-dose 
aspirin in the prevention of thrombosis in PV 
patients, have been investigated in a large, 
prospective collaborative study carried out in 
Europe called European Collaboration on 
Low-dose Aspirin in Polycythemia Vera  
(ECLAP). 8  ,  43   

 General design  
 The ECLAP study included a network of 94 
hematological centers from 12 countries and 
an international coordinating center in Italy 
(Consorzio Mario Negri Sud). Overall, 1638 
PV patients were included in the study. In all, 
518 (32 % ) of these patients were entered into 
a parallel, double-blind, placebo-controlled, 
randomized clinical trial aimed at assessing 
the efficacy and safety of low-dose aspirin. 43  
The remaining 1120 (68 % ) were registered 
into an observational, prospective, cohort 
study. 8  The main reasons for excluding the 
patients from the randomized trial were the 
need for antithrombotic therapy (66 % ), 
contraindication to aspirin (24 % ), and 
patients ’  unwillingness (18 % ). 

 Diagnosis of PV was based upon the criteria 
established by the PVSG 19  and patients were 
asked to adhere to the treatment recom-
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‘high-risk  ’   category. This classification forms 
the rationale for a risk-adapted therapy. 47    

 The aspirin trial  
 The efficacy and safety of low-dose aspirin 
(100   mg daily) has been formally assessed in a 
nested double-blind, placebo-controlled, ran-
domized clinical trial carried out in the frame 
of the ECLAP project. 43  A total of 518 patients 
(32 %  of the total ECLAP study population) 
without a clear indication or contraindication 
to aspirin were enrolled. Median age at recruit-
ment was 61 years and 59 %  of patients were 
males. Previous cardiovascular events were 
reported in only 10 %  of cases, so that this trial 
included mainly an asymptomatic, low-risk 
population. Median follow-up was 2.8 years. 
Aspirin lowered significantly the risk of a 
primary combined end-point including car-
diovascular death, non-fatal myocardial infarc-
tion, non-fatal stroke, and major venous 
thromboembolism (relative risk 0.4, 95 %  CI 
0.18 – 0.91,  p   =  0.0277). Total and cardiovas-
cular mortality were also reduced by 46 %  and 
59 % , respectively. Major bleeding was only 
slightly increased by aspirin (relative risk 1.6, 
95 %  CI 0.27 – 9.71). Thus, the results of this 
trial have eliminated the concern raised by 
the PVSG about the benefit – risk ratio of 
aspirin in PV. 

 In other studies, aspirin at different 
doses (30 – 500   mg/day) has been found to 
control microvascular symptoms, such as 
erythro me lalgia, and transient neurological 
and ocular disturbances including dysarthria, 
hemipa resis, scintillating scotomas, amaurosis 
fugax, migraine, and seizures. 48     

 Current treatment recommendations 
( Figure 14.1 ) 

  Based on the PVSG seminal randomized con-
trolled trial, 19  phlebotomy is recommended in 
all patients with PV and should represent the 
only cytoreductive treatment in patients at 
low-risk for vascular complications. The target 
hematocrit of 45 %  in males and 42 %  in 
females was suggested by this study group, 

38 patients (2.3 % ), with an incidence rate of 
approximately 1 %  per patient-year. Transfor-
mation in acute leukemia during 2.7 years 
follow-up was registered in 22 cases (1.3 % ) 
with a median time lapse from diagnosis of 
6.3 years.   

 Risk stratification  
 In the ECLAP study, the incidence of cardio-
vascular complications was higher in patients 
aged more than 65 years (5.0 %  per patient-
year, hazard ratio 2.0, 95 %  confidence interval 
(CI) 1.22 – 3.29,  p  <0.006) or with a history of 
thrombosis (4.93 %  per patient-year, hazard 
ratio 1.96, 95 %  CI 1.29 – 2.97,  p      =     0.0017) than 
in younger subjects with no history of throm-
bosis (2.5 %  per patient-year, reference cate-
gory). Patients with both a history of 
thrombosis and age  > 65 years had the highest 
risk of cardiovascular events during follow-up 
(10.9 %  per patient-year, hazard ratio 4.35, 
95 %  CI 2.95 – 6.41,  p   <0.0001). These data 
confirm previous findings that increasing age 
and a history of thrombosis are the two most 
important prognostic factors for the develop-
ment of vascular complications. 19  Other signi-
ficant predictors of survival and cardiovascular 
morbidity were smoking, diabetes mellitus, 
and congestive heart failure. 

 In a more recent re-evaluation of the pre-
dictors of thrombosis in the patients enrolled 
in the ECLAP study, a relevant role for the white 
blood cell (WBC) count has been reported. 
Patients with a WBC count  > 15  ×  10 9 /l, com-
pared with those with a WBC count <10  ×  10 9 /l, 
had a significant increase in the risk of throm-
bosis (hazard ratio 1.71, 95 %  CI 1.10 – 2.65,
 p   =  0.017), mainly deriving from an increased 
risk of myocardial infarction (hazard ratio 
2.84, 95 %  CI 1.25 – 6.46,  p   =  0.013). 44  This 
finding has been confirmed also in patients 
with ET. 45  ,  46  

 Overall, patients with PV should be strati-
fied into different risk categories on the 
basis of their probability of developing throm-
botic complications. Young age and no prior 
thrombosis define a low-risk category, whereas 
age  > 65 years or prior thrombosis define a 
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as first-line therapy; however, concerns regard-
ing its leukemogenic potential should be 
carefully considered. 52    –  54  

 To date there are no randomized studies 
with sufficient power to assess the relative risk 
of malignant transformation in MPD patients 
given hydroxyurea. These disorders have an 
inherent tendency to evolve into acute leuke-
mia, even in the absence of specific therapy. 
Thus, studies that enrolled patients in need of 
therapy automatically selected patients with 
more active disease and a higher propensity to 
malignant transformation. Furthermore, leu-
kemic transformation occurs after a lead time 
of several years and only long-term studies 
with a large number of patients are suitable to 
assess this issue. 55  

 The 1638 patients prospectively enrolled in 
the ECLAP study, with a median disease dura-
tion of 6.3 years, represent an appropriate 
population to reach this goal. In a recent anal-
ysis of the leukemogenic risk in these patients, 
hydroxyurea alone did not enhance the risk of 
leukemia in comparison with patients treated 
with phlebotomy only (hazard ratio 0.86, 95 %  
CI 0.26 – 2.88,  p   =  0.8). 56  During the same 
period, the risk was significantly increased 
by exposure to radiophosphorus, busulfan or 
pipobroman (hazard ratio 5.46, 95 %  CI 1.84 –
 16.25,  p    =  0.002). The use of hydroxyurea in 
patients already treated with alkylating agents 
or radiophosphorus also enhanced the leuke-
mic risk (hazard ratio 7.58, 95 %  CI 1.85 – 31,  
p    =  0.0048) and this was seen also in ET. 56  ,  57  

 Thus, the bulk of evidence does not support 
a leukemogenic risk for hydroxyurea but the 
debate on whether acute leukemia is part of 
the natural history of PV or is a consequence 
of therapy is still matter of discussion. It is wise 
to adopt a cautionary principle and to con-
sider carefully the use of this agent in young 
subjects and in those previously treated with 
other myelosuppressive agents or carrying 
cytogenetic abnormalities.   

 Interferon alfa    
 The use of interferon alfa   (IFN α)  in PV was 
pioneered by Silver. 58  IFN α  suppresses the 

although not supported by solid data. This 
recommendation was taken by Pearson and 
Wetherley-Main, 49  who showed in univariate 
analysis a correlation between thrombosis and 
hematocrit when this was  > 45 % . In the ECLAP 
study, despite the recommendation of main-
taining the hematocrit values at <45 % , only 
48 %  of patients had hematocrit values below 
this threshold, while 39 %  and 13 %  had values 
between 45 %  and 50 %  and  > 50 % , respec-
tively, and no correlation was found between 
hematocrit level and thrombotic complica-
tions or mortality. 50  Thus, an appropriate con-
trolled study to establish the real hematocrit 
target in PV is needed. 

 Given the results of the ECLAP trial, 43  low-
dose aspirin (100   mg daily) is recommended 
in all PV patients without a history of major 
bleeding, gastric intolerance, or extreme 
values of thrombocytosis. However, previous 
gastrointestinal bleeding is not an absolute 
contraindication to the prophylactic use of 
aspirin since the use of proton pump inhibi-
tors may overcome the risk of gastric bleeding 
owing to aspirin. 51   

 Hydroxyurea  
 Hydroxyurea is highly effective in patients with 
myeloproliferative disorders (MPD) at high 
risk of thrombosis and should be considered 

 Figure 14.1    Flow-chart of recommended treatment for 
patients with polycythemia vera (PV).  

Diagnosis of PV

Phlebotomy to maintain hematocrit <45%
plus low-dose ASA, 81–100 mg/day

Cytoreductive therapy

Hydroxyurea as first-line therapy
Interferon in selected patients (age <40 years;
pregnancy; intractable pruritus; intolerance to
hydroxyurea)

If high risk of thrombosis,
    or poor compliance to phlebotomy
    or progressive myeloproliferation
    (splenomegaly, leukocytosis, and thrombocytosis)
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generated great interest in determining if 
patients would be sensitive to small molecular 
agents specific to the pseudokinase domain of 
JAK2 or to other tyrosine kinase inhibitors. 

 Pilot clinical studies have explored whether 
imatinib may have a role in PV. Silver  et al . 
have reported responses in a small group of 
PV patients at doses up to 800   mg/day. 64  
Imatinib was effective in reducing phlebotomy 
requirements, lowering abnormal platelet 
counts, and reducing spleen size. The relation 
of imatinib treatment and  JAK2  mutation was 
evaluated by Jones et al. in nine PV patients for 
whom pretreatment samples were available. 65  
They reported two cases who achieved com-
plete hematological remission and a 2 – 3-fold 
reduction in the percentage of V617F alleles. 
However, the clinical experience with this 
drug is still very limited and we do not recom-
mend imatinib for the current treatment of 
patients with PV. 

 Recently, semisynthetic pegylated forms of 
IFN α  (peg-IFN α ) have been used to treat 
MPD, which in a limited number of studies 
have been shown to be superior to unmodi-
fied IFN as related to its adverse event profile 
and efficacy. 66  In one study, the use of peg-
IFN α -2a was able to decrease the percentage 
of mutated JAK2 allele in 24 of 27 treated PV 
patients from a mean of 49 %  to a mean of 
27 % . 67  A more limited effect of other forms of 
peg-IFN α -2b on  JAK2  mutational status has 
been reported. 68  ,  69  Further studies are needed 
to establish whether the reduction of  JAK2  
V617F allele burden is clinically relevant and 
whether its monitoring during therapy is of 
any value. 

 A series of more specific  JAK2  V617F inhi-
bitors with promising potency and pharma-
ceutical properties for utility in the therapy 
of PV have been recently synthesized. 70    –  72  
Preliminary data indicated that at least some 
of these small molecules inhibit cell growth 
that is dependent on constitutive JAK2/STAT 
signaling and preferentially suppress growth 
of progenitors carrying JAK-activating muta-
tions, Thus, these drugs hold promise as 
molecularly targeted agents for the therapy of 
patients with PV.       

proliferation of hematopoietic progenitors, 
has a direct inhibiting effect on bone marrow 
fibroblast progenitor cells, and antagonizes 
the action of platelet-derived growth factor  , 
transforming growth factor-β and other 
cytokines, which may be involved in the devel-
opment of myelofibrosis. 59  

 Published reports concern small consecu-
tive series of patients in whom hematological 
response and side-effects were evaluated. One 
review analyzed the cumulative experience 
with IFN α  in 279 patients from 16 studies. 60  
Overall responses were 50 %  for reduction of 
hematcrit to <0.45 %  without concomitant 
phlebotomies, 77 %  for reduction in spleen 
size, and 75 %  for reduction of pruritus. Results 
from single-institution studies with long-term 
follow-up were similar. 61  ,  62  

 In a review article, Silver updated his experi-
ence on the long-term use (median 13 years) 
of IFN α  in 55 patients with PV. 63  Complete 
responses, defined by phlebotomy free, hema-
tocrit <45 % , and platelet number below 
600   000/ µ l, were reached in the great majority 
of cases after 1 – 2 years of treatment and the 
maintenance dose could be decreased in half 
of the patients. Noteworthy is the absence of 
thrombohemorrhagic events during this long 
follow-up. 

 The main problem with IFN α  therapy, apart 
from its costs and parenteral route of adminis-
tration, is the incidence of side-effects. Fever 
and flu-like symptoms are experienced by 
most patients and usually require treatment 
with paracetamol. Signs of chronic IFN α  tox-
icity, such as weakness, myalgia, weight and 
hair loss, severe depression, and gastrointes-
tinal and cardiovascular symptoms, make it 
necessary to discontinue the drug in about 
one-third of patients. 60  Overall, the role of 
IFN α  in PV therapy requires controlled clini-
cal trials evaluating long-term clinical end-
points.    

 Future scenarios 

 The description of the V617F point mutation 
in the JAK2 kinase of patients with PV has 
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 INTRODUCTION 

 Myelofibrosis is a term that is applied to both 
clonal, primary disorders of the bone marrow 
and secondary, reactive processes. The dis ease 
phenotype that is currently referred to as chro-
nic idiopathic myelofibrosis (CIMF) includes 
both  de novo  disease presentation (also refer-
red to as myelofibrosis with myeloid metapla-
sia (MMM) or agnogenic myeloid metaplasia 
(AMM)), and disease developing in the setting 
of polycythemia vera (PV; post-polycythemic 
mylofibrosis, post-PV MF) or essential throm-
bocythemia (ET; post-thrombocythemic myelo-
fibrosis, post-ET MF), usually at a rate 10 – 15 %  
after 10 – 20 years of follow-up. 1  In either case it 
represents stem cell-derived clonal myelopro-
liferation that is accompanied by intense bone 
marrow stromal reaction including collagen 
fibrosis, osteosclerosis, and angiogenesis. 1  These 
entities have been recently reclassified and 
renamed by the International Working Group 
for Myelofibrosis Research and Treatment 
(IWG-MRT). 2  This group has recommended 
standardizing the nomenclature referring to 
CIMF and made the following suggestions: 
(1) the term primary myelofibrosis (PMF) 
should be used to refer to this entity, and is 
preferable to others such as CIMF, AMM, and 
MMM; (2) myelofibrosis that develops in the 
setting of either PV or ET should be referred 
to as post-PV MF and post-ET MF, respecti-
vely; and (3) ‘leukemic  ’   transformation should 
be referred to as blast phase (e.g. PMF-BP, 
post-PV/ET MF in blast phase). This nomen-
clature clarification is awaiting formal accep-
tance by the Steering Committee for Revisions 
of the World Health Organization (WHO) 
Classification of Hematopoietic and Lymphoid 

Neoplasms. In this chapter we refer to 
patients with myelofibrosis, whether primary 
or secondary, and to ET or PV, as patients 
with CIMF.   

