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B Preface

Chronic myeloid leukemia (CML) is a rare disease and yet it has had a profound
impact on the development of modern, evidence-based medicine. Some 160 years
ago the term leukemia was coined when Bennet, and almost simultaneously
Virchov, described the striking white appearance of the blood of two patients
with, presumably, CML. The discovery of the Philadelphia chromosome (Ph),
first described as a minute chromosome 22 by Nowel and Hungerford in 1960,
marks the first consistent association between a chromosomal abnormality and a
specific malignancy, proving that alterations of DNA are causal to cancer. Thirteen
years later it was Janet Rowley who recognized that Ph is in fact the result of a chro-
mosomal translocation involving chromosomes 9 and 22. A decade later Bartram
and Groffen identified the genes juxtaposed by the t(9;22) as ABL and BCR.
Shortly thereafter the central role of tyrosine kinase activity for Bcr-Abl’s ability
to induce malignant transformation was recognized and murine models developed
by Daley and colleagues generated experimental evidence that Bcr-Abl is necessary
and probably sufficient to induce the chronic phase of CML. This provided a ration-
ale for using pharmacological inhibitors of Bcr-Abl for the treatment of CML and
ultimately led to the clinical development of imatinib by Druker and colleagues.

Imatinib has completely changed the CML landscape. Ten years ago there
were few therapeutic choices. Allogeneic stem cell transplant was recommended
to patients with a suitable donor and deemed fit to undergo the procedure. All
other patients were treated with an interferon-alpha-based regimen, realizing that
only a minority would achieve durable responses and become long-term survivors.
This is history: the rate of complete cytogenetic response in newly diagnosed
patients treated with imatinib approaches 90%, with many patients attaining
more than 1000-fold reductions of their leukemia burden as measured by polymer-
ase chain reaction (PCR). With the revolution of therapy came fundamental changes
in monitoring. Quantitative PCR to measure the level of BCR-ABL transcripts, pre-
viously relevant only in the setting of allogeneic transplant, has become key to
monitoring the majority of patients once they have achieved a complete cytogenetic
response. For many CML patients the perception of their disease has evolved from
being a deadly illness worth accepting the risks of an allogeneic transplant to
becoming a chronic ailment that can be controlled for long periods of time with
an oral medication that causes little if any discomfort. Despite the impressive
responses achieved with imatinib in most patients, resistance develops in some
patients with early disease and is frequent in those who start treatment in acceler-
ated phase or blast crisis. Point mutations in the kinase domain of Bcr-Abl have
been identified as the leading known mechanism of resistance to imatinib, again
generating a novel paradigm in oncology. The problem of clinical resistance has
led to the development of novel, more potent Bcr-Abl inhibitors that maintain
activity against mutant Bcr-Abl and may eventually prove superior to imatinib as
first-line therapy.
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With all this, the management of CML has become a complex undertaking.
While prescribing the pills is seemingly easy, exploiting the full potential of the
novel therapies requires considerable knowledge and skills. The rapid accumu-
lation of new data makes it ever harder to stay on top of this rapidly evolving
field, even for CML experts. This defines the purpose of this book: to provide
rapid, easy access to the most recent information. A panel of leaders in the field
has been assembled to provide a comprehensive and yet condensed overview of
CML in the year 2006, covering the most topical aspects of CML biology, diagnos-
tics, therapy and monitoring. To do this we aimed at a very short lag period
between conception of the book, writing of the chapters and publication of the
final product to keep the information as current as possible. In a field as rapidly
evolving as this, it is inevitable that new information will be available by the
time this book reaches the reader. But we are confident that this formidable effort
will still provide very current and valid information. We hope that the reader
will find this book a useful guide to stay current in a complex field.

Jorge Cortes
Michael Deininger
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B1 BCR-ABL as a Molecular Target

Michael Deininger
Oregon Health & Science University, Portland, Oregon, U.S.A.

INTRODUCTION

BCR-ABL, the product of the t(9;22)(q34;q11), is cytogenetically apparent as the
Philadelphia chromosome (Ph) and is critical to the pathogenesis of chronic
myeloid leukemia (CML). It occurs in approximately 25% of patients with acute
lymphoblastic leukemia (ALL). In CML, the presence of BCR-ABL defines the
disease; in ALL it defines a subset of patients with a very poor prognosis. BCR-
ABL is a constitutively active tyrosine kinase, a feature that is critical to the protein’s
ability to induce leukemia and provides the rational basis for Abl kinase targeted
therapy of Ph-positive leukemias with Abl kinase inhibitors. This chapter will
focus on BCR-ABL as target for the therapy of CML.

CLINICAL FEATURES OF CHRONIC MYELOID LEUKEMIA

CML has an annual incidence of approximately 1.5/105, accounting for some 5000
new patients per year in the United States. Males are slightly more frequently
affected than females (ratio 1.7 : 1), but there is no significant ethnic or geographical
predisposition (1). The disease can occur at every age but the incidence greatly
increases in the older population. Exposure to ionizing radiation is the only estab-
lished risk factor, as demonstrated by the increased incidence in the survivors of the
atomic bombs in Japan (2). Symptoms include weight loss, fever, and abdominal
fullness but at least in the developed countries many patients are asymptomatic
at diagnosis, when an abnormal routine blood count leads to a diagnostic work up.

The clinical course of CML is two-phased. Most patients (in Western
countries, .90%) are diagnosed in the chronic or stable phase, which is character-
ized by expansion of the myeloid cell compartment, while cellular differentiation
and function is largely maintained. After a variable length of time the disease
progresses to blast crisis, which resembles an acute leukemia of myeloid (70%),
or lymphoid (20%–30%), or undifferentiated phenotype and carries a poor progno-
sis (3). In the pre-imatinib era, when drug therapy relied on interferon-alpha-based
regimens, the median duration of the chronic phase was approximately five years,
with few patients surviving longer than ten years.

CHRONIC MYELOID LEUKEMIA AS A PARADIGM IN ONCOLOGY

By comparison with some common malignancies, CML is rare and thus hardly a
major general health problem. Nonetheless, the disease has served as a pacemaker
in many aspects of cancer biology and therapy. CML was the first malignant dis-
order in which a consistent association with a chromosomal abnormality was
demonstrated. Ph, described by Nowell and Hungerford in 1960 (4), was originally
thought to represent a shortened chromosome 22 (22q-). Subsequent studies
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revealed, however, that Ph is the result of a reciprocal translocation between
chromosomes 9 and 22 (5). This translocation was shown to fuse sequences of the
ABL gene from chromosome 9q34 downstream of BCR on chromosome 22q11,
generating a chimeric BCR-ABL gene, which represented the first demonstration
of an oncogenic fusion gene (6,7). Shortly thereafter, the Bcr-Abl protein was
shown to exhibit constitutive tyrosine kinase activity that was correlated with
cellular transformation, and provided the rationale for the development of specific
kinase inhibitors for therapeutic use (8). These efforts eventually led to the discovery
of imatinib, the success of which has fundamentally changed the management of
CML, while at the same time establishing molecularly targeted therapy as a new
paradigm in oncology, with implications much beyond the realm of CML. The
direct line, from the presence of a specific causal genetic abnormality BCR-ABL to its
specific targeted therapy, has led the World Health Organization to define CML as
a myeloproliferative disorder with a BCR-ABL fusion gene (9), and to refer to the
BCR-ABL-negative disease as atypical CML (aCML), even in cases that are
morphologically indistinguishable. It is likely that this sets off another paradigm,
in the sense that the molecular rather than the morphologic or the organ-of-origin
based criteria will form the basis of oncological disease classification in the future.

MALIGNANT TRANSFORMATION BY Bcr-Abl
Types of BCR-ABL Fusion mRNAs and Proteins
The breakpoints in BCR localize to the so-called breakpoint cluster regions (bcr), a
fact that is reflected in the gene’s name. Depending on where the breaks occur, vari-
able parts of BCR are conserved in the Bcr-Abl fusion protein, leading to proteins of
different size. Unlike in BCR, the breakpoints in ABL are spread over a wide
genomic region and may occur anywhere upstream of ABL exon Ib, downstream
of exon Ia, or between the two alternative first exons (Fig. 1). Due to splicing of
the primary mRNA, the BCR portion is almost invariably fused to ABL exon 2,
with rare exceptions (10). Three bcrs can be distinguished. Breakpoints in the
major bcr (M-bcr) conserve BCR sequences up to exon 13 or 14 (formerly referred
to as b2 and b3), which give rise to e13a2 or e14a2 mRNAs and lead to the
expression of a 210 kD Bcr-Abl protein (p210Bcr-Abl). The latter is found in almost
all CML patients and approximately one-third of the ALL patients. Breaks in the
minor breakpoint cluster region (m-bcr) conserve only BCR exon 1, yielding an
e1a2 mRNA and smaller 185 kD Bcr-Abl protein (p185Bcr-Abl) that is characteristic
of ALL and which is only very rarely found in CML (10). A third breakpoint
cluster region termed m-bcr is located toward the 30 end of BCR. Breaks in this
region conserve most BCR sequences and lead to expression of an e19a2 BCR-
ABL mRNA and a 230 kD protein that is associated with chronic neutrophilic
leukemia, a rather benign condition (10). Altogether, the preservation of longer
Bcr sequences in the Bcr-Abl fusion protein appears to attenuate the disease.

Functional Characteristics of Bcr-Abl (Fig. 2)
Abl (also referred to as Abl-1), the human homologue of the Abelson murine leuke-
mia virus, is a tyrosine kinase involved in multiple cellular processes, including
DNA repair, integrin signaling, cell cycle regulation, and signal transduction from
cell surface receptors (11). ABL knockout mice exhibit increased neonatal lethality
and suffer from a number of defects, including skeletal malformations, immune
dysfunction as well as an ill-defined wasting syndrome (12,13). Apart from the
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unique “Cap” region at its very 50 end the N-terminus of Abl has extensive hom-
ology to Src kinases (14). The Src homology domains 3 (SH3) and 2 (SH2) mediate
interactions with other proteins by binding proline rich regions (SH3) or phospho-
tyrosine (SH2). The SH1 domain carries the tyrosine kinase function. The large C-
terminus is unique to Abl and contains DNA binding, nuclear localization, and
export signals as well as actin-binding sequences and a proline rich domain(15).
In physiological conditions, Abl kinase is tightly regulated by a mechanism that is
similar as in Src kinases but uses different structures, as Abl lacks a C-terminal tyro-
sine that is critical for auto-inhibition of Src kinases (14). In Src, phosphorylation of
tyrosine 527 allows the N-terminus to form an intramolecular association with the
SH2 domain, inactivating the kinase by forcing the molecule into a “clamp.” In
Abl, the myristoylated cap binds to a hydrophobic pocket at the base of the
kinase domain, resulting in a conformation resembling inactive SRC.

The function of Bcr is largely unknown. The N-terminus of Bcr contains a
coiled coil domain that allows for dimerization, which is essential for the transform-
ing capacity of Bcr-Abl and other Abl fusion proteins, such as Etv6-Abl (16). A
number of additional structural motifs have been defined, including a serine/threo-
nine kinase activity, guanidine exchange factor (GEF) function, and a GTPase acti-
vating function toward small GTPases, including Rac and RhoA. It is thought that
the presence of some of these domains in p210Bcr-Abl as opposed to p185Bcr-Abl

is responsible for the more benign phenotype of p210Bcr-Abl–positive leukemia.
Differential activation of Rho family GTPases has been shown in cells expressing

FIGURE 1 Location of the breakpoints in the ABL and BCR genes and structure of the chimeric
mRNAs derived from the various breaks. Note the alternative ABL exons Ib and Ia and the large
intron between them. Due to splicing of the primary RNA transcript, fusion mRNAs usually contain
ABL exons a2-a11, regardless of the breakpoint location in ABL. In contrast to ABL, there is
clustering of breakpoints in BCR, with three recognized breakpoint cluster regions. Note that the
BCR exons b2 and b3 of the old nomenclature are referred to as e13 and e14. With rare
exceptions, CML patients have breakpoints in the major breakpoint cluster region (M-bcr). The
resulting e13a2 and e14a2 fusion mRNAs give rise to a 210kD Bcr-Abl protein.

BCR-ABL as a Molecular Target 3



p210Bcr-Abl compared to p185Bcr-Abl, suggesting that they may be important (17).
Intriguingly, a recent study suggested that p210Bcr-Abl-positive ALL may arise in
a hematopoietic stem cell, in contrast to p185Bcr-Abl-positive disease, which
appears to originate in a progenitor cell committed to B-cell differentiation (18).
This implies that the two BCR-ABL types may have differential capacity to trans-
form hematopoietic stem or progenitor cells, that might be related to their specific
abilities to activate critical differentiation specific pathways.

The kinase activity of Bcr-Abl is absolutely required for cellular transform-
ation, implicating it as an excellent therapeutic target. Although there is evidence
that effects of Bcr-Abl on some cellular functions (such as migration and adhesion)
are kinase-independent, they are currently not thought to be critical to the protein’s
full leukemogenic potential (19). If nonkinase functions were indeed important, this
would obviously limit the efficacy of Bcr-Abl kinase targeted therapy.

FIGURE 2 Schematic view of signal transduction pathways in cells transformed by Bcr-Abl. Note
the SH1 (kinase) domain in Abl, which is absolutely essential for transformation. The coiled coil
domain (CC) of Bcr mediates dimerization. SH3, SH2 domains and the proline-rich region (PPP)
mediate binding to adaptor proteins including CrkL, Cbl, p62Dok, and others, resulting in the
formation of a multiprotein complex. Multiple pathways are activated, including the Ras–mitogen
activated protein (MAP) kinase signaling cascade, Phosphatidyl inositol 30 kinase (PI30K), Stat5,
and Myc. The net effects are inhibition of apoptosis, increased proliferation, perturbed interaction
with the bone marrow stroma and genetic instability. Many of the molecules involved are potential
drug targets. (A) Farnesyl transferases (FT) that prenylate Ras, mediating its binding to the cell
membrane, a requirement for activation of Raf; (B) Raf, the serine kinase that activates mitogen
activated protein (MAP) kinase signaling; (C) MAP) kinases; (D) phosphatidyl inositol 30 kinase
(PI30K) that produces 3,4,5 phosphatidyl inositol (PiP3), which is required for localization of Pdk1
and Akt to the inner leaflet of the cell membrane; (E) Pdk1 which activates Akt; (F) Akt, which
activates mammalian target of rapamycin (mTor); (G) mTor, which phosphorylates and activates
p70S6 kinase and 4E-BP1, two major global regulators of gene transcription in response to growth
stimuli. Source: From Ref. 51.

4 Deininger



Mechanisms of Cellular Transformation by Bcr-Abl (Fig. 2)
Multiple proteins are tyrosine phosphorylated in Bcr-Abl expressing cells, includ-
ing adaptor proteins such as Shc, cytoskeletal proteins such as paxillin and
tensin, transcription factors like Stat5, other kinases including Fes and Hck (a Src
kinase), and particularly Bcr-Abl itself (20). Autophosphorylation generates
docking sites in Bcr-Abl that allow binding of adaptor proteins such as Grb2 and
CrkL that, in turn, recruit additional molecules such as Gab2 and the p85 regulatory
subunit of phosphatidyl inositol 30 kinase (PI3K). In some cases, both direct and
indirect interactions between Bcr-Abl and the various proteins co-exist (21). The
net result is the formation of a multimeric signaling complex that is held together
mainly by phosphotyrosine dependent interactions, which implies that Bcr-Abl
kinase activity is instrumental to its formation and maintenance. Signaling
output from this complex activates multiple pathways, including mitogen activated
protein kinases (MAPK) and PI3K/AKT/mTor (22). The result is inhibition of apop-
tosis, increased proliferation, and a less well-defined perturbation of cellular
adhesion to the bone-marrow stroma (15). There is also evidence that Bcr-Abl
kinase activity affects DNA repair and induces genomic instability by a variety of
mechanisms (23). Defining the precise contribution of various pathways to cellular
transformation has been rather difficult. Many early studies have relied on cell
lines, which do not adequately reflect the situation in primary cells. More recently,
knockout mice have been used to assess the importance of individual components,
such as Stat5 (24), IL-3, GM-CSF (25), or Cbl (26). With the exception of Gab2, an
adaptor molecule that is crucial to activation of the PI3K pathway and required
for induction of myeloid but not lymphoid leukemia (27) and Src kinases, which
are required for the induction of B-ALL (28), these studies have been largely nega-
tive. This may partially be explained by the fact that the murine CML model, used
to determine whether a given protein is crucial, is more aggressive than the rather
indolent chronic phase disease in humans. Thus, more subtle differences may be
missed. This complex signal transduction network, operated by Bcr-Abl, offers a
number of potential drug targets downstream of the initiating lesion, some of
which are being evaluated in clinical trials. A comprehensive review of this topic
is given in Chapter 9.

Transformation to Blast Crisis
One could argue that chronic phase CML would not pose a significant clinical
problem, if it did not lead to blastic transformation. Thus, prevention of blast crisis
could be defined as the primary therapeutic goal in CML. The mechanisms respon-
sible for disease progression in CML are currently not well understood. It is concei-
vable that with more insights into the molecular events that lead to blast crisis, it may
be possible to design therapeutic strategies to prevent transformation or reverse
blast crisis to chronic phase. The biology of blast crisis is the topic of Chapter 10.

DEVELOPMENT AND PRECLINICAL EVALUATION OF IMATINIB

Starting in the late 1980s, scientists at Ciba Geigy (now Novartis) initiated projects
on the identification of compounds with inhibitory activity against protein kinases.
One medicinal chemistry project focused on protein kinase C, which at the time was
thought to be critical to the pathogenesis of various malignant tumors. This project
led to the identification of a 2-phenylaminopyrimidine derivative as the lead
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compound. The lead compound had low potency and poor specificity, inhibiting
tyrosine and serine/threonine kinases with equal potency, but served as the starting
point for the synthesis of a number of derivatives. Specific substitutions reduced
activity against serine/threonine kinases, increased activity against tyrosine
kinases, and improved intracellular activity and water solubility. The end result
of these efforts was a compound initially termed CGP57148, then STI571, and
eventually imatinib mesylate (Glivecw, GleevecTM).

Imatinib inhibits the kinase activity of Abl- and Abl-derived fusion kinases
with an IC50 of approximately 25 nM in cell-free assays and 250 nM in cells.
Although there are some “off target” activities against the platelet derived
growth factor receptor (Pdgfr), Kit, and to a slightly lesser degree Lck, a Src
kinase, and Fms (Csfr-1), the overall specificity of imatinib is quite exceptional
and unexpected, given the extensive sequence homology to related kinases such
as Src. The mechanistic basis for this became clear when the structure of the Abl
kinase domain in complex with an imatinib analogue was solved (29). Contrary
to expectations, imatinib was found to bind a unique inactive conformation of
Abl while it was excluded from the active conformation, due to a sterical clash
with the “activation loop” of the kinase, a flexible structure that controls access to
the catalytic site (Fig. 3). In contrast to the active conformations of kinase

FIGURE 3 Ribbon representation of imatinib (IM) in complex with the kinase domain of Abl. (A) In
the imatinib: Abl complex the activation loop (magenta) is in “closed” conformation, blocking the
catalytic site for ATP and substrate binding. (B) Structure of Abl in an active conformation (green)
with a surface representation of imatinib (yellow) superimposed. The activation loop is colored red
and the glycine-rich or P-loop is colored orange. The N-methyl piperazine group of imatinib sits on
the path of the activation loop in the active kinase, which is why imatinib cannot use this mode of
binding for active Abl kinase (50). Source: Courtesy of Sandra W. Cowan-Jacob, Novartis
Institutes of Biomedical Research, Basel, Switzerland.
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domains that are quite similar across different tyrosine and even serine/threonine
kinases, the inactive conformations are distinct, which explains imatinib’s high
degree of selectivity.

In preclinical studies imatinib demonstrated remarkable and specific activity
against a variety of Bcr-Abl positive cell lines, including lines engineered to express
Bcr-Abl and lines derived from blast crisis CML and Ph-positive ALL (30,31). Given
that patient derived cell lines exhibit multiple genetic abnormalities, this was extre-
mely encouraging and supported the view that Bcr-Abl kinase is an excellent thera-
peutic target. Importantly, selective suppression of colony formation by CML
progenitor cells compared to normal progenitors was also demonstrated over a
wide dose range (31). Finally, in vivo activity was demonstrated in a murine
model using subcutaneous injection of Bcr-Abl positive cells (30).

CLINICAL TRIALS OF IMATINIB

The encouraging preclinical results led to the initiation of a phase I clinical trial
in Spring of 1998. The initial study included patients with late chronic phase
CML who had failed interferon-a, but was later extended to patients with acceler-
ated phase and blast crisis. Significant clinical activity was demonstrated, including
hematologic responses at doses of at least 140 mg daily and cytogenetic responses at
doses of 300 mg or higher daily (32). Not surprisingly, responses were more consist-
ent and durable in chronic phase compared to accelerated phase and blast crisis
(33). The phase I study was rapidly followed by a series of phase II trials in patients
with blast crisis, accelerated phase, and late chronic phase. These studies confirmed
or surpassed the results of the phase I trial (34,35). Eventually, a phase III study
compared imatinib with the drug therapy standard at the time, the combination
of interferon-a and cytarabine. This trial demonstrated superiority of imatinib
over the combination therapy in all major endpoints, including quality of life
(36). Imatinib was approved by the regulatory authorities for the treatment of
advanced CML in 2001 and newly diagnosed patients in 2003.

CONDITIONS FOR SUCCESSFUL MOLECULAR THERAPY

An important question arising from the remarkable success of imatinib therapy of
CML is whether this success is the exception or the rule for targeted therapy of
malignant disease. Time has told that the answer is neither. For example, overall
results of clinical trials with specific inhibitors of the Flt3 kinase in AML were
rather sobering (37). On the other hand, durable responses were seen with imatinib
therapy in many patients with hypereosinophilic syndrome (38) and myeloproli-
ferative diseases associated with activation of the platelet derived growth factor
receptor (Pdgfr) kinase (39). Thus, what are the secrets of success and which
factors are limiting?

1. One lesion for one disease. CML is exceptional in the sense that the correlation
between morphology and the presence of a particular genetic abnormality,
BCR-ABL, is exceptionally tight. This has not only encouraged research into
CML and facilitated the development of diagnostics, but also implies that clini-
cal trials are easy to design, since they can draw on a rather homogeneous
patient population. One would predict that kinase targeted therapy of poly-
cythemia vera, where a V617F mutation of Jak2 is present in practically all
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patients (40), will be equally successful. In contrast, AML is a heterogeneous
disease, with subsets of patients carrying mutations of various tyrosine
kinases or Ras. Thus, the design of clinical trials is naturally more complex,
and sophisticated molecular testing and stratification is required to optimize
the detection of clinical activity.

2. Lesions of initiation versus lesions of progression. One of the cardinal reasons for the
disappointment about the results of clinical trials with Flt3 inhibitors in AML
was the fact that expectations were far too optimistic, as they were based on
the impressive results of imatinib in chronic phase CML (32). However, the
more appropriate comparison would have been CML in blast crisis, where ima-
tinib has only limited activity (33). Equally important, there is evidence that
BCR-ABL initiates CML and is required for the maintenance of the leukemic cel-
lular phenotype (15). In contrast, tyrosine kinase mutations may be a secondary
event in AML. Evidence for this comes from the observation that FLT3 mutant
clones have appeared or disappeared at the time of relapse in some patients,
suggesting that their presence is limited to subclones and may be conducive
to, but not essential, for the leukemic phenotype. Similarly, patients with
AML1-ETO positive AML frequently have activating mutations of Kit. In
patients with long-term remission after chemotherapy, clonogenic AML1-
ETO positive cells but not mutant KIT positive cells have been shown to
persist, suggesting that the KIT mutations were a secondary genetic event
(41). In this situation, tyrosine kinase inhibitor-based therapy would not be
expected to eradicate the disease but rather only induce regression to an
earlier stage of disease evolution.

3. Gain of function versus loss of function mutation. One trivial but important
consideration is that Bcr-Abl is a gain of function lesion and, hence, can be
directly inhibited. This is therapeutically easier to tackle than restoring loss of
function, for example, the inactivation of a tumor suppresser such as p53.

4. Paucitargeted versus multitargeted inhibitors. ABL knockout mice have a severe
phenotype with very high neonatal lethality, and mice with a combined
disruption of ABL and ARG (ABL related gene, also referred to as ABL-2) are
embryonically lethal due to defects in neurulation (42). KIT is critical to
hematopoietic development and PDGF to vascular development. Thus, one
might expect that a drug that inhibits all these kinases will have significant
side effects. Surprisingly and fortunately, this is not the case with imatinib.
The precise reasons for the unexpectedly good tolerability of imatinib are
unclear. One possibility is that the target kinases have lesser importance to
the adult than to the developing organism. Alternatively, kinase activity is
never inhibited to 100%, and residual activity may be sufficient to preserve
vital functions in normal cells. In contrast to imatinib, tyrosine kinase inhibitors
with broader activity spectrum, such as PKC412, have considerably more side
effects than imatinib (43). The other side of the coin is the question whether
some “off target” effects are actually desirable or not. In the case of imatinib,
there is experimental evidence that targeting Kit along with Bcr-Abl may actu-
ally contribute to the effects of Abl inhibition in primary hematopoietic cells
(44). If this were indeed the case, then imatinib would actually represent an
extremely fortunate example of an inhibitor that targets two critical kinases,
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simultaneously. To prove this point, it would be necessary to compare the clini-
cal activity of imatinib with a “pure” Abl kinase inhibitor, a compound that
does not currently exist. It is conceivable that in the future it may be possible
to design drugs “a la carte” that are capable of simultaneously targeting
several critical nodes in an oncogenic signal transduction network.

