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Chapter 1

Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative disease of the 
hematopoietic stem cell (HSC). In its natural history, CML is a tri-phasic 
disease, presenting predominantly in a chronic phase averaging around 
5–7 years,	but	spanning	from	between	a	few	months	to	over	20	years.	
Unless properly treated, the disease progresses through an ill-defined 
accelerated phase, which leads to transformation into an aggressive acute 
leukemia or blast crisis. The latter can be of myeloid (approximately 70% 
of cases) or lymphoid (30%) origin. Until the emergence of tyrosine kinase 
inhibitors (TKIs), the only curative treatment for CML was HSC trans-
plantation, and this was restricted to a minority of patients, due to age 
restrictions and the availability of a histocompatible donor. The prognosis 
has now substantially improved for most CML patients who respond well 
to TKIs, a proportion of whom remain without evidence of disease even 
after cessation of treatment.

Historical perspective
The clinical syndrome that we know as CML was first described in the 
19th century independently, and virtually simultaneously, by John H 
Bennett in Scotland and Rudolph Virchow in Germany, based on autopsy 
observations [1] (Figure 1.1).

The introduction of panoptic blood staining techniques in the 1890s 
allowed a more precise morphological distinction between granulocytes 
and lymphocytes and, thus, a better characterization of CML or ‘chronic 
granulocytic leukemia’, as a distinct nosological entity. 
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The clinical features and evolution of the disease were progressively 
well documented in the subsequent century. Through a systematic study 
of 166 patients, Minot and co-workers identified age as a prognostic 
factor, an observation that has stood the passage of time – age is still a 
major prognostic factor in the Sokal and Hasford scoring systems [2,3] 
used nowadays to guide treatment. In 1951, Dameshek made an insight-
ful contribution to the subsequent understanding of the biology of CML, 
by proposing to include it in the group of myeloproliferative syndromes, 
together with idiopathic myeloid metaplasia, polycythemia vera, and 
essential thrombocytosis [4]. 

In 1960, Nowell and Hungerford reported on the karyotype of 
seven patients with CML who displayed a small acrocentric G-group 
chromosome, which resembled the Y chromosome, and named it the 
Philadelphia (Ph) chromosome [5]. This was a seminal discovery as 

Figure 1.1  Historical landmarks in chronic myeloid leukemia. Historical landmarks which 
led to our understanding of the biology and clinical features of CML, and which made of CML 
the paradigm of successful targeted therapy. CML, chronic myeloid leukemia; TKI, tyrosine 
kinase inhibitor.
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it was the first consistent cytogenetic abnormality in a human malig-
nancy. The next crucial step in the characterization of this abnormal-
ity was made possible by the introduction of G-banding techniques, 
which allowed Janet Rowley to observe that the Ph chromosome was, 
in fact, a shortened chromosome 22 (22q-), which was accompanied 
by another abnormal chromosome, a 9q+, as a result of a reciprocal 
t(9;22)(q34;q11) translocation [6]. 

The last quarter of the 20th century brought us, in quick succession, 
the discoveries which underlie our present knowledge on the molecular 
biology of CML. These were represented by the isolation of the Abelson 
(ABL) oncogene (v-ABL) and its murine (c-Abl) and human (ABL1) proto-
oncogenes [7]; the finding that part of this ABL gene translocated to 
the Ph chromosome [8]; the identification of a 5.8-Kb region of DNA on 
chromosome 22 where the translocation breakpoints occur, thus termed 
'breakpoint cluster region', from which the name of the disrupted gene 
BCR derived [9]; the cloning and sequencing of the actual fusion tran-
script encrypted by the new BCR–ABL hybrid gene formed on the Ph 
chromosome as a result of the translocation [10–12]; and the discovery 
that the translated BCR–ABL protein carries abnormal tyrosine kinase 
activity, which could be important in the pathogenesis of CML [13,14]. 
This knowledge paved the way for the cornerstone of CML biology – the 
demonstration that introduction of the BCR–ABL gene via a retroviral 
vector into murine HSCs was capable and sufficient to reproduce a CML-
like disease in mice transplanted with these transduced cells [15]. This, 
in turn, provided the mechanistic basis for the development of targeted 
therapy for CML in the form of TKIs [16]. 

Epidemiology 
CML has a relatively low incidence of approximately 1–1.5 new cases per 
100,000 people per year. However, its prevalence is on the increase due 
to the significant improvement in its treatment over the past 10 years, 
enabling patients with CML to achieve survival rates comparable to those 
of the age-matched healthy population [17]. CML represents 15–20% of 
all leukemia in adults [18]. 
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In the Western population, the median age of patients at diagnosis 
is 55–65 years old, with fewer than 10% of cases occurring below the 
age of 20 years. However, in Asia, Africa, Southern/Eastern Europe, and 
Latin America the median age of CML is significantly lower, averaging 
38–41 years in different countries [19]. The disease affects both sexes, 
with a slight male preponderance (male:female ratio of 1.3:1).

Etiology
The only known predisposing factor to CML is high-dose ionizing radia-
tion, as best demonstrated by studies of survivors of the Hiroshima and 
Nagasaki atomic bomb explosions [20]. Apart from a reported borderline 
increased risk of CML in first-degree relatives of patients with myelopro-
liferative disorders [21], there is no evidence of an inherited disposition 
or association with chemical exposure.

Clinical manifestations
Most patients with CML are diagnosed in the chronic phase, which occurs 
frequently as an incidental finding when blood tests are performed for 
other reasons. Around one-third of patients are asymptomatic, although 
other patients typically have mild symptoms of fatigue, weight loss, or 
sweats [22]. Not uncommonly patients report abdominal discomfort or 
early satiety due to splenomegaly. Without effective treatment the disease 
usually transforms to an accelerated phase, which can be associated with 
increasing leukocytosis and basophilia, splenomegaly, and worsening 
constitutional symptoms. The average duration of the accelerated phase 
historically was around 2–3 years, followed by the development of blast 
crisis. The latter is indistinguishable from acute leukemia with a spectrum 
of clinical features including leukocytosis, cytopenia, bone pain, and 
chloroma. Median survival in patients that reached blast crisis and were 
treated with chemotherapy prior to the advent of TKIs was 3–6 months [23]. 

Not all patients follow this stepwise progression, and blast crisis can 
sometimes develop abruptly outside of the chronic phase or be present at 
diagnosis. Response to therapy and overall survival in advanced phase 
CML are relatively poor, so the major goal of treatment for chronic phase 
CML is to prevent progression to the advanced phase. 
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Pathophysiology 
The t(9;22)(q34;q11) reciprocal translocation gives rise to two pathog-
nomonic fusion genes, BCR–ABL on the 22q- (Ph) chromosome, and 
ABL–BCR, on the derivative 9q+ (Figure 1.2). Although the latter is 
transcribed, there is no current evidence that it has functional rel-
evance in the disease [24]. Thus, it is the translation of the BCR–ABL 
gene into an abnormal fusion protein that is mostly responsible for the 
leukemic process.

Figure 1.2  Molecular rearrangements underlying chronic myeloid leukemia. Structure of 
the t(9;22)(q34;q11) reciprocal chromosomal translocation that gives rise to the two derivative 
chromosomes 9q+ and 22q-, or Ph. The BCR–ABL gene is formed on the latter and is transcribed 
into mRNA with e13a2 or e14a2 junctions. The encoded p210 kD BCR–ABL oncoprotein contains 
functional domains from the amino-terminus of BCR and the carboxy-terminus of ABL. Shown 
on the diagram are the dimerization [DD], the phospho-serine/threonine rich sequences within 
the Src-homology (SH2)-binding (SH2-bind) region, and the rho CTP-GDP exchange factor 
domains (rho-GEF) on the BCR part, and the SH3, SH2, and SH1 regions, and the DNA- and 
actin-binding domains (DNA-bind.; Actin-bind.) on the ABL part. Tyrosine 177 in the Bcr and 
tyrosine 412 in the Abl regions are important for doscking of adaptor proteins and for BCR–ABL 
autophosphorylation, respectively. The SH1, encoding the tyrosine kinase domain of the protein, 
is highlighted by the oval circle. BCR–ABL, breakpoint cluster region–Abelson oncogene; NLS, 
nuclear localization; SH1/2/3, Src-homology 1/2/3; Src, phospho-serine/threonine rich sequences. 
Reproduced with permission from © Elsevier, 2004. All rights reserved. Melo, Deininger [25].
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The BCR–ABL oncoprotein includes several important domains of 
its parental BCR and ABL normal counterparts, which endow it with 
specific biological properties (Figure 1.2). The most important feature 
of this oncoprotein in relation to its leukemogenic action is the fact that 
the dimerization domain encoded by the amino-terminus of BCR leads 
to a constitutively activated tyrosine kinase of the ABL portion. As such, 
BCR–ABL interferes with a series of signal transduction pathways, includ-
ing the phosphatidylinositol 3 kinase (PI3K), the Janus kinase 2–signal 
transducer and activator of transcription (JAK2–STAT) and the mitogen-
activated protein kinase (MAPK) pathways, among others (Figure 1.3). 
This leads to exacerbated cell proliferation, decreased adherence to the 

Figure 1.3  Signaling pathways activated in BCR–ABL-positive cells. Note that this is a very 
simplified diagram and that many more associations between BCR–ABL and signaling proteins 
have been reported. AKT, AKT8 virus oncogene cellular homolog; BAD, BCL-2 associated death 
promoter gene; BCLxL, B-cell lymphoma xL; BCR–ABL, breakpoint cluster region–Abelson 
oncogene; CBL, Casitas B-lineage lymphoma; CRK, CT10 sarcoma oncogene cellular homolog; 
DOK, downstream of kinase; ERK, extracellular signal-regulated kinase; GAP, GTPase-activating 
protein; GDP, guanosine 5’-diphosphate; GRB-2, growth factor receptor-bound protein 2; GTP, 
guanosine 5’-triphosphate; MAPK, mitogen-activated protein kinase; MEK1/2, MAPK/ERK kinase 
1/2;  MYC, myelocytomatosis oncogene cellular homolog; PI3K, phosphatidylinositol 3 kinase; 
RAF-1, rapidly accelerated fibrosarcoma gene; SAPK, stress-activated protein kinase; SHC, Src 
homology 2 domain containing; SOS , son-of-sevenless; STAT1+5, signal transducer and activator 
of transcription 1+5. Reproduced with permission from © American Society of Hematology, 2000. 
All rights reserved. Deininger et al [26].
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bone marrow stroma, reduced response to apoptotic stimuli, and increased 
genomic instability [26]. These basic biological changes are responsible 
for the cellular phenotype of chronic phase CML, and pave the way for 
disease transformation.

The genetic event that triggers CML, or the t(9;22) translocation, 
occurs in a pluripotent HSC and is, therefore, found in nearly all the 
derived cell lineages, in spite of the predominant neutrophilic leukocy-
tosis and thrombocytosis. During the chronic phase, there is a significant 
expansion of the myeloid progenitors, which still have a nearly intact 
capacity to differentiate, mature, and function properly. However, with 
progression of the disease due to the acquisition of additional cytogenetic 
and genetic abnormalities, the leukemic clone undergoes differentiation 
arrest, resulting in a major increase of immature blasts at the expense 
of the terminally differentiated leucocytes [27]. The biological process 
behind this transformation is reported to be a change in character of the 
granulocyte-macrophage progenitors which, due to abnormal b-catenin 
signaling, acquire the stem cell-like capacity of unrestricted self-renewal 
and, thus, repopulate the bone marrow with immature cells [28]. 