 CLINICAL FEATURES 

 CIMF is a heterogeneous disorder with variable 
age of onset, presenting features, phe notypic 
manifestations, and prognosis. It is estimated 
that 701 patients were diagnosed with myelofi-
brosis in 2003 in the US, the only year for 
which statistics are available to date. 3  However, 
it is widely believed that this represents an 
underestimation of the actual incidence. The 
incidence increases with age, with the median 
age at diagnosis being 67 years, 4  although 
patients may present in the 3rd to 5th decades 
of life. 5  Average life expectancy is approxi-
mately 5 – 7 years, although younger patients 
with good prognostic features may have a life 
expectancy of 15 years or more. 4  ,  5  

 Clinical presentation of patients diagnosed 
with CIMF may range from being asympto-
matic, with their disease discovered on 
inve stigation for occult causes of leukocytosis 
or splenomegaly, to being severely debilitating. 
Myeloproliferation is one of the major 
fea tu res of the disease and can lead to a 
spectrum of clinical problems ranging 
from asymptomatic mild leukocytosis and/or 
thrombocytosis to severe organ damage. Clini-
cal consequen ces of myeloproliferation can 
lead to morbidity and mortality from either a 
direct effect owing to increases in circulating 
cells or indirectly owing to organ damage 
resulting from sequestration of immature cells 
and production of blood cells in sites other 
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than the bone marrow, a phenomenon known 
as extramedullary hematopoiesis (EMH). This 
is commonly manifested as marked hepatosple-
nomegaly, with associated pain, early satiety, 
sequestration of erythrocytes and platelets, 
and portal hypertension. 6  In addition, non-
hepatosplenic EMH might cause symptoms in 
various other organs including the lungs 
(e.g. respiratory distress and pulmonary hyper-
tension), peritoneum (e.g. ascites), spine (e.g. 
paralysis), and pericardium (e.g. tamponade). 7  
Current evidence suggests that sequestration 
of circulating myeloid progenitors is the 
underlying cause of EMH in CIMF. 8  Although 
most frequently leukocytosis by itself is 
asymptomatic, extreme elevations of leuko-
cytes (i.e.  > 100  ×  10 9 /l), particularly when a 
large percentage of them are immature 
(increasing myeloblasts as oppo sed to mature 
neutrophils), may be associated with leukosta-
sis. This latter phenomenon is not common in 
CIMF and when it occurs is more likely in the 
setting of leukemic transformation. Thrombo-
cytosis is more common and may lead to 
vascular events (i.e. thrombosis or bleeding). 

 Cytopenias of varying severity also are char-
acteristic of CIMF and are frequently multi-
factorial. Anemia is the most common cytopenia 
resulting from factors such as ineffective 
hem atopoiesis, decreased marrow reserve 
as a direct result of collagen fibrosis and osteo-
sc lerosis, splenic sequestration, myelosup-
pression owing to cytoreductive therapy, 
hemolysis, bleeding from the gastrointestinal 
tract inclu ding variceal bleeding, and occa-
sionally coexistent deficiencies of iron, vita-
min B12 or folate. Thrombocyto penia in CIMF 
might be secondary to ineffective hematopoi-
esis, sple nic sequestration, and increased con-
sumption from disseminated intravascular 
coagulation (DIC). Leukopenia occurs less 
frequently and is rarely severe. 

 Constitutional symptoms can be quite debili-
tating in CIMF and include significant fatigue, 
weight loss, night sweats, fever, and pruritus. 9  
These symptoms can dominate the clinical 
presentation and frequently do not respond 
to most of the medical interventions currently 
being employed in the disorder. 1  It has been 

postulated that the constitutional symp toms 
may be caused at least in part to tumor necrosis 
factor- α  (TNF- α ). Interestingly, in a pilot study 
involving 22 patients with CIMF, treatment with 
etanercept (TNF- α  antagonist) produced an 
improvement in constitutional symptoms in 60 %  
of patients. 10  

 Among the most feared complications of 
CIMF is leukemic transformation, occurring 
in 10 – 20 %  of patients in the first 10 years after 
diagnosis. 11  This transformation is nearly always 
to a myeloid phenotype, most frequently M7 
(megakaryocytic). Cytogenetic abnormalities 
are identified in approximately 90 %  of patients 
at the time of transformation. The outcome 
after transformation is very poor, with a median 
survival of only approximately 3 months. 11  
Other causes of death for patients with CIMF 
include infection, bleeding, organ failure, and 
portal hypertension.   

 PATHOGENETIC INSIGHTS AND 
NOVEL DIAGNOSTIC CRITERIA 
FOR CHRONIC IDIOPATHIC 
MYELOFIBROSIS 

 Approximately 30 – 50 %  of patients with CIMF 
have cytogenetic abnormalities identified. 12  
The most frequently encountered cytogenetic 
abnormalities include 13q − , 20q − , trisomy 8, 
and abnormalities of chromosomes 1, 7, and 9. 
A recent study reported that those with no 
cytogenetic abnormalities and those with inter-
stitial deletions of chromosomes 13 or 20 have 
a similar outcome, while those with other abnor-
malities have a significantly worse outcome. 13  

 Until recently, the molecular underpinnings 
of  BCR-ABL -negative myeloproliferative disor-
ders (MPD) have remained elusive. However, 
several groups recently described almost simul-
taneously a novel activating somatic point 
mutation in the gene encoding the cytoplas-
mic Janus kinase 2 (JAK2), characterized by 
the replacement of valine by phenylalanine 
at codon 617 (JAK2 V617F) in exon 14. 14  In 
these reports, this mutation was identified in 
37 – 57 %  of patients with CIMF. 15  Interestingly, 
the same mutation is identified in patients 
with other MPD, most prominently in PV where 
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it is present in  > 90 %  of patients. Not surpris-
ingly, mutated JAK2 is found in over 90 %  of 
patients with post-PV MF. 16  Since identical 
 JAK2  mutations can be found in patients with 
other MPD (PV and ET), it is unclear how the 
same molecular abnormality evolves into dif-
ferent phenotypes. It is possible that additional 
events, such as germline genetic variation or 
other mutations may affect the phenotype. 
Also, mutations may be homozygous or heterozy-
gous, although homozygous mutations are 
rarely seen in patients with myelofibrosis, in 
contrast to PV where heterozygous mutations 
represent approximately 20 %  of all muta-
tions. 17  Those with homozygous mutations 
may have more splenomegaly and more fre-
quently have pruritus. 

 The discovery of the JAK2 V617F was a water-
shed moment in the understanding of the 
pathogenesis of the  BCR-ABL -negative MPD. 
More recently similar discoveries have started 
to unravel the molecular pathophysiology of 
CIMF, emphasizing its complexity and hetero-
geneity. Other molecular events recently identi-
fied are mutations in c- MPL  (c- MPL  W515L/K), 
and additional mutations in exon 12 of  JAK2  
among patients not expressing the  JAK2  V617F 
mutation. 18  ,  19  Although the currently identified 
molecular defects do not fully explain many 
issues of MPD pathogenesis, they provide a 
deeper insight into its molecular pathogenesis, 
provide an additional diagnostic and monitor-
ing tool, and offer the hope of a potential fruit-
ful therapeutic target. 

 With this in mind, the international expert 
panel recently suggested revisions of the diag-
nostic criteria for MPD, including CIMF, to 
members of the Clinical Advisory Committee 
for the revision of the WHO Classification of 
Myeloid Neoplasms who endorsed the docu-
ment and recommended its adoption. 20  Under 
the newly proposed revised criteria  (Table 15.1 ), 
three major and four minor criteria are enlisted. 
The first major criterion underscores histol-
ogy as a critical diagnostic criterion for PMF. 
The other two major criteria underline the 
need to exclude either myelofibrosis associ-
ated with another myeloid neoplasm or reac-
tive bone marrow fibrosis. In order to reinforce 

diagnostic accuracy, the revised WHO diag-
nostic criteria for CIMF require the presence 
of at least two of four CIMF-characteristic 
peripheral blood or clinical features: leu-
koerythroblastosis, increased serum lactate 
dehydrogenase level, anemia, and palpable 
splenomegaly.  

 In addition to ineffective erythropoiesis, CIMF 
is characterized by prominent bone marrow 
stromal reaction that occurs in early stages of 
the disease and has been associated with 
increased marrow expression of profibrogenic 
and proangiogenic cytokines such as trans-
forming growth factor- β  (TGF- β ), platelet 
derived growth factor (PDGF), tumor necrosis 
factor- α  (TNF- α ), basic fibroblast growth fac-
tor (bFGF), and vascular endothelial growth 
factor (VEGF). 21  Therapies aimed at molecular 
targets involved in the aforementioned patho-
genetic pathways represent the foundation of 
current clinical trials in CIMF.   

 MANAGEMENT OF PATIENTS 
WITH MYELOFIBROSIS 

 The management of patients with myelofibro-
sis has been challenging in many ways. Lack of 
known molecular abnormality that uniformly 
defined CIMF has made the development of 
specific therapeutic agents for this disease dif-
ficult. Thus, symptomatic improvement has 
traditionally been the primary endpoint of 
most therapeutic attempts. For the same rea-
son therapeutic intervention has been tradi-
tionally reserved for CIMF patients with more 
advanced disease, judged by the presence of 
prognostic factors known to affect the survival. 22  
Adverse prognostic factors for survival include 
older age and anemia (hemoglobin <10   g/dl), 
leukocytosis, leukopenia, circulating blasts, 
increased numbers of granulocyte precursors, 
thrombocytopenia, abnormal karyotype, and 
hypercatabolic symptoms. 22  Various prognos-
tic models have been devised, with the Lille 
system being perhaps the most frequently 
used. 23  This score relies on only two variables; 
adverse prognostic factors are hemoglobin 
<10   g/dl, and white blood cell (WBC) count 
<4  ×  10 9  or  > 30  × 10 9 /l. Risk groups are defined 
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 Table 15.1    Proposed revised World Health Organization criteria for primary myelofibrosis. Diagnosis requires 
meeting all three major criteria and two minor criteria  

 Major criteria 

Presence of megakaryocyte proliferation and atypia,   ∗    usually accompanied by either reticulin and/or collagen 
fibrosis,  or  in the absence of significant reticulin fibrosis, the megakaryocyte changes must be accompanied by an 
increased bone marrow cellularity characterized by granulocytic proliferation and often decreased erythropoiesis 
(i.e. prefibrotic cellular-phase disease)

Not meeting WHO criteria for polycythemia vera,  †   chronic myelogenous leukemia,‡ myelodysplastic syndrome,   ∗    ∗    or 
other myeloid neoplasm

Demonstration of  JAK2  V617F or other clonal marker (e.g.  MPL  W515L/K),   or   in the absence of a clonal marker, no 
evidence of bone marrow fibrosis owing to underlying inflammatory or other neoplastic diseases  †  †  

 Minor criteria 

Leukoerythroblastosis‡‡    

Increase in serum lactate dehydrogenase level  ‡‡    

Anemia  ‡‡    

Palpable splenomegaly‡‡  

    ∗  Small to large megakaryocytes with an aberrant nuclear/cytoplasmic ratio and hyperchromatic, bulbous, or irregularly folded nuclei 
and dense clustering. 
  † Requires the failure of iron replacement therapy to increase hemoglobin level to the polycythemia vera range in the presence of 
decreased serum ferritin. Exclusion of polycythemia vera is based on hemoglobin and hematocrit levels. Red cell mass measurement is 
not required.  
‡Requires the absence of BCR-ABL. 
    ∗    ∗   Requires absence of dyserythropoiesis and dysgranulopoiesis.  
  † †   Secondary to infection, autoimmune disorder or other chronic inflammatory condition, hairy cell leukemia or other lymphoid 
neoplasm, metastatic malignancy, or toxic (chronic) myelopathies. It should be noted that patients with conditions associated with 
reactive myelofibrosis are not immune to primary myelofibrosis and the diagnosis should be considered in such cases if other criteria 
are met. 
‡‡ Degree of abnormality could be borderline or marked.  

as low risk, no adverse risk factors; intermedi-
ate risk, one risk factor; and high risk, two risk 
factors; reported median survival time for 
the three groups was 93, 26, and 13 months, re-
s pectively. 23  It is expected that the International 
Working Group on Myelofibrosis Research and 
Treatment (IWG-MRT) will publish an inter-
national prognostic scoring system that will 
become a universal tool for assessing patient 
risk of disease progression and early death. 

 The identification of mutations in JAK2 and 
c-MPL opens the possibility for more effective 
therapies and means of monitoring the extent 
of the response. Whether changes in the status 
of these molecular abnormalities can be used 
as surrogate markers of a changing natural 
history of the disease in response to therapy 
remains to be seen. In addition, no uniform 
criteria for response to therapy are yet avail-
able. Recently, the IWG-MRT has proposed 

consensus criteria for response to treatment in 
CIMF ( Table 15.2 ). 24  Although these criteria 
may need to be adjusted as new therapies are 
developed, it is an important first step in try-
ing to make the evaluation of responses more 
objective and comparable across different 
studies. Several treatment strategies have been 
used for patients with CIMF. Here we describe 
some of those that are used as standard 
therapy and some of the new and promising 
investigational agents.   

 Cytotoxic therapy 

 Hydroxyurea is an oral, well-tolerated, non-
specific myelosuppressive agent which can 
reliably control the leukocytosis as well as 
thrombocytosis associated with CIMF. 25  Some 
studies have suggested that cytoreductive 
therapy may dec rease the risk of recurrent 
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 Table 15.2    International Working Group (IWG) consensus criteria for treatment response in chronic idiopathic 
myelofibrosis  

 Complete remission (CR)  
 Complete resolution of disease-related symptoms and signs including palpable hepatosplenomegaly

Peripheral blood count remission defined as hemoglobin level at   ≥  110   g/l, platelet count at   ≥  100  ×  10 9 /l, and 
absolute neutrophil count (ANC) at   ≥  1.0  ×  10 9 /l. In addition, all 3 blood counts should be no higher than the 
upper normal limit

Normal leukocyte differential including disappearance of nucleated red blood cells, blasts, and immature myeloid 
cells in the peripheral smear, in the absence of splenectomy   ∗   

Bone marrow histological remission defined as the presence of age-adjusted normocellularity,   ≤  5 %  myeloblasts, and 
an osteomyelofibrosis grade no higher than 1  †  

 Partial remission (PR)   –  requires all of the above criteria for CR except the requirement for bone marrow histologi-
cal remission. However, a repeat bone marrow biopsy is required in the assessment of PR and may or may not show 
favorable changes that do not fulfill criteria for CR

 Clinical improvement (CI)   –  requires one of the following in the absence of both disease progression (as outlined 
below) and CR/PR assignment (CI response is validated only if it lasts for no fewer than 8 weeks)

A   ≥  20.0-g/l increase in hemoglobin level or becoming transfusion independent (applicable only for patients with 
baseline hemoglobin level of <100   g/l)

Either a   ≥  50 %  reduction in palpable splenomegaly of a spleen that is   ≥  10   cm at baseline or a spleen that is palpable 
at   ≥  5   cm at baseline becomes not palpable  ‡  

A   ≥  100 %  increase in platelet count and an absolute platelet count of   ≥  50    ×  10 9 /l (applicable only for patients with 
baseline platelet count <50  ×  10 9 /l)

A   ≥  100 %  increase in ANC and an ANC of   ≥  0.5  ×  10 9 /l (applicable only for patients with baseline ANC <1.0  ×  10 9 /l)

 Progressive disease (PD)   –  requires one of the following:   ∗    ∗   

Progressive splenomegaly that is defined by the appearance of a previously absent splenomegaly that is palpable at 
  ≥  5   cm below the left costal margin or a   ≥  100 %  increase in palpable distance for baseline splenomegaly of 5 – 10   cm 
or a   ≥  50 %  increase in palpable distance for baseline splenomegaly of  > 10   cm