TARGETING BCR-ABL RATHER THAN ITS KINASE ACTIVITY

The fact that Bcr-Abl kinase activity is central to its transforming potency has
served as the rationale for the development of imatinib for therapy of Bcr-Abl posi-
tive leukemias. There is some evidence that targeting the kinase activity may have
limitations. Some biological effects of Bcr-Abl are not kinase dependent, including
effects on migration and adhesion (19). While these effects obviously do not prevent
imatinib from inducing responses, it remains possible that they contribute to the
persistence of minimal residual disease. Thus, eliminating these cells would
require agents that target the Bcr-Abl protein rather than its kinase activity. Com-
pounds with this activity include geldanamycin derivatives, which inhibit heat-
shock protein 90 (HSP90), a molecular chaperone required for Bcr-Abl stability
(45), LAQ824, a histone deacetylase inhibitor (46), and arsenic trioxide (47).
Another possibility is that, the survival of primitive CML stem cells is independent
of Bcr-Abl, relying on physiological signals provided by the bone marrow micro-
environment or cytokines. If this were the case, then neither inhibiting Bcr-Abl
kinase activity nor eliminating the protein would be sufficient to eradicate residual
leukemia (48). However, Bcr-Abl could still serve as a specific immunological
target. In fact, Bcr-Abl junction peptides are processed by and expressed by CML
mononuclear cells (49). This opens the possibility of developing vaccines to specifi-
cally target leukemia cells.

CONCLUSION

Bcr-Abl in CML, probably, represents the almost ideal molecular target. It defines
the disease, has gain of function status, and is both necessary and sufficient for
the initiation and maintenance of the disease phenotype. Few other malignant
conditions have a similarly “simple” molecular make-up. One would predict that
in these, imatinib’s success will be repeatable, while most other malignant
conditions will pose greater challenges to targeted therapy.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (HCT) is currently the only
treatment proven to cure chronic myelogenous leukemia (CML). Despite excellent
response rates with few toxicities with imatinib, trials with this drug only began in
1998. The longest follow-up is now less than 10 years and there are relatively few
patients who were followed more than five years on this therapy. Additionally,
many continue to have molecular evidence of disease despite prolonged treatment
(1–3). Consequently, duration of imatinib response remains somewhat uncertain.
In contrast, there are now thousands of patients followed for more than 10 years
(many for more than 15 and 20 years) after allogeneic HCT with documented per-
sistent hematologic and molecular remissions (4–6). However, also in contrast to
imatinib, HCT is associated with high rates of morbidity and mortality that limit
its use in older patients and make it less appealing as front-line therapy even in
young patients.

Not surprisingly, introduction of imatinib led to substantial changes in the use
of HCT for CML. Prior to imatinib, CML treatment algorithms commonly called for
early HCT in young patients with a human leukocyte antigen (HLA)-identical
donor. Although the threshold for young varied by institution, most recommended
HCT within one year of diagnosis in patients up to age 40 to 50 years with an HLA-
identical sibling and in patients up to age 30 to 40 years with an HLA-identical
unrelated donor. Patients considered at higher risk for transplant complications,
either because of age or comorbidities, or patients without an HLA-identical donor
often received a therapeutic trial of interferon. In the event of achieving major or
complete cytogenetic response, HCT would frequently be deferred until there
were signs of disease progression. If interferon failed to induce response, patients
underwent allografting if a suitable alternative donor were available and there
were no other contraindications. This changed after imatinib. In Europe, HCT for
CML decreased by about 40% from 1999 to 2003 (6). Data from the Center for Inter-
national Blood and Marrow Transplant Research (CIBMTR, formerly the Inter-
national Bone Marrow Transplant Registry or IBMTR) indicate that the number
of allografts for CML in the United States decreased by about two-thirds from
1999 to 2003. CML accounted for more than 25% of allogeneic HCTs done in the
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United States in 1998—1999, but for fewer than 10% in 2003. Also, in 1999, fewer
than 1% of HCT recipients had received imatinib at some time prior to transplan-
tation compared to 77% in 2003. Despite these changes, most clinicians agree that
HCT is a valuable treatment for some patients with CML, affording the possibility
of cure in patients with high-risk disease or those failing imatinib therapy.

MECHANISM OF ACTION OF ALLOGENEIC TRANSPLANTATION

The general procedure for allogeneic HCT is to administer high (marrow ablative)
doses of chemotherapy with or without radiation (pretransplant conditioning) to
eradicate leukemia cells, followed by the infusion of healthy hematopoietic stem
cells to restore hematopoiesis. The most common conditioning regimens employ
high-dose cyclophosphamide combined with total body irradiation or with
high-dose busulfan. Randomized comparisons of cyclophosphamide/total body
irradiation and cyclophosphamide/busulfan in patients with chronic phase
CML indicate similar efficacy and toxicity (4,7,8). That high-dose therapy helps
to eradicate CML cells is supported by the finding that low blood levels of busul-
fan are associated with higher relapse rates and by the long-term remissions
achieved with genetically identical twin transplantations (9,10). However, there
are also considerable data supporting a critical role for allogeneic donor cells in
controlling and/or curing CML (graft vs. leukemia or GVL effects) (10–20).
These data include: (i) higher relapse rates after genetically identical twin
compared to allogeneic transplantation (10,12); (ii) lower relapse rates in allotrans-
plant recipients who develop graft-versus-host disease (GVHD, mediated by
donor immune cells) (11,12,15); (iii) higher relapse rates when the donor graft is
depleted of T-lymphocytes (12–16); and (iv) re-establishment of molecular
remission after post-transplant relapse by stopping post-transplant immune
suppression or infusing donor lymphocytes (17–20). The magnitude of these
immune-mediated antileukemia effects is substantial. For example, allotransplant
recipients with GVHD have a four-fold lower risk of leukemia relapse than those
without GVHD. Recipients of identical twin transplants have a four-fold higher
risk of CML relapse than allotransplant recipients. Available data suggest that
GVL effects in CML are largely T-cell-mediated, but that only part of the effect
requires development of clinically important GVHD.

OUTCOMES OF ALLOGENEIC TRANSPLANTATION
Transplantation from HLA-Matched Related Donors
The first successful HCT for CML was a bone marrow transplant from an identical
twin donor, and was reported in 1979 (21). This was followed by transplants from
HLA-identical sibling donors (22–24). In 1984, the IBMTR reported good outcomes
in 117 patients undergoing HLA-identical sibling donor transplantation for CML
(25). Three-year survival rates of 63%, 36%, and 12% were observed for patients
transplanted in chronic, accelerated, and blast phases, respectively. In the 1990s,
CML became the most frequent indication for allogeneic transplantation. Results
improved over time. An analysis by the European Group for Blood and Marrow
Transplantation (EBMT) divided patients into three time cohorts: 1980–1990,
1991–1999, and 2000–2003 (6). Two-year survival rates improved from 53% in
the first time period to 61% in the most recent because of reduced transplant-
related mortality. Relapse rates ranged from 14% to 22%. Among 3359 patients
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receiving HLA-identical sibling transplants for CML in 1998–2003 and reported to
the CIBMTR, five-year probabilities of survival were (i) 73% for those transplanted
in first chronic phase within one year of diagnosis; (ii) 60% for those transplanted in
first chronic phase, but more than 12 months after diagnosis; (iii) 53% for those
transplanted in accelerated phase; and 40% for those transplanted in blast phase
(CIBMTR, unpublished data) (Fig. 1). Most post-transplant deaths occur early
(within the first two years) and are due to transplant-related complications, such
as infection, GVHD, and regimen-related toxicity (26). Reports with extended
follow-up to 10 to 15 years indicate overall survival rates of 50% to 65% and
disease-free survival rates of 45% to 50% for patients transplanted in chronic
phase (27–30). In a meta-analysis of four randomized studies of 316 patients receiv-
ing HLA-identical sibling HCT in chronic phase, 10-year survival rates were 63%
and 65% for patients receiving conditioning with cyclophosphamide/busulfan
versus cyclophosphamide/total body irradiation, respectively, with relatively few
events occurring after five years (4). A recent CIBMTR analysis of 2502 patients
who were alive and in remission five years after HLA-identical sibling HCT for
CML in chronic phase indicated a greater than 80% probability of surviving the
subsequent 10 years, that is, to 15 years post-transplant (CIBMTR, unpublished
data).

Several pretransplant patient and disease characteristics predict HCT out-
comes. Factors independently associated with worse post-transplant survival are
accelerated or blast phase disease, older age, and prolonged interval between diag-
nosis and HCT (24,31–34). A risk score for allogeneic HCT outcome was developed
by the EBMT (35) and validated in a subsequent study by the CIBMTR (36). The
latter study also validated the score in a separate analysis including only patients
in early chronic phase. Factors significantly associated with survival and included
in the score were patient age, interval between diagnosis and transplant, disease
phase, donor-recipient sex-match, and donor type (Tables 1 and 2).

FIGURE 1 Survival after HLA-identical sibling hematopoietic stem cell transplantations performed
in 1998–2003 and reported to the Center for International Blood and Marrow Transplant Research,
by disease phase at time of transplantation.
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Transplantation from Unrelated Donors
HLA-identical sibling donors are available for fewer than 30% of otherwise eligible
transplant candidates. Unrelated donor transplantation can result in successful out-
comes in patients with CML, although the transplant-related risks are higher than
with HLA-identical sibling donors. Overall, two- to three-year survival rates of 35%
to 45% are reported (16,37–44). In a series of 1423 transplants for CML facilitated by
the United States National Marrow Donor Program (NMDP), three-year leukemia-
free survival was 43% in 914 patients transplanted in first chronic phase (44). There
was a high incidence of severe acute GVHD (43%, grades II–IV; 33%, grades III–
IV). However, only 6% of patients relapsed, indicating a strong GVL effect.
Among 1724 patients receiving unrelated donor transplants for CML in 1998–
2003 and reported to the CIBMTR, five-year probabilities of survival were (i) 64%
for those transplanted in first chronic phase within one year of diagnosis; (ii) 59%
for those transplanted in first chronic phase, but more than 12 months after diagno-
sis; (iii) 43% for those transplanted in accelerated phase; and (iv) 29% for those
transplanted in blast phase (CIBMTR, unpublished data) (Fig. 2). The Fred Hutch-
inson Cancer Research Center reported outcomes in 196 patients with CML in
chronic phase, receiving transplants from unrelated donors (43). Overall survival

TABLE 1 European Group for Blood and Marrow Transplantation Risk
Score for Patients with Chronic Myelogenous Leukemia

Prognostic factors Risk score

Age 0 if ,20 yrs
1 if 20–40 yrs
2 if .40 yrs

Interval from diagnosis to HSCT 0 if �1 yr
1 if .1 yr

Disease phase 0 if chronic
1 if accelerated
2 if blast

Donor–recipient sex match 1 if female donor and male recipient
0 if any other combination

Donor type 0 if HLA-identical sibling
1 if any other

Abbreviations: HLA, human leukocyte antigen; HSCT, hematopoietic stem cell
transplant.

TABLE 2 Probability of Overall Survival at Five Years by
European Group for Blood and Marrow Transplantation
Risk Score

Risk score
Five-year overall

survival (%)

0 72
1 70
2 62
3 48
4 40
5 18
6–7 22
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was 57% at five years. Thirty-five percent of patients developed severe (grades III–
IV) GVHD. Only 10% of patients had leukemia relapse. Among patients aged 50
years or younger who received HCT within one year of diagnosis from an HLA-
A, -B, and -DRB1 matched unrelated donor, five-year survival was 74%, which
was similar to that observed after HLA-matched sibling transplants at the same
center.

Post-transplant survival is correlated with identified risk factors. These
include patient age, interval from diagnosis to transplantation, disease phase,
CMV serostatus of the recipient, degree of donor–recipient HLA match, frequency
of cytotoxic T-lymphocyte precursors in donor blood, and total nucleated cell dose
of infused marrow (37–51). Results of unrelated donor transplantation in children
with CML are similar to those in young adults. The EBMT Pediatric Disease
Working Group reported outcomes in 44 children transplanted for CML between
1988 and 1995 (52). Long-term disease-free survival was 50%. Transplant-related
mortality was high (38%), but few patients relapsed (7%).

In view of the high incidence of GVHD and associated transplant-related
mortality, alternative approaches to unrelated donor transplantation have been
explored. Depleting the graft of donor T-lymphocytes before infusion can decrease
the incidence of GVHD, but at the cost of an increased risk of relapse, especially in
patients with advanced disease (16,38,53–56). In a retrospective comparative analy-
sis, outcomes in 46 patients with chronic phase CML receiving T-cell depleted trans-
plants from an HLA-identical sibling donor were compared to outcome in 40
patients receiving non-T-cell depleted HLA-identical sibling transplants (54).
Patients receiving T-cell depleted transplants had a lower incidence of acute and
chronic GVHD and a somewhat lower incidence of transplant-related mortality
than those receiving non-T-cell depleted transplants. However, the estimated
three-year probability of relapse (cytogenetic or hematologic) was higher for
patients receiving T-cell depleted versus non-T-cell depleted transplants (62% vs.
24%). Subsequent treatment with donor lymphocyte infusions resulted in

FIGURE 2 Survival after unrelated donor hematopoietic stem cell transplantations performed in
1998–2003 and reported to the Center for International Blood and Marrow Transplant Research,
by disease phase at time of transplantation.
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remissions in 17 of the 20 patients relapsing after T-cell depleted transplants and the
three-year probability of survival was similar in the two groups (72% vs. 68%). A
large multicenter randomized trial of T-cell depleted versus non-T-cell depleted
transplants from unrelated donors, sponsored by the United States National
Heart Lung and Blood Institute, was performed in 1995–2000 (16). This trial
enrolled 405 patients, of whom 182 were transplanted for CML in first chronic
(n ¼ 160), or accelerated, or second chronic (n ¼ 22) phase. Patients receiving T-
cell depleted transplants had lower risks of acute GVHD but higher risks of
relapse. Among those with CML, the three-year probability of relapse was about
20% with a T-cell depleted but less than 10% with a non-T-cell depleted grafts.
Probabilities of overall and leukemia-free survival were not significantly different
with T-cell depleted and non-T-cell depleted grafts, both for the group as a whole
and for the subgroup of patients with CML.

TREATMENT OF POST-TRANSPLANT RELAPSE

Although allogeneic HCT is successful in eradicating CML in most HCT recipients,
post-transplant relapses do occur. The probability of relapse at five years is about
20% for patients receiving HLA-identical sibling transplants in first chronic phase
(10–13,32,57). The risk is higher for patients transplanted in accelerated or blast
phase varying from 20% in patients with both acute and chronic GVHD to 65%
in patients without GVHD (11). Relapse rates are higher if the donor is an identical
twin (where there is no allogeneic GVL effect) or if the graft is depleted of T-cells
(which abrogates some or all of the GVL effect) (10–12,15,16).

Therapeutic options for patients who relapse following allogeneic HCT
include infusions of donor lymphocytes (DLIs), second transplants with reduced
intensity or myeloablative conditioning, and imatinib or IFN-a. Numerous
studies support the use of DLI to exploit GVL effects to induce complete molecular
remissions (17–20,58–62). Complete remissions can be established in up to 75% of
patients, especially when DLIs are administered in early cytogenetic relapse (19,60).
These remissions are durable with almost 90% persisting at two to three years after
infusion. In an analysis reported by Collins et al. (20), complete responses were seen
in 76% of patients receiving DLI for molecular or chronic phase hematologic relapse
compared to 33% in patients with accelerated phase relapse and 17% in patients
with blast phase relapse. Response rates are somewhat higher in patients who
develop GVHD, but durable molecular responses occur in many patients without
clinically evident GVHD. In the study by Collins et al. (20), 60% of patients devel-
oped GVHD and up to 20% of infusions were also complicated by marrow aplasia.
Other data suggest that these complications can be ameliorated by infusion of lower
numbers of cells, with dose increases in the case of nonresponse (58–61). However,
the optimal dose and schedule for DLI are yet to be determined. The effect of the
initial cell dose (mononuclear cells �108/kg received in the first infusion) on
outcome was retrospectively analyzed in 298 of 344 patients treated with DLI at
51 centers (61). Patients were classified into three groups according to the initial
cell dose: ,0.20, 0.21–2.0, and .2.0 (mononuclear cells �108/kg). Additional infu-
sions were given to 62%, 20%, and 5% of patients in the three groups, respectively.
Response rates were similar in the three groups (78%, 73%, and 70%, respectively).
However, a lower initial cell dose was associated with less GVHD (26%, 53%, and
62%), less myelosuppression (10%, 23%, and 24%), less DLI-related mortality (5%,
20%, and 22%), and higher three-year leukemia-free survival (66%, 57%, and 45%).
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This suggests that starting with a low dose reduces the toxicity of DLI, although
dose escalation may be necessary to achieve a response.

Second hematopoietic stem cell transplantation with full or reduced intensity
conditioning is sometimes used for post-transplant relapse, but is associated with
high rates of transplant-related mortality, especially if the interval between the
first and second transplant is less than one year. This approach is generally reserved
for young patients who relapse with accelerated or blast phase CML more than a
year after a first transplant.

Imatinib is also reported to be an effective treatment for post-transplant CML
relapse in small case series (62–66). Olavarria et al. reported outcomes in 128
patients receiving imatinib after relapsing after allogeneic HCT. Fifty-one patients
were in chronic phase, 31 in accelerated phase, and 46 in blast crisis (66). Fifty
patients had failed treatment with DLI prior to imatinib. The overall hematological
response rate was 84%. The complete cytogenetic response rate was 58% for
patients in chronic phase, 48% for those in accelerated phase, and 22% for those
in blast crisis. Twenty-five (26%) patients had complete molecular responses.
With median follow-up of nine months, the estimated probabilities of two-year sur-
vival were 100%, 86%, and 12% for patients treated in chronic phase, accelerated
phase, and blast crisis, respectively. These results are encouraging, but longer
follow-up is necessary. Additionally, treatment with imatinib in these patients is
not without side effects, particularly cytopenias. Future studies are needed to
help clarify the role of imatinib with and without DLI for CML relapse following
allogeneic HCT.

LATE EFFECTS IN SURVIVORS

As noted earlier, patients who survive the first five years after HCT are likely
to survive long-term with mortality rates eventually approaching that of the
general population (5). However, some survivors experience late complications of
HCT. Baker et al. (67) studied the long-term risks and benefits of HCT for CML.
Two hundred forty-eight recipient of HCT for CML who had survived at least
two years post-HCT were compared to 317 normal siblings. Subjects completed a
238-item survey on medical late effects. When compared with sibling controls, sur-
vivors had higher risks of ocular, oral health, endocrine, gastrointestinal, musculo-
skeletal, neurosensory, and neuromotor impairments. Multivariate analysis of the
allograft recipients identified chronic GVHD as a major risk factor for hypothyroid-
ism, osteoporosis, cardiopulmonary, neurosensory, and neuromotor impairments.
These data show the need for continued monitoring and medical intervention in
these patients. The CIBMTR and EBMT recently published guidelines for long-
term follow-up of transplant recipients (68).

NEW APPROACHES TO ALLOGENEIC TRANSPLANTATION
Reduced Intensity Conditioning
The most important recent strategy to decrease the early morbidity and mortality of
HCT is the use of reduced intensity conditioning (69–73). This approach uses
immunosuppressive, but not myeloablative, doses of drugs and radiation to
allow donor cell engraftment and relies upon the GVL effects of allografting to era-
dicate CML. The reduced intensity of conditioning drugs is intended to decrease
the incidence of regimen-related toxicity and, by decreasing the extent of tissue
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injury and release of inflammatory cytokines, reduce the severity of GVHD. The
EBMT has reported outcomes in 187 patients receiving reduced intensity condition-
ing followed by allogeneic HCT between 1994 and 2002 (72). The median age was 50
years. Sixty-one percent received a transplant from an HLA-identical sibling donor,
25% from an unrelated, and the remainder from HLA-mismatched related donors.
Transplant-related mortality was only 6% at 100 days but rose to 23% by two years
post-transplant, still lower than expected with standard myeloablative condition-
ing regimens. Grades II–IV acute GVHD occurred in 32%, and chronic GVHD in
43% of patients. Among patients transplanted in first or second chronic phase,
overall and leukemia-free survivals at three years were 69% and 57%, respectively.
Two-year survivals of patients transplanted in accelerated or blast phase were only
24% and 8%, respectively. Progressive CML was the major cause of death. Among
368 patients receiving HLA-identical sibling transplants after reduced intensity
conditioning in 2000–2005 and reported to the CIBMTR, the three-year probabilities
of relapse, survival, and leukemia-free survival were 39%, 72%, and 52%, respect-
ively. Follow-up of these patients is relatively short and, consequently, duration
of remissions uncertain at present. However, early results are sufficiently encoura-
ging to consider this approach in patients unable to tolerate standard conditioning
because of age or comorbidities.

Umbilical Cord Blood Transplantation
One important obstacle to allografting is identifying a suitable donor for 70% of
patients without an HLA-identical sibling. Currently about 25% of these patients
receive a transplant from an adult unrelated volunteer identified through the
NMDP or another of the national and international donor registries. Successful
transplants are also reported using umbilical cord blood (74–78). The major
advantage of cord blood in this setting is a lesser requirement for stringent HLA-
matching, increasing the likelihood of finding a unit that is suitable in terms of
HLA. The major drawback of this approach is the limited number of cells in each
cord blood unit, such that not all adults will find a unit with a suitable cell dose
which leads to slow rates of hematopoietic recovery relative to bone marrow or per-
ipheral blood transplants. A recent analysis compared outcomes following 150
unrelated cord blood and 450 unrelated adult donor bone marrow transplants in
patients with leukemia (74). Twenty-five percent of the cord blood recipients and
40% of the bone marrow recipients had CML. All of the cord blood transplants
were one (n ¼ 34) or two (n ¼ 116) HLA-antigen mismatched; in 367 patients the
bone marrow transplants were HLA-matched and 83 were one-antigen mis-
matched. Hematopoietic recovery was slower with cord blood (27 days) than
with HLA-matched (18 days) or mismatched (20 days) marrow transplants.
Acute but not chronic GVHD was less likely with cord blood transplantation.
Rates of transplant-related mortality, treatment failure, and overall mortality
were lowest among patients who received HLA-matched marrow transplants.
Patients who received one antigen mismatched marrow transplants and those
who received one or two antigen mismatched cord blood transplants had similar
rates of transplant-related mortality, treatment failure, and overall mortality.
Results were similar in patients with acute leukemia and those with CML. These
data indicate that a one or two antigen mismatched cord blood transplant may
be an acceptable alternative for patients who need HCT but do not have an
HLA-identical adult donor, extending the possibility of HCT to many more
persons in need. Studies are in progress to develop approaches to facilitate
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engraftment with limited cord blood cell doses, including use of multiple units and
cell expansion techniques.

INDICATIONS FOR HEMATOPOIETIC STEM CELL TRANSPLANTATION

Since HCT is the only therapy with documented molecular remissions lasting more
than 20 years, the possibility of this intervention, with its attendant risks and
benefits, should be discussed with young patients presenting with CML. Although
imatinib is the first-line therapy of choice, consultation with a transplant physician
is advised to evaluate the potential role of HCT (including performing a prelimi-
nary related and unrelated donor search), to formulate a strategy for HCT in the
event of imatinib failure and agree upon a strategy for monitoring the patient’s
progress. Early HCT is indicated for patients whose initial presentation is in blast
phase and should be considered for those with a suboptimal response to imatinib.
HCT should also be considered for patients whose CML progresses after an initial
response. Careful monitoring for early signs of progression is indicated since out-
comes are significantly better if HCT is performed prior to transformation to
accelerated or blast phase. Definitions of suboptimal response and failure with
imatinib, guidelines for monitoring patients on imatinib, and indications for initiat-
ing alternative therapy, including HCT, were recently developed and published by
a consensus panel sponsored by the European LeukemiaNet (79).
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B3 Where Are We Today with Imatinib Therapy?

John M. Goldman
Hematology Branch, National Institutes of Health,
Bethesda, Maryland, U.S.A.

INTRODUCTION

There has been considerable progress in recent years in the management of
malignant disease in general, but in no other area has the progress been quite as
remarkable as in the management of chronic myeloid leukemia (CML). We have
seen the disease move from a status where chemotherapy changed the natural
history little if at all to a time when selected patients could be treated and often
“cured” by allogeneic stem cell transplantation (allo-SCT). Most recently we have
witnessed the introduction of molecularly targeted therapy in the form of imatinib
mesylate (IM), which offers the prospect of very substantial prolongation of life for
the majority of patients, so much so that it has displaced transplant as primary
therapy for newly diagnosed patients.

The pharmaceutical company Ciba-Geigy (now Novartis) initiated a program
in the early 1990s to identify small molecules for clinical use that might inhibit
relevant tyrosine kinases (1). One possible target, regarded as promising by some
but by no means by all investigators at the time, was the BCR-ABL gene in CML.
After some years during which the lead compound, a 2-phenylaminopyrimidine,
was subjected to extensive chemical modification, an agent CGP57148B was devel-
oped that was intended for clinical use (2,3). Preclinical studies showed that it
selectively inhibited the proliferation of Ph-positive CML cell lines and colony for-
mation by Ph-positive myeloid progenitor cells while leaving proliferation of
control cells unaffected (4–6). It was also active against tumors formed by Bcr-
Abl expressing cells in a murine model system (4), although complete eradication
of such tumors depended on continuous exposure to the agent over longer
periods of time (7). These and other studies laid the foundation for the initial clinical
trials, which started in the United States in June 1998.