References 
1 Piller G. Leukaemia—a brief historical review from ancient times to 1950. Br J Haematol. 

2001;112:282-29.
2 Sokal JE, Cox EB, Baccarani M, et al. Prognostic discrimination in «good-risk» chronic 

granulocytic leukemia. Blood. 1984;63:789-799.
3 Hasford J, Pfirrmann M, Hehlmann R, et al. A new prognostic score for survival of patients 

with chronic myeloid leukemia treated with interferon alfa. Writing Committee for the 
Collaborative CML Prognostic Factors Project Group. J Natl Cancer Inst. 1998;90:850-858.

4 Damesek W. Some speculations on the myeloproliferative syndromes. Blood. 1951;6:372-375.
5 Nowell PC, Hungerford DA. A minute chromosome in human chronic granulocytic leukemia. 

Science. 1960;132:1497.
6 Rowley JD. A new consistent chromosomal abnormality in chronic myelogenous leukaemia 

identified by quinacrine fluorescence and Giemsa staining. Nature. 1973;243:290-293.
7 Goff SP, Gilboa E, Witte ON, Baltimore D. Structure of the Abelson murine leukemia 

virus genome and the homologous cellular gene: studies with cloned viral DNA. Cell. 
1980;22:777-785.

8 de KA, van Kessel AG, Grosveld G, et al. A cellular oncogene is translocated to the 
Philadelphia chromosome in chronic myelocytic leukaemia. Nature. 1982;300:765-767.

9 Groffen J, Stephenson JR, Heisterkamp N, de Klein A, Bartram CR, Grosveld G. Philadelphia 
chromosomal breakpoints are clustered within a limited region, bcr, on chromosome 22. 
Cell. 1984;36:93-99.

10 Canaani E, Gale RP, Steiner Saltz D, Berrebi A, Aghai E, Januszewicz E. Altered transcription of 
an oncogene in chronic myeloid leukaemia. Lancet. 1984;1:593-595.



8 • HANDBOOK OF CHRONIC MYELOID LEUKEMIA

11 Shtivelman E, Lifshitz B, Gale RP, Canaani E. Fused transcript of abl and bcr genes in chronic 
myelogenous leukaemia. Nature. 1985;315:550-554.

12 Grosveld G, Verwoerd T, van AT, et al. The chronic myelocytic cell line K562 contains a 
breakpoint in bcr and produces a chimeric bcr/c-abl transcript. Mol Cell Biol. 1986;6:607-616.

13 Konopka JB, Watanabe SM, Witte ON. An alteration of the human c-abl protein in K562 
leukemia cells unmasks associated tyrosine kinase activity. Cell. 1984;37:1035-1042.

14 Ben Neriah Y, Bernards A, Paskind M, Daley GQ, Baltimore D. Alternative 5’ exons in c-abl 
mRNA. Cell. 1986; 44:577-586.

15 Daley GQ, Van Etten RA, Baltimore D. Induction of chronic myelogenous leukemia in mice by 
the P210bcr/abl gene of the Philadelphia chromosome. Science. 1990;247:824-830.

16 Druker BJ. Translation of the Philadelphia chromosome into therapy for CML. Blood. 2008; 
112:4808-4817.

17 Hoglund M, Sandin F, Hellstrom K, et al. Tyrosine kinase inhibitor usage, treatment outcome, 
and prognostic scores in CML: report from the population-based Swedish CML registry. 
Blood. 2013;122:1284-1292.

18 Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin. 2012;62:10-29.
19 Mendizabal AM, Garcia-Gonzalez P, Levine PH. Regional variations in age at diagnosis 

and overall survival among patients with chronic myeloid leukemia from low and middle 
income countries. Cancer Epidemiol. 2013;37:247-254.

20 Bizzozero OJ, Jr, Johnson KG, Ciocco A. Radiation-related leukemia in Hiroshima and 
Nagasaki, 1946–1964. I. Distribution, incidence and appearance time. N Engl J Med. 
1966;274:1095-1101.

21 Landgren O, Goldin LR, Kristinsson SY, Helgadottir EA, Samuelsson J, Bjorkholm M. Increased 
risks of polycythemia vera, essential thrombocythemia, and myelofibrosis among 24,577 
first-degree relatives of 11,039 patients with myeloproliferative neoplasms in Sweden. 
Blood. 2008;112:2199-2204.

22 Hehlmann R, Heimpel H, Hasford J, et al. Randomized comparison of busulfan and 
hydroxyurea in chronic myelogenous leukemia: prolongation of survival by hydroxyurea. 
The German CML Study Group. Blood. 1993;82:398-407.

23 Sacchi S, Kantarjian HM, O’Brien S, et al. Chronic myelogenous leukemia in nonlymphoid 
blastic phase: analysis of the results of first salvage therapy with three different treatment 
approaches for 162 patients. Cancer. 1999;86:2632-2641.

24 Melo JV, Gordon DE, Cross NC, Goldman JM. The ABL-BCR fusion gene is expressed in chronic 
myeloid leukemia. Blood. 1993;81:158-165.

25 Melo J, Deininger MW. Biology of chronic myelogenous leukemia—signaling pathways of 
initiation and transformation. Hematolol Oncol Clin North Am. 2004;18:545-568.

26 Deininger MW, Goldman JM, Melo JV. The molecular biology of chronic myeloid leukemia. 
Blood. 2000;96:3343-3356.

27 Melo JV, Barnes DJ. Chronic myeloid leukaemia as a model of disease evolution in human 
cancer. Nat Rev Cancer. 2007;7:441-453.

28 Jamieson CH, Ailles LE, Dylla SJ, et al. Granulocyte-macrophage progenitors as candidate 
leukemic stem cells in blast-crisis CML. N Engl J Med. 2004;351:657-667.



Chapter 2

Diagnosis

When a patient presents with suspected chronic myeloid leukemia (CML) 
appropriate assessments are needed to confirm the diagnosis and stage 
of disease, and to assign a risk score to that patient. 

Diagnostic laboratory tests
Blood picture and biochemistry
Most chronic phase CML patients present with a characteristic blood 
picture with increased and left-shifted granulopoiesis, and a predominance 
of neutrophils and myelocytes (Figure 2.1). There is also an increase in 
eosinophils and basophils.

A variant presentation of chronic phase CML is marked thrombocyto-
sis with little or no neutrophilia, mimicking essential thrombocythemia. 
Another rare presentation mimics chronic myelomonocytic leukemia 
with predominant monocytosis: such cases may express p190 break-
point cluster region–Abelson (BCR–ABL) oncogene [1]. Biochemical 
correlates of myeloid hyperplasia include increased uric acid and 
lactate dehydrogenase. 

Bone marrow morphology
The bone marrow is markedly hypercellular with granulocytic and vari-
able megakaryocytic hyperplasia, and relatively depressed erythropoiesis 
(Figures 2.2 and 2.3). 

The differential counts resemble those in the peripheral blood 
with left-shift eosinophilia and basophilia. The megakaryocytes have 

9
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a typical morphology with a marked increase in small, hypolobated 
forms. Dysplastic features are unusual. The cytoplasm of debris-laden 
macrophages can have a characteristic deep blue (sea blue histiocytes) 
or crinkled tissue paper appearance (pseudo-Gaucher cells), reflecting 
increased cell turnover. Reticulin fibrosis is not usually seen, but a minor-
ity of CML cases can have significant fibrosis, resulting in features that 
may resemble primary myelofibrosis. The presence of marrow fibrosis 
in CML has been reported as an adverse prognostic factor, and can be 
associated with disease progression [2]. 

The blast crisis bone marrow shows features that would be expected 
in de novo acute myeloid leukemia (AML) or acute lymphoblastic 
leukemia (ALL), but there may be morphological clues to the origin of 
the leukemia, such as eosinophilia or basophilia. In the accelerated phase 
there are features intermediate between the chronic and blast crisis phases. 
Diagnostic criteria for CML disease phase are summarized in Table 2.1. 

The criteria of Kantarjian and colleagues have been widely used in 
clinical trials [3]. Accelerated phase CML can be defined solely on the 
basis of karyotypic clonal evolution, with blood and marrow morphology 

Figure 2.1  Blood film x200 magnification of chronic phase chronic myeloid leukemia. Note 
the bimodal differential count with peaks in the neutrophils and myelocytes.



D I AG N O S I S •  11

consistent with ongoing chronic phase. Accelerated phase patients, defined 
solely by cytogenetic clonal evolution, may have a better prognosis than 
those with hematological acceleration [4,5]. 

Figure 2.2  Bone marrow aspirate x1000 magnification of chronic phase chronic myeloid 
leukemia. Note A, the prominent eosinophils and B, micromegakaryocyte.

A

B
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Immunophenotyping
Immunophenotyping is not required to diagnose CML in the chronic 
or accelerated phase. In blast crisis the immunophenotype is helpful in 
confirming the lineage of the leukemia, which is myeloid in approxi-
mately two-thirds of cases and B-lymphoid in approximately one-third 
of cases; cases with a T-cell lineage are rare. Aberrant expression of 
lineage-associated markers is commonly observed, and biphenotypic 
leukemia is seen in a small proportion of cases [6,7]. 

Cytogenetics
CML is associated with the classical Philadelphia (Ph) chromosome, 
an abnormally shortened chromosome 22 due to t(9;22)(q22;q34) 
seen on G-banded karyotypic examination in at least 90–95% of cases 
(Figure 2.4). 

A variant Ph-rearrangement, often involving other chromosomes in 
addition to chromosomes 9 and 22, may be identified in a further 5% 
of cases. A cytogenetically cryptic Ph rearrangement is observed in rare 

Figure 2.3  Bone marrow trephine. Note the near-complete obliteration of fat spaces and 
proliferation of granulocyte and megakaryocyte lineages. Micromegakaryocytes and debris-laden 
macrophages can be seen.
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cases, which can be detected only by fluorescence in situ hybridization 
(FISH) or polymerase chain reaction (PCR) [8]. Variant Ph rearrangements 
do not seem to influence prognosis in patients treated with imatinib [9,10]. 

In addition to the Ph rearrangement, other chromosomal abnor-
malities can be observed at diagnosis in around 10% of patients [11]. 
Selected high-risk additional chromosomal abnormalities (Ph duplica-
tion, isochromosome 17q, and trisomy 8) are referred to as ‘major route’ 
abnormalities and are associated with a significantly inferior response to 
treatment [10]. Other additional chromosomal abnormalities (including 
loss of the Y chromosome) do not seem to have an influence on prognosis. 