Leukemic transformation confirmed by a bone marrow blast count of   ≥  20 % 

An increase in peripheral blood blast percentage of   ≥  20 %  that lasts for at least 8 weeks

 Stable disease (SD)  –   none of the above

 Relapse   –  loss of CR, PR, or CI. In other words, a patient with CR or PR is considered to have undergone relapse 
when he or she no longer fulfills the criteria for even CI. However, changes from either CR to PR or CR/PR to CI 
should be documented and reported

     ∗   Because of subjectivity in peripheral blood smear interpretation, CR does not require absence of morphological abnormalities of 
red cells, platelets, and neutrophils.  
  †  In patients with CR, a complete cytogenetic response is defined as failure to detect a cytogenetic abnormality in cases with a 
pre-existing abnormality. A partial cytogenetic response is defined as   ≥  50 %  reduction in abnormal metaphases. In both cases, at least 
20 bone marrow- or peripheral blood-derived metaphases should be analyzed. A major molecular response is defined as the absence 
of a specific disease-associated mutation in peripheral blood granulocytes of previously positive cases. In the absence of a cytogenetic/
molecular marker, monitoring for treatment-induced inhibition of endogenous myeloid colony formation is encouraged. Finally, 
baseline and post-treatment bone marrow slides are to be stained at the same time and interpreted at one sitting by a central review 
process. 
   ‡  Transfusion dependency is defined by a history of at least 2 units of red blood cell transfusions in the past month for a hemoglobin 
level of <85   g/l that was not associated with clinically overt bleeding. Similarly, during protocol therapy, transfusions for a hemoglobin 
level of   ≥  85   g/l is discouraged unless it is clinically indicated. In splenectomized patients, palpable hepatomegaly is substituted with 
the same measurements. 
    ∗    ∗   It is acknowledged that worsening cytopenia might represent progressive disease, but its inclusion as a formal criterion was avoided 
because of the difficulty distinguishing disease-associated from drug-induced myelosuppression. However, a decrease in hemoglobin 
level of   ≥  20   g/l a 100 %  increase in transfusion requirement, and new development of transfusion dependency, each lasting for  > 3 
months after the discontinuation of protocol therapy, can be considered disease progression.  
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cell transplantation (alloSCT). Unfortunately, 
alloSCT is associated with a relatively high risk 
of mortality as well as morbidity that under-
mines its broad application. Currently both 
fully myeloablative 32  and non-myeloablative 33  
alloSCT approaches have been described for 
CIMF. The precise role of alloSCT, the optimal 
candidate, and which conditioning regimen 
should be chosen is a complex and evolving 
problem for CIMF patients. Essential to the 
decision-making process in determining the 
appropriateness of low intensity or high inten-
sity therapies for CIMF patients is the issue of 
prognosis. 34  The prognosis for CIMF patients 
is quite variable, with various prognostic fea-
tures being used to predict the suspected out-
comes in CIMF patients. There are also anecdotal 
reports of successful autologous stem cell 
transplantation for patients with CIMF, but 
the experience is very limited and, thus, this is 
not an option that is considered as widely 
applicable. 35    

 Immunomodulatory inhibitory drugs: 
lenalidomide and pomalidomide 

 Thalidomide has antiangiogenic and immuno-
modulatory properties that made it attractive 
for investigation in CIMF. When used at low 
dose (50   mg/day) thalidomide is relatively well 
tolerated and leads to improvement of anemia 
and splenomegaly in one-third of patients and 
thrombocytopenia in a higher proportion. 36  
The addition of prednisone to low-dose tha-
lidomide appears to be more efficacious as well 
as better tolerated than thalidomide alone. 37  

 The group of inhibitory cytokine and anti-
angiogenic agents collectively known as immu-
nomodulatory inhibitory drugs (IMID), have 
shown great promise in CIMF. These agents 
have been developed as analogs of thalido-
mide, in order to improve the efficacy and 
diminish the toxicity seen with this agent. 38  
Lenalidomide is a second generation IMID 
with pleiotropic cytokine modulating activity, 
which is significantly more potent than tha-
lidomide in modulating the cytokines previously 
mentioned as important in the pathogenesis of 

thrombosis in patients with PV and ET. It is 
less clear whether the same is true for patients 
with CIMF. However, by controlling the leuko-
cytosis, thrombocytosis and, in some instances, 
splenomegaly, hydroxyurea can improve the 
symptoms and quality of life of some patients. 
Alkylating agents (e.g. melphalan) have activ-
ity in CIMF by causing a direct, non-specific, 
myelosuppression and, therefore, may poten-
tially palliate symptoms associated with myelo-
proliferation. 26  However, it has been suggested 
that the risk of leukemic transformation may 
be increased in treated patients.   

 Erythropoietin 

 Erythropoietin (EPO) may help to alleviate 
the anemia that may be the main cause of 
symptoms in some patients. In a meta-analysis 
of published data on the use of EPO in CIMF, 
Rodriguez  et al . reported a response rate of 
33 % . 27  Patients with endogenous serum EPO 
levels of <125   mU/ml had the highest likeli-
hood of response. More recent reports con-
firmed that EPO treatment should be restricted 
to patients with anemia and inadequate EPO 
levels. 28    

 Interferon alfa   

 Therapy with interferon alfa   (IFN α ) has been 
utilized in patients with CIMF based on its 
cytoreductive properties. IFN α  can control 
leukocytosis and/or thrombocytosis in patients 
exhibiting hyperproliferative features, and 
there have been sporadic reports of bone mar-
row fibrosis regression. 29  Clinical trials of 
IFN α , including long-acting preparations, in 
CIMF have been generally disappointing. 30  
One recent publication reported that one of 
11 patients treated with pegylated IFN α -2b 
achieved a complete hematological response, 
with no responses in all other patients. 31    

 Stem cell transplantation 

 Curative therapy in CIMF is currently possi-
ble only with allogeneic hematopoietic stem 
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 JAK2 inhibitors 

 JAK2 inhibitors represent probably the most 
promising class of agents in view of the discov-
ery of the pathophysiological importance of 
JAK-STAT pathway in MPD in general, and 
CIMF in particular. There are currently 
numerous agents in development that have 
demonstrated the ability  in vitro  to inhibit the 
aberrant  JAK2  V617F as well as the wild-type 
 JAK2 . These agents include TG101209, 41  
Go6976, 42  MK0457, 43  CEP-701, 44  and Z3. 45  
Several JAK2 inhibitors are currently in 
clinical trials, and others will be soon. Intrigu-
ingly, in primary cells from patients with 
wild-type JAK2 disease that have c- MPL  
W515L/K, growth inhibition can similarly be 
accomplished by JAK2 inhibitors, such as 
TG101209. 41  This observation suggests that 
even in patients with wild-type  JAK2  MPD there 
is growth dependency on the JAK-STAT path-
way. Thus, agents targeting this pathway may 
be active regardless of the  JAK2  mutation 
status. This hypothesis is further supported by 
the continual discovery of other aberrations 
in this pathway, such as in exon 12 of  JAK2  in 
patients with  JAK2  V617F-negative PV. 19    

 Antiangiogenic agents 
(angiogenesis inhibitors) 

 Vatalanib (PTK787/ZK 222584), an oral inhib-
itor of the VEGF receptor-1 (VEGFR-1) and 
VEGFR-2 tyrosine kinases, has been used in 
clinical trials in patients with MPD because of 
its antiangiogenic activity. 46  PTK/ZK also inhib-
its a broad array of additional tyrosine kinases 
including PDGF receptor, c-KIT, and c-FMS. 
Despite the potential clinical value of PTK/ZK 
in patients with CIMF based on its mechanism 
of action, the responses observed in a recent 
clinical trial were quite modest with mainly 
clinical improvement (according to IWG-MRT 
criteria 24 ) seen. 46  Twenty-nine patients with 
MF received a continuous dosing schedule of 
PTK/ZK of 500 or 750   mg twice daily. One 
(3 % ) patient achieved a complete remission 
and five (17 % ) had clinical improvement. 

the disease such as TNF- α , and it has no known 
teratogenicity or neurotoxicity. Based upon 
the benefits observed with thalidomide, the 
clinical activity of lenalidomide has been eval-
uated in two phase II trials involving 68 patients 
with symptomatic CIMF. 39  Lenalidomide ther-
apy (10   mg/day PO) resulted in the overall 
response rates of 22 %  for anemia, 33 %  
for splenomegaly, and 50 %  for thrombocy-
topenia. Remarkably, normalization of hemo-
g lobin levels was observed in eight (17 % ) of 
46 patients who were either transfusion depen-
dent or had a baseline hemoglobin of <10   g/dl. 
In addition, four of these patients also dis-
played resolution of leukoerythroblastosis. 
Notably, two patients had resolution of intramed-
ullary features of fibrosis and angiogenesis, 
and one patient with a del5(q) had cytogenetic 
remission. Although these latter res ponses 
were in a very small subset, they represent 
the first time that such responses have 
been possible in CIMF without stem cell 
transplantation. In aggregate, although the 
initial response rates to lenalidomide do not 
appear to differ from the prior experience 
with thalidomide, the nature of the responses 
seem more profound. Two large-scale trials 
have recently been completed, and results are 
eagerly awaited, evaluating whether combin-
ing this agent with corticosteroids will further 
improve upon responses observed with single-
agent lenalidomide. Another promising IMID, 
pomalidomide, is 20   000-fold more potent than 
thalidomide in inhibiting TNF- α , although 
cross-resistance with the latter does not 
appear to occur. 38  Owing to its excellent oral 
absorption and adequate pharmacokinetics, 
poma lidomide is suitable for once-daily 
adminis tration. In phase I trials in patients 
with multiple myeloma, the main side-effects 
associated with pomalidomide therapy were 
related to myelosuppression and deep vein 
thrombosis. 40  Given the promising results 
obtained with lenalidomide, a randomized, pla-
cebo-controlled, international clinical study to 
determine the activity of pomalidomide (with 
or without a prednisone taper) in CIMF is cur-
rently under way.   
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myelofibrosis suggest that the proteasome 
inhibitor bortezomib inhibits activation of the 
NF- κ B pathway and decreases plasma concen-
tration of TGF- β  1 , thus inhibiting the develop-
ment of myelofibrosis. 53  Based on these latter 
findings clinical trials of bortezomib in patients 
with CIMF have been initiated.   

 Tyrosine kinase inhibitors 

 Imatinib mesylate is an inhibitor of the tyrosine 
kinase activity of ABL, PDGFR, c-KIT and 
ARG. 54  The employment of imatinib for the 
therapy of patients with CIMF was based on its 
inhibitory activity against PDGF-mediated sig-
naling and the reduction of bone marrow 
fibrosis and microvessel density observed in 
patients with chronic myeloid leukemia (CML), 
for which imatinib is standard therapy. 55  Results 
from phase II trials of imatinib in patients with 
CIMF reported to date are modest. 56  Dasatinib 
(BMS-354825) is a dual SRC- and ABL-kinase 
inhibitor, and 300-fold more potent as an ABL 
kinase inhibitor than imatinib. 57  In addition, 
dasatinib effectively inhibits PDGFR- β  (IC50 
28   nM). Based on these preclinical data and on 
the results obtained with imatinib, a clinical 
trial of dasatinib in patients with CIMF has 
been initiated; unfortunately, preliminary results 
reported in 11 patients with CIMF identified 
no responders. 58    

 Farnesyl transferase inhibitors 

 RAS gene mutations are commonly encoun-
tered in hematological malignancies and are 
present in 6 %  of patients with CIMF. 59  Attach-
ment of RAS to the cellular membrane is 
cri tical for its activation and this is accom-
plished through a post-translational modifica-
tion ter med prenylation. Prenylation occurs 
through the action of one of two enzymes, 
farnesyltransferase and, to a lesser extent, 
geranylgeranyl-protein transferases. Inhibi-
tion of these enzymes has been investigated 
as a means of interfering with RAS 
signaling, which led to the development of 
farnesyl transferase inhi bitors (FTI). Their 
activity, however, appears to extend beyond 

Significant decrease in intramedullary angio-
genesis was not observed, while only modest 
reductions in marrow hypercellularity were des-
cribed. Intriguingly, one patient did experience 
a complete remission (according to IWG-MRT 
criteria 24 ) suggesting a particularly sensitive 
target (not identified) in this individual. 

 The results of the PTK/ZK trial parallel the 
modest results reported with another VEGFR 
inhibitor SU5416 in MF. 47  SU5416 is a syn-
thetic inhibitor of VEGFR-2, KIT, and FLT-3. 
In a multicenter phase II study, intravenous 
SU5416 145   mg/m 2  was given twice weekly for 
a median of three 4-week cycles to 32 adult 
MPD patients, including three with CIMF. One 
of the patients attained a partial response. 
However, the overall clinical activity was mar-
ginal and the tolerability was poor. 47  Sunitinib 
(SU11248) is an orally bioavailable, multitar-
geted kinase inhibitor with selectivity for PDGF 
receptors, VEGF receptors, KIT, and FLT-3. 48  
Sunitinib has been recently reported to be 
active in a phase I/II study of patients with 
acute myeloid leukemia 49  and a phase II study 
of this agent in CIMF is underway.   

 Fibrogenesis inhibitors 

 TGF- β  1  plays a central role in the prominent 
bone marrow stromal reaction observed in 
patients with CIMF. Several compounds, origi-
nally designed for the treatment of other pro-
fibrotic conditions inhibit TGF- β  1 -mediated 
signaling. 50  GC-1008, a pan-specific human anti-
TGF- β  1  antibody, is one such agent. GC-1008 is 
currently undergoing clinical evaluation 
for several indications, including pulmonary 
fibrosis, renal cancer, and melanoma of 
the skin. Current evidence suggests that 
spontaneous activation of the nuclear factor 
kappa beta (NF- κ B) pathway with secretion of 
the fibrogenic cytokine TGF- β  1  takes place in 
megakaryocytes, monocytes, and CD34 +  cells 
from patients with CIMF. 51  Rameshwar  et al . 
reported that monocytes from patients with 
CIMF had spontaneous activation of the NF- κ B 
transduction pathway and that NF- κ B inhibi-
tion by antisense oligonucleotides decreased 
TGF- β  1  secretion. 52  Data in a murine model of 
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ment samples. Additional MPD patients were 
treated on a broad phase II trial (15 unclassified 
MPD patients), 62  and similar to the CIMF trial, 
the response was a non-specific decrease in 
leukocytosis. These studies suggest that there 
is moderate tipifarnib activity in CIMF.   

 Other novel investigational agents 

 Other approaches with potential clinical activ-
ity in patients with CIMF are being investi-
gated. GX15-070 is a synthetic small molecule 
that inhibits the binding of the anti-apoptotic 
proteins BCL-2, BCL-XL, BCL-W, and MCL-1 
to the pro-apoptotic proteins BAX and BAK, 
thus re-instituting programmed cell death in 
transformed cells. In a phase I study of GX15-
070 in patients with chronic lymphocytic leu-
kemia (CLL), two of four patients who were 
anemic at baseline (one of whom was transfu-
sion dependent) showed significant sustained 
elevations in their hemoglobin levels. 63  Based 
on this preliminary data, GX15-070 is being 
investigated in other hematological malignan-
cies, including CIMF, to determine whether this 
compound might improve cytopenias. 