RESULTS IN PREVIOUSLY TREATED PATIENTS

The initial phase I study of IM recruited patients with CML who were refractory or
resistant to interferon-a (IFN) or intolerant of this agent. The study patients began
at an oral dose of 25 mg daily that was escalated in increments to a maximum of
1000 mg daily. The drug half-life was 13 to 16 hours. The drug appeared to be
well tolerated and a maximally tolerated dose was not defined. Of the 54 patients
who had failed interferon-a and received IM at doses of 300 mg daily or higher,
53 (98%) achieved complete hematologic responses and the majority of responses
lasted more than one year (8). In 38 patients with myeloid blast crisis, 21 (55%)
responded at imatinib doses of 300 mg/day or greater, but the duration of response
for these patients was usually limited (9).
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Thereafter a series of phase II studies was initiated for CML patients in
chronic phase (CP) who satisfied criteria for interferon-a resistance or intolerance
and for patients in advanced phases. In the CP study, 552 patients were treated
with IM at 400 mg/day in six different countries over a period of six to nine
months (10). The incidence of complete cytogenetic responses (CCyR) was 41%.
In the accelerated phase study, 181 patients with confirmed CML were treated
with IM at either 400 or 600 mg daily and 17% achieved a CCyR (11). For the 260
patients with myeloid blast crisis the overall response rate was 52%; 18% of patients
had partial or complete hematologic responses and 7% had CCyRs (12). The median
survival from starting IM treatment was six to nine months. These last results
were appreciably better than those achievable with standard chemotherapy
(13,14). The criteria for defining the various phases on CML were fairly standard
(Table 1), and the response rates are summarized in Table 2.

PHASE III STUDY FOR NEWLY DIAGNOSED CHRONIC PHASE PATIENTS

From June 2000 until January 2001 a phase III study recruited a total of 1106 newly
diagnosed patients with CML in CP for a clinical trial referred to as the Inter-
national Randomized Study of Interferon and STI571 or IRIS (15). Equal
numbers of patients received either IM at a dose of 400 mg daily or the combination
of interferon-a(IFN) plus cytarabine. The two cohorts were essentially similar with
regard to age, starting leukocyte counts, Sokal prognostic scores, and interval from
diagnosis. At a median follow-up of 19 months, the estimated rate of major

TABLE 1 Inclusion Criteria for Patients in Phase II Studies

Chronic phase
,15% blasts, ,20% basophils in blood and BM, ,30% blasts plus
promyelocytes in blood and BM, platelets .100 � 109/L

Accelerated phase
þ at least 15% and less than 30 blasts in PB or BM
þ at least 30% blasts plus promyelocytes in PB or BM
þ at least 20% basophils in PB
þ platelets ,100 � 109/L unrelated to therapy

Blastic phase
þ at least 30% blasts in PB or BM (confirmed by flow cytometry)
þ extramedullary evidence of CML

Abbreviations: BM, bone marrow; CML, chronic myeloid leukemia; PB, peripheral blood.

TABLE 2 Response Rates in Phase II Studies

Chronic phase
(n ¼ 454)

Accelerated phase
(n ¼ 181)

Myeloid blast crisis
(n ¼ 229)

CHR 430 (95%) 96 (53%) 20 (9%)
MCyR 272 (60%) 43 (24%) 37 (15%)
CCyR 188 (41%) 30 (17%) 17 (7%)
Disease progression 47 (11%) 78 (43%) 183 (80%)

Abbreviations: CCyR, complete cytogenetic responses; CHR, complete hematologic response; MCyR, major
cytogenetic responses.
Source: Adapted from Refs. 8,11,12.

28 Goldman



cytogenetic response for the patients who received IM was very much higher than
the rate for the patients who received interferon-a and cytarabine (87.1 % vs. 34.7%,
P , 0.001); similarly the estimated rates of CCyR were better in the IM-treated
patients than in control patients (76.2% vs. 14.5%, P , 0.001). Freedom from pro-
gression to advanced phase disease was 97.7% for the imatinib patients and
91.5% for the control patients (P , 0.001). When progression was more broadly
defined by any of the following—loss of response to treatment, increasing leukocyte
count, onset of advanced phase, or death—the “broad” progression-free survival
for IM-treated patients was again very significantly better than that of patients in
the control arm. It was also of interest to note that sub-classification of patients
into one of three prognostic categories according to criteria established by Sokal
et al. (16) separated patients’ progression-free survivals in both treatment arms,
but progression-free survival for patients in all three Sokal categories was better
for IM-treated patients than progression-free survival for patients in the best
Sokal category treated with the control combination (P , 0.01).

The most recent analysis of results in the IRIS study was performed at a
median follow-up of 60 months from initiation of treatment, at which point 382
(69%) of the 553 patients originally allocated to the IFN/cytarabine arm had
crossed over to the IM arm in contrast to crossover in the reverse direction by
only 14 (2.5%) patients. Some patients crossed over from the IFN/cytarabine arm
on account of intolerance or failure to achieve complete hematologic response or
major cytogenetic response by the predetermined target dates, but a major
reason for discontinuing treatment with IFN/cytarabine was withdrawal of
consent when IM was approved by the Food and Drug Administration (FDA)
and other national regulatory agencies and so became available for general use.
This high level of discontinuation of treatment in the control arm meant that
clinical results could not be analyzed at five years as a conventional prospective
study, but analysis of results of primary treatment with IM and comparisons of
IM-treated patients with the control arm on an “intention-to-treat” basis were
still highly informative. At a median follow-up of five years the clinical results
appeared to have improved very substantially in comparison with results reported
at 19 months (17). The estimated incidence of CCyR was 87% (Fig. 1); only 7% of
patents had progressed to advanced phase. The estimated overall survival for all
patients who had received IM as first-line therapy was 89% (Fig. 2), which con-
trasted with an overall survival of 82% for patients in the control arm, many of
whom had actually switched to IM soon after starting the IFN/cytarabine combi-
nation to which they had originally been allocated. Landmark analyses performed
at 12 and 18 months showed very clearly that the degree to which the total quantity
of leukemia in a patient’s body had been reduced, as assessed by marrow
cytogenetic status and BCR-ABL transcript numbers in the blood at the two time
points, was highly predictive of the probability of subsequent survival without
progression to advanced phase disease (Fig. 3). Thus patients who had a more
than 3-log reduction in BCR-ABL transcript numbers at 18 months compared
with a standardized baseline value (see Chapter 4) had 99% survival without
progression at five years, whereas patients who had failed to achieve CCyR had
a corresponding value of 83%. (P , 0.001). Of even greater interest was the obser-
vation that in the IM cohort the annual rate of progression seemed to be diminish-
ing from year one to year five (Table 3), and similarly for patients who achieved
CCyR the annual rate of progression to advanced phase seemed to be diminishing
from year one to year four (17).
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SURVIVAL COMPARED WITH HISTORICAL CONTROL PATIENTS

In the absence of results of a formal prospective assessment of survival for patients
in CP who received IM compared with that of contemporary patients who received
optimal alternative therapy, a comparison of survival for patients who received IM
with survival for historical control patients who received IFN or IFN plus other
agents is warranted. The Houston group compared results of treating 261 patients

FIGURE 2 Landmark analysis of projected survival without progression to advanced phase disease
for patients treated with imatinib mesylate 400 mg/day as initial therapy in the International
Randomized Study of Interferon and STI571 classified at 18 months from start of therapy
according to whether they had achieved: (i ) complete cytogenetic responses (CCyR) with more
than 3 log reduction in BCR-ABL transcripts, (ii ) CCyR with less than 3 log reduction in BCR-ABL
transcripts, or (iii ) no CCyR. It is notable that patients in category (i ) had an estimated 100%
freedom from disease progression at five years from start of therapy. Abbreviations: CML, chronic
myeloid leukemia; CI, confidence interval.

FIGURE 1 Probability of achieving complete hematological response, major cytogenetic response
and complete cytogenetic response for 553 patients randomized to receive imatinib mesylate at 400
mg/day as initial treatment for chronic myeloid leukemia in chronic phase in the International
Randomized Study of Interferon and STI571 study. The dashed vertical line shows values at one
year from start of therapy. Abbreviations: CCyR, complete cytogenetic response; CHR, complete
hematologic response; MCyR, major cytogenetic response.
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with CML in CP who received IM after failing IFN with results in 204 patients with
similar disease status who had received optimal therapy, most of which included
interferon alone or in combination with other agents, in the preimatinib era (18).
The CCyR rates were 62% and 19%, respectively, in the IM versus historical
control arms (P , 0.001); survival at two years from beginning treatment with
IM was 93% compared with 71% for patients in the control arm (P , 0.001). The
Hammersmith group compared survival for 143 patients who received IM after
prior treatment with interferon-a with survival for 246 patients treated before
IM was available, primarily with IFN. They reported a significant survival advan-
tage for patients who received IM, but noted that this applied only to patients
who achieved some degree of cytogenetic response after six months on the new
drug (19).

The Houston group also had the opportunity to compare survival for 187
patients in early CP who received IM with that of a historical control group of
650 patients treated predominantly with IFN-a. At median follow-up of 19
months, survival with IM therapy was significantly better than survival for patients
in the control group (P , 0.01). Survival for all IM-treated patients was also signifi-
cantly better than survival for the Sokal good risk subset in the control arm (20). In a
recent update of this original study the group compared results of treating 279
newly diagnosed patients with IM with the original 650 patients treated with inter-
feron. The CCyR rates were 87% with IM and 28% with interferon-a (P , 0.0001).
The estimated three-year survival rates were 96% with IM and 81% with IFN-a
(P , 0.01) (21). A collaborative study group in France compared survival of patients
whose primary treatment was IM in the IRIS study with survival for 325 patients
who received the combination of IFN-a plus cytarabine in the French multicenter
CML91 trial, which recruited patients between 1991 and 1996 (22). With a follow-
up of 42 months for both patient groups, the estimated incidence of CCyR, of sur-
vival without progression to advanced phase by three years and of overall survival
at three years were all significantly better in the IM group than in the historical
control population (81% vs. 32%, P , 0.0001; 90% vs. 82%, P , 0.04; and 92% vs.
84%, P , 0.0001, respectively).

FIGURE 3 Estimated survival at five years for patients with chronic myeloid leukemia (CML) in
chronic phase who started treatment with imatinib at 400 mg/day in the International Randomized
Study of Interferon and STI571 study. Deaths were classified as (i ) attributable to CML or (ii ) due
to any cause, including CML. Abbreviations: AP, accelerated phase; BC, blastic phase; CCyR,
complete cytogenetic response.
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PREDICTING RESPONSE TO IMATINIB

Although the molecular characteristics of BCR-ABL–positive CML seem at present
to be remarkably similar in different patients, it is widely accepted that the disease
is in fact highly heterogeneous. Thus Sokal et al. (16) in the 1980s were able to cat-
egorize CML patients treated with busulfan into three prognostic groups based on
criteria defined at diagnosis, and Hasford et al. (23) in the 1990s carried out a similar
exercise with patients treated predominantly with IFN-a. The observed differences
might theoretically have been due principally to the fact that the disease was diag-
nosed in different patients at different points of its natural history (24,25), but it is
intuitively more likely that the differences reflect differences intrinsic to the kinetics
of the disease in a given patient (26). This view gains some support from the obser-
vation that 15% to 20% of patients whose leukemia cells have a deletion of genetic
sequences in the vicinity of the ABL-BCR gene on the derivative chromosome 9qþ
had a survival inferior to those lacking this deletion in the preimatinib era (27,28),
although the adverse effect of the 9qþ deletion is not apparent in the IM-treated
patients (29,30).

Micro-array studies of CD34þ cells collected at diagnosis from two sub-
groups of patients distinguished on the basis of whether their subsequent disease
course was relatively short or much longer than average showed very different
gene expression patterns (31), further supporting the notion of genetic heterogen-
eity. Despite the fact that there is a general agreement that the pattern of gene
expression may differ substantially according to the phase of disease (32–35), it
has proved more difficult to identify genes differentially expressed in patients
who respond and patients who do not respond well to imatinib (36), but one
recent study has shown that patients who relapse after initial response to IM
have a gene expression profile more closely resembling advanced phase than CP
disease (35). It is most probable that this technology will soon prove useful for
defining prognosis.

In the laboratory, the enhanced kinase activity of the p210Bcr-Abl is most repro-
ducibly reflected by its capacity to phosphorylate the substrate CrkL, although the
pathogenetic significance of this observation remains obscure. The Adelaide group
has recently reported that the IM IC50 as measured by in vitro inhibition of CrkL
phosphorylation correlates with clinical response. In other words patients with a

TABLE 3 Incidence of progression (i ) Broadly Defined, and (ii)
to advanced phase for 553 Patients with Chronic Myeloid
Leukemia in Chronic Phase Allocated to Receive Imatinib as
Primary Treatment

Year Progressiona (%) AP/BPb (%)

1st 3.4 1.5
2nd 7.5 2.8
3rd 4.8 1.6
4th 1.5 0.9
5th 0.9 0.6

aProgression includes all deaths and all patients who lost their response to
imatinib, including progression to advanced phase.

bAP/BP includes patients who progressed to advanced phase (accelerated
phase and/or blastic phase).

Abbreviations: AP, accelerated phase; BP, blastic phase.
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low IC50s for IM had superior clinical responses to those with relatively high IC50s
(37). Although these preliminary studies were based on relatively small numbers of
patients and used mononuclear cells separated from the blood of newly diagnosed
patients, the approach seems very promising. They need to be confirmed with
larger numbers of patients and appropriate cell fractions, for example, CD34þ
cells or CD34þ CD382 cells. Moreover, this approach now needs to be extended
to define IC50s for the newer TK inhibitors.

Somewhat simpler than using Crkl as the target for measuring phosphoryl-
ation by Bcr-Abl is measurement of total phosphotyrosine levels in a target cell
population. Inhibition of total phosphotyrosine by IM is a reliable indicator of the
effect of IM in cell lines (38). The use of an antiphosphotyrosine antibody in con-
junction with cytofluorimetry to measure phosphotyrosine levels in CD34þ cells
exposed to IM showed that IM responders had significantly higher levels of inhi-
bition than nonresponding patients (39). These preliminary observations were
based on relatively small numbers of patients and should now be expanded to
confirm their applicability to larger number of patients treated with IM 400 or
800 mg daily.

Interest has focused on the possibility that responses to IM could differ in
different patients as a result of intrinsic difference in the manner which leukemia
stem cells handle the drug. The ATP-binding cassette reporters, notably MDR1,
ABC1 and ABCG2, are involved act as ATP-dependent efflux pumps and could
all theoretically contribute to reducing intracellular concentration of IM. There is
evidence that MDR1 over expression could be a basis for CML cell resistance to
IM (38,40), but a recent study of ABCG2 showed that though CML CD34þ cells
over-express functional ABCG2, IM is not a substrate but rather inhibits this
transporter molecule (41). Conversely, the organic cationic transporter-1 (OCT1)
provides an active mechanism for influx of a number of drugs and seems to be
involved in entry into cells of IM. The Liverpool group reported that influx of
IM into CML cell lines depended on intracellular levels of OCT1 (42), and
the Oregon group showed highly significant positive correlation between cellular
OCT1 levels and response to IM in individual patients (43). Interestingly,
response to nilotinib seems not to depend on OCT1 for intracellular transport
(44). These studies focus attention on the possibility that influx and efflux of IM
could explain differential responses in patients who receive comparable doses of
the drug.

DEFINITIONS OF RESPONSE AND RESPONSE FAILURE

The sequence of events in CML patients responding to treatment with IM parallels
closely the pattern in patients responding to other agents, but with the notable
difference that the response to IM at 400 mg/day seems extremely rapid (and at
higher dosage even more rapid). Thus the leukocyte counts start to fall rapidly
and may reach normal values within 10 to 15 days, the percentage of Ph-positive
marrow metaphases also falls such that the patients may be 100% Ph-negative
within three months (or earlier) and the number of BCR-ABL transcripts continues
to fall and reaches its nadir months or even years later. Thus, theoretically, one
should be able to define a response based on hematologic, cytogenetic, or molecular
criteria achieved at different time-points after starting imatinib. These criteria
would also be sensitive to drug dosage, and the time-points would have to be
adjusted for patients who start treatment with doses in excess of 400 mg/day.
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In principle, resistance to IM may be primary or secondary and its definition
must take account of (i) the quantity of leukemia in a patient’s body as measured
indirectly by blood counts, bone marrow cytogenetics, or the number of residual
BCR-ABL transcripts in the blood or marrow, (ii) the dose of IM that the patient
is taking, and (iii) the duration of treatment. Thus, in general, for the newly diag-
nosed patient with CML in CP who starts treatment at a “standard” dose of
400 mg/day, the patient should be able to satisfy specified criteria of response at
various time points. Failure to achieve such levels would be attributable to
“primary resistance” and would allow the patient to be classified as “failure”
(Table 4). This would indicate the need to consider a change in therapeutic strategy,
which could for example in some cases involve simply increasing the dose of ima-
tinib. A patient who initially responds to IM but then loses the response should be
classified as secondary failure. Thus, for example, a patient who after having

TABLE 4 Operational Definition of Failure and Suboptimal Response for Previously Untreated,
ECP, Chronic Myeloid Leukemia Patients Who Are Treated with Imatinib Mesylate 400 mg/Day
Proposed by Baccarani et al. on Behalf of the European LeukemiaNet

Time Failure Suboptimal response Warnings

Diagnosis NA NA High risk
Del9qþ
ACA in Ph-positive

cells
3 months No HR (stable disease or

disease progression)
Less than CHR

6 months Less than complete HR
(CHR)

Less than PCyR (Ph-positive
more than 35%)

No CyR (Ph-positive more
than 95%)

12 months Less than PCyR (Ph-positive
more than 35%)

Less than CCyR Less than MMR

18 months Less than CCyR Less than MMR
Any time Loss of CHRa ACA in Ph-positive cellsd Any rise in transcript

level
Loss of CCyRb Loss of MMRd Other chromosome

abnormalities in
Ph-negative cells

Mutationc Mutatione

Note: Failure implies that the patient should be moved to other treatments whenever available. Suboptimal
response implies that the patient may still have a substantial benefit from continuing imatinib mesylate treatment,
but that the long-term outcome is not likely to be optimal, so that the patient becomes eligible for other treatments.
Warnings imply that the patient should be monitored very carefully and may become eligible for other treatments.
The same definitions can be used to define the response after imatinib mesylate dose escalation.
aTo be confirmed on two occasions unless associated with progression to accelerated phase (AP)/blast
crisis (BC).

bTo be confirmed on two occasions, unless associated with complete hematologic response loss or progression to
AP/BC.

cHigh level of insensitivity to imatinib mesylate.
dTo be confirmed on two occasions, unless associated with complete hematologic response or complete
cytogenetic response loss.

eLow level of insensitivity to imatinib mesylate.
Abbreviations: ACA, additional chromosome abnormalities; CCyR, complete cytogenetic response; CyR,
cytogenetic response; CHR, complete hematologic response; ECP, early chronic phase; HR, hematologic
response; MMR, major molecular response; NA, not applicable; PCyR, partial cytogenetic response.
Source: Adapted from Ref. 46.
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achieved hematologic control subsequently has a rising leukocyte or platelet count
would satisfy criteria for secondary resistance. Similarly, a rising proportion of Ph-
positive metaphases in the bone marrow or a rising number of BCR-ABL transcripts
in a patient who had previously responded at cytogenetic or molecular levels
would be classified as secondarily resistant. In all cases the clinician must be
assured that a patient who satisfies criteria for failure is actually taking the drug
at the specified dosage, since noncompliance, which is not uncommon, should
not be mistaken for true resistance.

In 2003, the Hammersmith group attempted somewhat arbitrarily to define a
series of features that would allow the clinician to say that an individual patient had
failed to respond to treatment with imatinib at standard dosage (400 mg/day) or
having responded had begun to lose his/her response (45). More recently, Baccar-
ani, on behalf of colleagues in the European LeukemiaNet, has proposed that
patients undergoing treatment with IM should be sub-classified according to
whether they are high-risk before treatment onset and according to how they
respond or lose their response after beginning treatment (Table 4) (46). According
to these recommendations patients classified as “failure” should receive alternative
therapy, patients classified as “sub-optimal response” should be considered for
alternative therapy, and other patients may show features classifiable as “warn-
ings.” Patients in the last category do not necessary need a change of therapy, but
should be monitored more closely than average.

In practice, the definition of failure may prove to be difficult in individual
patients. For example, patients who proceed only very slowly to CCyR and sub-
sequently to major molecular response may miss established milestones, but may
still have a good overall prognosis (47). Moreover, it is likely that whereas some
patients will continue to manifest reduction in transcript numbers during the
first four years of therapy with imatinib, in other cases transcript numbers moni-
tored sequentially may reach a plateau consistent with cytogenetic negativity or
major molecular response (48). Should such patients be classified as resistant and
offered alternative therapy? At this stage probably not.

MANAGING THE RESPONDER

Various lines of evidence suggest that even in patients who appear to have
responded well to therapy and have achieved low or undetectable levels of BCR-
ABL transcripts, some residual leukemia cells survive (49). First, investigators in
Glasgow defined a “quiescent” leukemia stem cell on the basis of high Ph-positivity
in association with retention of high levels of the fluorochrome CFSE (carboxyfluor-
escein succinimidyl ester), and showed that it appears to be unaffected by incu-
bation with imatinib in vitro (50,51). Secondly, investigators in Los Angeles
showed that some colonies cultured from CFU-GM collected from the marrow of
patients in cytogenetic remission expressed a BCR-ABL gene (52). Thirdly, the
observation that occasional patients in cytogenetic remission with undetectable
BCR-ABL transcripts may progress abruptly to blastic phase disease (53,54) also
suggests that at least in these patients CML had not been eradicated. Fourthly,
further support for the notion that residual disease persists in “successfully”
treated patients comes from the observation that even in patients who have had
BCR-ABL transcripts undetectable for months or years, stopping imatinib is
usually, though not always, associated with gradual recurrence of detectable tran-
scripts (55–57).
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There is currently no agreement about how best to manage the patient who
responds well to IM. It was believed at one time that autografting might
be useful both for the patient who relapsed on treatment with IM and for the
patient who remained in CCyR. For this reason Ph-negative progenitor cells were
collected from the peripheral blood of patients (58), but such cells have in practice
been used only very rarely and the approach has largely fallen into disfavor. One
could argue a case both for increasing the dose of IM and for reducing the dose
of or for adding other drugs, such as interferon-a or cytarabine. Such patients
could still benefit from some immunotherapeutic approach, such as vaccination
with Bcr-Abl, Wt1 or Pr3 oligopeptides (59–62), or intact irradiated K562 cells
engineered to produce GM-CSF (63). In practice, the simplest approach is probably
to continue IM at standard dosage.

MANAGING THE NONRESPONDER

There are a number of possible therapeutic strategies for managing the patient who
starts treatment with IM at 400 mg/day for CML in CP but then manifests primary
or secondary resistance, but currently there is no general consensus. For example, a
patient who in the pre-imatinib era would have been considered a candidate for
allogeneic stem cell transplant could be offered a transplant after the patient has
failed imatinib. Conversely, the patient could be offered treatment with one of the
second generation tyrosine kinase inhibitors, namely dasatinib or nilotinib. Patients
whose relapse is associated with a substantial sub-clone bearing a T315I mutation
will prove resistant to these agents, but may respond to one of the third generation
agents that target components of the Bcr-Abl protein other than the ATP-binding
domain. Treatment with other agents known to be effective in CML, such as
interferon-a, hydroxyurea, or busulfan, is a third option, but clinical results are not
likely to be any better than was reported with use of these agents at the end of the
last century. Resistant patients who still have low levels of residual disease could
be considered for one of the new immunotherapeutic strategies mentioned earlier.

IMATINIB IN PATIENTS WHO RELAPSE AFTER ALLOGENEIC
STEM CELL TRANSPLANTATION

The incidence of relapse after allo-SCT depends on a number of factors, including
the phase of disease at the time of transplant, the nature of the conditioning
regimen, the degree of histocompatibility between donor and recipient, and the
techniques used to prevent or minimize GvHD. It is probable also that features
intrinsic in the patient’s disease are also relevant, although there is no definite
association between Sokal score and probability of relapse. Until recently the stan-
dard approach to managing a patient with CML who relapsed after allo-SCT was to
infuse lymphocytes (donor lymphocyte infusions, DLI) collected from the original
transplant donor. However, recent experience shows that such relapses respond
very well to IM, but the disease frequently recurs when the imatinib is discontinued
(64,65). This may mean that DLI has a more durable effect than IM and the decision
whether to use IM, DLI or a combination of both in a given patient may be difficult.
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IMATINIB IN COMBINATION WITH OTHER AGENTS

Four or five years ago the longer term benefits of IM could not be predicted with
any precision, so a number of clinical trials were designed to test the benefits of
using other antileukemia agents in conjunction with IM. Most of these phase I/II
clinical trials were based on in vitro studies suggesting potential synergism
between IM and existing as well as investigational agents (66). These studies
include amongst others combining IM, usually at full dosage with interferon-a
(67), cytarabine (68), 5-aza-20-deoxycytidine (decitabine) (69), farnesyl transferase
inhibitors (70,71), homoharringtonine (72), and arsenic trioxide (73).

TOXICITY

IM administered to patents with CML is not without side effects, which may be
classified as hematologic or nonhematologic. Both categories are for the most
part manageable and only infrequently necessitate abandoning the use of the drug.