Molecular studies
Qualitative reverse transcriptase (RT)-PCR for BCR–ABL can be used to 
confirm the presence of the translocation and this method may be the 
only means of confirming a molecular diagnosis in cases with a cryptic 
Ph rearrangement.  The use of long template PCR with a forward primer 
in BCR exon 1 and a reverse primer in ABL1 exon 3 enables the detection 
of not only the typical e13a2 and e14a2 BCR–ABL transcripts, but also 

Figure 2.4  Metaphase karyotype of a male patient with chronic phase chronic myeloid 
leukemia. One long arm of chromosome 9 contains additional material derived from one of the 
long arms of chromosome 22, resulting in the shortened Philadelphia chromosome. BCR–ABL is 
formed on chromosome 22 and the reciprocal ABL–BCR gene is formed on chromosome 9.
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rarer BCR–ABL variants, such as e1a2 (p190 BCR–ABL) and e19a2 (p230 
BCR–ABL), which may otherwise cause diagnostic difficulties [12]. A 
multiplex RT-PCR assay has been widely used and incorporates primers 
for e13a2, e14a2 and e1a2 [13]. It is important to be aware of what 
method is being used in the laboratory in order to be certain that the 
rarer molecular variants of BCR–ABL have been excluded.

The typical p210 BCR–ABL protein that is expressed in CML can be 
associated with either e13a2 or e14a2 mRNA transcripts. The majority 
of patients (~60%) express e14a2 only and ~30% of patients express 
e13a2 only [14–16]; the remainder express both transcripts because of 
the presence of a polymorphic splice acceptor site that results in splicing 
out of the 75 bases of BCR exon 14 and, consequently, a proportion of the 
e14a2 being processed to e13a2 [17,18]. While some authors have reported 
prognostic relevance of the transcript type, there is no convincing evidence 
of a difference in outcome between patients with p210 CML according to 
BCR breakpoint and mRNA transcript type [15,16,19]. 

In rare cases, Ph-positive patients express an e19a2 BCR–ABL mRNA 
transcript that results in a p230 BCR–ABL protein. In comparison with 
classical CML, the resulting syndrome of neutrophilic CML is character-
ized by less marked leukocytosis, frequent thrombocytosis, the absence 
of splenomegaly, and a more indolent disease course [20]. However, 
clonal evolution can be associated with acceleration in patients with 
neutrophilic CML, and progression to blast crisis may occur. It is impor-
tant to distinguish between neutrophilic CML and chronic neutrophilic 
leukemia, a rare BCR–ABL-negative myeloproliferative syndrome with 
prominent neutrophilia and hepatosplenomegaly, which, in around 
half of cases, is associated with activating mutations in the receptor for 
colony-stimulating factor 3, and which may be sensitive to SRC or Janus 
kinase (JAK) inhibition [21]. 

Differential diagnosis
In most cases the diagnosis of CML is uncomplicated, with a typical blood 
picture and confirmatory cytogenetic or molecular tests. Other hemato-
logical malignancies and reactive conditions have features that overlap 
with CML, and some conditions that may mimic CML are discussed here.
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Reactive conditions
'Leukemoid reaction' is a term that is used to describe reactive leukocytosis 
with predominant neutrophilia that may resemble CML. Cytochemical 
staining for neutrophil alkaline phosphatase was used to distinguish 
between leukemoid reaction and CML, but is now obsolete where PCR 
for BCR–ABL is readily available. Immune-mediated disorders such as 
vasculitis, allergy, and parasitic infection may cause leukocytosis with 
eosinophilia, but are rarely confused with CML.

Other hematological neoplasms
Chronic Ph-negative myeloproliferative neoplasms such as primary myelofi-
brosis may present with leukocytosis with eosinophilia or splenomegaly, as 
may rare cases of myelodysplasia, or the myelodysplastic and myeloprolif-
erative overlap syndromes. Chronic myeloproliferative neoplasms associ-
ated with tyrosine kinase fusion genes other than BCR–ABL may resemble 
CML, but are usually evident on karyotyping. These include ETV6–ABL 
with t(9;12), ETV6–PDGFRB with t(5;12), and fibroblast growth factor 
receptor (FGFR) fusions with abnormalities of chromosome 8p. Chronic 
eosinophilic leukemia with the FIP1L1–PDGFRA fusion is cytogenetically 
cryptic, and can be identified only by FISH or PCR [22]. 

Eosinophilia and splenomegaly may occur in lymphoproliferative 
conditions (especially Hodgkin lymphoma and T-cell lymphoma) in which 
eosinophilia is thought to be driven by abnormal production of cytokines 
such as interleukin 3 (IL-3), IL-5, and granulocyte-macrophage colony-
stimulating factor (GM-CSF) related to the lymphoid clone [8]. Acute leu-
kemia may mimic blast crisis CML, particularly in conditions such as AML 
with eosinophilia (eg inv[16]), and AML with basophilia (eg t[6;9]). Clinical 
features and karyotyping may not reliably distinguish between lymphoid 
blast crisis CML and Ph-positive ALL if there is no prior history of CML.

Clinical risk scores
Clinical risk scores were developed in the 1980s and 1990s, driven by the 
availability of allogeneic stem cell transplantation as a potentially cura-
tive treatment for CML patients. For example, Sokal and colleagues [23]  
developed a scoring system that divided patients with CML into three risk 
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groups: high (median survival 32 months), intermediate (median survival 
approximately 45 months), and low (median survival 60 months). This 
enabled the selection of patients for whom the risk–benefit ratio of the 
allograft procedure was most favorable. The Sokal score is calculated at 
diagnosis from the age of the patient, palpable spleen size (in centim-
eters below the costal margin), platelet count, and blast percentage in 
the peripheral blood. Elements of the Sokal score overlap with those that 
are used to define the accelerated phase, so that there is a continuum 
between high-risk chronic phase and accelerated phase disease, and the 
definitions that are used to classify patients are somewhat arbitrary. 
The Sokal score was developed for patients treated with hydroxyurea 
or busulphan but it is also useful for predicting the outcome for patients 
treated with imatinib de novo [24,25]. 

Other scoring systems have been used, including the Hasford score, 
which was developed in interferon-treated patients. This score incor-
porates the same four variables as the Sokal score, in addition to the 
eosinophil count and basophil count in the peripheral blood at the time 
of diagnosis [26,27]. The more recent European Treatment and Outcome 
Study for CML (EUTOS) score was developed in imatinib-treated patients 
and uses only the spleen size and percentage of basophils in the peripheral 
blood [28]. In an independent series of over 1000 patients this score was 
predictive of progression-free and overall survival, but not all studies 
have confirmed these findings [29,30]. 
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Chapter 3

Monitoring response to treatment

A reduction in the number of leukemic cells in chronic myeloid leuke-
mia (CML) is associated with improved progression-free survival. The 
careful monitoring of response to treatment is essential to ensure that a 
patient is on track to achieve long-term disease control. Treatment goals 
for CML are the normalization of peripheral blood counts, the reduction 
and elimination of the Philadelphia (Ph) chromosome, and the reduc-
tion and elimination of BCR–ABL gene expression. Progress toward 
these goals can be monitored by measuring hematologic, cytogenetic, 
and molecular responses, respectively (Table 3.1). Monitoring response 
to therapy for patients with CML is fundamental for achieving optimal 
patient outcomes and regularly scheduled monitoring after treatment 
initiation may help identify patients at risk of treatment failure.

Hematological response
The criteria for a complete hematological response (CHR) are detailed 
in Table 3.1. Normalization of the blood counts and resolution of spleno-
megaly is typically seen within the first  weeks of tyrosine kinase inhibi-
tor (TKI) treatment for chronic phase CML. Its utility for the monitoring 
of chronic phase CML beyond that time is limited.

Cytogenetic response
Examination of at least 20 bone marrow metaphases was for many years 
the ‘gold standard’ for response to treatment in CML. Criteria for differ-
ent levels of cytogenetic response are defined in Table 3.1. Cytogenetic 

21
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response is associated with reduced rates of progression to advanced phase 
disease, and prolonged overall survival [1–3]. Cytogenetic evolution in 
the Ph-positive clone is associated with advanced phase disease and a 
poor prognosis [4–6]. The emergence of clonal evolution during treat-
ment is strongly associated with loss of response [7,8], and presumably 
reflects inadequate suppression of the genetically unstable CML clone. 

Bone marrow cytogenetic monitoring has several limitations for 
long-term monitoring. Bone marrow aspiration is an invasive procedure 
with small, but significant, risks attached [9,10]. At least 5% of marrow 
aspirate samples will yield fewer than 20 metaphases of suitable quality 
for cytogenetic examination [11,12]. Interphase fluorescence in situ 
hybridization (FISH) analysis using BCR–ABL-specific probes enables 
the examination of a greater number of cells, and may therefore provide 
a more reliable measure of disease burden [13], but real-time quantitive 
polymerase chain reaction (RQ-PCR) has largely supplanted cytogenetic 
approaches for quantification of disease burden. 

Hematologic and cytogenetic response definitions in chronic myeloid leukemia

Complete hematologic 
response 

All of the following:

Normalization of peripheral blood counts

Normal white cell differential (no peripheral blood blasts and 
promyelocytes, sum of myelocytes + metamyelocytes <5%)

No disease-related symptoms or extramedullary disease, 
including hepatosplenomegaly

Cytogenetic responses Defined according to percentage of Ph+ metaphases in bone 
marrow:

Minimal >65–95% Ph+

Minor >35–65%

Partial >0–35%

Complete 0%

Major cytogenetic 
response 

Partial or complete cytogenetic response

≤35% Ph-positive cells detected in a bone marrow sample with a 
minimum of 20 metaphases

Approximately equivalent to BCR–ABL <10%

Complete cytogenetic 
response 

0% Ph-positive cells detected in a bone marrow sample with a 
minimum of 20 metaphases

Approximately equivalent to BCR–ABL <1%

Table 3.1  Hematologic and cytogenetic response definitions in chronic myeloid leukemia. 
BCR–ABL, breakpoint cluster region–Abelson oncogene; Ph, Philadelphia chromosome.
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Karyotyping may rarely provide clinically important information on 
acquired cytogenetic abnormalities in Ph-negative cells during treatment. 
Around 5% of patients will develop cytogenetic abnormalities in Ph-negative 
cells during imatinib treatment. These abnormalities might be pre-existing 
subclones that are revealed by suppression of the CML clone, rather than 
a consequence of TKI toxicity. These Ph-negative clones have rarely been 
associated with cytopenia, myelodysplasia, or secondary acute myeloid 
leukaemia (AML) [14–17]. In the absence of cytopenia or dysplastic changes 
in the blood there is little to be gained by regular cytogenetic screening 
of the marrow to identify or monitor these abnormal Ph-negative clones 
in patients who achieve and maintain satisfactory molecular responses.

Molecular monitoring methods
RQ-PCR detection of BCR–ABL forms the backbone of CML monitoring in 
many centers around the world. RNA is extracted from peripheral blood or 
bone marrow cells and amplified by using a reverse transcriptase enzyme 
and either random oligonucleotide primers or sequence-specific primers. 
An aliquot of the cDNA product is then used in RQ-PCR to quantify both 
the target transcript BCR–ABL and a control gene transcript. The RQ-PCR 
result is expressed as a ratio of BCR–ABL to its control gene. 