 Aberrant CpG island hypermethylation in 
regulatory areas of tumor suppressor genes 
leading to inactivation is commonly encoun-
tered in human cancer. 64  Aberrant methyla-
tion of p15INK4B, p16INK4A, and the retinoic 
acid receptor  β  has been observed in advanced-
stage CIMF. 65  Azacitidine and decitabine 
are DNA methyltransferase inhibitors that 
induce reactivation of methylated genes. 
Both agents are approved by the Food and 
Drug Administration in the USA for the 
treatment of patients with MDS, and are cur-
rently being investigated in phase II studies in 
CIMF. Preliminary results of one study of 
azacitidine in 34 CIMF patients were recently 
reported. 66  Responses were observed in ten 
(29 % ) patients, inclu ding complete response 
in one, partial res ponse in seven, and hemato-
logical improvement in two. The median time 
to best response was 20 weeks (range 3 – 26). 
Azacitidine was generally well tolerated: ten 
patients (29 % ) had grade 3 or 4 toxicity, and 

RAS inhibition and may be mediated through 
inhibition of other prenylation-dependent 
proteins, such as RHOB, CENP-E, and CENP-F. 
In one clinical trial tipifarnib (R115777), a 
non-peptidomimetic FTI, was administered at 
600   mg orally twice daily for 4 weeks out of 
every 6 weeks to eight patients with CIMF. 60  
Two of them had a significant decrease in 
splenomegaly, one had normalization of 
white blood cell count and differential, 
and one became transfusion independent. 
Notably, responders had markedly higher 
pretreatment plasma VEGF concentrations 
than non-responders during therapy. 

 In parallel efforts,  in vitro  testing of tipi-
farnib demonstrated that aberrant myeloid 
colony formation was reduced by 50 %  at con-
centrations of 34   nM and    2.7 nM for myeloid 
and megakaryocytic colonies from CIMF 
patients, respectively. Since these concentra-
tions seemed quite achievable at tolerable 
dose levels (i.e. 300   mg twice daily) a phase II 
trial was undertaken. 61  Eligible patients had 
histologically confirmed CIMF and were symp-
tomatic, defined by anemia (hemoglobin 
<10   g/dl or transfusion dependent) or palpable 
hepatosplenomegaly. Patients received 300   mg 
of tipifarnib orally twice daily for the first 
21 days of a 28-day cycle. The primary end-
point was response, as defined by improve-
ment in either anemia or organomegaly. Median 
time to discontinuation of protocol therapy 
was 4.6 months; reasons for early termination 
(n  =  19; 56 % ) included disease progression 
(21 % ) and adverse drug effects (18 % ). Toxi-
cities (  ≥  grade 3) included myelosuppression 
( n   =  16), neuropathy ( n   =  2), fatigue ( n   =  1), 
rash ( n   =  1), and hyponatremia ( n   =  1). Response 
rate was 33 %  for hepatosplenomegaly and 
38 %  for transfusion-requiring anemia. No 
favorable changes occurred in bone marrow 
fibrosis, angiogenesis or cytogenetic status. 
Pre- and post-treatment patient sample analy-
sis for  in vitro  myeloid colony growth revealed 
substantial reduction in the latter. Clinical 
response did not correlate with either degree 
of colony growth, measurable decrease in 
quantitative JAK2 mutation levels or tipifarnib 
IC50 values (median 11.8   nM) seen in pretreat-
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neutropenia was the only grade 4 toxicity 
(in four patients).    

 CONCLUSION 

 The development of novel therapies for MPD 
patients has been historically hampered by 
limited progress regarding the molecular 
pathogenesis of this disease. However, great 
strides have been made in this regard over the 
past decade, culminating in the recent discov-
ery of the gain-of-function  JAK2  V617F muta-
tion. A challenge for the near future will be 
the development of targeted agents with an 
acceptable toxicity profile able to interfere 
with the JAK-STAT signaling pathway. The 
hope is that such intervention may result not 
only in clinical responses for patients, but also 
that it may change the natural history of the 
disease. Clinical trials with such agents have 
been initiated. In recent years, a number of 
other agents with various mechanisms of 
action have been tested in clinical studies 
for CIMF patients, with disappointing results, 
including pirfenidone, imatinib, tipifarnib, 
vatalanib, and SU5416. However, promising 
results have been obtained with thalidomide, 
which has encouraged clinicians and research-
ers to pursue the development of novel, more 
potent IMID, such as lenalidomide and poma-
lidomide. Ideally, all patients with CIMF should 
be included in clinical trials with any of the 
new agents being developed for this indica-
tion, such as IMID, novel antiangiogenic agents, 
proteasome inhibitors, and novel signal trans-
duction inhibitors, whether alone or in combi-
nation. Only through continued research in 
preclinical models and in clinical trials we will 
be able to reach the goal of specific and highly 
effective therapy for patients with CIMF. For-
tunately, we appear to be much closer to this 
goal than ever before.     
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 INTRODUCTION 

 The Philadelphia-negative myeloproliferative 
disorders (MPD) are clonal hematological 
malignancies with three main members: poly-
cythemia vera (PV), essential thrombocythemia 
(ET), and primary myelofibrosis (PMF). 1  They 
are thought to result from transformation of a 
multipotent stem cell 2  ,  3  and are characterized 
by overactive hematopoiesis, with increased 
red cell mass and platelets being the defining 
features of PV and ET, respectively. The major 
complications are thrombosis, either arterial 
or venous, and hemorrhage, with a long-term 
risk of myelofibrotic or acute leukemic pro-
gression. 4  

 This chapter focuses primarily on ET, 
although many of the recent advances in our 
understanding of the molecular biology, diag-
nosis, and management of these conditions 
apply across all the MPD. William Dameshek 
was the first to link the MPD as a spectrum of 
related diseases in 1951, 5  together with chronic 
myeloid leukemia (CML), recognizing the 
significant overlap in clinical and laboratory 
features, such as marrow hypercellularity, pro-
pensity to thrombosis and hemorrhage, and 
risk of leukemic or myelofibrotic transforma-
tion over time. 

 The past 3 years have seen tremendous 
progress in our understanding of both the 
molecular pathogenesis and the treatment of 
MPD. The discovery of a single, acquired 
mutation in the  JAK2  gene 6        –  10  in nearly all 
patients with PV and about half those with 
ET and PMF 6  represents a significant advance 
in our search for the causative molecular 
lesions.   

 EPIDEMIOLOGY 

 The incidence of MPD is generally low, although 
because ET and PV have a life expectancy not 
too dissimilar to the reference population, 11  ,  12  
the prevalence is considerably higher. ET has 
an annual incidence of 1 – 3 cases per 100   000 
population, 13      –  16  roughly equal to the incidence 
of PV 13  ,  16  ,  17  and about ten times higher than 
the incidence of PMF. 13  ,  14  ,  16  Most ET patients 
present in their 60s and 70s, 13      –  16  but there is a 
significant proportion of patients who are much 
younger, 18  including occasional cases of child-
hood disease. 19  In ET, women outnumber men 
by 2 : 1. 20  

 Very few risk factors for the development of 
ET have been identified. There are occasional 
familial clusters of MPD in first-degree rela-
tives, and the rates of this appear to be greater 
than would be expected by chance alone. 16  ,  21  
These familial clusters appear to be distinct 
from inherited forms of thrombocytosis, 
caused by alterations of thrombopoietin trans-
lation. 22  Ionizing radiation is a recognized risk 
factor for MPD, including ET, with a greater 
incidence in survivors of the Hiroshima and 
Nagasaki nuclear attacks and in military per-
sonnel exposed to nuclear weapon testing. 23    

 MOLECULAR PATHOGENESIS  

 The  JAK2  V617F and  MPL  
W515 mutations 

 In 2005, several groups reported a single, 
acquired point mutation in the  JAK2  gene in the 
majority of patients with Philadelphia-negative 
MPD. 6        –  10  JAK2, a cytoplasmic tyrosine 
kinase, is critical for instigating intracellular 
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signaling by the receptors for erythropoietin, 
thrombopoietin, interleukin-3, granulocyte-
colony-stimulating factor (G-CSF), and 
gran ulocyte-macrophage colony-stimulating 
factor (GM-CSF). 24  ,  25   JAK2 -null mice die at 
embryonic day 12.5, with complete absence of 
definitive erythropoiesis, 26  ,  27  a finding that 
under scores the vital role of JAK2 as a trans-
ducer of signals evoked by the binding of 
erythropoietin to its receptor. JAK2 binds to 
the erythropoietin receptor in the endoplas-
mic reticulum and is required for its cell sur-
face expression. 28  Binding to erythropoietin 
provokes a conformational change in the 
receptor 29    –  31  with consequent phosphoryla-
tion and activation of JAK2. 32  The activated 
JAK2 then phosphorylates the receptor ’ s cyto-
plasmic domain, thereby promoting the dock-
ing of downstream effector proteins and the 
initiation of intracellular signaling cascades. 24  ,  25  

 The  JAK2  mutation in the MPD is acquired, 
and has never been found as an inherited 
change. 6        –  10  Sensitive methods demonstrate 
the mutation in >95 %  of patients with PV 6  ,  33  
and in 50 – 60 %  of patients with ET 6  ,  33        –  37  or 
 PMF . 6  ,  33  ,  37    –  39  A substantial proportion of 
patients with PV or  PMF  are homozygous for 
the  JAK2  mutation as a result of mitotic recom-
bination affecting chromosome 9p, 6      –  9  but this 
phenomenon is rarely detected in ET. 40  The 
mutation is also found in a small minority of 
patients with primary hypereosinophilic syn-
drome, chronic myelomonocytic leukemia, 
chronic neutrophilic leukemia, myelodyspla-
sia, and acute myeloid leukemia, 37  ,  41          –  46  but not 
in lymphoid malignancies, other cancers, or 
in normal subjects. 6      –  9  ,  42  ,  43  ,  45  ,  47  The  JAK2  muta-
tion is also found in approximately 50 %  of 
patients with otherwise unexplained Budd –
 Chiari syndrome, 48  suggesting a masked 
myeloproliferative disorder in these cases. 

 The mutation in  JAK2  substitutes a bulky 
phenylalanine for a conserved valine at posi-
tion 617 of the JAK2 protein (V617F). This 
residue is located in the JH2, or pseudokinase, 
domain, which negatively regulates the kinase 
domain. 49  Biochemical studies have shown 
that the  JAK2  V617F mutation causes cytokine-
independent activation of JAK-STAT, PI3K-AKT, 

and MAPK-ERK pathways, 7      –  10  all of which 
are implicated in erythropoietin receptor 
signaling. 32  ,  50    –  52  

 Recently, acquired activating mutations in 
the thrombopoietin receptor ( MPL ) gene have 
been demonstrated in approximately 10 %  of 
patients with V617F-negative ET and PMF. 53  ,  54  
The mutation is located in a motif that is 
important for maintaining receptor inactivity, 55  
and loss of its inhibitory function leads to 
constitutive activation of the receptor.   

 Pathophysiology  

 Mouse models 

 Expression of the  JAK2  V617F mutation in 
murine hematopoietic cells by means of a ret-
roviral vector recapitulates the features of 
PV. 7  ,  56      –  59  The animals have erythrocytosis and 
leukocytosis, and there is evolution to post-
polycythemic myelofibrosis. 56      –  59  Interestingly, 
thrombocytosis is not a reproducible feature 
in these mice, perhaps because high levels 
of mutant  JAK2  generated by the retroviral 
vector inhibit megakaryocyte differentiation. 57  
Constitutive Stat5 activation, erythropoietin 
hypersensitivity, and cytokine independence 
are all present, as in the human disease. These 
results provide direct evidence of a causal link 
between the mutation and the disease.   

 Co-operating mutations 

 Four lines of evidence suggest that co-operating 
mutations occur at an early stage in V617F-
positive MPD, and may even pre-date the  JAK2  
mutation. First, deletions of 20q and other 
cytogenetic abnormalities occur in 5 – 10 %  of 
patients with MPD. 60  In one patient with ET 
and one with PV, 20q-deleted granulocytes 
outnumbered V617F-positive granulocytes, 61  
suggesting the 20q-deletion occurred before 
the  JAK2  mutation. Consistent with a co-oper-
ating gene on 20q, patients with molecularly 
defined 20q deletions are almost exclusively 
V617F-positive. 62  Second, some women with 
PV or ET have more clonally derived granulo-
cytes (estimated by X-chromosome inactivation 
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upregulated in PV 63  ,  69  and plays an important 
role in erythroid differentiation. 70  ,  71  

 It has been suggested that, unlike other 
kinases associated with hematological malig-
nancies, the V617F protein requires a type I 
cytokine receptor (EpoR, TpoR or G-CSFR) to 
act as a scaffold and docking site for down-
stream effector proteins. Such a mechanism 
may explain the involvement of the erythroid, 
megakaryocyte, and granulocyte lineages in 
the MPD, 72  but detailed structural and bio-
chemical analyses are needed to explain why 
residue 617 is so critical for JAK2 activation.     

 CLINICAL FEATURES AND 
NATURAL HISTORY OF ESSENTIAL 
THROMBOCYTHEMIA  

 Overall survival 

 Most studies of prognosis in ET have shown an 
overall survival similar to the reference 
population. 12  ,  73  ,  74  However, these studies may 
be hampered by small numbers of patients 
followed for  > 10 years: one recent study 
showed worse survival only in the second 
decade after diagnosis. 75    

 Thrombosis and microvascular ischemia 

 ET may present with complications of microvas-
cular ischemia, macrovascular thrombosis or 
hemorrhage, or, increasingly, with an asymp-
tomatic increased platelet count. Microvascular 
ischemic symptoms particularly affect the circu-
lations of the digits and the brain. Digital isch-
emia covers a range of syndromes. These include 
erythromelalgia, a painful, burning erythema or 
cyanosis affecting the extremities, 76  ,  77  Raynaud ’ s 
phenomenon, 78  and frank digital infarction, 
which can cause ulceration or gangrene in its 
most extreme manifestations. 77  ,  78  The microvas-
cular effects in the brain include transient, 
non-focal visual or neurological disturbances, 
headaches, and migraines. 79  The pathogenesis 
of microvascular disturbances in the MPD is 
thought to relate to vasospasm and arteriolar 
inflammation caused by release of vasoactive 
and/or inflammatory mediators from activated 

patterns) than  JAK2 -positive granulocytes. 33  ,  61  ,  62  
Although interpreted as evidence for a clonal 
proliferation that preceded the  JAK2  muta-
tion, this conclusion remains controversial. 62  
Third, in some patients with V617F-positive 
PV or ET that undergoes leukemic transforma-
tion, the leukemic cells lack the  JAK2  mutation. 62  
This finding is consistent with the leukemia 
arising in a mutant clone that preceded the 
 JAK2  mutation, although other interpretations 
are possible. 62  Fourth, in familial clusters of 
MPD, the  JAK2  mutation is acquired, 21  dem-
onstrating that the inherited predisposition is 
unrelated to the  JAK2  mutation.   

 V617F homozygosity 

 V617F homozygosity plays a key role in the 
MPD. Homozygosity in granulocytes can be 
detected in about 30 %  of patients with PV. 6      –  9  
However, when individual hematopoietic pro-
genitor cell colonies derived from such 
patients were studied, approximately 90 %  of 
them were homozygous for the V617F muta-
tion. By contrast, homozygous progenitor 
colonies were rare in ET. 40  This observation 
suggests that V617F homozygosity promotes 
the development of PV.   