Patients who previously received treatment with IFN-a and sustain grade 3 or
4 neutropenia or thrombocytopenia on IM generally have a lower incidence of
major or complete cytogenetic remission and shorter progression free survival
than those without hematologic toxicity (74–76). The outlook for newly diagnosed
patients who sustain major degrees of hematologic toxicity is not necessarily
inferior to that of those who tolerate the drug well. Neutropenia can be managed
by administration G-CSF as often as is required to maintain a neutrophil count
above 1.0 � 109/L. Paradoxically thrombocytopenia may on occasion also
respond to G-CSF. Persisting severe cytopenias will necessitate altering IM admin-
istration. Because of the possibility that administering the IM at daily doses less
than 300 mg may induce resistance, it is currently conventional either to reduce
the dose from 400 to 300 mg/day (but no lower) or temporarily to interrupt admin-
istration entirely and to resume treatment when the neutrophil count has risen
again. Anemia attributable to IM usually responds to administration of erythro-
poietin and should not therefore be an indication for modifying drug dosage. It
is notable that patients who received IM as treatment for gastrointestinal stromal
tumors do not experience any significant hematologic toxicity, an observation
that implies that the cytopenias seen in CML must be due to some inadequacy of
residual normal hematopoiesis.

The list of side effects experienced by patients taking IM at 400 mg/day is
extensive and includes edema, nausea, muscle cramps, bone pains, rashes,
fatigue, headache, hemorrhage, and vomiting (77). Only a few of the symptoms
have occurred with any frequency at grades 3 or 4; fatigue and depression have
been the most common. The fluid retention often takes the form of infraorbital
edema, but it may on rare occasion be more generalized. It usually responds to
treatment with diuretics. In some cases where side effects have been attributed to
IM and the drug was interrupted, it can safely be resumed under short-term
cover of corticosteroids. In other cases the patients should be judged as “intolerant”
and must therefore be treated by others means. Abnormal liver chemistry with
raised hepatic enzymes occurs with some frequency and should be monitored
closely, since the hepatic disturbance may progress and rare deaths attributable
to hepatic failure in association with IM have been reported (78). Very rarely
death due to cerebral edema has been attributed to IM (79).
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CHOICE OF INITIAL TREATMENT FOR THE NEWLY DIAGNOSED
PATIENT WITH CHRONIC MYEOLOID LEUKEMIA

Until the year 2000, the general policy for managing a newly diagnosed patient with
CML in CP was to offer initial treatment by allo-SCT if the patient was young
enough and had a suitable HLA-matched related or unrelated donor. The introduc-
tion of reduced intensity conditioning allo-SCT (also called nonmyeloablative
transplants) enlarged the number of patients to whom allo-SCT could be offered.
IM was first used in 1998 and it was some while before the durability of the
responses was fully recognized (80). In the last few years however hematologists
worldwide have generally adopted the view that all newly diagnosed adults
with CML in CP should receive initial therapy with IM or an IM-containing combi-
nation. The optimal dose if IM is used as a single agent is not established and the
possibility that patients may benefit from administration of IM conjunction with
other agents is under study in various clinical trials. For the patient not in a clinical
study, it is reasonable to initiate treatment with IM 400 mg/daily or possibly
600 mg/daily.

The situation for children is more complicated. Some pediatric hematologists
believe that the capacity of allo-SCT to cure patients with CML means that a
successful allo-SCT would be preferable to life-long treatment with IM; others
feel that the longer term results of treatment with IM or second generation tyrosine
kinase inhibitors may be so good that to subject even a child to the risks inherent in
an allo-SCT is no longer justifiable.

The majority of patients who present today with CML in advanced phase will
have received imatinib during their preceding CP and further administration of IM
has no logical basis. However, the valuable short term results of treating IM-naı̈ve
patients with CML in advanced phase with higher dose of IM (11,12) suggest that
this is a reasonable initial approach to the management of such patients. The
analogy with results of treating patients presenting with Ph-positive acute lympho-
blastic leukemia with the combination of IM and conventional cytotoxic drugs
(81,82) suggests that this may be a valuable approach also for patients who
present de novo with CML in accelerated or blastic phases.

CONCLUSIONS

The introduction of IM has changed very fundamentally the approaches to initial
management of CML, but has also redirected the search for new agents that may
be active in treating and eventually eradicating other forms of malignant disease.
The story that has evolved over the last ten or more years has taught us some valu-
able lessons. First, where the “initiating genetic lesion” in a given neoplasm is
reasonably well defined, molecular targeting can be impressively effective.
Indeed, the incidence of “acquired” resistance to IM seems to diminish with
time. Secondly, CML after its initial stage appears to accrue additional genetic
changes, both in the BCR-ABL gene and in other genes in the Ph-positive clone,
some of which may be innocuous and others of which may underlie increased
resistance to a given agent. This must mean that treatment should be initiated at
the earliest opportunity, a conclusion that may well generalize to other neoplastic
conditions. Thirdly, drugs can be designed to deal effectively with some but cur-
rently not with all these additional mutations. It is likely however that combinations
of inhibitory molecules can be designed that will broaden the efficacy of specific
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treatment regimens, and some such strategies are now being tested in the clinic.
Fourthly, leukemia stem cells may be able to escape eradication by a drug that
targets the protein they express, either because their quiescent status makes them
“immune” to the effects of the drug or because such stem cells have intrinsic mech-
anisms that inactivate or prevent influx of the drug. Alhough it has been generally
accepted that this failure to eradicate residual stem cells will mean that the disease
must inexorably recur at some stage in the future, this might not be the case if the
progeny of these residual stem cells retained sensitivity to imatinib. It now seems
very possible that CML has been changed from a disease that was inevitably
fatal to one that may be controlled long-term by relatively simple and nontoxic
therapy. Once again, CML leads the way to revision of thinking about other neo-
plastic diseases and about the pharmacological strategies that may culminate
in cure.
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INTRODUCTION

Chronic myeloid leukemia (CML) is well suited to molecular monitoring as
rising and falling levels of BCR-ABL transcript, measured by RQ-PCR (real
time quantitative polymerase chain reaction) from venous peripheral blood (PB)
correlate well with disease progression and remission (1). Fluorescence in situ
hybridization (FISH) and classical cytogenetics performed on bone marrow (BM)
may have a role (2,3) but neither are as sensitive and reproducible for disease moni-
toring as RQ-PCR, especially when RQ-PCR is performed within a standardized
laboratory with an optimized system(4).

The development of the tyrosine kinase inhibitor imatinib has significantly
altered the management of CML with far fewer patients currently exposed to the
toxicities of chemotherapy or the hazards of stem-cell transplantation. However
resistance to imatinib is well documented, particularly in patients who commence
imatinib in the advanced phases and may indicate a need for therapy change
(1,5–10). The major mechanism of resistance is mutation within the BCR-ABL
kinase domain. A greater than two-fold rising level of BCR-ABL transcript has
been shown to be associated with the detection of mutations (1). This chapter
will discuss molecular monitoring in the imatinib era, focusing on treatment that
began in early chronic phase disease.

BCR-ABL MONITORING—A UNIQUE MARKER OF DISEASE ACTIVITY

The discovery of the Philadelphia (Ph) chromosome (11) and its molecular
counterpart, the BCR-ABL fusion gene, gave CML a unique genetic marker of
malignancy and, since then, much has been established about its role in cell physi-
ology, signal transduction, and the regulation of hematopoiesis. After allogeneic
BM transplant the detection of the BCR-ABL oncogene in patients with CML is sig-
nificantly associated with disease relapse compared with patients in whom BCR-
ABL is either not detectable or who have significantly reduced levels of transcript
(12). Patients treated with interferon alpha who achieved CCyR, had prolonged
disease remissions if they had undetectable levels of transcript or significantly
reduced levels of transcript, compared to patients without significantly reduced
levels of transcript (13). This correlation is also seen in imatinib therapy where
a reduction in measurable BCR-ABL to the level of a major molecular response
(MMR) is associated with a lack of disease progression, first documented in the
IRIS trial (14). Table 1 defines treatment response as determined by cytogenetic
and molecular analysis.
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CYTOGENETICS AND THE DIMINISHING ROLE OF BONE
MARROW ANALYSIS

The standard method for the diagnosis of CML is cytogenetic analysis, an especially
useful method for demonstrating karyotypic abnormalities in addition to the Ph
chromosome (clonal evolution). At diagnosis, 95% of patients have a detectable
Ph chromosome, however, around one-half of patients without a detectable Ph
chromosome have a demonstrable BCR-ABL gene. This indicates a submicroscopic
insertion of ABL into BCR on chromosome 22, or BCR into ABL on chromosome 9,
which is undetectable by cytogenetic analysis. Treatment response is evaluated by
evidence of rising or falling numbers of cells containing the Ph chromosome using
this technique of karyotype analysis. The sensitivity of the technique is limited by
only 20 to 50 cells in metaphase being examined per sample. A cytogenetic abnorm-
ality may not be detected unless it is present in 2% to 5% of cells. As PB contains
very few cycling myeloid cells in patients in hematological remission, BM is
required for the analysis of dividing cells. This is invasive and limits the frequency
of monitoring. Cells from patients treated with interferon or collected early after
transplantation often fail to grow well in culture or the cell counts are low, resulting
in a significant failure rate of cytogenetic analysis (3). Patients with a CCyR may still
have a considerable leukemic load (15).

With accurate and reliable RQ-PCR the role of routine classical cytogenetics
has lessened considerably. Regular RQ-PCR monitoring with cytogenetic analysis
targeted only to patients who have not achieved or have lost MMR has been
shown to represent a rational approach to monitoring, and spares most patients
the discomfort of multiple marrow aspirates (16). In a study of 828 simultaneous
RQ-PCR and BM cytogenetic analyses from 183 patients with chronic phase CML

TABLE 1 Defining Response: Levels of Detectable Disease Using Different Methods and
Correlation with BCR-ABL Ratio According to the Proposed International Scale

Level of response Definition
Equivalent BCR-

ABL ratio

Diagnosis in chronic phase Peripheral blood: leucocytosis, peaks
of myelocytes and neutrophils,
blasts generally ,2% basophils
,20%, platelets normal or
increased. Bone marrow blasts
,5%

Range 30–300%

Complete hematological response
(CHR)

Platelet ,450 � 109 Wcc ,10 � 109

Differential without immature
granulocytes and with ,5%
basophils. Non palpable spleen.

Minimal cytogenetic response 66–95% Ph positive metaphases
Minor cytogenetic response 36–65% Ph positive metaphases
Partial cytogenetic response (PCyR) 1–35% Ph positive metaphases
Major cytogenetic response (MCyR) 0–35% Ph positive metaphases 10%
Complete cytogenetic response

(CCyR)
0% Ph positive metaphases 1%

Major molecular response (MMR) �3 log reduction BCR-ABL mRNA
from a standardized baseline

0.1%

Complete molecular response (CMR) Undetectable BCR-ABL mRNA by RT-
PCR at a defined level of sensitivity

0%

Source: From Ref. 4.
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treated with imatinib, patients were followed for a median of 12 months. Cytoge-
netic progression was defined as Ph positive clonal evolution, loss of CCyR, or
an increase of �20% Ph-positive cells. Cytogenetic progression occurred in
24/183 (13%) patients. At the time of cytogenetic progression, none of the 24
patients had an MMR. There were 320 RQ-PCR results from 95 patients indicating
MMR. No abnormality was detected in any of the corresponding cytogenetic ana-
lyses. This approach requires an accurate, reproducible RQ-PCR assay with
ongoing quality assurance. Some groups have suggested that once CCyR is
obtained only annual bone marrow biopsy is required (17,18). This is for the detec-
tion of myelodysplasia and clonal evolution in pH-negative cells.

FLUORESCENCE IN SITU HYBRIDIZATION

FISH uses fluorescent probes of different colors that hybridize to specific areas of
DNA. The technique has a short turn-around time and generally examines ten
times the number of cells routinely analyzed by cytogenetics. It can be applied to
interphase or metaphase nuclei, and it has detected the BCR-ABL gene in patients
in whom the Ph chromosome is not detectable with the help of cytogenetics. The
application of the technique to interphase nuclei allows for the examination of PB
so that BM sampling may not be required. However, PB may have a higher pro-
portion of Ph negative myeloid progenitors, resulting in a lower signal compared
with BM (19). The first generation of FISH probes for the detection of the Ph
chromosome were single fusion with a separate colored probe for each of the
BCR and ABL genes. False positive rates occurred as, by random chance, probes
overlap creating a false fusion, with some laboratories reporting false positives as
high as 15% (20). CML probes are now commonly dual fusion sets which span
the breakpoint, leaving a residual signal on the derivative 9q proximally and
extending the signal on the derivative 22q below the break. The probes hybridizing
to ABL and BCR are larger and create a second fusion signal on the derivative 9q
with the resulting abnormal pattern occurring very rarely as a false positive. Sensi-
tivity is greatly improved and reliant on the number of cells that are counted (22). In
a minority of patients treated with IFNa or imatinib, BM FISH may give lower Ph
positive values than cytogenetic analysis (22,23). Hypermetaphase FISH involves
placing 500þ cells in colchicine, a mitotic arresting agent, which allows additional
chromosomal analyses to be conducted during a single collection. It can be used to
detect minimal residual disease in patients in cytogenetic remission, but is not as
sensitive as RQ-PCR and requires cells to be in metaphase (2).

QUANTITATIVE RT-PCR (RQ-PCR)

Quantitative RT-PCR assays for the measurement of BCR-ABL transcript levels in
both PB and BM allow for residual disease levels to be monitored over time, provid-
ing an extremely reliable alternative for disease monitoring (12,24–35). The tran-
script level correlates well with the disease load present in the blood and marrow
and is an accurate measure of the response to the therapy. The leukemia specific
BCR-ABL transcript is a well-suited target for molecular monitoring as nearly all
patients with CML have one of two transcript types eliminating the requirement
for patient specific primers.

A variety of RQ-PCR techniques are in use that use different instruments and
real time chemistry, primer and probe location, and control gene (24,25,27,28,33–
37), which have differences in sensitivity and measurement reliability. It is essential
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that each laboratory establishes these limits for their method to allow accurate
interpretation of serial monitoring. Furthermore, a series of recommendations for
producing reliable data and reporting BCR-ABL values on an international scale
have recently been published (4). These initiatives are aimed at international
harmonization of RQ-PCR data.

BCR-ABL quantification by RQ-PCR has proven clinical usefulness. Imatinib-
treated patients show a strong correlation between the percentage of Ph positive
metaphases in the BM and the simultaneous study of PB BCR-ABL levels when
measured by RQ-PCR (30,37,38). Early reduction of BCR-ABL transcript levels pre-
dicts cytogenetic response in imatinib treated chronic phase CML patients and this
reduction of BCR-ABL is correlated with prognosis (26,32,38).

INTERNATIONAL RANDOMIZED STUDY OF INTERFERON
VERSUS STI571 STUDY

The International Randomized Study of Interferon versus STI571 (IRIS) study estab-
lished the superiority of 400 mg of imatinib daily over interferon and low dose cyto-
sine arabinoside (LDAC) in a prospective randomized study of 1106 chronic phase
patients (39). The rates of hematologic and cytogenetic responses were higher
amongst patients with newly diagnosed chronic phase CML treated with imatinib
compared with those who were treated with interferon plus cytarabine. After 12
months of treatment, molecular analysis demonstrated that an estimated 40% of
patients in the imatinib group achieved a MMR, in comparison with 2% of patients
in the group given interferon and LDAC (14). The frequency of achieving a MMR
was highest at 50% amongst patients with low Sokal risk scores. Patients in the ima-
tinib group who achieved a MMR had a 100% probability of remaining progression
free after 24 months, compared with 95% in patients with a CCyR of ,3 log
reduction and 85% of patients who did not have CCyR.

After 54 months since randomization, progression free survival (PFS) in
patients with a MMR was 97% compared with 89% of patients in CCyR but
without a MMR and 72% in those not in CCyR. After one year 53% of patients in
CCyR had achieved a MMR, however after four years 80% of these patients
in CCyR had achieved a MMR. Additionally, the percentage of patients with
a � 4 log reduction increased from 22% to 41% (40). In patients who achieve a
MMR after 12 months, transformation free survival was 100% after 54 months com-
pared with 95% for patients in CCyR but not in MMR and 91% for patients not in
CCyR after 12 months (p ¼ 0.0013) (41).

After a median of 19 months of 400 mg imatinib only 3% of patients had
undetectable BCR-ABL, at a sensitivity of 4.5 logs below the standardized baseline
(14). In a separate study the percentage of patients with undetectable BCR-ABL was
higher with longer periods of therapy and with a higher dose of imatinib (42). This
proportion of patients is still low compared to patients after allogeneic hematopoie-
tic stem-cell transplantation, where most patients have undetectable levels of
BCR-ABL transcripts (36,43). A small population of quiescent stem cells exist that
may have higher levels of BCR-ABL transcripts, and exhibit innate insensitivity
to imatinib. These may be the leukemic cells that persist after therapy even after
a complete molecular response is achieved. It has been proposed that, these cells
explain molecular disease persistence and relapse and are the source of clones
with kinase domain mutations (44).
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IMATINIB FAILURE, SUBOPTIMAL RESPONSE, AND
WARNINGS—RECOGNIZING THE NEED FOR A CHANGE
IN THERAPEUTIC STRATEGY

Resistance has been previously defined as primary or secondary. Primary resistance
can be defined as failure to achieve CHR by three months or MCyR by twelve
months. It is not currently known what causes primary resistance. It is rarely, if
indeed ever, caused by point mutations. By contrast, point mutations are the
cause of 35% to 90% of cases of acquired or secondary resistance (1,5–9,45,48) Sec-
ondary resistance can be defined as progression to blast phase, progression to accel-
erated phase, loss of hematological response, loss of MCyR, or loss of CCyR with a
ten-fold rise in BCR-ABL (49). Other mechanisms include drug efflux by multiresis-
tance drug pumps (50) and gene amplification (6,8,51).

Recent recommendations from an expert panel on behalf of the European
LeukemiaNet suggest criteria for determining whether treatment response is ade-
quate at a particular treatment time point and whether a change in therapy
should be considered (18). They propose to define treatment response at different
time points as “failure” and “suboptimal.” “Failure” means that continuing imati-
nib treatment at the current dose is no longer appropriate for these patients, who
would likely have greater benefit from another treatment. “Suboptimal response”
means the patient may still have substantial benefit from continuing imatinib,
but that the long-term outcome of the treatment would not likely be as favorable
as expected. Factors, which should “warn” that standard dose imatinib might not
be the best choice in therapy have also been proposed, and, should these factors
arise, more careful monitoring will be required.

INTERPRETING A RISING LEVEL OF BCR-ABL
TRANSCRIPT—DETECTION AND SIGNIFICANCE OF
EMERGING MUTATIONS AND IMATINIB RESISTANCE

It is postulated that mutations within the kinase domain can prevent imatinib
binding by either interrupting critical contact points between imatinib and the
protein or inducing a conformation to which imatinib is unable to bind (51). Imati-
nib binds the inactive form of the Abl kinase and functions as a competitive inhibi-
tor of adenosine triphosphate (ATP) (52). The principle effect of imatinib binding is
to block the autophosphorylation of the kinase as well as phosphorylation of key
substrates so that constitutive activation of the kinase and signal transduction no
longer occurs. In the presence of imatinib, Bcr-Abl is acted upon by phosphatases
to remain in a predominantly unphosphorylated and enzymatically inert state.
Imatinib also binds and blocks kinase activity of Pdgfr, Kit, and Fms.

An evaluation of 144 patients treated with imatinib for BCR-ABL kinase
domain mutations by direct sequencing included 40 accelerated phase (AP), 64
late chronic phase (LCP) (defined as greater than 12 months from diagnosis), and
40 early chronic phase (ECP) patients (46). Mutations were detected in 27 patients;
33% in AP, 22% of 64 in LCP, and 0% in ECP. Acquired resistance was evident in 89%
of patients with mutations. Ninety-two percent of patients with a mutation in the
P-loop died with a median survival of 4.5 months, after the mutation was detected.
In contrast, only 21% of patients with mutations outside the P-loop died with a
median follow up of 11 months. As the detection of mutations was strongly associ-
ated with imatinib resistance, analysis was done for features that predicted their
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detection. Patients commencing imatinib greater than four years from diagnosis
had a significantly higher incidence of mutations at 41% compared with those
treated within four years at 9%. Lack of MCyR was also associated with a higher
likelihood of detecting a mutation; 38% of patients without a MCyR had mutations
compared with 8.5% of those with a MCyR. The detection of mutations using a
direct sequencing technique was almost always associated with imatinib resistance
and patients with mutations in the P-loop had a particularly poor prognosis. This
finding has been supported by a number of studies, (9,10,47) although one study
did not find this association (53).

The extent of resistance to imatinib conferred by different mutations varies
considerably (54). The T315I mutation is highly resistant to all currently known
tyrosine kinase and Src kinase inhibitors (55). Mutations outside the P-loop often
respond to increased doses of imatinib whilst the detection of P-loop mutations
may require a change in therapy (1,46).

The early detection of mutations should provide clinical benefit by allowing
early intervention. A significant rise in the BCR-ABL level constitutes a rational
basis for screening patients for mutations (1). BCR-ABL transcript levels as
measured by RQ-PCR were correlated with mutation analysis in 214 patients
treated with imatinib. It was determined whether there was a difference in the inci-
dence of mutations between the patients with a more than two-fold rise in BCR-ABL
and patients with stable or decreasing levels. The RQ-PCR method used in this
study had measurement reliability such that a two-fold change in BCR-ABL
values represented a true change at the level of a MMR rather than assay variability.
Of the 56 patients with a more than two-fold rise, 34 (61%) had detectable mutations
(median rise, 3.0 fold; 25th–75th percentiles, 2.3–5.2). In 31 (91%) of these 34
patients, the mutation was present at the time of the rise and became detectable
within three months in the remaining patients. Only one (0.6%) of 158 patients
with stable or decreasing BCR-ABL levels had a detectable mutation, p , 0.0001.
Thus, a more than two-fold rise identified 34 (97%) of 35 patients with a mutation.
The conclusion was drawn that a rise in BCR-ABL of more than two-fold can be
used as a primary indicator to test patients for BCR-ABL kinase domain mutations.
It is important that the measurement reliability of an RQ-PCR assay be determined
so that a rise of biological significance is distinguished from assay variability (4). It
is also important to note that the more than two-fold rise is not measured logar-
ithmically, but is a linear change, (e.g., a change from 0.1% to 0.3% is a greater
than two-fold rise). In our laboratory, mutation analysis is now initiated in
chronic phase patients upon a significant rise in the BCR-ABL level. If a mutation
is detected, the previous samples are tested to determine when the mutation first
became detectable.

CASE STUDIES ILLUSTRATING THE VALUE OF
MOLECULAR MONITORING

Figure 1 demonstrates the importance of monitoring patients by reliable and repro-
ducible RQ-PCR for detecting biologically significant changes. Patient A com-
menced imatinib 400 mg daily in chronic phase and achieved a CCyR. A more
than two-fold rise in BCR-ABL prompted mutation analysis and the non P-loop
F317L mutation was identified. This mutation confers moderate resistance to ima-
tinib. The imatinib dose was increased to 600 mg daily and the patient again
achieved a sustained CCyR. Patient B commenced imatinib with a fluctuating
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dose of 400 to 600 mg. Molecular analysis was not performed until six months and it
is unknown if a significant rise in BCR-ABL level occurred prior to detection of the
F317L mutation. The imatinib dose was increased to 800 mg. The highly imatinib
resistant P-loop mutation Y253H became detectable and the BCR-ABL level began
to rise over the following six months. The Y253H mutation is known to be sensitive
to dasatinib (56) and a MMR was achieved after dasatinib was commenced.
This case illustrates the capacity of regular RQ-PCR coupled with mutation analysis
to follow the complex dynamics of competing mutant clones. With this knowledge
it is possible to make informed decisions about the most appropriate therapeutic
response.

FIGURE 1 Patient response to non P-loop versus P-loop mutations. The graphs plot the BCR-ABL
levels over the course of therapy (diamonds) and the circles represent time points of mutation
analysis. The amount of shading in the circles indicates the relative amount of mutant detected
compared with wild type. The proportion of imatinib sensitive non P-loop mutation is represented
by block color filling in the circle while the imatinib insensitive P-loop mutation is represented
by stripes.
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Peripheral blood RQ-PCR is also performed regularly after allogeneic BM
transplant to detect early relapse. Figure 2A represents a 57-year-old male who
underwent nonmyeloablative allogeneic transplant. BCR-ABL was undetectable
until 18 months of post transplant, with simultaneous cytogenetic analysis indicat-
ing CCyR. Subsequent cytogenetic analysis one month later revealed loss of CCyR.
Donor leucocyte infusion (DLI) was performed and BCR-ABL again became
undetectable until 55 months after transplant. Figure 2B represents the same
patient undergoing monthly RQ-PCR after BCR-ABL became detectable. CCyR
was maintained. A second DLI did not stop the rise in BCR-ABL and imatinib
was given for four months. Monthly molecular analysis has demonstrated the
maintenance of undetectable BCR-ABL after that time. This patient had a rise in
BCR-ABL greater than 50-fold while still maintaining CCyR, which highlights the

FIGURE 2 Use of molecular monitoring after allogeneic transplantation. The open diamonds
represent when BCR-ABL is undetectable, while the black color diamonds represent when BCR-
ABL is detectable.
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exquisite sensitivity of molecular analysis for detecting early relapse in patients
post transplant.

EXPERIMENTAL MONITORING—DETECTING VARIABLES WHICH
AFFECT DRUG CONCENTRATION AND IMATINIB RESPONSE

Influx and efflux mechanisms with respect to imatinib transport may have a signifi-
cant effect on the concentration of imatinib that cells are ultimately exposed to. Cells
receiving a lower dose of drug may be more susceptible to treatment failure. The
roles of the ABC transporters ABCB1 (Pgp) and ABCG2 (BCRP) in imatinib drug
efflux transport are still being elucidated. The most highly studied, ABCB1 was
found to influence the intracellular concentration of imatinib in some studies
(57,59) but not in others (60,61). The expression of the organic cation transporter
hOCT was reported to have a major role on active imatinib influx (59).