Several different control genes have been used for BCR–ABL RQ-PCR, 
but the ideal control gene should have expression levels and degradation 
characteristics similar to BCR–ABL, and should be stable in its expres-
sion regardless of the disease state and treatment [18,19]. The Europe 
Against Cancer collaborative group [19] has recommended the use of 
the control genes ABL, BCR, or GUSB. ABL is somewhat problematic early 
in treatment, since both BCR–ABL and ABL are measured, resulting in a 
lower BCR–ABL/control gene ratio. As the level of residual disease falls 
the relative contribution of BCR–ABL to total ABL becomes irrelevant, 
and all three control genes give similar results with BCR–ABL <10%. 

Considerable effort has been made to standardize RQ-PCR procedures 
in a manner similar to that undertaken decades ago to establish the 
International Normalized Ratio for warfarin therapy [20,21]. Standardized 
laboratories report BCR–ABL on the International Scale. This system 
was developed following the exchange of clinical trial samples between 
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three reference laboratories [22], which have subsequently undertaken 
sample exchange with multiple other laboratories around the world. A 
three-log reduction in BCR–ABL from the standardized median baseline 
level was assigned a value of 0.1% BCR–ABLIS and all other values are 
determined	relative	to	this	set	point	[23,24].	A	value	of	≤0.1%	is	a	major	
molecular response (MMR). The median BCR–ABL value at diagnosis in 
any standardized lab will be close to 100%, but the actual value may 
vary significantly in an individual patient. An international reference 
material for BCR–ABL was recently synthesized and validated [25]. The 
use of commercial calibrators and standards should greatly simplify the 
BCR–ABL standardization process. 

A simplified approach to standardization is provided by the Cepheid 
GeneXpert(R) system, an automated sample preparation and real-time 
PCR detection system [26]. This proprietary tool uses a point-of-care 
style cartridge that requires minimal training and quality assurance pro-
cedures for the end-user. Whole blood is injected into the cartridge and 
the RQ-PCR is performed in a closed system. Each batch of cartridges is 
assigned BCR–ABLIS conversion factors by the manufacturer [26]. 

Molecular response as a surrogate for cytogenetics
Molecular surrogates for cytogenetic response have been reported by 
several groups, and are now commonly used in clinical practice (Figure 3.1). 

The United States National Comprehensive Cancer Network guide-
lines now refer to molecular response targets [27]. 10% BCR–ABL is 
approximately equivalent to major cytogenetic response (MCyR), while 
1% BCR–ABL is approximately equivalent to complete cytogenetic response 
(CCyR) [11,15,28,29]. In 320 samples where RQ-PCR and bone marrow 
karyotype were performed at the same time point every patient in MMR 
was also in CCyR [15]. For patients in MMR bone marrow aspiration 
provides little or no additional information about the Ph-positive clone. 

Early molecular response
Several studies have shown that the BCR–ABL level achieved following 
3 months of TKI treatment is associated with longer term treatment 
outcomes [30–32]. A BCR–ABL	value	of	≤10%	at	3	months	is	associated	
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with superior rates of MMR and deeper molecular responses, and in some 
studies with improved progression-free and overall survival. On average 
this early molecular response target represents a one-log reduction from 
baseline; however there is significant variation in the BCR–ABL level at 
diagnosis, and the predictive value of the 10% target at 3 months can 
be improved by an assessment of the drop from the individual baseline 
value of the patient [33,34]. 

Undetectable BCR–ABL and deeper molecular response
By analogy with cytogenetic response assessment, the term complete 
molecular response (CMR) is frequently used to describe patients in whom 
there is no detectable BCR–ABL by RQ-PCR. As CMR is dependent on the 
detection limit of RQ-PCR, we prefer the term ‘undetectable minimal 
residual disease’ (UMRD). On imatinib the proportion of patients with 
UMRD increases progressively over time, and may be as high as 50% after 
5 years [35]. This group of patients has attracted considerable interest 
since prospective multicenter studies have shown that around 40% of 
patients with UMRD for at least 2 years were able to stop imatinib and 
remain in treatment-free remission [36,37]. Similar studies are being 
conducted in patients treated with nilotinib and dasatinib. 

The lower limit of detection of the RQ-PCR assay (commonly termed 
“sensitivity”) varies between laboratories, and even between samples 

Figure 3.1  Relationship between molecular and cytogenetic response levels. BCR–ABLIS, 
breakpoint cluster region–Abelson oncogene; CCyR, complete cytogenetic response; MMR, major 
molecular response; PCR, partial cytogenetic response. 
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processed in the same batch on the same day in a single laboratory. This 
variability reflects pre-analytical variables including variation in white 
cell count, sample degradation (especially important where samples 
are transported long distances to a central laboratory), and  analytical 
variables, such as enzyme activity and assay design [18,20,21,38].

There is a need for definitions of deep molecular response that are 
unambiguous and reproducible. Cross and colleagues proposed consensus 
guidelines for the reporting of samples with low level MRD or UMRD. 
MR4.0, for example, is used to describe a patient with UMRD with a limit 
of detection of at least four-log or detectable BCR–ABL at a level that is 
equal to or less than 0.01% [39]. The first prospective imatinib cessation 
studies required undetectable BCR–ABL and at least MR4.5 (BCR–ABL 
≤0.0032%)	as	an	inclusion	criterion.	Several	subsequent	clinical	trials	
of treatment-free remission have adopted MR4.5 (without the need for 
UMRD) as a slightly less stringent, but more reproducible entry criterion. 
Less stringent criteria have been proposed for use in the ENESTFreedom 
and DASFREE trials [40,41].

Rising BCR–ABL levels
Most studies of TKI resistance have reported fold increases in BCR–ABL 
levels as evidence of loss of response. The extent of change that is sig-
nificant varies between laboratories, and also varies with the BCR–ABL 
level, due to higher imprecision at lower levels of MRD. At BCR–ABL 
levels of >0.1% even an experienced laboratory will consider changes of 
up to twofold to be within the confidence limits of the test, and in some 
laboratories this range may be up to 10-fold. At lower levels of disease 
(below the level of MMR) the imprecision will be greater due to stochastic 
effects near the limit of detection. Each laboratory should determine the 
imprecision of its assay, and the clinicians who use that assay should be 
aware of what constitutes a clinically meaningful change. A significant 
increase in BCR–ABL should trigger a review of treatment compliance 
and/or a screen for kinase domain mutations.

The fold rise alone can be misleading if the interval between tests is 
variable. For example, an increase from 1% to 10% in one month would 
be more concerning than the same increase occurring over 6 months. 
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The doubling time is calculated using the fold change and the interval 
between tests. In chronic phase CML the doubling time of BCR–ABL when 
TKI treatment is stopped is around 10–14 days [42,43]. Similar doubling 
times are observed in patients developing blast crisis. Thus, a short dou-
bling time raises the suspicion of poor drug adherence if blastic trans-
formation has been excluded. Longer doubling times are characteristic 
of	emerging	drug	resistance	due	to	kinase	domain mutations,	but	could	
also	be	an	indicator	of	poor	compliance	with	the		doubling time inversely	
proportional to the number of missed doses [44].

Indications for mutation testing
The development of point mutations in the kinase domain of BCR–ABL 
is the most commonly identified cause of resistance to therapy with ABL 
kinase inhibitors [45–48]. Around half of patients in whom resistance 
occurs after an initial response (secondary resistance) are found to 
harbor kinase domain mutations. By contrast, direct sequencing of the 
kinase domain in newly diagnosed chronic phase CML patients never 
identifies mutations, although polymorphisms can sometimes cause 
confusion. Mutations arise more commonly in patients commencing 
imatinib in the late chronic phase and in the accelerated phase. Mutations 
are extremely rare in patients with primary resistance to imatinib, and 
alternative mechanisms of resistance (such as amplification of the Ph 
chromosome) must be involved. Once primary resistance is established 
there is a higher risk of point mutations developing in the kinase domain 
to further impair response to TKI therapy.

Screening for mutations is recommended in patients with a poor 
response to TKIs (eg, BCR–ABL >10% after 3 months of treatment), and 
in patients with secondary resistance. The incidence of mutations in 
patients with a greater than twofold rise in BCR–ABL (above the level of 
MMR) was approximately 60% in a series of patients tested in our labo-
ratory [49]. By contrast, <1% of patients with stable or falling BCR–ABL 
levels had a detectable mutation. The degree of increase in BCR–ABL 
that should trigger mutation screening will vary between laboratories, 
as discussed above [49].
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The presence of multiple mutations in CML may carry an especially 
adverse prognosis. This is particularly so when compound mutations are 
present within a single clone – as opposed to a mixture of clones, each 
carrying a single mutation. Compound mutations may still result in TKI 
resistance even with more potent drugs, such as ponatinib [50]. Sanger 
sequencing cannot reliably distinguish between compound mutations 
and multiple clones with a mixture of individual mutations. Massively 
parallel sequencing of the ABL kinase domain can identify mutations 
in cis, and may have a role in kinase domain mutation screening [51].

Pharmacokinetics
The measurement of imatinib drug levels in the plasma of CML patients 
has some clinical utility. Patients with lower drug levels (<1000 ng/mL) 
are less likely to achieve MMR [52]. Drug levels may be useful to inves-
tigate suspected non-compliance or therapeutic drug interactions – for 
example, if a new drug induces the hepatic clearance of imatinib. Data 
on the therapeutic drug monitoring of newer TKIs remain scarce. 

Monitoring protocol in different clinical settings 
Tyrosine kinase inhibitor treatment of chronic phase 
chronic myeloid leukemia
Blood counts should be monitored every 1–2 weeks until CHR is achieved 
because some patients will develop severe cytopenia requiring transfu-
sion or granulocyte-colony stimulating factor (G-CSF) support. This is 
not due to a classical myelosuppressive effect of the TKI, but reflects 
delayed recovery of normal hematopoiesis following clearance of the 
leukemic cells. The development of significant cytopenia after CHR is 
uncommon and blood counts may be required only every 3 months for 
chronic phase patients on continuing therapy.

Cytogenetic analysis may be useful to confirm CCyR, typically after 6 
months. This is especially important where BCR–ABL levels remain above 
the threshold of 1% after 6 months of therapy. Once MMR is achieved there 
is no indication for further marrow studies unless molecular response is 
lost or cytopenia develops and warrants investigation. As a minimum we 
recommend bone marrow examination as a baseline assessment for all 
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patients;	and	testing	every	3	months	for	patients	with	≥10%	BCR–ABL, 
as this group has the highest risk of disease progression. 

Molecular monitoring is typically performed every 3 months. 
Monitoring should be performed more frequently in specific situations: 
for example poor response, suspected noncompliance, or introduction of 
concomitant medications that might interfere with the availability of the 
TKI. The doubling time of CML is such that with uncontrolled disease a 
one-log rise in BCR–ABL would occur in one month. 

Tyrosine kinase inhibitor treatment of accelerated phase 
and blast crisis chronic myeloid leukemia
It is fortunate that advanced phase CML is now rather uncommon, but 
this means that there are limited data on which to base management 
recommendations. In accelerated phase and blast crisis CML the risk of 
TKI resistance is considerably higher than in chronic phase CML, and 
therefore more frequent monitoring may be warranted. In the accel-
erated phase bone marrow examination (with cytogenetic analysis) 
should be performed every 3 months. Molecular monitoring at shorter 
	intervals – every	4–6	weeks	–	may	be	warranted	until	BCR–ABL levels 
fall to <10%. Due to the higher rate of clonal evolution a significant 
increase in BCR–ABL should trigger cytogenetic evaluation of the bone 
marrow as well as screening for kinase domain mutations, which are 
more frequent in advanced phase disease.