 Signaling 

 The mutant JAK2 protein activates multiple 
downstream signaling pathways with effects on 
gene transcription, 63  apoptosis, the cell cycle, 
and differentiation. 24  ,  25  Effects on apoptosis 
include overexpression of the cell-survival 
protein BCL-X in erythroid precursor cells 
in PV, 64  probably as a result of enhanced 
JAK-STAT signaling. 51  ,  65  ,  66  There is also reduc-
tion of apoptosis induced by death receptors 
in  JAK2  V617F-positive erythroid progenitors, 
an effect mediated through PI3K-AKT and 
MAPK-ERK pathways. 67  With respect to the 
cell cycle, mutant JAK2 promotes G 1 /S phase 
transition in hematopoietic cell lines, accom-
panied by upregulation of cyclin D2 and down-
regulation of the inhibitor p27Kip. 68  Effects 
on erythroid differentiation may be mediated 
by the transcription factor NF-E2, which is 



ESSENTIAL THROMBOCYTHEMIA   197

Indeed, there is evidence for both mechanisms. 
Platelet function disturbances are common in 
untreated MPD, 88    –  90  although do not necessar-
ily correlate with risk of hemorrhage (or 
thrombosis). 88  There appears to be loss of 
large von Willebrand multimers from the 
plasma of patients with high platelet counts, 91  ,  92  
probably through the adsorption of the pro-
teins onto the cell surface of the platelets 
through von Willebrand factor receptors. The 
major risk factor for hemorrhage in MPD 
patients is an elevated platelet count, with 
most bleeding occurring at platelet counts 
over 1500  ×  10 9 /l. 83  ,  88  ,  93    

 Myelofibrotic transformation 

 Myelofibrosis can develop as a result of trans-
formation from prior ET or PV. Myelofibrotic 
transformation has traditionally been difficult 
to define because a degree of increased reticu-
lin is frequently present in the marrow of 
patients with chronic phase disease. 94  Modern 
definitions have relied on the demonstration 
of significantly increased bone marrow reticu-
lin staining (usually grade 3 – 4 on a four point 
scale 95 ) with or without new bone formation 
together with a clinical syndrome consisting of 
two or more of progressive splenomegaly, ane-
mia, tear-drop red cells, leukoerythroblastosis, 
and constitutional symptoms 20  ( Table 16.1 ).  

 With this definition, estimates of the rates of 
myelofibrotic transformation of ET and PV 
range from 5 to 15 %  at 10 years. 97      –  100  It is 
responsible for the deaths of a significant pro-
portion of patients followed for  > 10 years, 100      –  103  
particularly those who present while relatively 
young (<60 years of age). Myelofibrotic trans-
formation is associated with increased risk of 
further evolution to acute leukemia, with 30 %  
of cases of leukemia arising from preceding 
myelofibrosis. 104    

 Leukemic transformation 

 All three classic MPD have a many-fold increased 
risk of transformation to acute leukemia com-
pared with the reference population. 75  ,  105  ,  106  
Because untreated ET has a high incidence of 

platelets and white cells. 76  These syndromes are 
often exquisitely sensitive to aspirin therapy. 76  ,  77  

 Macrovascular complications in the MPD 
include both arterial and venous thrombosis. 
The clinical spectrum of arterial thrombosis 
matches that of the general population, with 
high rates of myocardial infarction, strokes, 
transient ischemic attacks, and peripheral 
vascular thromboses. 11  ,  12  The most common 
venous thromboembolic diseases are lower 
limb deep venous thrombosis and pulmonary 
embolism, but both PV and ET are associated 
with an unusually high incidence of hepatic 
vein, portal vein, and intracerebral sinus 
thromboses. 11  ,  20  ,  80  ,  81  In fact, half of all portal 
vein thromboses may be attributed to MPD, 80  
with recent data suggesting that this may 
be a feature of  JAK2  V617F-positive MPD 
specifically. 34  ,  48  

 In ET, the correlation between raised plate-
let count and thrombosis is controversial. 
Undoubtedly, reducing the platelet count with 
cytoreduction improves thrombosis rates in 
high-risk patients, 82  but studies have consis-
tently failed to reveal a correlation between 
platelet count and thrombosis risk. 83      –  86  This 
may reflect the small numbers of patients in 
the studies, and the fact that thrombosis rates 
in ET are not necessarily greatly increased 
over the reference population once treatment 
starts; thus, many of the events seen in treated 
patients may be unrelated to the ET, but 
related to conventional risk factors such as 
smoking, hypercholesterolemia, and previous 
thrombosis. 86    

 Hemorrhage 

 Increased rates of hemorrhage are seen in 
ET. The bleeding manifestations particularly 
involve the skin and mucous membranes, with 
bruising, epistaxis, and gastrointestinal hemor-
rhage predominating. 87  Intra-articular, intra-
muscular, and retroperitoneal bleeds are not 
a feature of the MPD, unless treated with war-
farin anticoagulation. The pattern of mucosal 
bleeding, with little increased risk of deep-
seated bleeding, suggests dysfunction of plate-
lets or von Willebrand factor as the pathogenesis. 
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increases the risk of leukemia substantially 
over either agent alone. 97  ,  105  Leukemic trans-
formation of ET has an extremely poor progno-
sis, with failure to achieve partial or complete 
remission with standard chemotherapy regi-
mens being common. 110     

 CLASSIFICATION AND DIAGNOSIS 
OF ESSENTIAL THROMBOCYTHEMIA  

 Classification 

 Analysis of patients with ET has consistently 
demonstrated that the presence or absence of 
the  JAK2  V617F mutation divides patients into 
two biologically distinct subgroups. 34    –  36  ,  111  
V617F-positive patients display multiple fea-
tures resembling PV, with significantly higher 
hemoglobin levels, neutrophil counts, bone 
marrow erythropoiesis, and granulopoiesis 
( Figure 16.1a ), more venous thromboses 
and a higher incidence of polycythemic trans-
formation. 34  In addition, mutation-positive 
patients have lower serum erythropoietin and 
ferritin levels than V617F-negative patients 
with ET. 34  These results imply that V617F-
positive thrombocythemia and polycythemia 
may be better viewed as a continuum, and not 
as two distinct entities ( Figure 16.2 ). V617F-
negative individuals with ET do nonetheless 
exhibit features characteristic of an MPD, 
including cytogenetic abnormalities, hyper-
cellular bone marrow with abnormal mega-
karyocyte morphology ( Figure 16.1 b),  PRV1  
overexpression, growth of erythropoietin-
independent erythroid colonies, and a risk of 
myelofibrotic or leukemic transformation. 34  
These facts suggest that ET should be subclassi-
fied as either V617F-positive or V617F-negative 
ET, both  bona fide  MPD, although future 
studies may prove V617F-negative ET to be 
biologically heterogeneous. 

    Diagnosis 

 Proposed diagnostic criteria for ET incorpo-
rating the  JAK2  V617F mutation are shown in 
 Table 16.2 . and a flowchart for the suggested 
investigation of a patient with a high platelet 

thrombosis in older patients, most patients 
receive cytoreductive therapy, meaning it is 
impossible to define the ‘natural  ’   incidence of 
acute leukemia in ET. Furthermore, different 
therapeutic modalities are clearly associated 
with vastly different rates of leukemic transfor-
mation. 107  In general, radioactive phosphorus 
and alkylating agents such as busulfan and 
chlorambucil appear to cause the highest 
risk of acute leukemia, with the PVSG-01 trial 
finding actuarial incidence rates of 18 %  at 
10 years for the chlorambucil arm and 15 %  
at 10 years for  32 P, compared with <5 %  for 
phlebotomy. 107  

 The agents hydroxyurea and pipobroman 
appear to be much less leukemogenic than 
 32 P or alkylating agents when used  de novo.  
Studies have consistently shown rates of 3 – 5 %  
at 10 years, possibly continuing to rise 
thereafter, 97  ,  105  ,  108  but it is difficult to be sure 
whether these agents do increase leukemic 
transformation as the risk in untreated patients 
with ET is not defined. It is very likely, how-
ever, that the use of hydroxyurea after previous 
 32 P therapy (and possibly alkylating agents) 

 Table 16.1    Criteria for myelofibrotic transformation of 
essential thrombocythemia (as used in the PT-1 study, 20  
modified from the Italian Consensus Criteria 96 ) . 

 Necessary criteria 

Grade 3 or more reticulin fibrosis on bone marrow 
trephine on a 0 – 4 point scale 95  (with an increase of at 
least one grade from diagnostic trephine if available)
 Optional criteria 

Increase in spleen size of   ≥  3   cm

Unexplained decrease in hemoglobin by   ≥  2   g/dl to 
below the sex-specific lower limit of normal

Two or more immature myeloid or nucleated erythroid 
cells in the peripheral blood smear

Tear-drop poikilocytes in the blood smear

One or more systemic symptoms:

drenching night sweats (requiring changing of bed 
linen or nightwear)

generalized and otherwise unexplained bone pain

weight loss ( > 10 %  of pre-transformation body weight 
in 6 months)

Diagnosis requires the necessary criterion  +  any two optional criteria
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     An elevated platelet count in the presence 
of the  JAK2  V617F mutation has a very high 
positive predictive value for ET, reducing the 
need for exhaustive investigations to eliminate 
causes of reactive thrombocytosis. In such 
patients with  JAK2 -positive thrombocythemia, 
the major focus of the diagnostic evaluation is 
to differentiate ET from other myeloid disor-
ders. A bone marrow aspirate and trephine 
will identify myelofibrosis and myelodysplasia 
(especially refractory anemia with ringed 

count in  Figure 16.3 . Testing for the  JAK2  
V617F mutation is now widely available, and 
promises to simplify the diagnostic work-up. 
Allele-specific polymerase chain reaction 
(PCR), 6  ,  34  ,  113  pyrosequencing, 37  ,  44  restriction 
enzyme digestion, 6  ,  113  and real-time PCR 33  are 
all sufficiently sensitive to detect a heterozy-
gous mutation when present in as little as 
5 – 10 %  of cells. These assays have low false-
positive rates, making them useful diagnostic 
tools. 

Figure 16.2 Continuum model for the relationship between JAK2-positive thrombocythemia and polycythemia. 
V617F-positive chronic phase disease forms a continuous spectrum, with several genetic and physiological factors affect-
ing the phenotype. Male sex and especially V617F homozygosity112 are associated with a polycythemic phenotype, whereas 
iron deficiency and erythropoietin homeostasis act to constrain the red cell mass within the normal range. Other 
acquired and constitutional genetic factors are likely to contribute to the phenotypic manifestations of the V617F 
mutation.
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 Figure 16.1    (a) Typical bone 
marrow trephine of a patient with 
 JAK2  V617F-positive thrombo-
cythemia. H&E stain (40×) shows 
trilineage increase in cellularity, 
with clustered megakaryocytes, 
many of which are hyperlobated. 
The reticulin stain (40×) shows 
grade 1 – 2 reticulin levels. (b) 
Typical bone marrow trephine of 
a patient with  JAK2  V617F-nega-
tive essential thrombocythemia. 
The H&E stain (40×) is normocel-
lular, with increased numbers 
of megakaryocytes, often show-
ing nuclear hyperlobation. These 
have formed clusters in two loca-
tions. Upper panels, H&E; lower 
panels, reticulin.  

(a) (b)
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in the WHO criteria is regarded by many as 
controversial.     

 MANAGEMENT OF ESSENTIAL 
THROMBOCYTHEMIA  

 Clinical trials 

 There have been only two prospective ran-
domized studies of the treatment of patients 
with ET. In the first, 114 high-risk patients 
(age >60 years or prior thrombosis) were ran-
domized to receive hydroxyurea or no cytore-
ductive agent. 114  During a median follow-up 
period of 27 months, patients on hydroxyurea 
developed significantly fewer thrombotic 
events. This was the first clear demonstration 
that cytoreductive therapy reduces thrombotic 
events in patients with ET. 

 The second randomized study was the Med-
ical Research Council (MRC) primary throm-
bocythemia-1 (PT-1) trial, 20  in which high-risk 
patients (prior thrombosis, age  > 60 years or 
platelets  > 1000  ×  10 9 /l) were randomized to 
receive hydroxyurea plus aspirin or anagrelide 
plus aspirin. Compared to hydroxyurea plus 
aspirin, treatment with anagrelide plus aspirin 
was associated with increased rates of arterial 

sideroblasts and thrombocythemia, which is 
commonly  JAK2 -positive). An elevated hemat-
ocrit will identify patients with PV. 

 For patients with an elevated platelet 
count who do not have the V617F mutation, 
it is important to exclude secondary causes of 
thrombocytosis, such as iron deficiency, infec-
tions, inflammatory conditions (especially 
rheumatoid arthritis, inflammatory bowel dis-
ease, and other autoimmune diseases) and 
hyposplenic states. Bone marrow examination 
in difficult cases may show clonal cytogenetic 
lesions or abnormalities of megakaryocyte 
morphology that are suggestive of ET. 

 Trephine histology has been suggested as a 
useful positive diagnostic criterion for diag-
nosing ET. It has been reported that patients 
can be divided into histologically distinct sub-
groups (‘true ET  ’   ‘prefibrotic myelofibrosis  ’  , 
and early overt myelofibrosis) with different 
prognoses. 114  However, megakaryocyte mor-
phology is notoriously difficult to assess in a 
reproducible manner and detailed studies of 
inter-observer variation are lacking. It is, there-
fore, not yet clear whether this sort of histo-
logical classification is robust enough to be 
applied widely outside specialized centers, and 
the inclusion of trephine biopsy histology 

Table 16.2 Diagnostic criteria for essential thrombocythemia incorporating testing for the JAK2 V617F mutation1

JAK2-positive thrombocythemia*

A1 Platelet count >450 × 109/l

A2 Mutation in JAK2

A3 No other myeloid malignancy, especially JAK2-positive polycythemia, myelofibrosis or myelodysplasia

JAK2-negative essential thrombocythemia†

A1 Platelet count >600 × 109/l‡ on two occasions at least one month apart

A2 Absence of mutation in JAK2

A3 No reactive cause for thrombocytosis

A4 Normal ferritin (>20 µg/l)

A5  No other myeloid malignancy, especially chronic myeloid leukemia, myelofibrosis, polycythemia vera or 
myelodysplasia

*Diagnosis requires all three criteria to be present.
†Diagnosis requires all five criteria.
‡This platelet threshold is preferred in patients lacking the JAK2 mutation given the difficulty in excluding reactive thrombocytosis and 
the fact that 2.5% of normal individuals will have platelet counts above the normal range.
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 Figure 16.3    Schema for the investigation and diagnostic evaluation of a patient presenting with thrombocytosis. 
If initial history and examination do not reveal an obvious reactive cause, testing for  JAK2  V617F mutation, iron defi-
ciency, and inflammatory markers should be performed. If the patient is V617F-positive, other myeloid disorders should 
be excluded, such as primary myelofibrosis (PMF), myelodysplasia (MDS), and polycythemia vera (PV). If the patient is 
V617F-negative and there is no obvious reactive cause, bone marrow biopsy and cytogenetics (including  BCR-ABL ) may 
provide supportive evidence. In difficult cases, testing for the  MPL  W515 mutations may be considered. If the patient 
is likely to have a reactive cause for the thrombocytosis, the blood count should be repeated 6 – 8 weeks after definitive 
correction of the secondary cause. CRP, C-reactive protein; ESR, erythrocyte sedimentation rate.  
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thrombosis, major hemorrhage, myelofibrotic 
transformation, and treatment withdrawal, but 
a decreased rate of venous thromboembolism. 
It is informative to compare these results with 
the other randomized study. 115  The actuarial 

rate of first thrombosis at 2 years was 4 %  for 
patients receiving hydroxyurea  + / −  aspirin in 
both studies, suggesting the two cohorts are 
broadly comparable. However, the rates of 
first thrombosis at 2 years were 8 %  and 26 %  
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disease over the past 10 years also suggests that 
its leukemogenic potential is very low. 121    

 Anagrelide 

 Anagrelide is an imidazo quinazoline derivative 
originally developed as an inhibitor of platelet 
aggregation. 122  It was subsequently shown to 
lower the platelet count in a species-specific 
manner and at doses lower than that which 
inhibits platelet aggregation. It is a phosphodi-
esterase inhibitor and acts as a vasodilator and 
a positive inotrope. Acute side-effects include 
headaches, palpitations, and fluid retention.   