The gene for the adaptor protein CrkL (CT10 regulator of kinase like) is
located centromeric to the BCR gene on chromosome 22, encoding a protein of 38
kDa molecular weight. It has been demonstrated that tyrosine phosphorylation of
CrkL (p-CrkL) occurs in cells from patients with primary CML as a direct conse-
quence of BCR-ABL expression (62), with levels of p-CrkL correlating well with
the level of Bcr-Abl protein. When the inhibitory concentration 50% for imatinib
(IC50imatinib) was measured in patients with de novo CML, by measuring the ima-
tinib induced reduction of p-CrkL, there was marked variability between patients.
Patients with a low IC50imatinib had a 36% probability of achieving a 2 log reduction
in BCR-ABL by three months compared with only 8% of patients in the high
IC50imatinib group (63). The IC50imatinib was also predictive of molecular response
at 12 months, with 47% of patients in the low IC50imatinib group achieving a
MMR and 23% in the high IC50imatinib. This data was strongly suggestive that intrin-
sic sensitivity to imatinib is variable in previously untreated patients with CML,
and the level of Bcr-Abl kinase inhibition achieved is critical to imatinib response.

CONCLUSION

The development of standardized, reproducible RQ-PCR for BCR-ABL transcript
has allowed for accurate disease monitoring in CML (4). Disease can be monitored
using peripheral blood for RQ-PCR, reducing the need for invasive procedures
such as BM biopsy in patients with stable levels of transcript (16). A significant
rise in transcript reliably indicates a need for further investigation with mutation
analysis and bone marrow biopsy being indicated (1). Disease can be detected
and therapy changes considered and instigated below the threshold at which
cytogenetics can detect disease or relapse (Figs 1 and 2). RQ-PCR should be con-
sidered an essential modality in the optimal management of CML in the targeted
therapy era.
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INTRODUCTION

The hallmark of chronic myeloid leukemia (CML) is the presence of a balanced
translocation, t(9;22)(q34;q11.2), known as the Philadelphia (Ph) chromosome
(1,2). This juxtaposes two genes, ABL, which encodes a protein with tyrosine
kinase activity, and BCR, which encodes a protein with serine kinase activity. The
result is a fusion gene, BCR-ABL, which upon translation gives rise to a fusion
protein with increased tyrosine kinase activity. Imatinib mesylate (GleevecTM) has
become standard therapy in CML with complete hematologic response (CHR) in
98% and complete cytogenetic response (CCyR) in 87%, with a survival free from
transformation of 93% after 60 months of follow-up among patients treated in
early chronic phase (CP) in the IRIS trial (3). However, a subset of patients have
either primary or secondary resistance to imatinib. Several mechanisms of resist-
ance have been identified in these patients. The most common mechanism of resist-
ance is the development of mutations in the Abl kinase domain, but other
mechanisms have been identified, including overexpression or amplification of
BCR-ABL or its protein product, disruption of the transport of imatinib into the
cells or increased transport out of the cells, and BCR-ABL–independent mechan-
isms such as the overexpression of Src-related kinases. These are described in
more detail in Chapter 7. Several strategies are being investigated in order to over-
come imatinib resistance, including the development of novel tyrosine kinase
inhibitors with enhanced activity against Bcr-Abl compared to imatinib and/or
inhibitory activity against other kinases that modulate downstream Bcr-Abl
signaling pathways.

SRC: A TARGET FOR CHRONIC MYELOID LEUKEMIA THERAPY

Src kinases represent a family of nine structurally homologous nonreceptor
intracellular tyrosine kinases (Src, Fyn, Yes, Blk, Yrk, Fgr, Hck, Lck, and Lyn) that
regulate signal transduction pathways involved in cell growth, differentiation,
and survival (4). The expression of some Src kinases is ubiquitous, whereas
others display more tissue-specific patterns of expression. For example, Hck, Lyn,
Fgr, Lck, and Blk are strictly restricted to hematopoietic cells (4). Furthermore,
Hck is circumscribed to myeloid cells and B-lymphocytes, whereas Lyn is
expressed in myeloid cells, B-lymphocytes, and NK cells (4). In addition, multiple
domains of Bcr-Abl interact with Hck and Lyn leading to their activation, and
experiments with Src dominant-negative mutants suggest that Src kinases play a
role in proliferation of BCR-ABL–expressing cell lines (4–6). However, neither
the formation of the Hck-Bcr-Abl complex nor the Bcr-Abl–mediated activation
of Hck is dependent on the Abl kinase activity (7). Overexpression of Src family
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of kinases has also been implicated in BCR-ABL–mediated leukemogenesis and, in
some cases, in imatinib resistance (8–11). Paired samples from patients with CML
obtained before and after imatinib failure suggested that overexpression of Hck and
Lyn occurred during CML progression to blast phase (BP), suggesting that acquired
imatinib resistance may be mediated by overexpression of Src kinases in at
least some patients (9). Activation of Src kinases may promote phosphorylation
of BCR-ABL and interaction with Grb2 (6,7). In addition, Abl has significant
sequence homology with Src and, in its active configuration, it bears a remarkable
structural resemblance with Src family kinases. ATP-competitive compounds orig-
inally developed as Src inhibitors frequently have potent inhibition of Abl kinase
due to the striking resemblance between the catalytically active state of both
protein kinases (12). On the basis of the structural similarity between Abl and Src
and their proposed critical role in the pathogenesis of CML, it could be hypoth-
esized that small molecule inhibitors with activity against both ABL and Src may
have increased activity in CML compared to that of more selective inhibitors,
such as imatinib that has negligible activity against Src kinases. This may be at
least partially due to the fact that in the inactive configuration, the only one to
which imatinib can bind, Abl is much less structurally similar to Src.

PRECLINICAL DEVELOPMENT OF DASATINIB

A series of substituted 2-(aminopyridyl)- and 2-(aminopyrimidinyl)thiazole-5-
carboxamides, initially developed as immunosuppressant drugs, were identified
as potent dual Src and Abl kinase inhibitors (13). Dasatinib (BMS-354825,
SprycelTM, N-(2-chloro-6-methylphenyl)-2-(6-(4-(2-hydroxyethyl)piperazin-1-yl)-2-
methylpyrimidin-4-lamino) thiazole-5-carboxamide) was selected for further in
vivo studies on the basis of its modest plasma protein binding and sustained
blood levels in four-hour exposure studies (Fig. 1) (13). The three-dimensional
crystal structure of dasatinib complexed with the Abl kinase domain revealed
the presence of two hydrogen bonds at the hinge region of the ATP-binding site
involving Met318, and one hydrogen bond between the hydroxyl oxygen of
Thr315 and the amide nitrogen of dasatinib (13). Similar bonds occur between dasa-
tinib and Src kinase, with the addition of another hydrogen bond between dasatinib
and the Src residue Lys295 (13). Dasatinib effectively inhibited several Src family
kinases, including Src (IC50 0.55 nM), Lck (IC50 1.1 nM), Fyn (IC50 0.2 nM), and
Yes (IC50 0.41 nM). In addition, dasatinib demonstrated significant activity
against Abl (IC50 ,1 nM), Kit (IC50 13 nM), Pdgfrb (IC50 28 nM), and Epha2
(IC50 17 nM), and some activity against Her1 (IC50 180 nM), and p38 Map (IC50

100 nM) kinases (13,14). Because of its less stringent binding requirements, dasati-
nib binds both the active and inactive conformations of the Abl kinase. A possible

FIGURE 1 Chemical structure of dasatinib (BMS-354825).
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consequence of the inhibition of the Src family kinases is that dasatinib also inhibits
the proliferation of solid tumor cell lines, such as MDA-MB-211 (breast; IC50 10-
12 nM), PC-3 (prostate; IC50 5-9 nM), WiDr (colon; IC50 38-52 nM), and H69 and
H526 (small cell lung cancer), in vitro and/or in tumor xenograft models. This
has generated interest in investigating dasatinib for the treatment of solid tumors
(13,14).

Pharmacokinetics in a rat model identified a high volume of distribution
(Vss 6.3 L/kg) for dasatinib with systemic clearance of approximately 40% of
hepatic blood flow. A 10 mg/kg oral dose was rapidly absorbed and demonstrated
a favorable half-life (t1/2 3.1 hours) and measured oral bioavailability of 27%. The in
vivo activity of dasatinib was evaluated in a K562 xenograft model of CML, demon-
strating complete tumor regressions and low toxicity at doses ranging from 5 to
50 mg/kg in a five day on, two day off schedule, without significant toxicity (13).

In cellular assays, dasatinib inhibited the proliferation of BCR-ABL–
transfected Ba/F3 cells and human Bcr-Abl–expressing K562 cells with IC50

values of 1.3 and ,1 nM, respectively, and demonstrated high potency against 14
of 15 clinically relevant imatinib-resistant Abl mutations (14–16), supporting the
less stringent conformational requirements of dasatinib on Abl for kinase inhibition
compared to imatinib (15). Of note, the T315I retained kinase activity even in the pre-
sence of mM concentrations of dasatinib, suggesting that this residue acts as a gate-
keeper for ATP-competitive small-molecule kinase inhibitors. In a model of
imatinib-resistant, BCR-ABL–mediated disease, severe combined immunodeficient
(SCID) mice were injected intravenously with Ba/F3 cells expressing different Bcr-
Abl isoforms as well as the firefly luciferase gene. Administration of dasatinib 10
mg/kg twice daily by oral gavage for two weeks resulted in mice showing
greater than 1-log lower levels of bioluminescent activity and prolonged survival
compared with untreated controls. Mice with the T315I mutation did not
respond. Notably, dasatinib markedly inhibited the growth of bone marrow pro-
genitors isolated from patients with CML with imatinib-sensitive or -resistant
(M351T) disease, but not marrow progenitors obtained from healthy volunteers
(15). In a saturation mutagenesis screening, significantly fewer mutations were
induced with dasatinib compared to imatinib. Still, 10 Bcr-Abl mutants were
generated, with the most frequent being F317V . T315A . T315I . F317L. All
these mutants represent points of contact between dasatinib and the Abl kinase.
These mutants could potentially account for clinical resistance to dasatinib in
clinical practice. In fact, instances of dasatinib failure associated with one of these
mutations, T315A, have been described (17). Interestingly, this mutation is effec-
tively inhibited by imatinib. Of note, the combination of dasatinib with imatinib
greatly reduced the recovery of drug-resistant clones (17). Similar results were
observed in another cell-line based mutagenesis assay (18).

Most patients treated with imatinib have minimal residual disease as detected
by polymerase chain reaction (PCR) (19). This has been associated with persistence
of primitive leukemic progenitors (20). Bcr-Abl–expressing CD34þ/Lin2 leukemic
stem cells of patients with CP CML remained viable in a quiescent state even in the
presence of growth factors and imatinib (21), likely heralding relapse even after
prolonged exposure to imatinib (22). Although dasatinib is significantly more
potent than imatinib within the CML stem cell compartment, some quiescent
stem cells survive, suggesting that this population may be innately insensitive, at
least to some extent, to both agents (23). Moreover, several imatinib-resistant Abl
kinase domain mutations have been detected in CD34þ/BCR-ABLþ progenitors
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(24), and the activity of both imatinib and dasatinib against K562 cells forced
into quiescence by nutrient depletion is approximately 10-fold lower than against
proliferating K562 cells (25). Interestingly, studies in quiescent K562 cultures and
in murine K562 xenografts demonstrated that the combination of dasatinib with
the farnesyl transferase inhibitor BMS-214662 produced supra-additive cytotoxicity
at clinically achievable concentrations (25).

It has been reported that therapy with imatinib in patients with CML results
in significantly lower percentages of CD4þ T cells that synthesized interleukin 2
(IL-2), interferon-g (IFN-g), and tumor necrosis factor-a (TNF-a) than the activated
Tcells of control subjects, which translates into decreased Tcell proliferation in vitro
(26). Noteworthy, no effects were observed on the ability of activated T cells,
obtained from patients with CP CML during dasatinib treatment, to synthesize
IL-2, IL-10, IFN-g, or TNF-a cytokines despite the potent activity of dasatinib
against Src family kinases (27).

CLINICAL DEVELOPMENT OF DASATINIB IN CHRONIC
MYELOID LEUKEMIA

Dasatinib was first investigated in a phase I dose-escalating study involving
patients with CML in all phases who had failed or developed intolerance to imati-
nib therapy (Table 1). Initially, dasatinib was administered only to patients with CP
on a once-daily schedule for five consecutive days, followed by two days without
treatment every week, and later a twice-daily administration was also investigated
as well as a continuous daily administration. After clinical activity was observed
in CP, patients with accelerated phase (AP) or BP and patients with Philadelphia
positive acute lymphoblastic leukemia (Phþ ALL) were included, all of them
treated with the twice-daily schedule. Within two hours of oral administration of
the higher doses, plasma concentrations in the range of 100 to 200 nM were
achieved and a terminal half-life of about five hours was reported (28). A total of

TABLE 1 Response to Dasatinib in Patients with Chronic Myeloid Leukemia Who Have Developed
Resistance or Intolerance to Imatinib

Study Agent CML phase No.

Response (%)

Hematologic Cytogenetic

Overall Complete Overall Complete

Phase I Dasatinib CP 40 93 93 63 35
AP 11 81 45 36 18
MyBP 23 61 35 52 26
LyBP 10 80 70 90 30

Phase II Dasatinib CP 387 90 90 51 40
AP 174 59 34 39 25
MyBP 109 49 25 44 25
LyBP-Phþ ALL 94 44 31 54 40

Abbreviations: AP, accelerated phase; CE, clonal evolution; CML, chronic myeloid leukemia; CP, chronic phase;
LyBP, lymphoid blast phase; Phþ ALL, Philadelphia chromosome-positive acute lymphoblastic leukemia; MyBP,
myeloid blast phase.
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84 patients (40 in CP, 11 in AP, 23 in myeloid BP, and 10 with Phþ ALL) received
dasatinib 15 to 240 mg daily (29). A CHR was achieved in 37 (93%) patients in
CP and a major cytogenetic response (MCyR) in 18 (45%), including a CCyR in
14 (35%). Major hematologic responses were observed in 31 (70%) of 44 patients
with AP, BP, or Phþ ALL, and MCyR were achieved in 27%, 35%, and 80% of
patients in AP, BP, and Phþ ALL, respectively. Responses were maintained in
95% of patients with CP and in 82% of patients with AP after a median follow-
up of more than 12 and 5 months, respectively. However, only one (10%) patient
with Phþ ALL remained relapse-free after a median follow-up of four months
(29). Overall, therapy with dasatinib therapy was well tolerated. The most fre-
quently described toxicities were myelosuppression, gastrointestinal, and fluid
retention syndromes. Grade 3–4 neutropenia or thrombocytopenia was observed
in 45% and 35% of patients treated in CP and in 89% and 80% of those with AP,
BP, or Phþ ALL, respectively. Diarrhea occurred in 23% of patients, but was
grade 1–2 in all but one patient. Fifteen (18%) patients had nonmalignant pleural
effusions likely related to dasatinib therapy, usually grade 1 or 2 and grade 1–2 per-
ipheral edema was observed in 16 (19%) patients. In this phase I study, 60 (71%) of
84 patients presented BCR-ABL mutations at baseline. CHR and cytogenetic
responses were observed across all mutations, except in the four patients who
had the T315I mutation, including one patient who developed this mutation
while receiving dasatinib (29).

Results from a series of open-label phase II studies of dasatinib in patients
with CML in all phases who had failed or become intolerant to imatinib, have
been recently reported (Table 1). In these studies, dasatinib was administered at
a dose of 70 mg twice daily based on pharmacokinetic data and optimal inhibition
of Bcr-Abl and Src activity (28). In one study, involving exclusively patients in
CP, 387 patients resistant (75%) or intolerant (25%) to imatinib with a median age
of 58 years (range, 21–85 years) were treated (30). Dose escalation to 90 mg twice
daily was permitted in patients achieving suboptimal response, and dose
reductions down to 40 mg twice daily were allowed in those who developed
intolerance. A CHR was observed in 90% of patients, and MCyR was reported in
78% of imatinib-intolerant (68% CCyR and 10% PCyR) and in 42% of imatinib-
resistant (30% CCyR and 12% PCyR) patients. BCR-ABL mutations were detected
in 160 (44%) of 363 assessable patients, with G250E (n ¼ 23) being the most
frequent. T315I was present in only three patients. Significant molecular
responses were not observed until after six months of dasatinib therapy, with a
median Bcr-Abl/Abl ratio of 0.3% at nine months (30). The 10-months pro-
gression-free survival was 88%. The most common nonhematologic toxicity was
diarrhea (32%), headache (30%), rash (22%), superficial edema (20%), and pleural
effusion (17%), but most of these were grade 1 or 2. Grade 3 or 4 nonhematologic
toxicity included pleural effusion in 3%, and diarrhea and liver toxicity in 2%
each. Neutropenia or thrombocytopenia grade 3 or 4 were reported in 47% of
patients each (30).

A total of 174 patients with CML AP were treated with dasatinib in another
phase II study (31). Ninety-one (52%) patients had failed imatinib therapy at
doses equal or higher than 600 mg daily. Dose escalation up to 100 mg twice
daily or reductions down to 40 mg twice daily were allowed for poor initial
response or dasatinib-related toxicity, respectively. The median duration of dasati-
nib therapy was seven months (range, 0.13–13), and the average daily dasatinib
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dose was 113 mg (range, 24–192). Dasatinib dose was reduced in 53% and escalated
in 46% of patients, respectively, and 63 (36%) patients eventually discontinued
dasatinib, mainly due to disease progression (n ¼ 27), toxicity (n ¼ 10), or death
(n ¼ 10). A major hematologic response was reported in 102 (59%) patients, includ-
ing 59 (34%) who achieved a CHR and 43 (25%) with no evidence of leukemia
(NEL). A MCyR was attained by 60 (34%), including 43 (25%) and 17 (10%) patients
who had CCyR and PCyR, respectively. MCyR occurred in 34 (36%) of 94 patients
harboring Bcr-Abl mutations. The majority of patients (97%) experienced some
degree of cytopenias, although 18% and 45% of patients entered the study with
baseline neutropenia and thrombocytopenia, respectively. The most common
nonhematologic toxicities were diarrhea (61%) and rash (27%), mostly grade 1
and 2. Grade 3 or 4 diarrhea occurred in 10%, but could be managed with proper
therapy. Pleural effusion was observed in 43 (25%) patients, but it was grade 3 or
4 in only 5 (3%) and was manageable with diuretics and/or pulse steroids (31).

Preliminary data after a minimum follow-up of six months were reported in
109 patients with CML myeloid BP (32) and in 94 patients with either CML lym-
phoid BP (n ¼ 48) or Phþ ALL (n ¼ 46) (33). Ninety-one percent of patients were
resistant to imatinib in each group and the proportion of patients who had failed
imatinib therapy at doses equal or higher than 600 mg daily were 50%, 52%, and
46% for patients with myeloid BP, lymphoid BP, and Phþ ALL, respectively.
Dose escalation to 100 mg twice daily or reduction to 50 and 40 mg twice daily
was permitted. The overall hematologic and cytogenetic response rates among
patients with myeloid BP were 49% (50% for imatinib-resistant and 40% for imati-
nib-intolerant) and 44% (CCyR 25%, PCyR 6%, and minor/minimal cytogenetic
response 13%), respectively. Major hematologic responses were observed in 33%
(CHR 29% and NEL 4%) patients with lymphoid BP and in 39% (CHR 33% and
NEL 7%) among those with Phþ ALL and MCyR were reported in 44% (CCyR
38%) of patients with lymphoid BP and in 46% (CCyR 44%) of those with Phþ
ALL. Dasatinib therapy was associated with rapid and profound myelosuppression
in all groups of patients, although this was pre-existing in a substantial proportion
of patients. Grade 3–4 neutropenia or thrombocytopenia was observed in 64% (18%
at baseline) and 64% (43% at baseline) of patients with CML in myeloid BP and in
81%/74% (48%/20% at baseline) and 88%/78% (67%/48% at baseline) in those with
lymphoid BP/Phþ ALL, respectively. The most frequent nonhematologic toxicities
included diarrhea (30–37%), nausea (18–22%), and vomiting (17–20%), which
were generally grade 1–2 and manageable. Pleural effusion was observed in
30% (grade 3–4 in 13%) of patients receiving dasatinib in myeloid BP and in 16%
(grade 3–4 in 4%) of patients with lymphoid BP/Phþ ALL (32,33).

In summary, the results from the phase I and II studies demonstrate signi-
ficant clinical activity of dasatinib in all stages of CML. Responses have been
durable to the extent of the follow-up available to date, particularly among patients
treated in CP and AP and less so in the BP. In addition, responses have been
observed across a wide range of mutations, except T315I, confirming the results
obtained in vitro. Dasatinib has been overall well tolerated. Myelosuppression
occurs in many patients, particularly those treated in AP and BP, who start
therapy with an already compromised marrow reserve. In most instances,
myelosuppression is transient and rapidly reversible. Among nonhematologic
adverse events, most are mild and manageable. Fluid retention has received signifi-
cant attention, particularly in the form of pleural effusion. This is more common
(20–30%) in BP than in earlier stages (10–15% in CP) and is frequently mild,
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with grade 3–4 cases present in only 3% to 5% in CP and 10% to 15% in BP. This
can usually be managed with transient treatment interruptions and use of diuretics
and corticosteroids. Only occasionally does it require thoracentesis, and it rarely
results in permanent treatment discontinuation. Other adverse events have been
usually mild and manageable.

Recently, results from a randomized, multinational, open-label phase II
study comparing the activity of dasatinib and high-dose imatinib have been
reported (34). The analysis was based on data from 150 imatinib-resistant patients
randomized 2:1 to receive dasatinib 70 mg twice daily or imatinib 400 mg twice
daily. Crossover was allowed for progression, lack of response, or intolerance.
After a follow-up of three months, MCyR was achieved in 35% (CCyR 21% and
PCyR 14%) of patients in the dasatinib arm and in 29% (CCyR 8% and PCyR
21%) in the high-dose imatinib arm. In addition, 15% of patients in the dasatinib
arm and 76% in the imatinib arm had progression or crossover. Interestingly,
among 19 patients who crossed over to dasatinib therapy, 42% achieved a MCyR
while none of the four who crossed over to imatinib achieved MCyR. There were
no significant differences in the toxicities between both arms, except for the
occurrence of pleural effusion in 11% of patients treated with dasatinib (34).

A molecular analysis of imatinib resistant/intolerant patients (19 in CP and 14
with advanced disease (AP, BP, and Phþ ALL) treated at UCLA in the phase I dose
escalation trial of dasatinib showed that 6 (43%) of 14 patients in advanced phase
and 7 (37%) of 19 in CP achieved �2-log reductions, including four patients in
each group who had a major molecular response (MMR) as measured by quantitat-
ive polymerase chain reaction (PCR). More important, responses were maintained
in two of six patients with advanced disease, and six of seven in CP achieving �2
log reductions. Mutations were detected at last analysis in all 23 patients with
baseline mutations. The same mutation that was present at baseline was present
in 21 patients and five of them had an additional mutation. Mutations were
present in all patients who progressed (1 CP, 7 AP/BC) and it was T315I in six
of them. T315I evolved in three other patients who have not progressed (1CP, 2
AP/BC), making this mutant the most frequently detected during dasatinib
therapy, and it was accompanied by significant increase in Bcr-Abl transcripts in
all patients (35).

Another analysis of the dynamics of molecular response to dasatinib has been
recently reported (36). Fifty-four patients [CP ¼ 29 (55%), AP ¼ 14 (26%), and
BP ¼ 10 (19%)] received dasatinib at 140 mg daily (n ¼ 49) or at 100 mg daily
(n ¼ 4) in phase II studies for a median of 36 weeks (range, 11–73). Patients in
CP had a baseline median BCR-ABL/ABL ratio of 68.99%. After two months of
therapy a significant decrease in the BCR-ABL transcript level was observed, with
a median value of 11.64%. By nine months the median value had decreased to
0.12%. In contrast, patients with advanced phase CML (baseline BCR-ABL/ABL
ratio of 100%) experienced a steady decline in transcript levels from the start of
dasatinib therapy, but the decline was slower and less pronounced than that
observed in CP. The lowest median PCR value achieved by this group of patients
was observed at nine months (0.94%). At this time point, the median BCR-ABL
transcript level reached by these patients was similar to that achieved by patients
in CP at six months (0.99%). Ten patients achieved at least an MMR (BCR-ABL/
ABL ratio below 0.05%) by quantitative real-time PCR, with three of them having
undetectable BCR-ABL levels. All 10 patients who achieved a MMR were in CP
at the start of dasatinib therapy, and three of five evaluated had an Abl kinase
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domain mutation at the start of the therapy. No T315I mutations were observed
in this study (36).