In blast crisis CML, where blasts may localize preferentially to the 
marrow, BCR–ABL levels may be lower in the blood than in the marrow. 
Patients in blast crisis with no detectable BCR–ABL in the peripheral 
blood should have RQ-PCR performed on the bone marrow aspirate 
for confirmation. This is in contrast to chronic phase CML where bone 
marrow RQ-PCR offers no additional sensitivity, and is not recommend-
ed [37].	In	very	rare	cases	chloroma	(extramedullary	leukemia)	can	occur	
despite stable  BCR–ABL levels in the blood. 

Allogeneic stem cell transplantation
Most patients allografted for chronic phase CML will have UMRD by 6 
months post-transplant. Patients who still have detectable BCR–ABL after 
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this time have a higher risk of relapse [53]. RQ-PCR monitoring is recom-
mended every 3 months until stable UMRD is confirmed. For patients 
with this level of response the risk of relapse is so low that monitoring 
every 6 months or less may be sufficient. Very late relapses post-allograft 
have been reported, so some level of ongoing monitoring is required to 
enable timely intervention. 
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Chapter 4

Management of patients with 
chronic myeloid leukemia

Current approach to treatment
As recently as the 1990s the approach to chronic myeloid leukemia (CML) 
treatment was to allograft those who were eligible and palliate those 
who were not. Palliation with alpha interferon (IFNα) could prolong sur-
vival substantially for the 15–30% of patients who had IFNα-responsive 
disease but quality of life for these patients was often markedly impaired. 
Overall, the selective use of IFNα shifted the median survival from about 
4 years to 5 years [1]. However, the trajectory for most patients was 
still a gradual decline towards accelerated disease and eventual blast 
crisis. Today, the expectation for newly diagnosed CML patients is that 
tyrosine kinase inhibitor (TKI) therapy will achieve long-term (perhaps 
indefinite) disease control in most patients, and that eventually some 
patients may even maintain remission without ongoing TKI therapy. The 
goals have shifted dramatically, which makes the early management of 
CML patients much more crucial than it used to be. The consequences 
of poor management may be a lost opportunity for a CML patient to 
live a long and fully active life. However, even with the best manage-
ment some patients (5–10%) will progress early to blast crisis, some 
will fail to achieve an adequate response or lose response to frontline 
TKI therapy (15–20%), and a few of these will be refractory to all TKI 
therapy (around 5–10%). There is a danger that clinicians with limited 
experience and understanding of CML biology and therapy will manage 
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drug-related toxicities poorly, leading to frequent interruptions and 
inappropriate long-term use of suboptimal TKI doses. Poor drug adher-
ence, in some cases related to inadequate education and motivation of 
the patient, can also lead to inadequate exposure to TKI therapy in the 
crucial first year of therapy. Inconsistent molecular monitoring, or the 
use of molecular laboratories with poor quality control, can compound 
these problems by leading to delayed action in response to emerging or 
actual TKI failure. Overall, outcomes for CML patients can be markedly 
inferior in these circumstances. 

Which tyrosine kinase inhibitor to use?
After confirming the diagnosis of chronic phase CML the first step is to 
decide on the best TKI therapy for that patient. In many countries the 
TKIs imatinib, nilotinib and dasatinib are locally approved for frontline 
therapy and the clinician may have a choice of all three drugs. While it 
would be tempting to use the TKI that is most familiar to the clinician 
it is probably not optimal management to select the same drug in every 
case. There is emerging evidence that in specific circumstances one 
TKI may be a better choice for a particular patient. Detailed knowledge 
of the efficacy and safety profile of each TKI, the susceptibility of the 
patient to toxicities, and clarity about the therapeutic goals should all be 
weighed carefully when choosing the frontline TKI. Here, we review the 
strengths and weaknesses of the three currently available frontline TKIs. 

Imatinib
The first TKI that was clinically developed for a human cancer, imatinib, is 
an effective and remarkably safe option for many CML patients. Treatment 
with imatinib results in a stable major molecular response (MMR) in around 
60% of patients with CML, is poorly tolerated in around 20%, and a further 
20% of patients do not achieve or maintain an optimal response [2]. A 
disadvantage of imatinib is that it is significantly less potent at inhibiting 
BCR–ABL than nilotinib or dasatinib. Data from in vitro studies as well 
as clinical observations have shown that inadequate kinase inhibition in 
patients receiving imatinib is not uncommon, and is associated with inferior 
response [3,4]. This might be because of a failure in achieving adequate 
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blood levels of imatinib: plasma trough drug levels below 1000 ng/mL 
are associated with an inferior response [5,6]. However, this is not the 
only contributing factor to suboptimal imatinib-induced kinase inhibition 
in leukemia. Inadequate cellular uptake of drugs, even in the presence of 
adequate drug levels, may arise because of reduced activity of the organic 
cation transporter 1 (OCT-1) influx pump [7]. Low activity of OCT-1 is 
observed in the majority of patients who fail to achieve optimal response 
to imatinib [7–10]. Another disadvantage of imatinib as a frontline drug 
in chronic phase CML, compared with the more potent newer TKIs, is sus-
ceptibility to a great range of kinase domain mutations (see Chapter 5) that 
commonly lead to imatinib resistance [11]. Around 5–10% of CML patients 
on frontline imatinib therapy develop kinase domain mutations that are 
usually associated with a loss of response. Patients who receive imatinib 
experience some degree of impairment in quality of life: common prob-
lems are excessive fluid retention, muscle cramps, or gastrointestinal 
 disturbance including nausea and diarrhea. 

However, there are potential advantages to using imatinib frontline. 
Unlike nilotinib and dasatinib, there have been few significant organ 
toxicities reported after long-term exposure to imatinib. The other impor-
tant advantage, especially in locations in which drug costs are a crucial 
consideration, is the availability of generic imatinib in many countries 
either now or over the next few years.

The International Randomized Study of Interferon and STI571 (IRIS) 
trial showed an 8-year survival for imatinib recipients of 85%; however 
survival was 93% if only CML-related deaths were considered. For the 
55% of patients who remained on imatinib in the IRIS trial at 8 years, nearly 
all had achieved at least a complete cytogenetic response (CCyR), and the 
progression rate after the first 3 years of therapy was close to zero [2,12]. So 
far, no other TKI that has been used as frontline therapy has demonstrated 
superior survival compared with imatinib.

There is no evidence from randomized studies that a dose of 
imatinib higher than 400 mg results in superior efficacy. Randomized 
studies [13,14]	comparing	400	mg	with	800	mg	per	day	did	not	demon-
strate a clear advantage with the higher dose, except in the case of the 
German CML IV study [15] in which higher rates of molecular response 
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were achieved in patients randomized to 800 mg/day compared with 
patients given 400 mg/day. However, no significant improvement in 
progression free or overall survival has been observed in any of the 
randomized trials comparing higher dose with standard dose imatinib, 
including the German CML IV study. 

Nilotinib
Nilotinib is structurally similar to imatinib although its affinity for 
BCR–ABL and off-target effects are different. Nilotinib binds to the 
kinase domain of BCR–ABL, with greater affinity than imatinib and is 
less vulnerable to kinase domain mutations. Only five mutations are of 
major concern in the context of nilotinib treatment (T315I, F359V, E255K, 
E255V, and Y253H); these mutations emerge most frequently on frontline 
or second-line nilotinib therapy, and their presence is a contraindication 
to the use of nilotinib after failure of another TKI [16,17].

In the Evaluating Nilotinib Efficacy and Safety in Clinical Trials – Newly 
Diagnosed Patients (ENESTnd) study both nilotinib arms (300 mg and 
400 mg twice daily [BID]) demonstrated a higher rate of cytogenetic 
and molecular response and a lower rate of progression compared with 
imatinib 400 mg daily [16]. After follow-up of 4 years, MMR and MR4.5 
rates were higher in both the nilotinib arms compared with the imatinib 
arm. Estimated 4-year rates of freedom from progression to acceler-
ated phase/blast crisis in the study (including events during follow-up 
after discontinuation) were 97% (p=0.05) and 98% (p=0.0074) in the 
300 mg and 400 BID nilotinib arms, respectively, compared with 93% 
on the imatinib arm. However, after 4 years the lower risk of transfor-
mation has not translated into a survival advantage when all patients 
are considered [18,19]. The day to day toxicity of nilotinib is generally 
mild – edema is rare and gastrointestinal toxicity is uncommon. Elevated 
lipase and abnormal liver function tests are each observed in 5–10% of 
patients but do not often lead to discontinuation of therapy. A significant 
concern related to the use of nilotinib is the occurrence of vascular events, 
including peripheral arterial occlusive disease, coronary artery disease, 
and cerebrovascular disease, as well as hyperglycemia and hypercholes-
terolemia. Case reports of serious progressive vascular events emerged 
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first, but most of these patients had multiple risk factors for vascular 
disease [20,21]. We now have evidence from the ENESTnd study [22] 
that the incidence of these three types of vascular events appears to be 
higher on both nilotinib arms than the imatinib arm (Table 4.1).

Events were seen most commonly in patients with a history of previ-
ous vascular events or diabetes. The significance of this problem with 
long-term exposure to nilotinib remains to be determined but it is cer-
tainly an issue to keep in mind when selecting a TKI for a patient with 
risk factors for atherosclerotic disease. If nilotinib is chosen as frontline 
therapy then careful attention to cardiovascular risk factors is warranted. 
Nilotinib is clearly associated with hyperglycemia, possibly by inducing 
insulin resistance. In the ENESTnd trial 20% of patients on the nilotinib 
300 mg BID arm who were not diabetic at baseline were diabetic by 
3 years, compared with 9% on the imatinib arm [23]. Diabetic and pre-
diabetic patients who are starting nilotinib therapy should be closely 
monitored. Elevations in total cholesterol and low-density lipoprotein 
(LDL) cholesterol have been well documented in patients treated with 
nilotinib and many become eligible for lipid lowering agents according 
to national cardiology guidelines. 

Finally, it is important to note that any clinically significant vascular 
event occurring on nilotinib therapy should signal the urgent need to 
review the optimal choice of ongoing TKI therapy, and in most cases a 
switch to another TKI would be indicated. 

Dasatinib
Dasatinib has similar in vivo potency to nilotinib but a relatively short 
half-life, suggesting it would be optimally administered in two or three 
daily doses. However, the randomized SRC/ABL Tyrosine Kinase Inhibition 
Activity: Research Trial of BMS-354825 (START-R) demonstrated that 
twice-daily dosing offered no advantage in terms of efficacy and greater 
toxicity compared with once-daily dosing [24]. The frontline randomized 
trial DASatinib versus Imatinib Study In treatment-Naive CML patients 
(DASISION) compared dasatinib 100 mg daily with imatinib 400 mg daily. 
In this trial, patients receiving dasatinib showed superior early molecu-
lar responses compared with those receiving imatinib and dasatinib 
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was generally well tolerated. The rate of progression was lower on the 
dasatinib arm, but no survival advantage has emerged thus far [25]. 