 Interferon 

 Interferon alfa   is effective at reducing the plate-
let count below 600  ×  10 9 /l in approximately 
90 %  of patients with an average dose of 
3 million international units per day. It is not 
known to be teratogenic or leukemogenic, 
does not cross the placenta and is often the 
treatment of choice during pregnancy. 123  
However, the need for parenteral administra-
tion and its acute side-effects, particularly 
flu-like symptoms, are significant problems 
and result in treatment withdrawal in a 
substantial proportion of patients.   

 Aspirin 

 The European Collaboration on Low-dose 
Aspirin in Polycythemia Vera (ECLAP) trial 
was a randomized comparison of aspirin with 
placebo in patients with PV. 124  The key finding 
was a significantly reduced risk of vascular 
events in patients randomized to receive 
aspirin, 124  without a significant increase in 
major hemorrhage rates. The similarities in 
pathobiology between PV and ET, together 
with the central role of platelets in the vascu-
lar complications of ET, strongly argue that 
low-dose aspirin should be prescribed in all 
ET patients without a contraindication.    

 Management recommendations 

 An outline of a risk-stratified approach to the 
management of ET is presented in  Table 16.3 . 

for patients receiving anagrelide plus aspirin 
(PT-1) or no cytoreductive therapy (Italian 
study), respectively. Notwithstanding the diffi-
culties of such comparisons these data suggest 
that anagrelide plus aspirin provides partial 
protection against arterial thrombosis. 

 The results of the PT-1 trial suggest that 
hydroxyurea plus aspirin should remain 
first-line therapy for patients with ET at high 
risk of developing vascular events. For other 
patients at a lower risk of thrombosis, the 
situation is less clear. The decision whether to 
use a cytoreductive agent requires balancing 
two opposing risks, both of which are small: 
the risk of a thrombotic event and the risk of 
a significant drug-related side-effect. Unfortu-
nately, the frequency of these two types of 
event is not clear from existing data. Some 
studies suggest that patients aged <60 years 
and with no prior thrombosis do not exhibit 
an increased frequency of thrombosis com-
pared with controls. 116  However, the number 
of patients studied was small, the number 
of events very small, and the choice of an 
appropriate control population is difficult. 
Moreover, other studies have found that 
such patients do have a significant risk of 
thrombosis. 117    

 Commonly used medications  

 Hydroxyurea 

 Hydroxyurea has emerged as first-line therapy 
for high-risk patients because of its efficacy, 
low cost, and rare acute toxicity. The main 
side-effects are leg ulcers, various other skin 
conditions (including photosensitivity and 
solar keratosis), and reversible bone marrow 
suppression. A common concern is whether 
hydroxyurea might be leukemogenic. There 
are now a number of studies which show that 
ET patients receiving hydroxyurea alone have 
a low incidence of acute myeloid leukemia 
myelodysplastic syndrome (3 – 4%) 118    –  120  and 
there are no data to show that this incidence is 
significantly different from that observed in 
untreated patients. Moreover, follow-up of 
patients receiving hydroxyurea for sickle cell 
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 There are few data to guide the manage-
ment of ET in pregnancy. 123  It seems reason-
able for patients to receive low-dose aspirin, 
but the decision whether to lower the platelet 
count is more contentious and there are con-
flicting reports as to whether the established 
factors for thrombosis in non-pregnant 
patients can predict poor pregnancy outcome. 
In the absence of clear data, it seems advisable 
to limit the use of platelet-lowering agents to 
patients thought to be at high risk of thrombo-
sis and particularly to patients with a history 
of previous thrombosis or fetal loss. Anagrelide 
and hydroxyurea should be avoided because 
of the possibility of teratogenic effects, 
although there have been reports of normal 
pregnancies despite exposure to hydroxyurea. 
Interferon alfa   is generally regarded as the 
treatment of choice and should be combined 
with heparin in patients at particularly high 
risk, with treatment continuing for several 
weeks postpartum.      
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 INTRODUCTION 

 The chronic myeloproliferative disorders 
include chronic myeloid leukemia (CML), 
essential thrombocythemia (ET), polycythemia 
vera (PV), and idiopathic myelofibrosis 
(IMF). Each disorder is a clonal hematological 
malignancy originating at the pluripotent 
hematopoietic stem cell level. These clonal 
hematopoietic disorders are characterized by 
proliferation of one or more of the myeloid 
(granulocytic, erythroid, and megakaryocytic) 
lineages. While in ET and PV, a relative normal 
blood production exists, this proliferation 
results in an increased number of granulocytes, 
red blood cells, and/or platelets. In contrast, 
advanced IMF is associated with ineffective 
hematopoiesis leading to cytopenia. Both ET 
and PV are usually associated with a prolonged 
clinical course, and with appropriate treat-
ment, patients often survive for  > 15 years. 1  ,  2  In 
contrast, IMF has a more serious prognosis with 
a median survival of approximately 5 years. 3  ,  4  
IMF is characterized by cytopenia, megakaryo-
cytic hyperplasia, splenomegaly, extramedul-
lary hematopoiesis, and a leukoerythroblastic 
blood picture. The bone marrow histology 
shows fibrosis and increased angiogenesis. 
A number of agents, including erythropoietin, 
thalidomide, lenalidomide, hydroxyurea, mel-
phalan, and busulfan, have been used to 
correct cytopenia or reduce splenomegaly. 
However, no drug has been shown to alter 
the natural course of the disease. The recent 
discovery of mutation of the Janus kinase 2 
(JAK2) 5  and the thrombopoietin-receptor 
(MPL) 6  has resulted in activity towards 

development of inhibitors, which might be 
used as non-toxic specific agents for treat-
ment of BCR-ABL-negative myeloproliferative 
disorders. Currently allogeneic stem cell trans-
plantation is the only curative treatment 
approach in IMF.   

 AUTOLOGOUS STEM CELL 
TRANSPLANTATION 

 Few studies have investigated autologous stem 
cell transplantation after high-dose chemo-
therapy in patients with myelofibrosis. 7    –  9  In a 
pilot study, 21 patients received peripheral 
blood stem cell transplantation after myeloab-
lative conditioning with busulfan (16   mg/kg 
body mass). The median time of leukocyte 
and platelet engraftment was 21 days; however, 
some patients had delayed engraftment of 
up to 96 days for leukocyte recovery, and more 
than 200 days for platelet recovery. Three 
patients died from non-relapse causes. Eryth-
roid response without transfusion for  > 8 weeks 
was seen in ten out of 17 patients, and symp-
tomatic splenomegaly improved in seven out 
of ten patients. 8  In a small series of three 
patients who received autologous stem cell 
transplantation after conditioning with treo-
sulfan (42   g/m 2  body surface), a prolonged 
leukocyte reconstitution of 28 – 38 days was 
seen, and a significant reduction of spleen 
size was noted. 7  Overall, autologous stem 
cell transplantation is a potential treatment 
approach that can relieve disease-related 
symptoms such as splenomegaly, but the cura-
tive potential is very unlikely.   



TRANSPLANT OPTIONS IN BCR-ABL-NEGATIVE CHRONIC MYELOPROLIFERATIVE DISORDERS   209

 ALLOGENEIC STEM CELL 
TRANSPLANTATION AFTER 
STANDARD MYELOABLATIVE 
CONDITIONING 

 Despite the increased use of allogeneic stem 
cell transplantation in treatment of hema-
tological malignancies, major concerns regard-
ing performing this treatment approach in 
patients with IMF come from bone marrow 
histopathology which is distorted by fibrosis 
and might lead to a higher risk for engraft-
ment failure. The first small reports and 
case reports in the early 1990s, however, sug-
gested that engraftment is feasible and regres-
sion of bone marrow fibrosis was noted. 10  ,  11  
Furthermore, in relapsed patients after allo-
grafting, a graft versus myelofibrosis effect 
could be demonstrated by donor-lymphocyte 
infusions. 12  ,  13  Larger retrospective studies 
including  >  50 patients with myelofibrosis were 
reported by Guardiola  et al.  in a combined 
analysis of European and American centers, 14  
and from Deeg  et al.  reporting the results of 
the Fred Hutchinson Cancer Research Center 
(FHCRC) in Seattle. 15  The latter study was 
recently updated and included 95 patients. 16  
In the retrospective European–American study, 
Guardiola  et al.  14  reported on 55 patients with 
myelofibrosis, who underwent conventional 
allogeneic stem cell transplantation. The 
median time from diagnosis to transplanta-
tion was 21 months (range 2 – 266 months). 
Most of the patients received conditioning 
regimens including total-body irradiation 
(TBI). Matched-related donors were used in 
the majority of the patients ( n   =  49). Accord-
ing to the Lille risk score, 76 %  had intermedi-
ate- or high-risk disease. Splenectomy prior 
transplantation was done in 27 patients. Graft 
failure occurred in 9 %  of the patients, and 
non-relapse morta lity at 1 year was 27 % . The 
5-year overall and disease-free survival was 
47 %  and 39 % , respectively. Patients with low 
risk according to the Lille score had better 
overall survival than patients with intermediate- 
or high-risk disease (85 %  versus 45 – 30 % ). In a 
multivariate analysis, hemoglobin <10   g/dl, 
abnor mal karyotype, high-risk disease 
according to the Lille score, and presence 

of osteosclerosis had an adverse impact on 
survival. 

 The Seattle group recently updated its 
results of allogeneic stem cell transplantation 
in pati ents with Philadelphia chromosome-
negative myeloproliferative diseases. 16  The study 
inc luded 104 patients, and standard myeloab-
lative conditioning was used in 95 patients. 
Most patients had myelofibrosis ( n   =  62), 
advanced ET ( n   =  18), or PV ( n   =  12). The 
median age was 49 years (range 18 – 70 years), 
and stem cell donors were related ( n   =  59), syn-
geneic ( n   =  3), or unrelated ( n   =  45). The con-
ditioning regimens mainly consisted of TBI 
plus cyclophosphamide, or busulfan plus 
cyclophosphamide. Non-relapse mortality at 5 
years was 34 % . The overall survival at 7 years 
was 61 % . Improved survival in a multivariate 
analysis was seen for patients conditioned with 
targeting busulfan/cyclophosphamide regi-
men, for younger pati ents, for patients with a 
low co-morbidity score, and for patients with 
high platelet count at transplantation. 

 The results of both of these studies and of 
other studies of standard allografting are listed 
in  Table 17.1 . 14                –  22   

  Taken together the results of the published 
studies on conventional allogeneic stem cell 
transplantation show the median age of the 
patients was between 38 and 54 years and 
significantly lower than the median age of 
about 60 years for patients with myelofibrosis 
at time of diagnosis. The long-term survival in 
the larger studies was 47 %  and 61 % , 
respectively, 14  ,  16  indicating the curative poten-
tial of standard myeloablative allograft. How-
ever, the non-relapse mortality at 1 year ranged 
from 20 to 48 %  ( Table 17.1 ). One of the most 
significant prognostic factors for impaired 
survival was increasing age of the patient. 
In the European–American study, patients of 
<45 years of age experienced 62 %  survival, 
whereas patients  > 45 years had a survival of 
only 14 % . In one study, stem cell transplanta-
tion from an unrelated donor was associated 
with worse outcome, while other studies did 
not show differences between related and 
unrelated stem cell transplantation. 15  ,  16  ,  23  Other 
factors for improved survival in multivariate 
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treatment approach in patients with myelofi-
brosis. The major limitation of this approach 
is that it can only be performed in younger 
patients with good performance status. The 
introduction of so called ‘non-myeloablative  ’  , 
or ‘dose-reduced  ’  , or ‘toxicity-reduced  ’   condi-
tioning regimens is based on the concept of 
shifting the eradication of tumor cells from 
high-dose chemotherapy to the immunologi-
cally mediated graft versus tumor effect. The 
potential advantages are less treatment-related 
morbidity and mortality, and a broader appli-
cation also in elderly patients. Evidence for an 
immunologically mediated graft versus myelo-
fibrosis effect comes from reports on relapsed 
patients after allogeneic stem cell transplanta-
tion who show a remarkable reduction of bone 
marrow fibrosis after donor-lymphocyte 
infusion. 12  ,  13  The feasibility of dose-reduced 
conditioning in patients with myelofibrosis 
has first been reported in small series of case 
reports. 26  ,  27  ,  30  ,  31  In the two largest studies pub-
lished so far 24  ,  25  patients up to their 7th decade 
of age were included. In the German study, 25  
21 patients with a median age of 53 years 
(range 32 – 63 years) were included. The 
conditioning regimen consisted of busulfan 
(10 mg/kg), fludara bine (180 mg/m 2 ), and 
anti-thymocyte globulin (ATG, Fresenius) 
(30 mg/kg for related and 60 mg/kg for 
unrelated donors), followed by stem cell 

analysis were conditioning with targeting 
busulfan regimen, 15  ,  16  high platelet count and 
low co-morbidity index, 16  low risk according to 
the Dupriez score, 14  ,  15  normal karyotype, 14  ,  15  
hemoglobin  > 10   g/dl, 14  and non-osteosclerosis 14  
(see  Table 17.2 ). 24          –  29      

 ALLOGENEIC STEM CELL 
TRANSPLANTATION AFTER 
DOSE-REDUCED CONDITIONING 

 Allogeneic stem cell transplantation after 
standard myeloablative conditioning chemo-
therapy has been shown to be a curative 

Table 17.1 Allogeneic stem cell transplantation after standard myeloablative conditioning

 Author  No. of patients  Median age (range)  Non-relapse mortality 
at 1 year ( % ) 

 Overall survival ( % ) 

Singhal  et al.  17   3 38 years (45 – 75) 33 66 (at 1 year)

Anderson  et al.  18    *    13 38 years (18 – 49) 23 77 (at 2 years)

Deeg  et al.  15    *    56 43 years (10 – 66) 20 58 (at 3 years)

Kerbauy  et al.  16    *   †  104 49 years (18 – 70) 34 (at 5 years) 61 (at 7 years)

Guardiola  et al.  14  55 42 years (4 – 53) 27 47 (at 5 years)

Daly  et al.  19  25 49 years (46 – 50) 48 41 (at 2 years)

Mittal  et al.  20   5 54 years (46 – 58) 40 60 (at 1 year)

Ditschkowski  et al.  21  20 45 years (22 – 57) 45 39 (at 3 years)

Przepiorka  et al.  22   5 43 years (34 – 51) 20 60 (at 2 years)

*Report from the same institution, therefore some patients were reported more than once.
†Including nine patients with non-myeloablative conditioning.