CONCLUSION

Despite the excellent results obtained with imatinib, there is still a clear need to
improve therapy in CML. The remarkable response rates obtained with dasatinib
in patients with CML in the postimatinib failure setting with an acceptable toxicity
profile has prompted the undertaking of several ongoing clinical trials aiming to
address the activity of this dual Src/Abl inhibitor in newly diagnosed patients
with CML. However, there are still important questions regarding the optimal
use of dasatinib in CML, such as the correct dasatinib schedule (daily versus
twice daily) and dosage (total daily dose of 100 mg versus 140 mg) that will
permit to maximize cytogenetic and molecular responses with optimal tolerability
and safety. Further follow-up of patients currently on dasatinib therapy will
provide invaluable information that will help to accurately define the molecular
response rates obtained with this agent, their durability, and dasatinib-associated
long-term toxicity. Moreover, it remains uncertain whether the in vitro activity of
dasatinib observed against primitive quiescent leukemic cells will translate into
improved and more durable response rates in CML, particularly when used in
the frontline setting. Finally, it will be particularly appealing to investigate if com-
binations of dasatinib with other tyrosine kinases, such as imatinib or nilotinib
(AMN107), or other inhibitors, such as farnesyl transferase inhibitors, will
improve upon the activity of any of these agents alone.
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INTRODUCTION

Chronic myelogenous leukemia (CML) is characterized by a balanced translocation,
involving a fusion of the Abelson oncogene (ABL) from chromosome 9q34 with the
breakpoint cluster region (BCR) on chromosome 22q11.2, t(9;22)(q34;q11.2), the
Philadelphia chromosome (Ph). The molecular consequence of this translocation
is the generation of a BCR-ABL fusion oncogene, which in turn translates into a
Bcr-Abl oncoprotein. This most frequently has a molecular weight of 210 kD
(p210Bcr/Abl) and has increased tyrosine kinase activity, which is essential to its
transforming capability (1,2). Imatinib mesylate is a potent and selective tyrosine
kinase inhibitor that has become a standard therapy for patients with CML in all
stages of the disease (2). A complete cytogenetic response (CCyR) can be achieved
in 50% to 60% of patients treated in the chronic phase (CP) after failure of interferon-
alpha (IFN-a) (3,4) and in over 80% of those receiving imatinib as first line therapy
(5,6). Responses are durable in most patients treated in early CP, particularly among
those who achieve major molecular responses (MMRs) (e.g., .3-log reduction in
transcript levels) (7,8).

Despite the excellent results with imatinib in CML, resistance to this agent
does occur in some cases at an annual rate of approximately 4% in newly diagnosed
CML, but more often in advanced disease (9). Resistance may arise in several differ-
ent ways, including BCR-ABL–dependent and BCR-ABL–independent mechan-
isms. The BCR-ABL kinase domain point mutations are often associated with
imatinib resistance. These mutations impair imatinib activity, for example, by inter-
fering with an imatinib-binding site or by stabilizing a conformation of Bcr-Abl
with reduced affinity to imatinib (10,11). The Bcr-Abl kinase domain mutations
vary in the extent to which they block imatinib binding and induce resistance to
this drug (12,13).

Several approaches have been investigated to overcome resistance to
imatinib, including the development of new, more potent tyrosine kinase inhibi-
tors (14). Examples of such inhibitors under investigation include nilotinib
(AMN107) (15), dasatinib (BMS-354825) (16), SKI-606 (17), INNO-406 (18), and
AZD0530 (19). This chapter reviews the currently available data with nilotinib,
including preclinical findings, pharmacokinetic data, results from phase I and
phase II trials, possible indications beyond CML, and potential for use in combi-
nation therapy.
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NILOTINIB

Nilotinib was developed using a rational design strategy based on the premise that
Bcr-Abl inhibitors are more potent and selective than imatinib could be developed
by making modest changes in this molecule (15). An analysis of the structure
of imatinib and that of the Abl kinase domain indicated that changes to the
structure’s domain that binds deep into the adenosine triphosphate (ATP)-
binding pocket would be likely to decrease its efficacy, but that modification of
the methylpiperazinyl group of imatinib that lies along a partially hydrophobic
group on the surface of Abl kinase might improve binding characteristics.
Substitutions in this ring system resulted in the discovery of nilotinib, which is
structurally similar to imatinib (Fig. 1) (20).

In Vitro Studies
Results from in vitro studies have demonstrated that nilotinib is more potent than
imatinib in inhibiting Bcr-Abl tyrosine kinase activity in cell lines and that it is at
least 10- to 30-fold more potent than imatinib in inhibiting proliferation of Bcr–
Abl-expressing cells. Inhibition of cell growth by nilotinib was associated with
induction of apoptosis, but it did not decrease the formation of normal human
myeloid and erythroid progenitor cells at concentrations �100 mm (15).

Nilotinib effectively inhibited proliferation of Ba/F3 cells stably expressing
point mutations (E255V, F317L, M351T, F486S, G250E, M244V, L248R, Q252H,
Y253H, E255K, E279K, E282D, V289S, and L384M) associated with imatinib resist-
ance in patients (Fig. 2). However, the T315I mutant remained resistant to nilotinib
at concentrations ,10 mM (15,21). Nilotinib also potently inhibited tyrosine autop-
hosphorylation of the E255K, E255V, F317L, M351T, and F486S Bcr–Abl mutants,
and these effects were not associated with decreases in Abl or Bcr–Abl protein
levels. Overall, these results supported the conclusion that many imatinib-resistant
Bcr–Abl mutants were relatively or absolutely more sensitive to nilotinib (22).

Nilotinib also inhibits, to a lesser extent, Pdgfra and Pdgfrb, as well as Kit
dependent cell proliferation. In contrast, imatinib has more potency against
Pdgfr and Kit than against Abl. Nilotinib has no significant activity against other
kinases evaluated at concentrations ,3000 nM (20).

Studies investigating the induction of mutants after exposure to imatinib
under conditions that favor mutagenesis using a cell-based screen indicated that

FIGURE 1 Structural formulas for imatinib and nilotinib. Source: Adapted from Ref. 11.
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resistance to nilotinib was associated with a limited spectrum of Bcr-Abl kinase
mutations, mostly affecting the P-loop and T315I. With the exception of T315I, all
of the mutations identified in one study were effectively suppressed when the nilo-
tinib concentration was increased to 2000 nM, which is within the trough-peak
range for plasma levels (1.7–3.6 mM) measured in patients treated with nilotinib
400 mg twice daily. These results support the view that the clinical use of nilotinib
has relatively low potential to result in significant resistance development by Bcr-
Abl–expressing cells (23).

Additive or synergistic activity has been reported following the coadministra-
tion of imatinib and nilotinib in a panel of wild type and imatinib-resistant Bcr-
Abl–expressing cell lines (24). This additive activity was confirmed in vivo in
mice harboring 32D.p210 cells. Mice treated with both agents were observed to
have a lower tumor burden than mice treated with either agent alone (24).

In Vivo Studies
The efficacy of nilotinib has been documented in in vivo models of CML, such as
mice with Bcr-Abl–positive leukemias, both imatinib-sensitive and resistant. In
both of these models, treatment with nilotinib significantly decreased tumor
burden and prolonged survival relative to vehicle (15).

Pharmacokinetics
Results from pharmacokinetic studies in Balb/c mice given single doses of nilotinib
of 20 or 75 mg/kg in 10% NMP/90% PEG300 by gavage indicated that the drug was

FIGURE 2 Comparison of imatinib and nilotinib IC50 values for blocking proliferation of Ba/F3 cells
expressing wild-type Bcr-Abl or kinase domain mutated Bcr-Abl. Note: Solid gray bars indicate
imatinib IC50 values, and solid red bars indicate nilotinib (AMN107) IC50 values. The dotted black
line indicates the mean trough plasma level of imatinib reported in patients 24 hours following
treatment with a once-daily dose of 400 mg. Source: Adapted from Ref. 31.
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orally bioavailable and well absorbed. These studies also demonstrated that
nilotinib achieved high concentrations in both the liver and bone marrow (15).

The pharmacokinetics of nilotinib have been evaluated in a phase I dose-
escalation study, in which 119 patients with imatinib-resistant Phþ CML or acute
lymphoblastic leukemia (ALL) received nilotinib as single oral daily (QD) doses
of 50, 100, 200, 400, 800, or 1200 mg, or twice daily (BID) doses of 400 or 600 mg
(25). The median time to peak serum concentrations of nilotinib was three hours,
and the mean peak concentration at steady state (achieved at day eight) in patients
administered 400 mg BID was 3.6 mM. Nilotinib had an apparent half-life of 15
hours. There was a 2-3-fold increase in exposure to nilotinib between the first
dose and steady state. Peak concentration and area under the serum concen-
tration–time curve at steady state increased with dose from 50 to 400 mg and pla-
teaued with doses greater than 400 mg. Nonlinearity with higher nilotinib doses is
thought to result from the saturation of gastrointestinal absorption; dosing nilotinib
at 400 mg BID resulted in steady-state exposure greater than that observed with a
single daily 800 mg dose (25). On the basis of this data, BID dosing was selected
for phase II studies of nilotinib.

Clinical Results
Efficacy
Phase I
The phase I study of nilotinib included 119 patients with imatinib-resistant or intol-
erant Phþ CML or ALL who received nilotinib QD at doses of 50, 100, 200, 400, 800,
or 1200 mg, or 400 or 600 mg BID (25). Patients in this trial received nilotinib daily
unless unacceptable adverse events or disease progression occurred. Intrapatient
dose escalation was permitted in patients with an inadequate response and no
dose-limiting toxicities (DLTs).

Efficacy results for patients with CML are summarized in Table 1. Overall,
39% of 33 patients with blastic phase CML achieved a hematologic response
(HR), and 27% achieved a cytogenetic response. Among 46 patients with

TABLE 1 Phase I Hematologic and Cytogenetic Responses to Nilotinib in Patients with Chronic
Myeloid Leukemia

Number (%) of hematologic
response

Number (%) of
cytogenetic response

Results in CML
transformation

Total/
activea CHR MR RTC Overall CR PR Minor Minimal Major Overall

Accelerated phase
Hematologic disease 46 21 3 9 33 (72) 6 3 4 9 9 (20) 22 (48)
Clonal evolution onlyb 10/5 5 — — 5 (100) 2 4 1 2 6 (60) 9 (90)

Total 56/51 26 3 9 38 (74) 8 7 5 11 15 (27) 31(55)

Blastic phase
Myeloid 24 2 2 6 10 (42) 1 4 2 — (21) (29)
Lymphoid 9 — 1 2 3 (33) 1 — — 1 (11) (22)

Total 33 2 3 8 13 (39) 2 4 2 1 6 (18) 9 (27)

aPatients with hematologic manifestation of disease (i.e., not CHR).
bPatients whose only criteria for accelerated phase was clonal evolution.
Abbreviations: CHR, complete hematologic response; CML, chronic myelogenous leukemia; CR, cytogenetic
response; MR, major response; PR, partial response.
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accelerated phase CML, excluding those with clonal evolution, 72% achieved a HR,
and 48% had a cytogenetic response, including a major cytogenetic response in 20%.
Six of 10 patients with clonal evolution achieved a major cytogenetic response. Of 17
patients with CP CML, 92% of 12 patients with active disease achieved complete
hematologic response (CHR), and cytogenetic response was noted in 53% (complete
in 35%) (Table 1) (25).

Fifty-one Abl kinase domain mutations were observed in 37 (41%) of 91
patients who were assessed at baseline. Hematologic and cytogenetic responses
were similar in patients with or without mutations and in patients with p-loop or
other mutations. The two patients with a T315I mutation did not respond to
nilotinib (25).

Phase II
An ongoing, open-label phase II trial is evaluating nilotinib 400 mg BID in CML
postresistance to or intolerance of imatinib. Preliminary data for 81 patients with
CP CML (65% imatinib-resistant and 35% imatinib-intolerant) treated for a
median of 185 days indicated that major cytogenetic responses were observed in
46% (32% complete, 14% partial), minor cytogenetic responses in 11%, and
minimal cytogenetic responses in 11%. CHRs were observed in 69% of 54 patients
without CHR at baseline (26). In accelerated phase CML (n ¼ 25), HR was achieved
in 40% and CHR in 16%. Cytogenetic responses were noted in 14 patients (4 com-
plete, 3 partial, 2 minor, and 5 minimal) (27). This trial also included 24 patients in
blastic phase and 16 patients with Phþ ALL (15 relapsed/refractory, 1 minimal
residual disease). HRs were reported for 12.5% in blastic phase (1 CHR, 1
marrow response/no evidence of leukemia, and 1 return to CP). Seven of the
patients in blast phase had cytogenetic responses (5 complete and 2 partial). Com-
plete remission was reported in 31% of patients with ALL (4 relapsed/refractory
and 1 MRD) (28). A summary of the nilotinib-induced cytogenetic response for
each phase of CML in these phase II studies is shown in Figure 3.

Nilotinib is also being investigated in patients with newly diagnosed CML
(29). Fourteen patients with a median age of 49 received nilotinib 400 mg BID.
Major cytogenetic response was observed in all patients at three months (complete
in 13 and partial in 1). At six months all the seven evaluable patients were in CCyR.
The treatment was well tolerated (29).

Nilotinib is also being investigated in patients with other hematologic malig-
nancies. Twenty-four patients with systemic mastocytosis have been enrolled in a
phase II study. Overall, 17% responded (2 complete remission and 1 minor
response) and eight had stable disease, based on serum tryptase, bone marrow
mast cell counts, and improvement of clinical symptoms (30).

Safety
In the phase I trial of nilotinib the maximum tolerated dose (MTD), defined as the
highest dose of AMN107 given for at least one cycle in which �33% experienced a
DLT, was 600 mg BID (25).

Nilotinib was generally well tolerated. The most common hematologic
adverse events across all nilotinib doses were thrombocytopenia (21%) and neutro-
penia (14%), mainly grade 3 or 4. The frequency of both appeared to increase with
nilotinib dose (25). Rash and pruritus were the most common nonhematologic
adverse events (20% and 15% of patients, respectively), but were almost all grade
1 or 2 (25). The most common laboratory abnormalities were elevations in bilirubin
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(7% grade 1 or 2 and 7% grade 3 or 4), increased lipase (5% grade 3 or 4), and
increased AST and/or ALT (1% grade 1 or 2 and 3% grade 3 or 4) (25). The frequency
and grade of bilirubin elevations increased with nilotinib dose, but these rises were
generally self-limiting and resolved with continued dosing of nilotinib (25). Analy-
sis of ECGs indicated one instance of increased QTcF (5–15 msec). One patient had
two treatment-related adverse cardiac events (grade 1 pericardial effusion and
grade 2 atrial fibrillation) (25).

In the open-label phase II trial of nilotinib, adverse events that occurred in
�10% of patients with CML included thrombocytopenia (32%), headache (29%),
fatigue (29%), nausea (28%), pruritus (27%), rash (27%), anemia (26%), diarrhea
(25%), neutropenia (21%), vomiting (20%), muscle spasms (20%), constipation
and arthralgia (17% each), bone pain, myalgia, and peripheral edema (13% each),
and abdominal pain and dyspepsia (12% each) (26–28).

Other Potential Indications for Nilotinib
Preclinical results suggest nilotinib may have clinical utility in other settings.
Chronic myelmonocytic leukemia is associated with rearrangements of Pdgfrb
(31). Hyperesosinophilic syndrome is related to the FIP1L1–PDGFRa gene fusion
(32). Some solid tumors, such as gastrointestinal solid tumors (GISTs), are associ-
ated with constitutive activation of Kit receptor tyrosine kinase (33). Recent
results from Stover et al. have shown that nilotinib inhibits proliferation of Ba/F3
cells transformed by both TEL–PDGFRb and FIP1L1–PDGFa with IC50s
,25 nM. Nilotinib also effectively treated myeloproliferative disease induced by
TEL–PDGFRb and FIP1L1–PDGFRa in an in vivo bone marrow transplant assay.
In this model, nilotinib increased survival and disease latency and decreased
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disease severity as assessed by histopathology and flow cytometry (34). Nilotinib
has also been demonstrated to inhibit proliferation of Ba/F3 cells transformed by
a Kit (D814V) resistant to imatinib and known to be involved in systemic mast
cell disease (35). Gleixner et al. (36) have reported similar results and also
showed that nilotinib inhibited the proliferation of HMC-1 cells. These results
suggest that nilotinib may be effective in the treatment of patients with chronic
myelomonocytic leukemia, hypereosinophilic syndrome, systemic mastocytosis,
or GIST. A phase I clinical trial of nilotinib in GIST is underway.

Use of Nilotinib in Combination Therapy
One ongoing clinical trial is evaluating the effectiveness of combination therapy
with nilotinib plus imatinib in patients with GIST. A phase I dose escalation
study of nilotinib in combination with imatinib in patients with CML in CP follow-
ing a sub-optimal response to imatinib is ongoing.

CONCLUSIONS

Imatinib targets the tyrosine kinase activity of Bcr-Abl and is a breakthrough
therapy that has dramatically altered the treatment of CML. Decreased efficacy of
imatinib is often due to the emergence of clones expressing mutant forms of Bcr–
Abl with reduced sensitivity to imatinib. The clinical importance of imatinib resist-
ance and increased understanding of the structure of Abl and the molecular basis
for resistance have resulted in the development of new agents active against
Bcr–Abl mutants. Results from phase I and II clinical trials have demonstrated
that nilotinib was effective and safe in patients with imatinib-resistant CML. Nilo-
tinib may also be useful in the treatment of other conditions, such as chronic myel-
monocytic leukemia, hypereosinophilic syndrome, systemic mastocytosis, or GIST.
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B7 Resistance to Imatinib

Justus Duyster and Nikolas von Bubnoff
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of Munich, Munich, Germany

The mechanisms of imatinib resistance were first studied in cell culture-based
systems. Bcr-Abl positive leukemic cells cultured in suboptimal concentrations of
imatinib for prolonged periods of time developed moderate imatinib resistance
to concentrations of up to approximately 1 mM (1–3). Further investigations
revealed molecular changes possibly underlying resistance in these cell lines.
During the imatinib selection process, these cells acquired amplification of the
BCR-ABL gene or overexpression of MDR-1, which codes for a multidrug-resistance
membrane associated transporter protein (1–3). Clinical resistance to imatinib, pri-
marily occurring in advanced-phase CML and Ph-positive ALL, stimulated inten-
sive studies to elucidate the mechanisms underlying resistance to imatinib in the
clinic. In 2001, it was shown that 3 of 11 imatinib-resistant patients with advanced
CML or Ph-positive ALL displayed amplification of the BCR-ABL gene (4). Further-
more, in 6 of 9 imatinib resistant patients a mutation in the BCR-ABL kinase domain
was discovered, which leads to an amino acid exchange at position 315 from
threonine to isoleucine (4). This amino acid exchange interferes with imatinib
binding (5) and results in significant resistance against the drug (IC50. 10 mM)
(4). Subsequently, a large number of additional BCR-ABL mutations could be ident-
ified causing variable degrees of imatinib resistance (6–11). Furthermore, in a study
of 36 imatinib-resistant patients, cytogenetic abnormalities in addition to the
Philadelphia (Ph) chromosome were noted, indicating that clonal evolution in an
imatinib-resistant leukemic clone had occurred (7). Mechanisms of imatinib resist-
ance observed both in cell lines and in clinical samples are summarized in Figure 1.

DEFINITION OF IMATINIB RESISTANCE

Primary resistance describes the failure to obtain a sufficient response despite
adequate imatinib treatment. Primary hematologic resistance can be assumed if a
patient does not achieve any hematologic response after three months or no com-
plete hematologic response after six month, despite sufficient imatinib treatment.
A primary cytogenetic resistance can be defined as a lack of any cytogenetic
response after six month of treatment or no complete cytogentic response after 18
month. Secondary or acquired refers to loss of a previously established hematologic
or cytogenetic remission. In addition, a molecular resistance or suboptimal molecu-
lar response may be defined as a lack of a major molecular response after 18 month
or loss of a major molecular response, which should be confirmed on two occasions,
unless associated with loss of hematologic or cytogenetic remission. Achievement
of a major molecular response is assessed by measuring the absolute amount of
BCR-ABL transcripts by quantitative RQ-PCR. However, it is important to note
that the absolute amount of BCR-ABL transcripts, which corresponds to a major
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molecular response, cannot consistently be determined, as yet, by different labora-
tories in a comparable way. Attempts for an international harmonization of
RQ-PCR results are an ongoing process (12,13).

INCIDENCE OF IMATINIB RESISTANCE

Primary hematologic resistance in early chronic phase CML is rare (,5 %). The fre-
quency of secondary resistance in early chronic phase CML is also low. According
to the international IRIS study group with a followup of 54 month, approximately
4% of patients per year in the imatinib arm had a progression event (14). Only 1% to
2% of the patients per year progressed to accelerated phase or blast phase CML (14).
Similar percentages of patients per year lost a previously achieved hematologic or
cytogenetic response. In this context it is important to note that there are no data to
indicate that the number of resistant patients per year increases over time, in newly
diagnosed patients with CML treated with imatinib. In other words, the compound
does not seem to loose its activity with a followup of almost five years. However,
assuming similar PFS kinetics in the future, the number of imatinib resistant
patients will probably increase over time, albeit at a low rate.

The frequency of secondary imatinib resistance in patients who were initially
treated with interferon in the IRIS trial but later on crossed over to imatinib is
slightly higher at approximately 7% per year(14).

Compared to chronic phase, the results in advanced phases of CML are less
impressive. In several large phase II studies, approximately one-third of patients
with accelerated phase and two-third of patients with blastic phase CML
showed primary hematologic resistance. Even if a hematologic or cytogenetic
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FIGURE 1 Mechanisms of resistance toward imatinib. (A) Imatinib is available within the cell at a
sufficient quantity for inhibition of all Bcr-Abl-molecules. (B) Overexpression of Bcr-Abl allows the
leukemic cell to maintain a baseline level of signaling that is sufficient for cell survival even in the
presence of imatinib. (C) Specific mutations within the Abl kinase domain prevent binding of
imatinib but still allow binding of ATP thus retaining Bcr-Abl kinase-active. (D) Secondary genetic
alterations or (E) the activation of alternative signaling pathways contribute to the Bcr-
Abl-independent growth and/or survival of the malignant clone. (F) Expression of membrane-
bound transport proteins leads to deminished concentrations of inhibitor available within the cell by
increased eflux or decreased influx.
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response was achieved, these responses were not frequently durable. Thus,
after four years, 70% of AP patients and 90% of BP patients show a progression
or secondary imatinib resistance (15–18). One needs to consider, though, that
many of the patients treated in these trials had been pretreated extensively
before starting imatinib, and the results may, therefore, be superior in newly
diagnosed patients.

MECHANISMS OF IMATINIB RESISTANCE
BCR-ABL-Dependent Resistance
Mutations in the Kinase Domain of BCR-ABL
The first imatinib resistance mutation discovered leads to an exchange of threonine
at position 315 to isoleucine (4). Interestingly, crystal structure analysis of the ABL-
kinase domain published in 2000 had already predicted threonine 315 to be a critical
position required for imatinib binding to ABL (5). Indeed, the T315I mutation leads
to complete biochemical imatinib resistance, even at high imatinib concentrations,
while the kinase activity is preserved (4). In recent times, more than 40 different
imatinib-resistance mutations have been described. Mutations in the BCR-ABL
kinase domain can be identified in 42% to 90% of cases with imatinib-resistant
CML or Ph-positive ALL (4,6,9–11,19). All mutations identified in imatinib-resist-
ant patients so far are located within the BCR-ABL kinase domain. They lead to
structural changes so that imatinib is no longer able to displace ATP, thereby preser-
ving kinase activity.

Imatinib resistance mutations can be divided into two distinct groups:

1. Imatinib-contact positions such as Y253, T315, and F317. This class of mutations
affects amino acids, which are directly involved in binding of the drug.
Mutations at these positions thus directly impede drug binding.

2. Mutations that destabilize the inactive conformation of BCR-ABL. These may
include exchanges at positions located within the activation loop, such as
H396 and M388, or mutations of SH2-contact positions, such as S348 or
M351. This second class of mutations probably shifts the equilibrium toward
the active state. Since imatinib binds only the inactive conformation of ABL
with the activation loop in a closed conformation (5), access of imatinib to the
ATP-binding site is impaired (10,11,20).

Mutations directly affecting imatinib binding typically lead to strong imatinib
resistance. Examples are T315I and Y253H (4,11). In contrast, mutations, which
stabilize the inactive conformation such as H396P, often lead only to moderate
resistance (10,11,20). Thus, the type of mutation may affect therapeutic management
in case of imatinib resistance. Increasing the dose of imatinib may be sufficient to
block moderately resistant Bcr-Abl mutants. However, in the event of a strong ima-
tinib-resistance mutation, increasing the dose will not achieve plasma concen-
trations that are sufficient to effectively block BCR-ABL kinase activity. Table 1
shows the degree of imatinib resistance for frequently observed mutations.

Another classification of resistance mutations is based on localization within
the kinase domain:

1. Mutations in the activation loop (A-loop, magenta in Fig. 2)
2. Mutations in the ATP phosphate-binding loop (P-loop, pink in Fig. 2)
3. Mutations in the C-Helix (green in Fig. 2)
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This classification does not allow in estimating the degree of resistance. As an
example, the class of P-loop mutations includes moderately (G250A, Q252H, E255D)
as well as highly (G250E, Y253H, E255V) imatinib-resistance mutations (10,21).