Similar numbers of kinase domain mutations have emerged following 
administration of imatinib and dasatinib in the DASISION trial. A higher 
number of T315I mutations have been observed in this trial on the dasatinb 
arm, in contrast to the ENESTnd trial in which T315I was seen in a similar 
number of patients in nilotinib and imatinib arms. The reasons for this 
difference are not clear, but may relate to the limited number of mutations 
that are resistant to dasatinib (T315A, T315I, V299L, F317L, and F317I) [11].

Only 10% of patients have withdrawn from the dasatinib arm of 
the DASISION study because of any adverse events. The main safety 
concern with dasatinib use compared with other TKIs relates to pleural 
effusions – pleural effusions occurred in approximately 25% of dasat-
inib-treated patients in the DASISION study. These events were usually 
grade I–II but frequently led to the use of diuretics and steroids, and the 
need to interrupt and/or reduce the dasatinib dose. Even in the fourth 
year of dasatinib therapy, new reports of pleural effusions were received 
from 5% of dasatinib recipients suggesting that the risk of these events 
does not diminish over time [25]. The incidence of pleural effusions is 
strongly age-dependent with rare reports in patients under 30, whereas 
over 50% of patients older than 70 develop pleural effusions. Of more 
concern are rare reports of pulmonary arterial hypertension (PAH), which 
is a potentially life-threatening condition [29]. Nine cases were reported 
to the French PAH registry over a 4-year period. All but one of these cases 
improved markedly with dasatinib cessation; however none of these cases 
returned to normal pulmonary pressures. The incidence was estimated to 
be less than 1% in French patients receiving dasatinib [29]. Recent reports 
of echocardiogram results [30,31] on patients receiving dasatinib suggest 
that the rate of asymptomatic PAH may be higher than this but few patients 
have had angiographic confirmation of PAH. The extent of the problem 
with long-term exposure will need to be closely monitored.

Clonal lymphocytosis with large granular lymphocyte (LGL) morphology 
is not uncommon in dasatinib-treated patients, and has been associated 
with slightly superior response rates [32]. Whether this represents an anti-
leukemic immune response induced by dasatinib, or non-specific immune 
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dysregulation is unclear. Further work is needed to ascertain whether this 
phenomenon could be exploited to improve responses. 

Summary 
In summary, the choice at diagnosis is between imatinib, the first TKI 
to be approved for the treatment of CML, which is safe but only leads to 
long-term optimal response in about 60% of patients, and the more potent 
second-generation TKIs nilotinib and dasatinib that probably reduce the 
transformation risk but do not seem to offer a substantial benefit in terms 
of overall survival. Both nilotinib and dasatinib have some question marks 
regarding long-term toxicity, which should lead us to be cautious about 
their widespread frontline use without clear justification. 

Determining the treatment goals
The long-term treatment goals for most patients with CML are: (1) a 
lifespan not shortened by CML or the therapy used to treat the CML; and 
(2) quality of life as close to normal as possible (Figure 4.1). 

Figure 4.1  The goals and consequent prerequisites of frontline chronic myeloid leukemia 
therapy. When selecting frontline therapy for chronic myeloid leukemia three overall goals are 
generally accepted. These goals determine the five prerequisites for measuring whether those 
goals have been achieved. The TKIs that are available for frontline therapy can be assessed against 
these prerequisites. MRD, minimal residual disease; TKI, tyrosine kinase inhibitor.

Overall goals Prerequisites

Avoid transformation

Avoid organ damage

Minimize toxicity

Sustained deep molecular response

??Immune-mediated MRD suppression

Normal life span

Treatment-free remission

Normal quality of life
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To achieve the former goal the main prerequisites are avoidance of 
disease transformation and avoidance of major drug-induced organ toxic-
ity. A normal quality of life requires avoidance of organ toxicity as well 
as minimizing the impact of TKI-related side effects. When comparing 
the three available frontline TKIs based on these criteria there is no clear 
advantage for one over the other (Figure 4.2).

However, for many patients today a third goal of therapy has 
emerged – that of treatment-free remission (TFR). The probable supe-
riority of nilotinib and dasatinib in achieving TFR may be the strongest 
justification for using one of these two drugs as frontline therapy for 
some patients. While imatinib seems to be a safe drug over the course 
of 10–15 years of exposure, significant organ toxicities may be revealed 
with life-long exposure. Long-term exposure to nilotinib or dasatinib 
may be even more problematic. For women who wish to start a family 
the achievement of TFR is probably a particularly high priority because 
of the teratogenic potential of these agents. 

Figure 4.2  Comparison between the three clinically available tyrosine kinase inhibitors 
in terms of their capacity to achieve the prerequisites of frontline therapy. The advantage 
of the most potent TKIs, in terms of lower rates of transformation, needs to be considered 
alongside the added risk associated with these drugs with regards to possible organ toxicity. 
Improvement in the rates of deep molecular response will probably lead to higher rates of 
TFR with the more potent TKIs, which would provide a stronger justification for their frontline 
use. PAH, pulmonary arterial hypertension; TFR, treatment-free remission; TKI, tyrosine 
kinase inhibitor.

Prerequisites imatinib

5–8%

Safe

GI muscle

40%

40%

nilotinib

Lower

Vascular events

Rash pruritus

Better

??

dasatinib

Lower

PAH

Pleural effusions

Better

??

Avoid transformation

Avoid organ damage

Minimize toxcity

Sustained deep response

??Immune control
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The evidence from the French Stop Imatinib (STIM) trial and the 
Australian TWISTER trial is fairly convincing – around 30–40% of CML 
patients who achieve a stable deep molecular response on imatinib can 
stop therapy and remain polymerase chain reaction (PCR)-negative 
for many years [33–35]. In fact, there have been only rare cases of late 
molecular recurrence in patients who remained PCR-negative in the 
long-term after imatinib cessation. Several hundred patients with CML 
have entered cessation studies and, to date, no reports of drug resistance 
have emerged. Caution is warranted when considering TFR as a goal for 
younger patients because only a small minority of patients who receive 
frontline imatinib may ever achieve it. In an Australian study of over 
400 patients with CML approximately 35% eventually achieved stable 
undetectable minimal residual disease (MRD) (previously called stable 
complete molecular response [CMR]; denotes the absence of BCR–ABL by 
RQ-PCR after 2 years of monitoring with sensitivity of at least 4.5 logs as 
determined by the number of control gene transcripts amplified) [36]. Of 
these patients around 30–40% are likely to remain in stable molecular 
remission in the long term if imatinib therapy is ceased. Therefore, in 
a population of patients with CML who receive frontline imatinib it is 
probable that less than 15% will eventually achieve TFR. An important 
question is whether a substantially higher rate of TFR will be achieved 
if the more potent TKIs are used as frontline or second-line therapy. 
The potential to improve the rate of TFR may be the strongest argument 
in favor of using nilotinib or dasatinib as frontline therapy in younger 
patients regardless of risk profile. 

A French study that assessed the molecular disease recurrence rate 
in patients ceasing second-generation TKI therapy after achieving stable 
deep molecular responses showed encouraging results. Patients who 
switched to nilotinib or dasatinib because of intolerance to imatinib and 
who then achieved stable CMR had a 60% probability of remaining in 
MMR following treatment cessation [37]. Given that the achievement 
of deep molecular response seems to be higher with second-generation 
TKIs than with imatinib, then the overall rate of TFR achieved by using 
frontline nilotinib or dasatinib may therefore be significantly higher 
than the rate observed following imatinib treatment (Table 4.2). Based 
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on these data, second-generation drugs used as frontline therapy might 
achieve a higher rate of TFR overall. However, mature data are needed 
before this can be definitively stated.

Achieving treatment goals
When considering frontline therapy in the older patient for whom TFR 
is not usually a major goal, imatinib remains the most suitable choice. 
The ENESTnd, DASISION and Eastern Cooperative Oncology Group 
(ECOG) studies [18,28,40] were all powered to identify a superior 
rate of cytogenetic or molecular response for the investigational TKI 
at 12 months. While all of these studies have shown superior response 
rates for the more potent TKIs compared with imatinib, none has dem-
onstrated a survival advantage over imatinib in the frontline setting. If 

TKI approach CMR rate (%)  Successful cessation 
rate (%)

Overall achievement 
of TFR (%)

1. Imatinib* 40 30 12

2A: Imatinib-NIL/DAS 
conservative estimate†

60 20 12

2B: Imatinib-NIL/DAS 
best case estimate†

70 60 42

3A: NIL/DAS  
conservative estimate‡

60 20 12

3B: NIL/DAS  
best case estimate‡

80 60 48

*See references [33–35] for the actual rate. 
†Estimates based on patients starting with imatinib and then switching over to nilotinib or 
dasatinib if they do not achieve a deep MR on imatinib. 2A is a conservative estimate of the 
rates based on the assumption that there are a fixed number of CML patients who will achieve 
treatment-free remission regardless of which TKI they receive. 2B is the best estimate based on 
extrapolating figures of stable undetectable minimal residual disease and stable remission after 
cessation in recently presented trials [33–37]. 
‡Estimates based on patients receiving nilotinib or dasatinib frontline. 3A is a conservative 
estimate of the rates based on the assumption that there are a fixed number of CML patients 
who will achieve treatment-free remission regardless of which TKI they receive. 3B is the best 
estimate based on extrapolating figures of stable undetectable minimal residual disease and 
stable remission after cessation in recently presented trials [15,33,38].

Table 4.2  Actual rates of stable undetectable minimal residue disease and sustained remission 
after cessation, and calculated rates of overall treatment-free remission for imatinib; estimated 
rates are for second-generation tyrosine kinase inhibitors. CML, chronic myeloid leukemia; 
CMR, complete molecular response; DAS, dasatinib; NIL, nilotinib; TFR, treatment-free remission; TKI, 
tyrosine kinase inhibitor; UMRD, undetectable minimal residue disease. Reproduced with permission 
from © American Society of Hematology, 2013. All rights reserved. Hughes, White [39].
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imatinib is the frontline choice then it is still crucial that cytogenetic and 
molecular response is closely monitored. Under the revised European 
LeukemiaNet (ELN) recommendations [41], criteria for failure represent 
an indication to switch therapy because survival is likely to be inferior 
if therapy is maintained (Table 4.3). The molecular targets in this cir-
cumstance should be BCR–ABL values of <10% by 6 months and <1% 
by 12 months. A BCR–ABL level <0.1% (MMR) by 18 months is also 
optimal; however the additional benefit of achieving MMR by 18 months, 
compared with achieving CCyR or its molecular equivalent, <1% BCR–
ABL International Scale (IS), with regard to the long-term prospects of 
survival is only small. There is a 1% versus 3% risk of death over the 
subsequent 5 years for patients who, at 18 months, achieved BCR–ABL 
levels of <0.1%, and those patients whose BCR–ABL values are between 
1% and 0.1%, respectively [42]. 