Table 17.2 Prognostic factors for better overall survival 
after myeloablative allograft

 Conditioning regimen  Reference 

Target busulfan/cyclophosphamide 
regimen versus others

15, 16

Younger age 14, 16

High platelet count 16

Low co-morbidity index 16

Low risk according to the Dupriez 
score

14, 15

Normal karyotype 14, 15

Hemoglobin  > 10 g/dl 14

No osteosclerosis 14
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The non-relapse mortality was lower than 20 % , 
and overall survival after a relatively short 
follow-up was between 84 %  and 100 % . In a 
small study including nine patients, the non-
relapse mortality was 40 % , 29  and the overall 
survival was only 56 %  at 1 year. A retrospective 
comparison between conventional and 
reduced-intensity conditioning regimens was 
performed in 26 patients from the Swedish 
Group for Myeloproliferative Disorders. 28  
Despite the fact that in the reduced-intensity 
group ( n   =  10), the median age was 14 years 
older than in the myeloablative group ( n   =  17), 
the non-relapse mortality was lower in 
the reduced-intensity conditioning regimen 
group than in the myeloablative group (10 %  
versus 30 % ). Even if the follow-up of these 
studies is rather short, they demonstrate that 
reduced conditioning is effective and feasible 
with acceptable toxicity even in older 
patients.     

 ROLE OF SPLENECTOMY PRIOR TO 
TRANSPLANTATION 

 The role of pretransplant splenectomy is still 
controversial. A major concern regarding 
splenectomy and allogeneic stem cell trans-
plantation is the risk of graft failure or delayed 
engraftment. Indeed, some reports have shown 
faster engraftment of splenectomized 
patients. 14  ,  32  An analysis of 26 splenectomized 
patients showed less need for red blood cell or 
platelet transfusion in patients who underwent 

transplantation from related ( n   =  8) or unre-
lated ( n   =  13) donors. No primary graft failure 
was observed, and leukocyte and platelet 
engraftment were seen after a median of 16 
days and 23 days, respectively. Complete donor 
chimerism was seen in 95 %  of the patients at 
day  + 100. Acute graft versus host disease grade 
II – IV and grade III/IV was observed in 48 %  
and 19 %  of the patients, respectively. Chronic 
graft versus host disease occurred in 55 %  of 
patients. Non-relapse mortality was 16 %  at 1 
year. After a median follow-up of 22 months 
(range 4 – 59 months), the 3-year estimated 
overall and disease-free survival was 84 % . The 
second study from the Myelofibrosis Consor-
tium also included 21 patients with a median 
age of 54 years (range 27 – 68 years). Different 
conditioning regimens were used, including 
melphalan plus fludarabine, cyclophosph-
amide plus fludarabine, thiotepa plus fludara-
bine, and TBI (2   Gy) in combination with 
fludarabine. All patients were intermediate or 
high risk according to the Lille score. One 
graft failure was observed. More than 95 %  
donor chimerism was seen in 18 patients. 
Non-relapse mortality was 10 % , and overall 
2-year survival was 87 % .  Table 17.2  shows 
other published results including three or 
more patients. The most commonly used 
regimens were busulfan/fludarabine based, 
and melphalan/fludarabine based. In com-
parison to the reported myeloablative trans-
plantations ( Table 17.3 ), the median age of 
patients was >10 years older at 51 – 58 years. 

Table 17.3 Allogeneic stem cell transplantation after reduced-intensity conditioning

 Author  No. of patients  Conditioning regimen  Median age 
(years) 

 Non-relapse mortality 
at 1 year ( % ) 

 Overall survival ( % ) 

Rondelli  et al.  24 21 Various 54 10  85 (at 2.5 years)

Kr ö ger  et al.  25 21 Bu (10   mg/kg)/Flu 53 16  84 (at 3 years)

Hessling  et al.  26 *  3 Bu (10   mg/kg)/Flu 51  0 100 (at 1 year)

Devine  et al.  27  4 Melph/Flu 56  0 100 (at 1 year)

Merup  et al.  28 10 Bu/Flu; Melph/Cyclo/Flu 58 10  90 (at 1 year)

Snyder  et al.  29  9 Flu/Melph; 2   Gy TBI/Flu 54 40  56 (at 1 year)

Bu, busulfan; Flu, fludarabine; Melph, melphalan; Cyclo, Cyclophosphamide; TBI, total-body irradiation.
*Patients were also reported with a longer follow-up in Kröger et al.
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achieved after a median of 89 days post-
allograft (range 19 – 750 days). A significant 
inverse correlation was seen for JAK2 positivity 
and donor-cell chimerism ( r      −  0.91,  p   <0.001). 
Four out of five patients who never achieved 
JAK2 negativity during the entire follow-up 
fulfilled all criteria for complete remission 
recently proposed by the International Work-
ing Group, suggesting a major role for JAK2 
measurement to determine depth of remis-
sion. In one case, residual JAK2-positive cells 
were successfully eliminated by donor-lympho-
cyte infusion. 42    

 BONE MARROW FIBROSIS 
REGRESSION 

 The interactions between cytokine release, 
myeloid stoma, and other bone marrow cells 
are only partially understood. Megakaryocytes 
are suggested to play a major role as a source 
of cytokine release. 43    –  45  Furthermore, patho-
logical interaction between megakaryocytes 
and neutrophils (emperipolesis) contributes 
to abnormal cytokine release. 46  It seems rea-
sonable that replacement of an abnormal 
clonal hematopoietic cell population by allo-
geneic stem cell transplantation would elimi-
nate the stimulus for abnormal cytokine 
release. Indeed, several reports of allogeneic 
stem cell transplantation after standard condi-
tioning for myelofibrosis reported a reversal of 
bone marrow fibrosis between 6 and 12 months 
after transplantation. 45  ,  46  More recently, bone 
marrow fibrosis regression after dose-reduced 
allograft was investigated in 24 patients, who 
underwent allografting with either fibrosis 
grade 2 (MF-2) ( n   =  13) or fibrosis grade 3 
(MF-3) ( n   =  11). After transplantation, a com-
plete (MF-0) or nearly complete (MF-1) regres-
sion of bone marrow fibrosis was seen in 59 %  
of patients at day  + 100, in 90 %  at day  + 180, 
and in 100 %  at day  + 360. No correlation 
between occurrence of acute graft versus 
host disease, and fibrosis regression on day 
 + 180 was seen. 47  More recently, monitoring 
of regression of myelofibrosis and osteoscle-
rosis following hematopoietic stem cell 

splenectomy prior to transplantation, but the 
3-year probability of survival did not differ sig-
nificantly in comparison to non-splenectomized 
patients (73 %  versus 64 % ). 33  Given the high 
risk of surgery-related morbidity and mortal-
ity, which exceeds 9 % , as well as the increased 
risk of leukemia, removal of the spleen prior 
to allogeneic stem cell transplantation is 
currently not recommended. 33  ,  34    

 THE ROLE OF  JAK2  MUTATION IN 
THE TRANSPLANT SETTING 

 Recently, the  JAK2 -V617F mutation has been 
found to be present in 35 – 50 %  of patients with 
myelofibrosis. 35  ,  36  Based thereon, methods such 
as real-time polymerase chain reaction (PCR) 
or pyrosequencing of blood granulocytes allow 
monitoring of treatment response on the 
molecular level. 35        –  39  The prognostic impact of 
 JAK2  mutation after allogeneic stem cell trans-
plantation remains to be determined. A small 
series of 30 patients did not show any diffe-
rence in outcome after allografting regarding 
the  JAK2  mutation status. 40   JAK2  mutation 
screening with highly sensitive PCR might add 
helpful information regarding the depth of 
remission after allografting. The criteria for 
complete remission recently proposed by the 
International Working Group for myelofi-
brosis research and treatment (IWG-MRT) 
include disappearance of disease-related 
syndromes, peripheral blood levels of hemo-
globin of  ≥ 11   g/dl and platelet counts of 
  ≥  100  ×  10 9 /l. 41  After allogeneic stem cell 
transplantation these parameters are often 
influenced by graft versus host disease, infec-
tions, or poor graft function, and they cannot 
be used as valid remission criteria. On the 
other hand, normal blood counts and disap-
pearance of disease-related syndromes do not 
exclude residual disease using highly sensitive 
PCR for  JAK2  mutation. After 22 allogeneic 
stem cell transplantation procedures in 21 
JAK2-positive patients with myelofibrosis, 78 %  
became PCR negative. In 15 out of 17 patients 
(88 % ), JAK2 remained negative after a median 
follow-up of 20 months. JAK2 negativity was 
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The most widely used risk assessment model is 
the Lille (or ‘Dupriez  ’  ) score, 4  which distin-
guishes low, intermediate and high risk accord-
ing to the hemoglobin (<10   g/dl) and white 
blood count (<4  ×  10 9 /l or  > 30  ×  10 9 /l) with 
overall survival of 93, 26, and 13 months, 
respectively. Another scoring system (Cer-
vantes score) 3  includes hemoglobin (<10   g/dl), 
circulating blasts, and constitutional symp-
toms, and it distinguishes low risk (none to 
one adverse factor: median survival 176 
months), and high risk (two to three adverse 
factors: median survival 33 months). More 
recently, a third risk-assessment score for trans-
plantation-eligible patients was introduced, 49  

transplantation by magnetic resonance ima-
ging (MRI) of the lumbar spine, pelvis, and 
femora has been reported to assess the pat-
tern and extent of fibrosis. 48    

 RISK ASSESSMENT AND ALLOGENEIC 
STEM CELL TRANSPLANTATION 

 Since allogeneic stem cell transplantation is 
increasingly used as a curative treatment 
option even in older patients, the still observed 
morbidity and mortality should be carefully 
balanced with the patients ’  life expectancy in 
order to offer optimal management. Several risk 
scores for myelofibrosis have been developed. 

Table 17.4 Risk assessment in myelofibrosis

 No. of adverse prognostic factors  Risk group  Median survival (months) 

 ‘Lille  ’   (‘Dupriez  ’  ) score 4  

 Adverse prognostic factors 

Hb <   10 g/dl

WBC <4 or  > 30  ×  10 9 /l

0 Low  93

1 Intermediate  26

2 High  13
 ‘Cervantes  ’   score 3  

 Adverse prognostic factors 

Hb <10   g/dl

Presence of constitutional 
symptoms (fever, night sweats, weight loss)

Circulating blasts   ≥  1 % 

0 – 1 Low 176

2 – 3 High  33
 ‘Dingli  ’   score 49  

 Adverse prognostic factors 

Hb <10   g/dl

Platelet <100  ×  10 9 /l

WBC <4 or  > 30  ×  10 9 /l

 0 Low 155

 1 Intermediate  69

  ≥  2 High  23.5

Hb, hemoglobin; WBC, white blood count.
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 INTRODUCTION 

 Before activated kinases were discovered as 
the causative events in  BCR-ABL -negative mye-
loproliferative disorders (MPD), patients with 
MPD were treated primarily with the intention 
to relieve symptoms and/or to prevent compli-
cations. 1    –  3  As discussed in the previous chap-
ters, cytoreduction by hydroxyurea was shown 
to be beneficial in preventing thrombotic com-
plications in patients with essential throm-
bocythemia (ET) who were considered to be 
‘high-risk  ’   (age  > 60 years and/or previous 
thrombosis). 4  The Primary Thrombocythemia- 
1 (PT-1) study 5  showed that hydroxyurea plus 
aspirin was more effective in reducing throm-
botic complications than anagrelide plus aspi-
rin in high-risk ET patients. These differences 
were pronounced for arterial thromboses, but 
not for venous thromboses, where patients 
on anagrelide plus aspirin fared better. 5  The 
European Collaboration on Low-Dose Aspirin 
in Polycythemia Vera (ECLAP) study 6  recently 
provided a rational basis for the use of low-
dose aspirin in the prevention thrombotic of 
complications in MPD and dissipated the fears 
of increasing morbidity and mortality from 
hemorrhagic events linked to the use of aspi-
rin in these patients. These studies are cur-
rently the pillars for evidence-based therapeutic 
decisions. Although the latter results were 
obtained by studying patients with polycythemia 
vera (PV), it is now common practice to give 
aspirin also to patients with ET and during the 
cellular phase of primary myelofibrosis (PMF). 3  
Interferon alfa   (IFN α ) showed promise as an 
alternative drug that could replace hydroxy-
urea in the management of MPD, but the high 
rate of unwanted side-effects limits its potential 

for long-term applications. 2  ,  3  Thus, the thera-
peutic options in MPD are limited and new 
drugs are in demand. Particularly in young 
patients with ET or PV we are faced with diffi-
cult decisions, for which no data from con-
trolled studies are available. The uncertainty 
concerning potential leukemogenic effects of 
hydroxyurea 7    –  9  weighs even more heavily in 
young patients with MPD, since the therapy 
once initiated is usually continued life-long. In 
advanced stages of PMF, allogeneic stem cell 
transplantation has been shown to be effective 
in some cases. 10  ,  11  Whether reduced intensity 
conditioning  regimens or standard condition-
ing should be used and the criteria for identi-
fying patients who will benefit most from this 
form of therapy are currently the subject of 
further studies. The discovery of activating muta-
tions in the Janus kinase 2 ( JAK2 ) gene that 
can be found in the majority of patients with 
PV, ET, and PMF, 12      –  15  and the involvement of 
other kinases, such as platelet-derived growth 
factor receptor (PDGFR) and fibroblast growth 
factor receptor (FGFR) in rare forms of MPD, 
raised the hope that kinase inhibitors may 
soon become first-line therapy in MPD patients. 
Here, we primarily discuss the prospects of 
inhibitors of JAK2 and related downstream 
signaling molecules. The vast majority of 
patients with MPD carry a G > T transversion in 
exon 14 of  JAK2  that changes a valine in posi-
tion 617 to a phenylalanine ( JAK2  V617F). 12      –  15  
Recently, mutations in exon 12 of the  JAK2  
gene have been found in PV patients who 
are negative for  JAK2  V617F. 16  These exon 12 
mutations alter various nucleotide positions 
in the vicinity of codon 539 and frequently 
also involve deletions of 1 – 3 codons. Most of 
the patients studied had mutations at slightly 
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different positions in exon 12, in sharp con-
trast to the uniform pattern of  JAK2  V617F. 
In cell lines, the exon 12 mutations led to 
stronger activation of the JAK2 activity than 
the  JAK2  V617F mutation. Recently, mutations 
in position 515 of MPL gene that change the 
wild-type tryptophane to leucine (W515L) or 
lysine (W515K) have been found in 1 %  of 
patients with ET and 5 %  of patients with 
PMF. 17  ,  18  These mutations render MPL signal-
ing independent of ligand binding, but JAK2 
activity is required to transmit the signals. 
Thus, inhibitors of JAK2 can be expected to be 
effective both in patients with activating  JAK2  
mutations and with activating  MPL  mutations.   