Meanwhile, mutations conferring clinical resistance to therapeutically used
kinase inhibitors were also identified in several other target kinases in various
malignant diseases. Imatinib resistance mutations were identified in FIP1L1-
PDGFR alpha in patients with hypereosinophilic syndrome (23,24), and in cKit in
patients with gastrointestinal stromal tumors (GIST) (25,26). In addition, a resist-
ance mutation in the kinase domain of FLT3 in a patient with acute myeloid leuke-
mia (AML) treated with the kinase inhibitor PKC412 has been described (27).
Similarly, in patients with non small cell lung cancer (NSCL), treated with the
kinase inhibitor gefitinib (Iressa), an exchange of threonine at position 790 to meth-
ionine in the epidermal growth factor receptor (EGFR) was described (28,29). This
mutation, together with the imatinib-resistant mutations KIT/T670I and FIP1L1-
PDFGRalpha/T674I, is homologous to position T315 in the ABL-kinase domain,

TABLE 1 Cellular IC50-Values of Frequently Observed Imatinib
Resistance Mutations

Mutation Imatinib (mM) Factor IC50 wt

Wild-type 0.4 —
P-loop

M244V 2.3 5.8
L248V 1.5 3.8
G250E 3.9 7.5
Q252H 1.2 3
Y253H .10 .25
Y253F 9 22.5
E255K 10 25
E255V .10 .25

C-helix
D276G 1.5 3.8
F311L 1.3 3.25
T315I .10 .25
T315S 3.8 9.5
F317L 1.5 3.8

SH2-contact
D325 N 1.5 3.8
S348L 0.7 1.4
M351T 4.9 12.25
M351I 1.6 4
E355G 0.4 1
F359C 1.2 3
F359V 1.2 3

A-loop
L387F 1.1 2.8
H396P 2.5 6.25

IC50-values are based on studies performed in cell lines, which express
BCR-ABL mutations that were identified in patients with CML or Phþ ALL and
resistance to imatinib (Source: From Refs. 4,10,11,59,75). Imatinib resistance
mutations in up to 50 per cent of the cases are located within the nucleotide-
binding loop (P-loop), with Y253 and E255 being most frequently affected. The
most abundant exchanges affecting single positions are T315I (20% of cases)
and M351T (15% of cases) (Source: From Refs. 21,84).
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confirming the critical role of this residue for the binding of ATP-competitive kinase
inhibitors. Thus, mutations in kinase domains appear to be a general mechanism of
resistance against tyrosine kinase inhibitors.

BCR-ABL Gene Amplification and Protein Overexpression
BCR-ABL gene amplification and protein overexpression as causes of imatinib
resistance were both identified in vitro (1–3) as well as in CML patient samples

FIGURE 2 Functional domains of the Abl kinase domain and position of imatinib resistance
mutations. Ribbon representation of the c-Abl kinase domain in complex with imatinib, with C-helix
in light green, P-loop in pink, and A-loop in magenta, with the A-loop in an open conformation.
Labels indicate the residue number of human c-Abl kinase type Ia. The colors of the spheres
represent the degree of cellular resistance to imatinib expressed as fold cellular IC50 of wild-type
Bcr-Abl in Ba/F3 cells. Source: Adapted from Ref. 21.
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(4,29). Amplification of a kinase inhibitor target could also be demonstrated for KIT
in imatinib-resistant GIST patients (30). Amplification of the target gene results in a
shift of the inhibitor/target ratio toward a surplus of the target protein. Conse-
quently, the amount of inhibitor available within the cell is not sufficient to effec-
tively block all target protein molecules. In the case of CML, BCR-ABL
overexpression allows for residual kinase activity even in the presence of
imatinib, which enables the leukemic clone to survive.

Phamacokinetic- and Drug Transport-Issues
Alterations in the distribution of imatinib and its delivery to target cells can result in
suboptimal drug concentrations within leukemic cells and thereby may give rise to
resistant disease. The intracellular concentration of imatinib is determined by mem-
brane-bound, active import and export pumps, and by its binding to plasma pro-
teins. It was shown that imatinib is bound to plasma proteins, such as a-1-acid-
glycoprotein (a-1-GP) (31). It has been proposed that increased plasma a-1-GP
levels might reduce the plasma concentration of free unbound imatinib that is avail-
able for inhibition of BCR-ABL (31). Indeed, the tumor burden in a mouse model
(32) and the CML disease stage in patients (33) correlated with plasma a-1-GP
levels and elevated a-1-GP levels prior to treatment led to a less rapid response
to imatinib in CML patients (33). However, elevated a-1-GP plasma levels in
patients were reversible in the course of treatment (33), and a-1-GP did not alter
the efficacy of the drug in vitro (33,34). Therefore, it is currently unclear whether
plasma proteins such as a-1-GP contribute to imatinib resistance or not.

Imatinib is a substrate of the multi drug resistance-associated membrane
transporter MDR-1 and thus can be actively pumped out of the cell (35,36). Over-
expression of MDR-1 was found in imatinib-resistant cell lines, and by inhibition
of MDR-1 imatinib resistance was partially reverted (2). Increased expression of
MDR-1 was also demonstrated on progenitor cells of patients with CML in
myeloid blast crisis when compared to healthy controls, although the level of
expression did not predict response to imatinib. In contrast, low levels of MRP-1,
another drug transporter, correlated with response to treatment (37). Recently, a
membrane transporter was identified (human organic cation transporter-1; hOCT-1),
which may be involved in the active transport of imatinib into the cell (import)
(38). A small study demonstrated a correlation of hOCT-1 expression and response
to imatinib (39). Larger studies are required to substantiate the impact of hOCT-1
expression for imatinib activity.

On the whole, drug transport mechanisms may be of potential importance for
the survival of CML cells in the presence of imatinib. However, clinical evidence
that pharmacokinetic mechanisms play an important role for imatinib resistance
is still inconclusive, since no single critical mechanism has been identified.
However, it is conceivable that pharmacokinetic mechanisms may be important
for a cell in the course of acquiring secondary resistance due to mutations or
secondary genetic alterations in the presence of imatinib.

Compliance
Patient compliance is an issue with any continuously administered drug as adher-
ence to medications usually declines with time. A survey by Novartis estimated
that up to one-third of drug doses might have been actually missed. It is thought
that poor compliance in the case of imatinib may lead to secondary resistance,
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because suboptimal drug concentrations may facilitate the selection of resistant leu-
kemia clones. Patients with a good response particularly need to be reminded that it
is important to continue the treatment, because discontinuation can lead to disease
recurrence or development of resistance. Evidently, it is crucial to rule out noncom-
pliance before changing therapy for suspected acquired resistance, particularly if
less well-tolerated or risky alternative strategies are considered.

BCR-ABL-Independent Mechanisms of Resistance
Secondary Genetic Alterations, Alternative Pathways
In a small subset of imatinib resistant patients, it can be shown that the drug still
effectively blocks BCR-ABL kinase activity. This indicates that the leukemia has
become at least partially BCR-ABL independent as a result of secondary genetic
events. Clonal cytogenetic evolution is frequently associated with imatinib resist-
ance (7,40,41) and has been demonstrated to be an independent poor prognostic
factor for survival in CML (42). However, the molecular mechanisms by which
specific chromosomal alterations lead to resistance are not understood. Two fre-
quently described cytogenetic abnormalities are isochromosome 17, leading to inac-
tivation of p53 (43,44), and trisomy 8, resulting in amplification and overexpression
of MYC (45). Both events may contribute to disease progression and imatinib resist-
ance (45–47). In one imatinib-resistant CML patient, an inversion of chromosome 11
[inv(11)(p15q22)] led to the expression of a NUP98/DDX10 fusion protein (48).
Interestingly, NUP98/DDX10 is also associated with AML and myelodysplastic
syndromes and, thus, may play a functional important role for disease progression
and imatinib resistance (49).

The finding of LYN kinase overexpression in bone-marrow samples derived
from imatinib resistant CML patients suggested that activation of SRC family
kinases may bypass the dependence of the leukemic cell on active BCR-ABL, and
thus may contribute to imatinib resistance (50). Since some of these data are
based on cell lines, established from patients, it is not entirely clear how relevant
SRC kinase activation is for the imatinib resistance of primary cells. Regardless of
this, it is evident that BCR-ABL kinase domain mutations and overexpression fail
to explain acquired and, all the more, primary resistance in a significant number
of patients.

Prevention of Resistance
Since nearly all patients with chronic phase CML have persistent disease as indi-
cated by the presence of BCR-ABL transcripts (51), it is critical to maintain sufficient
BCR-ABL kinase inhibition in order to reduce the risk of disease progression or
development of resistant disease. Moreover, the IRIS trial has shown that newly
diagnosed CML chronic phase patients who received imatinib as their initial
therapy had superior cytogenetic response and overall survival than patients
who first received interferon and later on crossed over to imatinib (14). Therefore,
it is recommended to initiate treatment immediately after diagnosis with 400 mg
per day in chronic phases and 600 mg in advanced phases. It is important to
avoid unnecessary dose reductions or interruptions. Whenever possible, imatinib
side effects should be treated without dose reduction. If a dose reduction is inevi-
table, doses lower than 300 mg per day should be avoided. Below a daily dose of
300 mg, imatinib plasma levels are not sufficient to suppress BCR-ABL kinase
activity (52), which in turn may lead to the selection of resistant subclones.
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Overriding Imatinib Resistance
Increasing the Imatinib Dose
In case of a suboptimal response to imatinib, the dose may be increased (53,54). Treat-
ment guidelines have been proposed to identify patients who may benefit from a dose
escalation (12,55). When resistance to imatinib emerges, the BCR-ABL kinase domain
should be sequenced. If a mutation mediating moderate imatinib resistance is ident-
ified, increasing the dose to 600 or 800 mg is one therapeutic option. The degree of
resistance for most mutations is known from in vitro studies, and the published
IC50 values for different BCR-ABL mutations can be used as a guideline (Table 1).
In the case of mutations other than P-loop or T315I, increasing the imatinib dose
was reported to improve or stabilize the disease in a proportion of patients (56).
This benefit was of shorter duration in P-loop mutant cases, and patients expressing
T315I did not benefit from increasing the dose of imatinib.

Alternative ABL Inhibitors
Recently, additional compounds have been developed that inhibit BCR-ABL more
potently than imatinib, and display activity against the majority of known imatinib
resistance mutants. Results of ongoing clinical studies indicate that these theoretical
advantages, indeed, might translate into clinical activity. However, whether the use
of novel agents like AMN107 (nilotinib) or BMS-354825 (dasatinib) also generate
superior response rates and long-term results in early chronic phase CML,
remains to be shown. During the past years, several strategies have been employed
to identify drugs with improved antileukemic activity that could be used in CML
and Phþ ALL. Agents may be subdivided into several subcategories:

1. Compounds that are similar to imatinib binding BCR-ABL in an inactive
conformation but achieving a higher potency by an optimized fit to the ATP-
binding site. An example is nilotinib (AMN107), which has been demonstrated
to inhibit many of the known imatinib-resistant mutations, except T315I
(57–59). Nilotinib has entered phase 2 clinical trials, and phase 1 data show
promising activity in imatinib resistant, intolerant CML, or PhþALL (60).

2. Compounds that bind to both the inactive and active conformation irrespective
of the A-loop conformation (closed versus open). Dasatinib (BMS-354825,
SprycelTM) constitutes an example of this class (61,62). Dasatinib, similar to
nilotinib, inhibits many of the known imatinib-resistant forms of BCR-ABL,
except T315I (63). Dasatinib displayed significant activity in phase 1 studies
of CML and Phþ ALL (64) and is currently being evaluated in phase 2 clinical
studies. Dasatinib was recently approved by the FDA for the treatment of adults
in all phases of CML with resistance or intolerance to prior therapy, including
imatinib. Pyrido-pyrimidines analogues also belong to this class of compounds
(65–69). However, there are currently no plans for clinical evaluation of these
compounds.

3. Dual SRC/ABL kinase inhibitors, in addition to BCR-ABL, inhibit other
target kinases that may be important for the survival of the malignant clone.
Examples for this group of compounds are dasatinib (BMS-354825, SprycelTM,
see earlier), pyrido-pyrimidines analogues (mentioned earlier), SKI-606 (70),
which recently entered phase 1 clinical evaluation, and INNO-406 [former
NS-187 (72)].

4. Compounds that do not act as ATP-competitors but are thought to act as
allosteric inhibitors binding to sites different from the ATP-binding pocket.
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An example is ON012380, which is thought to act as a substrate competitor (73).
The compound might be operational against imatinib-resistant BCR-ABL
mutations, including T315I, and is currently in preclinical development. The
allosteric inhibitor GNF-2 also belongs to this category (74). Inhibition by this
agent may be attained by binding to the myristate binding moiety, thereby, cap-
turing the kinase in an inactive state. The compound displayed activity against
some of the tested imatinib resistant mutant forms of BCR-ABL (74).

5. Agents that show activity against the T315I mutation. A high throughput screen
identified the aurora-kinase inhibitor VX-680 (MK-0457) to inhibit BCR-ABL
T315I (75,21). A phase 1 clinical study with this compound has been launched.
Also the non-ATP-competitive inhibitor ON012380 described earlier was
reported to suppress T315I (72).

Thus, a large number of alternative BCR-ABL kinase inhibitors with divergent
mode of actions are currently in preclinical or clinical development. Phase 1 clinical
studies already demonstrated that AMN107 (nilotinib) and BMS-354825 (dasatinib)
display activity in imatinib resistant cases, with and without the presence of BCR-
ABL mutations (59,62). A large number of in vitro studies showed that novel ABL-
kinase inhibitors like PD166326 (65,68), PD180970 (66), AMN107 (nilotinib) (57),
BMS354825 (dasatinib) (64), AP23464 (71), SK1-606 (70) NS-187 (currently INNO-
406) (72), ON012380 (73), or VX-680 (75) are capable of suppressing known imatinib
resistant mutant forms of BCR-ABL. This well agrees with comparative crystal
structure analysis indicating that different compounds display distinct binding
modes to the ABL kinase domain (59,61,62,67), suggesting that different scaffolds
may display specific patterns of resistance mutations. Knowing these scaffold
specific resistance patterns may allow tailoring treatment strategies with respect
to drug combinations in the future, which might reduce the frequency of resistance.
In vitro screening strategies for imatinib resistance mutations in BCR-ABL have
been developed that revealed specific mutation profiles for various ABL kinase
inhibitors (22,76–80). These studies indicated that alternative ABL kinase inhibitors
in comparison to imatinib indeed might display a limited, albeit overlapping,
pattern of mutations. Indeed, the use of drug combinations narrowed the spectrum
of BCR-ABL mutations emerging in vitro (77–79). Thus, specific mutation profiles
for ABL kinase inhibitors can be generated in vitro, and this information may be
translated into treatment strategies in the future that hopefully will minimize the
emergence of drug resistance.

However, as mentioned earlier, it is important to keep in mind that most novel
compounds do not overcome resistance to the T315I mutant. Therefore, patients
with T315I should not be treated within these trials, unless studies are available
where drug candidates with documented T315I activity are examined. One com-
pound with reported T315I activity that has entered a phase 1 study is VX-680
(MK-0457) (Vertex Pharmaceuticals/Merck).

Allogenic Stem Cell Transplantation
Allogenic stem cell transplantation in the era of specific ABL kinase inhibitors is
becoming increasingly infrequent and always constitutes an individual decision.
Allogeneic transplant should be considered in case of imatinib resistant relapse
preferentially after achieving a remission with an alternative ABL kinase
inhibitor.
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PERSISTENCE OF DISEASE

Imatinib is currently not considered a curative treatment. The majority of patients
do not achieve PCR negativity (13). Imatinib discontinuation usually leads to
disease recurrence even in the case of a good molecular response. The BCR-ABL-
positive cell population that persists despite continuous imatinib treatment is not
well defined. It is thought that residual leukemia cells reside in an early progenitor
or stem-cell compartment, although a precise characterization of this compartment
is lacking. It is known that CML patients harbor primitive BCR-ABL-positive pro-
genitor cells that infrequently undergo cell division (81) and are thus referred to
as quiescent cells. In vitro studies suggest that these quiescent cells do not
depend on kinase active BCR-ABL for survival and therefore are resistant to imati-
nib (82,83). Additional events might be active in these persisting cells such as
mutations, drug efflux pumps or constitutive activation of alternative survival sig-
naling cascades, cooperating in the constitution of a resistant disease clone.
Recently, it has been shown that BCR-ABL kinase domain mutations can be detected
in progenitor cells derived from CML patients in complete cytogenetic remission on
imatinib (84). Since persistent disease represents the point of origin for relapse and
resistance, it will be crucial to characterize this cell population in more detail and to
elucidate the mechanisms by which these immature cells evade eradication. These
studies will be the prerequisite for the development of rational therapeutic strat-
egies that may ultimately allow the cure of CML.

CONCLUSIONS

CML has become the paradigm for targeted cancer treatment. The introduction of
imatinib has led to a dramatic improvement of prognosis in chronic phase patients
when compared to conventional chemotherapy. The use of small molecule kinase
inhibitors has been extended to other entities, and thereby redefined the manage-
ment of cancer, in general. By virtue of their specific mode of action and the addic-
tion of CML to BCR-ABL, resistance to therapeutic kinase inhibitors is based on a
limited number of mechanisms that were elucidated by focusing on changes
taking place at the target kinase itself. This scenario is completely different from
conventional chemotherapy, where resistance is of multifactorial origin, and detec-
tion of resistance mechanisms generally does not have an immediate impact on
further treatment. In contrast, understanding resistance in kinase inhibitor based
therapies clearly affects subsequent treatment, since specific point mutations may
prevent binding of a certain class of compounds, while a structurally different sub-
stances still can bind and do its job. When amplification of the BCR-ABL gene
occurs, higher doses of a kinase inhibitor may overcome residual BCR-ABL activity.
Therefore, detection of specific mechanisms of resistance in an individual patient
certainly has an immediate impact on further treatment, and the determination
of individual resistance profiles for different classes of BCR-ABL kinase inhibitors
allows the design of sequential or combinatorial treatment strategies, thereby limit-
ing the number of possible “escape” mutations. Once resistance to imatinib has
occurred, sequencing of the BCR-ABL kinase may demonstrate a resistance
mutation, and switching to an appropriate alternate compound may overcome a
mutated disease clone.

The finding of target kinase domain mutations giving rise to resistance
toward kinase inhibitors has been reproduced in other examples of targeted
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cancer treatments. Examples are NSCL, where exchanges in the EGFR kinase
domain can abrogate binding and inhibition of EGFR kinase inhibitors such as
gefitinib, and mutations in KIT or FIP1L1-PDGFRalpha in imatinib resistant gastro-
intestinal stromal tumor (GIST), or chronic eosinophilic leukemia, respectively.
Understanding molecular changes underlying resistance to therapeutically used
kinase inhibitors will undoubtedly improve treatment strategies. Applying this
knowledge to the individual patient requires cytogenetic and molecular monitor-
ing, including mutational analysis.

REFERENCES

1. le Coutre P, Tassi E, Varella-Garcia M, et al., and Gambacorti-Passerini C. Induction of
resistance to the Abelson inhibitor STI571 in human leukemic cells through gene ampli-
fication. Blood 2000; 95:1758–1766.

2. Mahon FX, Deininger MW, Schultheis B, et al. Selection and characterization of BCR-ABL
positive cell lines with differential sensitivity to the tyrosine kinase inhibitor STI571:
diverse mechanisms of resistance. Blood 2000; 96:1070–1079.

3. Weisberg E, Griffin JD. Mechanism of resistance to the ABL tyrosine kinase inhibitor
STI571 in BCR/ABL-transformed hematopoietic cell lines. Blood 2000; 95:3498–3505.

4. Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette R, Rao PN, Sawyers CL. Clinical
resistance to STI-571 cancer therapy caused by BCR-ABL gene mutation or amplification.
Science 2001; 293:876–880.

5. Schindler T, Bornmann W, Pellicena P, Miller WT, Clarkson B, Kuriyan J. Structural
mechanism for STI-571 inhibition of abelson tyrosine kinase. Science 2000; 289:1938–
1942.

6. Branford S, Rudzki Z, Walsh S, et al. High frequency of point mutations clustered within
the adenosine triphosphate-binding region of BCR/ABL in patients with chronic
myeloid leukemia or Ph-positive acute lymphoblastic leukemia who develop imatinib
(STI571) resistance. Blood 2002; 99:3472–3475.

7. Hochhaus A, Kreil S, Corbin AS, et al. Molecular and chromosomal mechanisms of
resistance to imatinib (STI571) therapy. Leukemia 2002; 16:2190–2196.

8. Hofmann WK, Komor M, Wassmann B, et al. Presence of the BCR-ABL mutation
Glu255Lys prior to STI571 (imatinib) treatment in patients with Phþ acute lymphoblas-
tic leukemia. Blood 2003; 102:659–661.

9. Roche-Lestienne C, Soenen-Cornu V, Grardel-Duflos N, et al. Several types of mutations
of the Abl gene can be found in chronic myeloid leukemia patients resistant to STI571,
and they can pre-exist to the onset of treatment. Blood 2002; 100:1014–1018.

10. Shah NP, Nicoll JM, Nagar B, et al. Multiple BCR-ABL kinase domain mutations confer
polyclonal resistance to the tyrosine kinase inhibitor imatinib (STI571) in chronic phase
and blast crisis chronic myeloid leukemia. Cancer Cell 2002; 2:117–125.

11. von Bubnoff N, Schneller F, Peschel C, Duyster J. BCR-ABL gene mutations in relation to
clinical resistance of Philadelphia-chromosome-positive leukaemia to STI571: a prospec-
tive study. Lancet 2002; 359:487–491.

12. Baccarani M, Saglio G, Goldman J, et al. Evolving concepts in the management of chronic
myeloid leukemia. Recommendations from an expert panel on behalf of the European
Leukemianet. Blood 2006; 108:1809–1820.

13. Hughes T, Deininger M, Hochhaus, et al. Monitoring CML patients responding to treat-
ment with tyrosine kinase inhibitors: review and recommendations for harmonizing
current methodology for detecting BCR-ABL transcripts and kinase domain mutations
and for expressing results. Blood 2006; 108:28–37.

14. Simonsson B. Beneficial effects of cytogenetic and molecular response on longterm
outcome in patients with newly diagnosed chronic myeloid leukemia in chronic phase
(CML-CP) treated with imatinib (IM): update from the IRIS study. The IRIS study
group. Blood 2005; 106:52a.

15. Druker BJ, Sawyers CL, Kantarjian, et al. Activity of a specific inhibitor of the BCR-
ABL tyrosine kinase in the blast crisis of chronic myeloid leukemia and acute

Resistance to Imatinib 89



lymphoblastic leukemia with the Philadelphia chromosome. N Engl J Med 2001;
344:1038–1042.

16. Kantarjian HM, Cortes J, O’Brien S, et al. Imatinib mesylate (STI571) therapy for
Philadelphia chromosome-positive chronic myelogenous leukemia in blast phase.
Blood 2002; 99:3547–3553.

17. Kantarjian HM, O’Brien S, Cortes JE, et al. Treatment of philadelphia chromosome-
positive, accelerated-phase chronic myelogenous leukemia with imatinib mesylate.
Clin Cancer Res 2002; 8:2167–2176.

18. Ottmann OG, Druker BJ, Sawyers CL, et al. A phase 2 study of imatinib in patients with
relapsed or refractory Philadelphia chromosome-positive acute lymphoid leukemias.
Blood 2002; 100:1965–1971.

19. Hochhaus A, La Rosee P. Imatinib therapy in chronic myelogenous leukemia: strategies
to avoid and overcome resistance. Leukemia 2004; 18:1321–1331.

20. Young MA, Shah NP, Chao LH, et al. Structure of the kinase domain of an imatinib-
resistant Abl mutant in complex with the Aurora kinase inhibitor VX-680. Cancer Res
2006; 66:1007–1014.

21. von Bubnoff N, Veach DR, van der Kuip H, et al. A cell-based screen for resistance of
Bcr-Abl-positive leukemia identifies the mutation pattern for PD166326, an alternative
Abl kinase inhibitor. Blood 2005; 105:1652–1659.

22. Cools J, DeAngelo DJ, Gotlib J, et al. A tyrosine kinase created by fusion of the PDGFRA
and FIP1L1 genes as a therapeutic target of imatinib in idiopathic hypereosinophilic
syndrome. N Engl J Med 2003; 348:1201–1214.

23. von Bubnoff N, Sandherr M, Schlimok G, Andreesen R, Peschel C, Duyster J. Myeloid
blast crisis evolving during imatinib treatment of an FIP1L1-PDGFR alpha-positive
chronic myeloproliferative disease with prominent eosinophilia. Leukemia 2005;
19:286–287.

24. Chen LL, Trent JC, Wu EF, et al. A missense mutation in KIT kinase domain 1 correlates
with imatinib resistance in gastrointestinal stromal tumors. Cancer Res 2004;
64:5913–5919.

25. Tamborini E, Bonadiman L, Greco A, et al. A new mutation in the KIT ATP pocket causes
acquired resistance to imatinib in a gastrointestinal stromal tumor patient. Gastroenter-
ology 2004; 127:294–299.

26. Heidel F, Breitenbuecher F, Kindler T, et al. Mechanisms of resistance to the FLT3-
tyrosine kinase inhibitor PKC412 in patients with AML. Blood 2004; 104:133a.

27. Kobayashi S, Boggon TJ, Dayaram T, et al. EGFR mutation and resistance of non-small-
cell lung cancer to gefitinib. N Engl J Med 2005; 352:786–792.

28. Shih JY, Gow CH, and Yang PC. EGFR mutation conferring primary resistance to gefiti-
nib in non-small-cell lung cancer. N Engl J Med 2005; 353:207–208.

29. Hochhaus A. Cytogenetic and molecular mechanisms of resistance to imatinib.
SeminHematol 2003; 40:69–79.

30. Debiec-Rychter M, Cools J, Dumez H, et al. Mechanisms of resistance to imatinib mesy-
late in gastrointestinal stromal tumors and activity of the PKC412 inhibitor against
imatinib-resistant mutants. Gastroenterology 2005; 128:270–279.

31. Capdeville R, Buchdunger E, Zimmermann J, Matter A. Glivec (STI571, imatinib), a
rationally developed, targeted anticancer drug. Nat Rev Drug Discov 2002; 1:493–502.