Identifying high-risk patients based on early 
molecular response 
The strategy behind the Therapeutic Intensification in De Novo Leukemia II 
(TIDEL II) study in Australia and New Zealand was to maximize the use 
of imatinib and only use more potent TKIs (in this study, nilotinib) when 

Optimal Warning Failure

Baseline NA High risk or 
CCA/Ph+, major route

NA

3 months BCR–ABL1 ≤10% and/or 
Ph+ ≤35%

BCR–ABL1 >10% and/or 
Ph+ 36–95%

Non-CHR and/or 
Ph+ >95%

6 months BCR–ABL 1 <1% and/or 
Ph+ 0

BCR–ABL 1 1–10% and/or 
Ph+ 1–35%

BCR–ABL 1 >10% and/or 
Ph+ >35%

12 months BCR–ABL 1 ≤0% BCR–ABL 1 >0.1–1% BCR–ABL 1 >1% and/or 
Ph+ >0

Then, and at 
any time

BCR–ABL 1 ≤0.1% CCA/Ph– (–7 or 7q–) Loss of CHR 
Loss of CCyR 
Confirmed loss of MMR 
Mutations  
CCA/Ph+

Table 4.3  European LeukemiaNet recommendations for defining response to frontline 
tyrosine kinase inhibitor therapy. BCR–ABL, breakpoint cluster region–Abelson oncogene; 
CCA, clonal chromosome abnormalities; CCyR, complete cytogenetic response; CHR, complete 
hematological response; MMR, major molecular response; NA, non-applicable. Reproduced with 
permission from © American Society of Hematology, 2013. All rights reserved. Baccarani et al [41].
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there was evidence of imatinib intolerance or a high risk of progression. 
Frontline imatinib at a dose of 600 mg/day was given to all patients, and 
the molecular response at 3, 6, and 12 months was used to identify the 
high-risk patients, who were switched to nilotinib. Patients with >10% 
BCR–ABL at 3 months, >1% at 6 months, or >0.1% at 12 months were 
dose escalated to imatinib 800 mg. Patients who still failed to meet their 
molecular target 3 months later were switched to nilotinib (Cohort 1) or 
switched straight away to nilotinib (Cohort 2) if they did not achieve these 
targets [38]. Despite the early intensification of therapy applied in the 
TIDEL II study this approach does not rescue all patients from an adverse 
outcome. The rate of transformation for patients with >10% BCR–ABL at 
3 months was over 10% and progression events amongst these high-risk 
patients were usually observed in the first 12 months. It is not known 
whether these patients would have achieved better outcomes if they 
had started frontline nilotinib therapy. In the ENESTnd study, adverse 
outcomes were observed for patients with >10% BCR–ABL at 3 months 
regardless of whether they received frontline nilotinib or imatinib. The 
risk of transformation was over 10% in all three arms and half of the 
progression events occurred prior to 6 months [38,43]. Overall, these 
observations suggest that the 3-month molecular response is a good 
indicator of the long-term probability of achieving a deep molecular 
response and the short-term risk of progression, but has limited utility 
as an identifier of high-risk patients who may benefit from intensifying 
therapy, possibly because by 3 months it is too late to reverse the pathway 
to early transformation. 

Risk-adapted therapy
It is also important to consider the prognostic score of the individual 
when choosing frontline therapy. There are three scoring systems that are 
currently applied in CML – Sokal, Hasford, and European Treatment and 
Outcome Study for CML (EUTOS), and there is no clear indication that one 
is superior to the others [41]. For all three scoring systems, a high score 
is associated with a higher risk of progression to accelerated phase or to 
blast crisis. As both nilotinib and dasatinib have been shown to reduce 
the risk of CML progression these drugs might be preferred over imatinib 
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in this group of high-risk patients. Figure 4.3 demonstrates a schema that 
sets out how to decide which frontline therapy would be optimal.

Other predictive markers have been investigated and may prove to be 
superior to the current risk scores or, more likely, may provide additional 
predictive value, but these require further validation. 

Other promising frontline approaches 
Combination pegylated interferon plus a tyrosine 
kinase inhibitor
IFN was the best drug available for CML prior to the TKI era. While 
monotherapy with IFN is rarely indicated in any circumstance except 
pregnancy, there is renewed interest in using pegylated IFN in combina-
tion with a TKI. The German CML IV study [44] did not demonstrate an 
advantage for patients who were given imatinib plus (non-pegylated) 
IFN; however two other randomized studies showed significantly better 
responses in patients given pegylated IFN with imatinib. Both the French 
Prospective International Randomised Trial (SPIRIT) and the Nordic 

Figure 4.3  Risk-adapted and goal-specific treatment schema for individualizing the 
frontline therapy for a chronic myeloid leukemia patient. This proposed schema assesses 
the priority of a patient for achieving TFR as well as their biological risk profile (eg, Sokal score). 
Using this risk-adapted and goal-specific schema, patients confirmed as either a high risk or a high 
priority to achieve TFR would receive a second-generation TKI as frontline therapy. CML, chronic 
myeloid leukemia; DAS, dasatinib; IM, imatinib; NIL, nilotinib; SEQ, sequence; TFR, treatment-free 
remission; TKI, tyrosine kinase inhibitor.
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studies [45] showed that relatively low doses of pegylated IFN given 
for several months in the first year were associated with superior rates 
of deep molecular response. No reduction in the probability of progres-
sion or death has been observed to date. This remains an experimental 
approach but may be a promising strategy to achieve deeper molecular 
responses and potentially recruit more patients to cessation studies, since 
the achievement of a deep molecular response is the main prerequisite 
for a trial of cessation.
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Chapter 5

Challenges of treatment: tyrosine 
kinase inhibitor-resistant chronic 
myeloid leukemia

Mechanisms of resistance
Resistance to tyrosine kinase inhibitors (TKIs) can be defined on the basis 
of its time of onset. Primary resistance is a failure to achieve a significant 
therapeutic response, whereas secondary or acquired resistance is the 
progressive reappearance of the leukemic clone after an initial response 
to the drug. The frequency of primary resistance is dependent on the 
goals of therapy, but failure to achieve a hematological response is seen 
in <2% of patients and failure to achieve at least a major cytogenetic 
response (MCyR) in <10% of patients [1].

When confronted with a patient who is not responding, or ceases 
to respond to a TKI, the first question that should be asked is whether 
the drug is, in fact, being taken as prescribed. Lack of adherence to oral 
therapy for chronic diseases is a well-recognized problem, even among 
patients with a potentially fatal disease, such as cancer. It has been 
well documented that compliance to therapy is one of the major factors 
in determining the achievement of an adequate molecular response in 
patients being treated long term with imatinib [2,3]. Thus, before embark-
ing on a series of expensive, and sometimes complex, laboratory tests 
to investigate whether the TKI is exerting its kinase inhibition effect, 
one has to ascertain that the cells are really being exposed to the drug.

53



54 • HANDBOOK OF CHRONIC MYELOID LEUKEMIA

BCR–ABL-dependent resistance
The development of point mutations in the ABL kinase domain is the 
most frequent mechanism of acquired resistance, but it is rare in patients 
who fail to show any response to the drug. It is important to emphasize 
that mutations are not induced by the drug, but rather, as with antibiotic 
resistance in bacteria, arise through a process whereby rare pre-existing 
mutant clones are self-selected due to their capacity to survive and expand 
in the presence of the drug, thus gradually outgrowing drug-sensitive cells. 

Mutations are broadly categorized into four groups: (1) those that 
directly impair the TKI binding; (2) those within the ATP binding site; 
(3) those within the activation loop, preventing the kinase from achiev-
ing the conformation required for TKI binding; and (4) those within the 
catalytic domain [4] (Figure 5.1). 

Thus far, close to 100 different point mutations leading to substitu-
tion of approximately 50 amino acids in the ABL kinase domain have 
been isolated from chronic myeloid leukemia (CML) patients resistant to 
imatinib [5] (Figure 5.1). The degree of imatinib resistance varies between 
mutations. For example, the E255K, E255V, and T315I mutations lead to a 
greater than 200-fold decrease in biochemical sensitivity to imatinib and 
correspondingly low levels of cellular sensitivity to the drug, while other 
mutations such as F311L, F359V, V379I, and L387M confer less than a 
threefold decrease in sensitivity [6]. These different degrees of sensitivity 
to imatinib are predicted to affect prognosis and response to treatment [7]. 

Approximately half of the patients who commence a second- generation 
TKI after failing imatinib therapy have detectable imatinib-resistant BCR–
ABL mutations. Some of these mutants are also resistant to the newer inhibi-
tors and, therefore, the identification of the type of amino acid substitution 
is	of	paramount	importance	before	changing	TKI	therapy [8]	(Figure	5.2).	

Thus, the V299L and F317L mutations are predominantly associated 
with dasatinib failure; CML patients with leukemic clones that have these 
two mutants should therefore be treated with nilotinib [8]. Conversely, 
the finding of F359V/C, Y253H, or E255K/V at the decision point for a 
second-generation TKI is a strong recommendation for choosing dasatinib, 
as clones harboring these mutants are seldom responsive to nilotinib [8].
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Overexpression of the BCR–ABL protein due to amplification of the 
BCR–ABL gene leads to resistance by increasing the amount of target 
protein needed to be inhibited by the therapeutic dose of the drug. It has 
been reported in a relatively small proportion of patients [4,9]. However, 
resistance due to BCR–ABL overexpression might be more frequent than 
genetic amplification. Cells expressing a high level of BCR–ABL have 
been observed to be far less sensitive to TKIs and develop resistant 
mutant subclones more rapidly than cells with low BCR–ABL expression 
levels [10,11]. This is probably related to the exacerbation of genomic 
instability by increased amounts of BCR–ABL, with a higher propensity 
to develop mutations anywhere in the genome, including the BCR–ABL 
kinase domain [10,12–14]. 

Figure 5.2  Frequency of patients with mutations where one or more of their mutations 
would influence the therapeutic decision. The frequency of detection of kinase domain 
mutations that are known to be resistant to either dasatinib or nilotinib or both drugs in 
CML patients receiving imatinib, expressed as a percentage of all patients with mutations 
detected. Results are shown according to the phase of disease when the patients first received 
imatinib therapy. ALL, acute lymphocytic leukemia; AP, accelerated phase; CP, chronic phase; 
LBC, lymphoid blast crisis; MBC, myeloid blast crisis; Ph, Philadelphia. Reproduced with 
permission from © American Society of Hematology, 2009. All rights reserved. Branford et al [8]. 
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BCR–ABL-independent resistance
Mechanisms that lead to resistance independently of BCR–ABL are not 
so well understood, and some observations have not been reproduced 
by different investigators. They include defects in drug transport in and 
out of the leukemic cells, and activation of oncogenic pathways down-
stream of BCR–ABL.

Imatinib and other TKIs have been demonstrated to be substrates 
of P-glycoprotein (Pgp), the multi-drug resistance protein encoded by 
the ABCB1 gene, as well as of BRCP1, encoded by the related ABCG2 
gene [15–18]. The intracellular levels of imatinib were shown to be sig-
nificantly lower in Pgp-expressing cells [19–22]. However, clinical studies 
have failed to find a consistent association, and inhibition of Pgp does not 
seem to enhance the effect of imatinib against BCR–ABL activity [23–25]. 
Furthermore, recent studies showed that ABCB1 and ABCG2 seem to have 
a minimal functional role in the transport of imatinib in primary CML 
CD34+ cells, despite the high mRNA expression of these efflux pumps 
in CML progenitors [26,27]. 