 IMATINIB IN  BCR-ABL -NEGATIVE 
MYELOPROLIFERATIVE DISORDERS 

 Encouraged by the success of treating chronic 
myelogenous leukemia (CML) with small mol-
ecule tyrosine kinase inhibitors, several groups 
had tested the therapeutic potential of ima-
tinib mesylate for  BCR-ABL -negative MPD 
before the discovery of the  JAK2  mutations. 
Silver and colleagues observed that treatment 
of PV patients with 400 – 800   mg/day imatinib 
was able to reduce phlebotomy requirements. 19  
The impaired autonomous  in vitro  growth of 
erythroid colonies from a significant fraction 
of PV patients by imatinib led to the sugges-
tion that a ‘yet unidentified kinase  ’   might be 
involved in the pathogenesis of PV. 20  However, 
it remained unclear whether the observed 
 in vitro  growth reduction was indeed the 
consequence of imatinib effects on erythroid 
progenitors or on cells from the monocytic 
lineage. 21  Imatinib is highly efficient in block-
ing ABL, PDGFR and c-KIT, but the JAK2 
kinase was never demonstrated to be a major 
target. 22  Interestingly, cells from MPD pati-
ents including PV have been demonstrated to 
frequently overexpress c-KIT. 23  Furthermore, 
potentially activating mutations in c-KIT have 
been described in seven out of 20 PV patients. 24  
However, as no single clones have been analyzed 
it remains unclear whether activating muta-
tions in c-KIT and JAK2 coexist in the same 
cells in PV patients. Although rare activating 

mutations or overexpression of c-KIT might 
explain the imatinib sensitivity of some patients, 
it is nevertheless surprising that the MPD phe-
notype caused by expression of the murine 
 JAK2  V617F in a mouse model of MPD has been 
found to be sensitive to systemic treatment 
with imatinib. 25  Similarly, murine FDPC1 cells 
transfected with  JAK2 -V617F were inhibited by 
imatinib. 26  Despite the interesting molecular 
interactions between JAK2 and c-KIT or possibly 
other imatinib sensitive kinases, only a mino-
rity of PV patients benefited from treatment 
with imatinib alone and no molecular remis-
sions have been observed. 26  ,  27    

 TARGETING ACTIVATED 
JAK2 PROTEINS 

 In screening for small molecules that are 
able to inhibit the growth of blasts from 
patients with acute lymphoblastic leukemia 
(ALL) a tyrphostin compound (dihydroxy-N-
benzylcinnnamide, AG-490) was identified 
that could block JAK2 kinase activity. 28  Selec-
tive anti-tumor activity was demonstrated in 
tissue culture as well as by treatment of severe 
combined immune deficiency (SCID) mice 
after xenotransplantation of human leukemic 
blasts. In addition, AG-490 showed cytotoxic 
effects against human myeloma cells with con-
stitutive activation of an interleukin-6/JAK2 
signaling pathway. 29  However, des pite its effi-
cacy, because of non-favorable pharmacoki-
netics, AG-490 never entered clinical trials. 
Although newer experimental data question 
the selectivity of AG-490 for JAK2, the com-
pound is still often used to block JAK2 activity 
 in vitro . 30  Interestingly, a murine MPD model 
induced by retroviral expression of  JAK2  V617F 
was sensitive to AG-490 therapy. 25  In addition, 
aberrant erythroid differentiation  in vitro  of 
human hematopoietic stem cells from  JAK2  
V617F-positive PV patients was inhibited but 
not completely eliminated by AG-490. 31  

 The identification of activating  JAK2  muta-
tions in a large proportion of MPD patients 
has initiated an active search for small mole-
cules able to selectively block activated JAK2 
kinase. A milestone for the design of small 
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by a reduction of the spleen weight. 36  TG-1209, 
JAK2 – 14 as well as the ‘InCyte JAK2 inhibitor  ’   
are ATP-competitive kinase inhibitors. In 
contrast, LS-104 (LymphoSign, Ontario) is a 
substrate-competitive small molecular JAK2 
inhibitor. LS-104 is able to block JAK2 cellular 
signaling at a micromolar concentration 
range. Interestingly in combination with 
an ATP-com petitive JAK2 inhibitor, LS-104 
demon st rated a strong additive effect on cells 
expressing the  JAK2  V617F mutation. 37  
Another lead molecule, the JAK2 inhibitory 
compound (SB1518), has been recently 
announced undergoing preclinical testing 
(S  ∗  Bio Ltd, Singapore) (information retrieved 
from www.biomedicine.org). In silico docking 
analysis has led to the identification of a 
hexabromocyclohexane compound that was 
able to block cellular JAK2 activity at a 
micromolar concentration. 38  Screening a 
library of close to 2000 compounds for candi-
dates that modify cellular Stat3 activity in cancer 
cells has led to the identification of SD-1008, a 
small molecule able to inhibit SRC and JAK2 
activity in ovarian cancer cells. 39  There are also 
studies, which propose that emodin, a com-
pound extracted from the root of  Rheum 
palmatum  used in traditional Chinese medicine, 
exerts its anti-tumor activity by inhibiting JAK2. 40  
All these studies suggest that JAK2 inhibitors 
might be soon available to undergo first clinical 
trials. Furthermore, these reports suggest 
that activated JAK2 kinases can be successfully 
targeted by small molecular inhibitors. 

 These studies also raise the question whether 
it will be possible to generate compounds that 
selectively target distinct mutations of JAK2. 
High-throughput screening approaches using 
large libraries could allow the identification of 
small molecules that inhibit mutated but not 
wild-type JAK2. 41  Using this approach it was 
demonstrated that the compound VX-680 with 
well-known activity against aurora kinases also 
interacts specifically and inhibits the T315I 
 BCR-ABL  mutant at a nanomolar concentra-
tion. 42  Although second generation ABL inhi-
bitors such as dasatinib or nilotinib are able 
to block many or the resistance-associated 
 BCR-ABL  mutations,  BCR-ABL  T315I remains 

molecular JAK2 inhibitors was reached by deter-
mining the crystallographic structure of the 
JAK2 kinase domain bound to the putative 
JAK2 inhibitor ‘compound 6  ’   (CMP6). 32   In vitro , 
CMP6 (also known as pyridone 6 or simply 
‘JAK2 inhibitor  ’  ) is able to block all four JAK 
kinases at a nanomolar concentration. 33  CMP6 
impairs growth and survival of the human 
HEL leukemia cell line that carries a homozy-
gous  JAK2  V17F mutation. CMP6 also showed 
inhibitory activity against murine 32D hema-
topoietic cells stably transformed by expression 
of the constitutively active human thrombo-
poietin receptor ( MPL  W515L) or Ba/F3 cells 
stably expressing the  JAK2  V617F mutation. 17  ,  25  

 A new orally applicable piperazine-phenyl-
aminopyrimidine compound (TG-1209,) was 
demonstrated to block several protein tyrosine 
kinases including JAK2 at a nanomolar con-
centration. TG-1209 impairs growth of murine 
Ba/F3 cells stably transformed by expression 
of  JAK2  V617F or  MPL  W515L at a median 
concentration of 200 nM. In addition, TG-1209 
blocks JAK2 V617F or MPL W515L induced 
signaling in human cells as shown in colony 
forming assays  in vitro  and in xenotransplan-
tation experiments  in vivo . 34  Phase I clinical 
trials are currently under way (TG-101348). 

 An increasing number of putative small 
molecular JAK2 inhibitors are undergoing 
preclinical evaluation as shown in several pre-
sentations at the recent meetings of the Ameri-
can Association for Cancer Research (AACR) 
and the European Hematology Association 
(EHA). Gourley and co-workers from Super-
Gen Inc. presented a series of small molecule 
JAK2 inhibitors (JAK2 – 14) with cellular anti-
proliferative activity at a nanomolar concen-
tration range. 35  Further modification of these 
lead compounds might be necessary to begin 
a clinical trial. Another small molecule with 
selective JAK2 inhibitory activity was presented 
from InCyte Inc. This ‘InCyte JAK2 inhibitor  ’   
showed JAK2 blocking activity at concentra-
tions in the nanomolar range without affecting 
BCR-ABL. Oral application of this compound 
in a mouse model of  JAK2  V617F-induced 
myeloproliferation resulted in a significant 
decrease of the myeloid cell mass as assessed 
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MPD respond well to IFN α  treatment and 
in rare cases molecular remissions have been 
observed, with  JAK2  V617F decreasing below 
the detection limit of DNA based allele-specific 
PCR (i.e.  < 0.5 %  of chromosomes) (reference 49 
and our own unpublished results). Unfortu-
nately, the frequent side-effects limit the use-
fulness of IFN α  for long-term therapy in most 
MPD patients. Are there any alternative ways 
to block oncogenic JAK2 activity to overcome 
the current limitations of small molecule JAK2 
inhibitors? Constitutively active JAK2 leads to 
phosphorylation of signal transducers and 
activators of transcription (STAT) proteins that 
enter the nucleus and act as transcription fac-
tors regulating a large number of target genes 
including cyclins,  PIM1  kinase, or  BCL-XL  ( Fig-
ure 18.1 ). Among the target genes that are 
directly regulated by STAT5 is a group 
of endogenous STAT inhibitors, the ‘cytokine-
induced SRC-homology-2 protein  ’   (CIS) and 
‘suppressors of cytokine signaling  ’   (SOCS). 
While CIS interferes with activated upstream 
tyrosine kinase receptors, SOCS proteins inter-
act with activated JAK2, STAT3, and STAT5. 
This negative feedback mechanism serves to 
‘fine tune  ’   the cellular JAK/STAT activity. 
Downregulation of  SOCS  mRNA expression 
(owing to aberrant tumor cell promoter meth-
ylation) results in constitutive activation of the 
JAK/STAT5 signal transduction cascade. This 
principle has led to the suggestion that one 
could block aberrant JAK2 activity through 
small peptides (‘SOCS mimetics  ’  ) that mimic 
endogenous SOCS activity. 50  

  Several studies have demonstrated that con-
stitutive activation of STAT3 and STAT5 is a 
hallmark of chronic MPD induced by dere-
gulated protein tyrosine kinase activity. 51  In 
contrast to kinases, selective inhibition of a 
transcription factor by small molecules is a 
much more difficult task. Although there is 
evidence that such an approach might soon 
be possible, as recently demonstrated by 
bloc king aberrant BCL6 activity in high-grade 
lymphoma cells by disrupting critical protein –
 protein interactions by small molecules, to date 
no such success has been achieved for oncogenic 
STAT proteins. 52  Several natural compounds 

a major challenge to overcome. First studies 
demonstrate that the aurora kinase inhibitor 
VX-680 (renamed to MK-0456) has some clini-
cal activity also against  BCR-ABL  T315I. 43  Inter-
estingly, MK-0456 interacts and inhibits also 
JAK2  in vitro , but it is currently not known 
whether this compound is also able to block 
oncogenic JAK2 activity  in vivo . 43  In addition, 
another compound initially developed as an 
inhibitor for aurora kinases, AT9283 not only 
interacts and inhibits  BCR-ABL -T315I, but 
efficiently targets mutant JAK2 activity. 44  The 
prospect of developing V617F-specific pseudoki-
nase inhibitors will depend on the precise mech-
anism, of how the pseudokinase domain alters 
the function of the kinase domain. Eluci dation 
of the three-dimensional structure of the entire 
JAK2 protein in the presence and absence of the 
 JAK2  V617F mutation may be necessary to allow 
design of selective pseudokinase inhibitors. 

 It will be interesting to see whether other 
aurora kinase inhibitors that are currently in 
preclinical tests or entering phase I clinical 
trials are also capable of targeting activated 
JAK2 kinases. Large-scale and high-throughput 
screens have demonstrated that most small 
molecules can interact with more than one 
kinase, which might add to the clinical efficacy 
of a given compound. Several  in vitro  studies 
have revealed that an increasing number of 
previously known compounds such as erlotinib 
(epidermal growth factor receptor inhibitor), 
GO-6976 (FLT3 inhibitor), LFM-A13 (BTK 
inhibitor) or AT9283 (aurora kinase inhibi-
tor) are also able to interact and block JAK2 
activity. 45    –  47  Interestingly, lestaurtinib (also 
known as CEP701, Cephalon Inc.), a known 
FLT3 inhibitor currently undergoing clinical tri-
als for acute myeloid leukemia (AML) carrying 
activating  FLT3  mutations, also inhibits wild-
type as well as mutant JAK2 V617F at nanomolar 
concentrations, which makes it a good candi-
date for clinical trials for MPD patients. 48    

 TARGETING COMPONENTS 
DOWNSTREAM OF JAK2 

 Although the precise mechanism of IFN α  
action in MPD is unknown, some patients with 
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major target of oncogenic STAT activity. Over-
expression of BCL-XL is associated with pro-
gression, poor prognosis, and resistance to 
chemotherapy in several human cancers. Sev-
eral proteomimetics (such as ABT-737) have 
recently been identified to block the BCL-XL/
BCL2-BH3 binding and were used as antican-
cer agents to overcome apoptosis resistance. 58  
ABT-737 was shown to overcome resistance to 
imatinib or FLT3 inhibitors in chronic myeloid 
leukemia (CML) and acute myeloid leukemia 
(AML) cells, respectively. 59  ,  60  However, in cells 
with high BCL2 phosphorylation and high lev-
els of expression of  MCL1 , another pro-survival 
relative and STAT3 target, ABT-737 was inac-
tive. Several strategies have been proposed to 
block BCL2 phosphorylation and to reduce 
 MCL1  expression to restore sensitivity to ABT-
737. 61    –  63  ABT-737 seems to enhance the effi-
cacy of combined chemotherapeutics that are 
used for the treatment of ALL. 64  Whether 
ABT-737 will find a place in the therapeutic 
regimen for MPD remains to be determined.   

seem to be able to functionally interfere with 
STAT proteins, although with a limited speci-
ficity. 53  However, these molecules could now 
act as lead compounds to develop small mole-
cules that block critical protein – protein or 
protein – DNA interactions to abrogate consti-
tutive STAT activity. To circumvent these limita-
tions an increasing number of small molecules 
have been recently identified that are able to 
block critical downstream targets of STAT5 
such as PIM1 or BCL-XL, both deregulated in 
MPD.  PIM1  and  PIM2  encode serine/threo-
nine kinases that are upregulated in hematopoi-
etic cells transformed by tyrosine kinase fusion 
genes involving  ABL ,  PDGFR , or activating 
 JAK2  or  FLT3  mutations. 54    –  56  Using a structural 
approach, we have recently identified a group 
of imidazo[1,2-b]pyridazines as PIM kinase 
inhibitors with antileukemic activity. 57  Further 
optimization of these lead compounds might 
yield targeted therapeutics for hematological 
and solid malignancies with aberrant PTK 
activity. The pro-survival protein BCL-XL is a 

 Figure 18.1    Therapeutic strategies to target oncogenic JAK2 kinase activity. Mutated JAK2 (JAK2-mut), or wild-type 
JAK2 (JAK2-WT) acting downstream of an oncogenic protein tyrosine kinase (PTK) or several cytokine receptors both 
lead to constitutive activation of the signal transducer and activators of transcription STAT3 and STAT5. Deregulated 
STAT activation results in upregulation of targets supporting cell proliferation and survival. Currently available small 
molecule JAK2 inhibitors, such as compound6 (CMP6), CEP701 or TG101209, block JAK2-WT as well as mutated JAK2. 
JAK2-induced cell survival might also indirectly be targeted by small molecules blocking STAT downstream targets such 
as BCL-XL (ABT-737) and PIM1 (K00135), or by peptides mimicking endogenous STAT inhibitors (SOCS mimetics    ). 
TK, tyrosine kinase.  
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inhibitors will have any impact (positive or 
negative) on leukemic transformation remains 
at present purely speculative. With the new 
JAK2 inhibitors in sight, the question is, who 
will profit most from such drugs? The gene-
rally mild clinical manifestations in ET and 
most cases of PV will make it necessary to find 
a good balance between the desired reduction 
of the cell mass and the complications and 
potential side-effects of such compounds. The 
new compounds could be effective in patients 
with myelofibrosis, where current drug thera-
pies are ineffective. Ultimately, combinations 
of drugs may be able to induce lasting remis-
sions or potentially cure MPD.     
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