The human organic cation transporter 1 (OCT-1) mediates the active 
transport of imatinib into cells, and inhibition of OCT-1 decreases the 
intracellular concentration of imatinib [28]. Some studies have shown 
that the functional activity at baseline, but not the expression level of 
the OCT-1 protein, is predictive of long-term outcome in patients with 
chronic phase CML treated with imatinib [29,30]. By contrast, recent data 
from other investigators [2,31] supported initial reports [23,24] showing 
that the level of OCT-1 transcripts in mononuclear cells (MNCs) have a 
significant prognostic value for response in CML. The reasons for such 
discrepancy in establishing the value of measuring OCT-1 mRNA levels as 
a prognostic marker are not apparent. Unlike imatinib, the intracellular 
concentrations of dasatinib and nilotinib are not significantly affected by 
OCT-1 activity, as their cellular influx is predominantly passive [22,32,33]. 

Overexpression and BCR–ABL-independent activation of Lyn, a phos-
pho-serine/threonine rich sequence (SRC) kinase, was described in cells 
from CML patients who were resistant to imatinib [34,35] and nilo-
tinib [36]. A polymorphic heterozygote deletion of the BCL-2-interacting 
mediator of cell death (BIM) pro-apoptotic gene, with a 12% allelic 
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frequency in the Asian population but rare in Caucasians, was shown to 
mediate intrinsic resistance and inferior response to TKIs – the deletion 
was found in 29% of Asian patients resistant to imatinib, but in only 8% 
of those with a good response to the drug [37].

Several proteomics and microarray-based studies have disclosed 
genes, which may be over or underexpressed in imatinib-resistant cells 
as compared with their sensitive counterparts [38–40]. Many of these 
encode proteins involved in signal transduction and/or transcriptional 
regulation, which could, in principle, be associated with the develop-
ment of resistance to imatinib independently of BCR–ABL kinase activity. 
However, there is as yet no conclusive functional evidence that any of 
these candidate proteins identified by microarray screenings are indeed 
causally responsible for clinical resistance in CML patients. This type of 
profiling may be more useful in identifying patterns of gene expression 
that may be predictive of poor response (primary resistance) to imatinib, 
as shown by different groups [41,42].

Another important fact is that, in vivo, CML cells treated with TKI are 
in a cytokine-rich environment. For this reason, inhibition of cytokine 
signaling pathways that directly or indirectly reinforce the oncogenic 
effect of BCR–ABL (eg, Janus kinase 2 [JAK2] and interleukin 3 [IL-3]) 
may restore the sensitivity of CML progenitors to TKI doses that had 
originally proven ineffective [43–45]. 

Lately, attention has been focused on the fact that CML leukemic 
stem cells are resistant to TKI-induced apoptosis, even when intracel-
lular levels of the individual TKI are similar to those obtained in more 
mature CML cells [46–49]. Furthermore, it has been shown that, in vitro, 
these cells survive in spite of nearly complete inhibition of BCR–ABL 
kinase activity by the TKIs, suggesting that their primary resistance is 
BCR–ABL kinase-independent [50,51]. Thus, it is possible, although not 
yet demonstrated, that a pool of such cells may remain dormant as a 
residual, highly resistant population of CML stem cells in vivo, with the 
capacity to repopulate the leukemic clone, even in patients with a deep 
molecular response. This phenomenon is being intensively investigated, 
in the search for genes and proteins that may be linked to the appar-
ently BCR–ABL-independent resistance mechanism in CML stem cells.



C H A L L E N G E S O F T R E AT M E N T • 59

Therapeutic options for patients who fail 
frontline therapy
Under the revised European Leukemia Net (ELN) guidelines [52] a 
response that is not optimal but not poor enough to qualify as failure 
is categorized as a ‘warning’. This has similar implications to the pre-
viously defined ‘suboptimal’ group. Long-term outcomes are probably 
inferior but there is no compelling evidence that a change in therapy 
will be beneficial. Many of these patients will eventually develop 
imatinib failure so they need to be closely observed. There is a general 
consensus [52] that patients who fail imatinib therapy should switch 
without hesitation to either nilotinib or dasatinib. The choice should 
be guided by the mutation profile, if relevant, and the comorbidities of 
the patient. Certain kinase domain mutations are unlikely to respond 
to nilotinib and a distinct set of mutations are unlikely to respond to 
dasatinib. Fortunately, the only mutation that is unlikely to respond 
to either dasatinib or nilotinib is the T315I mutation. The frequency of 
one of these mutations being present is variable in the different phases 
of the disease but in the chronic phase this frequency is around 10% 
(Figure 5.2) [8]. 

The probability of achieving a good response to second-line therapy 
can be predicted, based on a few baseline variables [53,54]. One of the 
strongest predictors of response to second-line therapy is response to 
first-line therapy. In an MD Anderson study, 3-year event-free survival 
for patients who had achieved MCyR on imatinib before treatment 
failure was 67% after switching to second-line therapy compared with 
30% in patients with no prior cytogenetic response to imatinib [54]. 
Furthermore the success of switching can be assessed quite early, based 
on the molecular response 3 months after switching [55]. Patients 
with >10% BCR–ABL after 3 months on second-line treatment have an 
extremely low  probability of achieving a stable deep molecular response.

For patients who fail frontline nilotinib or dasatinib therapy the 
course of action is less clear. The salvage rate when switching from 
dasatinib to nilotinib or vice versa is relatively low. In the case of 
 mutations that are clearly susceptible to the second-line drug, this may 
be an effective approach, but for most patients this approach is unlikely 
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to achieve stable molecular response in the long term. By contrast, the 
Ponatinib Ph ALL and CML Evaluation trial (PACE) trial demonstrated 
that in the second-line and even in the third-line setting there was a 
reasonable expectation of response to ponatinib [56]. Ponatinib is an 
ABL inhibitor with SRC activity that is active against the T315I  mutation 
as well as all other single-point mutations that have been studied. 

Other tyrosine kinase inhibitors after failure 
of frontline therapy 
Bosutinib
Bosutinib is a potent second-generation TKI that, as with dasatinib, 
also has SRC inhibitory activity. In the Bosutinib Efficacy and Safety in 
Chronic Myeloid LeukemiA (BELA) Phase III randomized study, bosutinib 
failed to demonstrate superior rates of CCyR compared with imatinib at 
12 months in patients with newly diagnosed, chronic-phase CML [57]. 
However, the response and progression rates achieved with bosutinib 
were similar to those achieved with nilotinib and dasatinib in this setting 
[57]. Further studies may establish a place for bosutinib in the frontline 
setting. The safety profile of bosutinib is generally favorable, although 
gastrointestinal toxicity is common in the first few months of therapy. No 
long-term organ toxicity has been identified, but exposure to bosutinib 
has been quite limited to date. For the moment, it is registered in many 
countries as a second-line or third-line option. In a Phase II study, 23% 
of patients who were resistant to imatinib as well as either nilotinib or 
dasatinib achieved CCyR on bosutinib at 24 weeks. Discouragingly, only 
24% of these patients remain on  bosutinib long term in this study [58].

Ponatinib
Ponatinib is the only clinically available TKI that has activity against the 
T315I mutation. This mutation is resistant to all other available TKIs, so 
for patients with this mutation who do not have an option to proceed to an 
allograft, ponatinib represents the only opportunity to achieve molecular 
response and long-term disease control. However, its activity is not con-
fined to the T315I mutant form of BCR–ABL. The Phase I and II (PACE) 
studies have demonstrated that a high proportion of patients resistant 
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to two or more TKIs will achieve excellent responses to ponatinib [56]. 
Although patients with the T315I mutation had higher rates of response 
(MCyR rates of 70% in T315I patients versus 50% in other resistant or 
intolerant patients, median follow-up 11 months), a multivariate analysis 
found that younger age and higher dose intensity were the most significant 
predictors of response, not the presence of the T315I mutation. A poten-
tial drawback of using ponatinib is the toxicity profile. Pancreatitis can 
be a significant problem for some patients but rarely leads to drug cessa-
tion. More importantly a significant association with vascular events has 
recently been recognized with rates of arterial and venous vascular events 
of over 20% [56]. Concern about the increasing rate of vascular events 
in the US led the US Food and Drug Administration (FDA) to withdraw 
ponatinib temporarily from the market. Recently it has become available 
again but under a more restricted indication. It is now indicated for any 
patient with a T315I mutation and for other patients where no other TKI 
is indicated. Significant cerebrovascular events have been reported and 
venous as well as arterial thromboses have been observed. Given this risk 
profile, ponatinib should be reserved for patients where no other TKI is 
likely to be effective and safe. Its use should be restricted in patients with 
previous vascular events or diabetes where the risk of a new vascular 
event is high – these patients should be fully informed about the risks 
involved. Ponatinib should also be used at the lowest dose possible that 
can maintain an adequate response. There is some emerging evidence 
that lower doses are associated with a lower risk of vascular events and 
that these modified doses can still maintain molecular responses in many 
cases	[59].	Clearly	the	role	of	ponatinib is	under	review	as	these	new	tox-
icity	data	are	analyzed	more	closely	and	the		recommendations described	
here may be subject to revision.

Allogeneic stem cell transplantation 
When should a donor search be initiated?
It is generally not cost effective to conduct tissue typing studies to look 
for potentially suitable donors in chronic phase CML patients at diagnosis. 
The vast majority will never be considered for an allograft. In the event 
of failure of TKI therapy, in patients who are potential candidates for 
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an allograft, it is probably cost effective to proceed with a donor search 
just in case the second-line therapy is unsuccessful or there is evidence 
of disease transformation where any delay due to donor searching issues 
would be highly undesirable.

When is it the right option?
An allograft should not be considered as a frontline option for any CML 
patient who is in chronic phase, including children. However, an allograft 
should still be considered in some patients who fail frontline therapy. 
With the availability of ponatinib, there has been a need to modify the 
indications for allogeneic transplantation in CML. Previously, patients 
who developed the T315I mutation were considered to be immediately 
eligible for an allograft because none of the available TKIs had any activ-
ity against this mutation. Now ponatinib may be a reasonable choice for 
some of these patients (with the important provisos discussed above). 
Who, then, should receive an allograft for CML today? There are two 
categories: (1) any patient who presents in blast crisis or progresses to 
accelerated phase or blast crisis on therapy should be assessed for an 
allograft without delay and ideally proceed to an allograft as soon as 
chronic phase can be re-established [60]; and (2) Patients who remain 
in the chronic phase but have failed a second-generation TKI and are not 
eligible for ponatinib or have failed a trial of ponatinib therapy [61,62].

Outcomes of allografts for patients who have developed TKI resistance 
but remain in the chronic phase are generally favorable. Myeloablative 
or reduced intensity conditioning have been used in this setting with 
both achieving similar outcomes. T-cell depletion of the donor stem cells 
is not usually applied because of the much higher risk of disease relapse 
in this setting.
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