32. Gambacorti-Passerini C, Barni R, le Coutre P, et al. Role of alpha1 acid glycoprotein in
the in vivo resistance of human BCR-ABL(þ) leukemic cells to the abl inhibitor
STI571. J Natl Cancer Inst 2000; 92:1641–1650.

33. le Coutre P, Kreuzer KA, Na IK, et al. Determination of alpha-1 acid glycoprotein in
patients with Phþ chronic myeloid leukemia during the first 13 weeks of therapy
with STI571. Blood Cells Mol Dis 2002; 28:75–85.

34. Jorgensen HG, Elliott MA, Allan EK, Carr CE, Holyoake TL, Smith KD. Alpha1-acid
glycoprotein expressed in the plasma of chronic myeloid leukemia patients does not
mediate significant in vitro resistance to STI571. Blood 2002; 99:713–715.

35. Fromm MF. Importance of P-glycoprotein at blood-tissue barriers. Trends Pharmacol Sci
2004; 25:423–429.

90 Duyster and von Bubnoff



36. Sparreboom A, Danesi R, Ando Y, Chan J, Figg WD. Pharmacogenomics of ABC trans-
porters and its role in cancer chemotherapy. Drug Resist Updat 2003; 6:71–84.

37. Lange T, Gunther C, Kohler T, et al. High levels of BAX, low levels of MRP-1, and high
platelets are independent predictors of response to imatinib in myeloid blast crisis of
CML. Blood 2003; 101:2152–2155.

38. Thomas J, Wang L, Clark RE, and Pirmohamed M. Active transport of imatinib into and
out of cells: implications for drug resistance. Blood 2004; 104:3739–3745.

39. Crossman LC, Druker BJ, Deininger MW, Pirmohamed M, Wang L, Clark RE. hOCT 1
and resistance to imatinib. Blood 2005; 106:1133–1134; author reply 1134.

40. Marktel S, Marin D, Foot N, et al. Chronic myeloid leukemia in chronic phase respond-
ing to imatinib: the occurrence of additional cytogenetic abnormalities predicts disease
progression. Haematologica 2003; 88:260–267.

41. Mitelman F. The cytogenetic scenario of chronic myeloid leukemia. Leuk Lymphoma 11
Suppl 1993; 1:11–15.

42. Cortes JE, Talpaz M, Giles F, et al. Prognostic significance of cytogenetic clonal evolution
in patients with chronic myelogenous leukemia on imatinib mesylate therapy. Blood
2003; 101:3794–3800.

43. Fioretos T, Strombeck B, Sandberg T, et al. Isochromosome 17q in blast crisis of chronic
myeloid leukemia and in other hematologic malignancies is the result of clustered
breakpoints in 17p11 and is not associated with coding TP53 mutations. Blood 1999;
94:225–232.

44. Schutte J, Opalka B, Becher R, et al. Analysis of the p53 gene in patients with isochromo-
some 17q and Ph1-positive or -negative myeloid leukemia. Leuk Res 1993; 17:533–539.

45. Jennings BA, Mills KI. c-myc locus amplification and the acquisition of trisomy 8 in the
evolution of chronic myeloid leukaemia. Leuk Res 1998; 22:899–903.

46. Virtaneva K, Wright FA, Tanner SM, et al. Expression profiling reveals fundamental
biological differences in acute myeloid leukemia with isolated trisomy 8 and normal
cytogenetics. Proc Natl Acad Sci USA 2001; 98:1124–1129.

47. Wendel HG, de Stanchina E, Cepero E, et al. Loss of p53 impedes the antileukemic
response to BCR-ABL inhibition. Proc Natl Acad Sci USA 2006; 103:7444–7449.

48. Yamamoto M, Kakihana K, Kurosu T, Murakami N, Miura O. Clonal evolution with
inv(11)(p15q22) and NUP98/DDX10 fusion gene in imatinib-resistant chronic myelogen-
ous leukemia. Cancer Genet Cytogenet 2005; 157:104–108.

49. Arai Y, Hosoda F, Kobayashi H, et al. The inv(11)(p15q22) chromosome translocation of
de novo and therapy-related myeloid malignancies results in fusion of the nucleoporin
gene, NUP98, with the putative RNA helicase gene, DDX10. Blood 1997; 89:3936–3944.

50. Donato NJ, Wu JY, Stapley J, et al. BCR-ABL independence and LYN kinase overexpres-
sion in chronic myelogenous leukemia cells selected for resistance to STI571. Blood 2003;
101:690–698.

51. Hughes TP, Kaeda J, Branford S, et al. Frequency of major molecular responses to
imatinib or interferon alfa plus cytarabine in newly diagnosed chronic myeloid leuke-
mia. N Engl J Med 2003; 349:1423–1432.

52. Peng B, Hayes M, Resta D, et al. Pharmacokinetics and pharmacodynamics of imatinib
in a phase I trial with chronic myeloid leukemia patients. J Clin Oncol 2004; 22:935–942.

53. Kantarjian HM, Talpaz M, O’Brien S, et al. Dose escalation of imatinib mesylate can
overcome resistance to standard-dose therapy in patients with chronic myelogenous
leukemia. Blood 2003; 101:473–475.

54. Zonder JA, Pemberton P, Brandt H, Mohamed AN, Schiffer CA. The effect of dose
increase of imatinib mesylate in patients with chronic or accelerated phase chronic
myelogenous leukemia with inadequate hematologic or cytogenetic response to initial
treatment. Clin Cancer Res 2003; 9:2092–2097.

55. O’Brien S, Tefferi A, Valent P. Chronic myelogenous leukemia and myeloproliferative
disease. Hematology (Am Soc Hematol Educ Program) 2004; 146–162.

56. Nicolini FE, Corm S, Le QH, et al. Mutation status and clinical outcome of 89 imatinib
mesylate-resistant chronic myelogenous leukemia patients: a retrospective analysis
from the French intergroup of CML (Fi(phi)-LMC GROUP). Leukemia 2006; 20:1061–
1066.

Resistance to Imatinib 91



57. Kantarjian H, Giles F, Wunderle L, et al. Nilotinib in imatinib-resistant CML and
Philadelphia chromosome-positive ALL. N Engl J Med 2006; 354:2542–2551.

58. Mestan J, Weisberg E, Cowan-Jacob SW, et al. AMN107: In vitro profile of a new inhibitor
of the tyrosine kinase activity of Bcr-Abl. Blood 2004; 104:546a.

59. Weisberg E, Manley PW, Breitenstein W, et al. Characterization of AMN107, a selective
inhibitor of native and mutant Bcr-Abl. Cancer Cell 2005; 7:129–141.

60. Lombardo LJ, Lee FY, Chen P, et al. Discovery of N-(2-Chloro-6-methyl- phenyl)-2-
(6-(4-(2-hydroxyethyl)-piperazin-1-yl)-2-methylpyrimidin-4-ylamino)thiazole-5-carbox-
amide (BMS-354825), a Dual Src/Abl Kinase Inhibitor with Potent Antitumor Activity in
Preclinical Assays. J Med Chem 2004; 47:6658–6661.

61. Tokarski JS, Newitt JA, Chang CY, et al. The structure of Dasatinib (BMS-354825) bound
to activated ABL kinase domain elucidates its inhibitory activity against imatinib-
resistant ABL mutants. Cancer Res 2006; 66:5790–5797.

62. Shah NP, Tran C, Lee FY, Chen P, Norris D, Sawyers CL. Overriding imatinib resistance
with a novel ABL kinase inhibitor. Science 2004; 305:399–401.

63. Talpaz M, Shah NP, Kantarjian H, et al. Dasatinib in imatinib-resistant Philadelphia
chromosome-positive leukemias. N Engl J Med 2006; 354:2531–2541.

64. Huron DR, Gorre ME, Kraker AJ, Sawyers CL, Rosen N, Moasser MM. A novel pyrido-
pyrimidine inhibitor of Abl kinase is a picomolar inhibitor of Bcr-abl-driven K562 cells
and is effective against STI571-resistant Bcr-abl mutants. ClinCancer Res 2003; 9:
1267–1273.

65. La Rosee P, Corbin AS, Stoffregen EP, Deininger MW, Druker BJ. Activity of the Bcr-Abl
kinase inhibitor PD180970 against clinically relevant Bcr-Abl isoforms that cause resist-
ance to imatinib mesylate (Gleevec, STI571). Cancer Res 2002; 62:7149–7153.

66. Nagar B, Bornmann WG, Pellicena P, et al. Crystal structures of the kinase domain of
c-Abl in complex with the small molecule inhibitors PD173955 and imatinib (STI-571).
Cancer Res 2002; 62:4236–4243.

67. von Bubnoff N, Veach DR, Miller WT, et al. Inhibition of wild-type and mutant bcr-abl
by pyrido-pyrimidine-type small molecule kinase inhibitors. Cancer Res 2003; 63:
6395–6404.

68. Wolff NC, Veach DR, Tong WP, Bornmann WG, Clarkson B, Ilaria RL. Jr. PD166326, a
novel tyrosine kinase inhibitor, has greater antileukemic activity than imatinib mesylate
in a murine model of chronic myeloid leukemia. Blood 2005; 105:3995–4003.

69. Golas JM, Arndt K, Etienne C, et al. SKI-606, a 4-anilino-3-quinolinecarbonitrile dual
inhibitor of Src and Abl kinases, is a potent antiproliferative agent against chronic
myelogenous leukemia cells in culture and causes regression of K562 xenografts in
nude mice. Cancer Res 2003; 63:375–381.

70. Kimura S, Naito H, Segawa H, et al. NS-187, a potent and selective dual Bcr-Abl/Lyn
tyrosine kinase inhibitor, is a novel agent for imatinib-resistant leukemia. Blood 2005;
106:3948–3954.

71. Gumireddy K, Baker SJ, Cosenza SC, et al. A non-ATP-competitive inhibitor of BCR-ABL
overrides imatinib resistance. Proc Natl Acad Sci U S A 2005; 102:1992–1997.

72. Adrian FJ, Ding Q, Sim T, et al. Allosteric inhibitors of Bcr-abl-dependent cell prolifer-
ation. Nat Chem Biol 2006; 2:95–102.

73. Carter TA, Wodicka LM, Shah NP, et al. Inhibition of drug-resistant mutants of ABL, KIT,
and EGF receptor kinases. Proc Natl Acad Sci USA 2005; 102:11011–11016.

74. Azam M, Latek RR, Daley GQ. Mechanisms of autoinhibition and STI-571/imatinib
resistance revealed by mutagenesis of BCR-ABL. Cell 2003; 112:831–843.

75. O’Hare T, Pollock R, Stoffregen EP, et al. Inhibition of wild-type and mutant Bcr-Abl by
AP23464, a potent ATP-based oncogenic protein kinase inhibitor: Implications for CML.
Blood 2004; 104:2532–2539.

76. Azam M, Nardi V, Shakespeare WC, et al. Activity of dual SRC-ABL inhibitors high-
lights the role of BCR/ABL kinase dynamics in drug resistance. Proc Natl Acad Sci
USA 2006; 103:9244–9249.

77. Bradeen HA, Eide CA, O’Hare T, et al. Comparison of imatinib, dasatinib (BMS-354825),
and nilotinib (AMN107) in an n-ethyl-n-nitrosourea (ENU)-based mutagenesis screen:
high efficacy of drug combinations. Blood 2006; 108:2332–2338.

92 Duyster and von Bubnoff



78. Burgess MR, Skaggs BJ, Shah NP, Lee FY, Sawyers CL. Comparative analysis of two clini-
cally active BCR-ABL kinase inhibitors reveals the role of conformation-specific binding
in resistance. Proc Natl Acad Sci USA 2005; 102:3395–3400.

79. von Bubnoff N, Manley PW, Mestan J, Sanger J, Peschel C, Duyster J. Bcr-Abl resistance
screening predicts a limited spectrum of point mutations to be associated with clinical
resistance to the Abl kinase inhibitor nilotinib (AMN107). Blood 2006; 108:1328–1333.

80. Holyoake T, Jiang X, Eaves C, Eaves A. Isolation of a highly quiescent subpopulation of
primitive leukemic cells in chronic myeloid leukemia. Blood 1999; 94:2056–2064.

81. Bhatia R, Holtz M, Niu N, et al. Persistence of malignant hematopoietic progenitors in
chronic myelogenous leukemia patients in complete cytogenetic remission following
imatinib mesylate treatment. Blood 2003; 101:4701–4707.

82. Graham SM, Jorgensen HG, Allan E, et al. Primitive, quiescent, Philadelphia-positive
stem cells from patients with chronic myeloid leukemia are insensitive to STI571 in
vitro. Blood 2002; 99:319–325.

83. Chu S, Xu H, Shah NP, et al. Detection of BCR-ABL kinase mutations in CD34þ cells from
chronic myelogenous leukemia patients in complete cytogenetic remission on imatinib
mesylate treatment. Blood 2005; 105:2093–2098.

84. Corbin AS, La Rosee P, Stoffregen EP, Druker BJ, Deininger MW. Several Bcr-Abl kinase
domain mutants associated with imatinib mesylate resistance remain sensitive to imati-
nib. Blood 2003; 101:4611–4614.

Resistance to Imatinib 93





B8 Immunotherapy of Chronic
Myeloid Leukemia

Monica Bocchia and Francesco Lauria
Department of Hematology, Siena University, Siena, Italy

INTRODUCTION

Imatinib has become standard therapy for all phases of chronic myeloid leukemia
(CML). However, data generated by monitoring several thousands of patients
worldwide suggest that although imatinib is highly active against the differentiated
mass of CML cells, it probably fails to eradicate all residual leukemia cells, even in
the best responders. This is supported by several lines of evidence: (i) despite
the fact that more than 80% of previously untreated patients achieve a complete
cytogenetic remission (CCgR), only a minority of patients remain durably negative
when tested by real-time quantitative polymerase chain reaction (RT-PCR) for
BCR-ABL transcripts (1); (ii) even patients treated with imatinib who achieve a com-
plete molecular response (CMolR) usually return to Philadelphia (Ph)-positivity if
the drug is stopped (2); and (iii) studies performed in vitro suggest that primitive
Ph-positive progenitors or stem cells are relatively insensitive to imatinib (3) and
the persistence of BCR-ABL-positive precursors in complete cytogenetic response
(CCyR) patients, despite continued imatinib therapy, has been recently documen-
ted (4). At least theoretically, any amount of residual disease under imatinib treat-
ment could provide the basis for the emergence of Ph-positive sub-clones bearing
mutations in the BCR-ABL kinase domain, which are associated with various
degrees of resistance to this agent (5). For all these reasons recent CML guidelines
recommend that alternative strategies should be considered in early chronic phase
(CP) patients with suboptimal response or failure to adequate imatinib (6). Less
straightforward is the management of residual “molecular” disease found in a
great majority of patients. At present, these patients usually continue to receive
standard doses of imatinib, and their response is monitored by RT-PCR and cytoge-
netics. Although we do not yet know the impact on survival of such minimal
residual disease (MRD) (7), it appears prudent to develop specific additional thera-
pies that could complete the excellent work of imatinib. The ultimate and ambitious
aim of a supplementary treatment would be the attainment of a “true cure” of CML
(eradication of all leukemia cells) instead of an “operational cure” (persistence of
minimal amount of leukemia cells), which may be achieved with imatinib alone.
One such strategy is to exploit the fact that CML is a disease known to be suscep-
tible to immune attack. The most striking proof of this is the fact that until now, a
“cure” (defined as continuous negativity for BCR-ABL by PCR) for CML patients
is probably achieved only by the graft-versus-leukemia (GvL) effect following allo-
geneic stem cell transplantation or donor lymphocytes infusion (8), although it
remains formally unproven that undetectability of BCR-ABL is equivalent to eradi-
cation of the malignant clone. Although the GvL effect is to a great extent due to
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major and minor HLA mismatches between donors and recipients, some exper-
imental data suggest that CML-specific donor T lymphocytes could be the key to
long-term control or even eradication of residual leukemia cells (9). Additionally,
the activity of interferon-a (IFN-a), a biological modifier widely used for CML in
the pre-imatinib era, could be partly due to an immune-mediated effect, and a poss-
ible role of this agent in the context of MRD surviving imatinib will be discussed.
CML offers a unique opportunity to test the efficacy and feasibility of immunother-
apeutic strategies, as currently most patients achieve very pronounced responses
furnishing an ideal situation for immunotherapy in a disease known to be respon-
sive in principle to immune attack. Immunotherapy approaches currently under
evaluation include active specific immunotherapies (vaccines) and nonspecific
immunotherapies [IFN-a, interleukin-2 (IL-2), granulocyte-macrophage colony
stimulating factor (GM-CSF), and other immunostimulators].

ACTIVE SPECIFIC IMMUNOTHERAPY: VACCINES

As a general concept a “therapeutic antitumor vaccine” refers to the subcutaneous
administration of a tumor-specific antigen with the intent to induce an active and
possibly long-lasting humoral and/or cellular immune response able to eliminate
tumor cells harboring the putative antigen. Many years of disappointing clinical
results with antitumor vaccines against different types of advanced solid tumors
has taught tumor immunologists that the best setting for effective immunotherapy
is the situation of MRD (10). In CML, like in other tumors, the ideal vaccine candi-
date would be an antigen expressed only in tumor cells, but common to all patients.
It should be highly immunogenic and should be essential for tumor cell survival,
and thus not susceptible to mutation or deletion. Several CML antigens have
been identified as potential targets for an anti-CML vaccine strategy (Fig. 1), and
different approaches at different stages of development are now under evaluation
for CML patients (Table 1).

True “Chronic Myeloid Leukemia-Specific” Antigen Vaccines
The BCR-ABL–derived p210 protein and particularly the alternative b3a2 or b2a2
peptide epitope at its fusion point is the most obvious CML-specific target, and
thus was first explored for a vaccine strategy. p210 is exclusive to the CML clone,
and the sequences of amino acids contained in the b3a2 and b2a2 junctional
regions represent unique tumor-specific determinants, which can be exploited for
an immunological attack against the tumor cell (11). Recent data support the
hypothesis that peptides binding HLA with moderate-to-high affinity are capable
of stimulating T-cells after natural processing and cell surface presentation within
the cleft of the appropriate HLA molecule. Within the p210 b3a2 breakpoint
sequence, five junctional peptides were found to be capable of binding to certain
HLA class I and class II molecules and were shown to elicit in vitro a specific
T-cell response both in normal donors (12) and in CML patients (13). After these
initial observations, p210 b3a2 breakpoint peptides have also been shown to
induce cytotoxic T cells (CTLs) and CD4þ cells able to induce cell death and to
inhibit proliferation of leukemia cells, respectively (14). Finally, the relevance of
these peptides as truly immunogenic tumor antigens has been confirmed by their
capability to be “endogenously” presented within class I and class II molecules
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of CML blasts and CML dendritic cells (DCs) (15,16). All these findings provided
powerful scientific support for a b3a2-breakpoint peptides vaccine approach.

“Native” BCR-ABL Breakpoint-Derived Vaccines
The first phase I/II vaccine trials employing a mixture of five or more b3a2-derived
peptides plus the immunological adjuvant QS-21 included CML patients in CP
during conventional treatment (17,18). These trials have documented for the first
time the capability of CML breakpoint peptides to elicit peptide-specific CD8þ
and CD4þ T cell responses in CML patients with a relatively large tumor burden.
However, despite some decrease in the proportion of Ph-positive metaphases
observed in some patients, a clear relationship between clinical responses and
vaccination could not be established in these studies.

As it is more likely that effective vaccination strategies will target patients
with MRD, a similar phase II b3a2-derived peptide vaccine multicenter trial was
conducted at the Department of Hematology in Siena, Italy, and included patients
with b3a2-positive CML, proper HLA restriction, and a major or complete cytoge-
netic response to imatinib or IFN-a (19). The vaccine (CMLVAX100) consisted of
five b3a2 breakpoint-derived peptides plus QS-21. To increase peptide immuno-
genicity and possibly antitumor effect, low doses of GM-CSF as co-immunoadju-
vant were also included. Sixteen CML patients with stable cytogenetic or
molecular residual disease for at least six months on treatment with imatinib or
IFN-a were vaccinated. After six planned vaccinations of 10 patients on imatinib,
all 10 patients improved their responses. In particular, five of nine patients with
cytogenetic disease before the vaccination reached CCyR and 4/9 reduced the
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FIGURE 1 Tumor-associated antigens that are now under evaluation for vaccine therapy in chronic
myeloid leukemia (CML) (bcr–abl-derived P210; myeloblastin (PR-3), Wilm’s Tumor protein (WT-1);
Heat shock proteins. In CML cells, peptides derived by these antigens may be presented on the cell
surface both through the MHC class I and class II pathway, thus inducing both CD8þ and CD4þ T
cell antitumor response. Abbreviations: CML, chronic myeloid leukemia; MHC, major
histocompatibility complex; TCR, T cell receptor; HSP, heat shock protein.
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percentage of residual Ph-positive cells. Furthermore, 3/5 patients that reached
CCyR achieved molecular negativity. One imatinib patient vaccinated while in
CCyR experienced a half-log reduction of his residual disease. Of six patients on
IFN-alpha, all but one had a further reduction of residual disease, with two reach-
ing CCyR. The clinical responses were associated with a peptide-specific immune
response. After six vaccinations, peptide-specific delayed type hypersensitivity
(DTH) skin reactions were seen in 10/16 patients, and a peptide-specific CD4þ T
cell proliferation in vitro was measured in 13/14 patients studied. The predominant
immunological effect produced by the vaccine appeared to be mediated by a 25
amino acid peptide, which contains several epitopes for different HLA class II mol-
ecules, some of which were newly identified along the study. Much less evident was
the immunological effect of the short peptides included in the vaccine, as only few
peptide-specific CTLs were documented. The lack of a CTL response may be a con-
sequence of the low affinity of binding of the short CML peptides to proper HLA
molecules, or simply due to the use of in vitro assays not sensitive enough to
detect a weak but relevant cytotoxic response. The great majority of the patients
experienced no toxicity to this vaccine other than mild local pain and redness
and itching at the site of vaccination. No systemic adverse events and no severe
adverse events have been recorded (19). At present, a total of 25 b3a2-CML patients
with various degrees of cytogenetically and/or molecularly defined MRD persist-
ing after a median time of two years of imatinib treatment have entered this trial.
A further reduction of MRD (including some CMR) after vaccinations has been
observed in about 65% of this extended series of patients. The updated results of
23/25 evaluable patients are summarized in Table 2. However, the overall clinical
benefit of inducing a long lasting peptide-specific immune response in imatinib
treated patients has yet to be demonstrated. Only a randomized phase III trial,
planned in the near future, will define the role of this vaccine approach in prevent-
ing disease recurrence.

TABLE 2 Disease Response after Vaccinations with CMLVAX100 plus QS-21 and Granulocyte-
Macrophage Colony Stimulating Factor: Updated Results of the Phase II Clinical Trial

Disease status
at enrollment
(time 0)

Response after
six CMLVAX100

(3 mo)

Response after
three additional
boosts (18 mo)

Response after
six additional

boosts (32 mo)

23 patients 11 patients 6 patients

Major/minor
cytogenetic
response

10 6 CCyRa (4 CMRb)
2 improved
2 stable disease

8 5 CCyR
2 maintaining CMolR
1 improved

6 1 CCyR
1 .1 log improved
3 CMolR
1 relapse (never CMolR)

Complete
cytogenetic
response

10 7.1 log improved
(2 CMolR)

3 stable disease

3 1 improved (CMolR)
1 maintaining CMolR
1 CCyR

—

Hematologic
response

3 3 no response — —

Note: At enrollment, the median time of imatinib treatment and the median time of established residual disease
were 24 months (range, 12–50) and 12 months (range, 6–33), respectively.
aComplete cytogenetic response defined as absence of t(9;22)(q34;q21) in at least 30 metaphases.
bComplete molecular response defined as: BCR-ABL transcript undetectable by nested RT-PCR or BCR-ABL/Abl
ratio ,0.001 or BCR-ABL/b2 microglobulin ratio ,0.00001).
Abbreviations: CCyR, complete cytogenetic response; CMolR, complete molecular response.
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In the initial studies no peptide sequence suitable for a similar vaccine strat-
egy was found across the b2a2 fusion point, the alternative p210 breakpoint that is
found in about 40% of CML patients. Only recently, some peptide sequences
encompassing the b2a2 breakpoint were found capable of binding to certain HLA
class II molecules and to elicit an immune response in vitro (20). Hence, a similar
immunotherapeutic approach employing a 25-mer b2a2-derived peptide and
GM-CSF as adjuvant for b2a2 CML patients with persisting MRD on imatinib
treatment is now under investigation.

Synthetic (Heteroclitic) bcr-abl–Derived Peptide Vaccines
As previously discussed, “native” amino acid sequences reliably elicit bcr-abl
peptide-specific CD4þ immune responses while cytotoxic CD8þ responses are
weak and rarely observed, probably due to low binding affinity of the natural
CML peptides to HLA class I molecules. Although a role of CD4þ cells as direct
mediators of an antitumor effect has recently been suggested (21), it is a generally
held belief that cytotoxic T-cell responses are required to induce reproducible anti-
leukemic activity. One strategy to overcome the poor immunogenicity of BCR-ABL
peptides to cytotoxic CD8 cells is to design synthetic analogous peptides that may
be more immunogenic (22). Such peptide analogues could generate an immune
response that not only recognizes the immunizing epitopes, but also cross-reacts
with the original native peptides; this is known as a heteroclitic response. In this
context, a pilot study was initiated at Memorial Sloan Kettering Cancer Center to
determine whether heteroclitic peptides analogous to HLA A0201 binding bcr-abl
sequences could stimulate an immune response to the native HLA A0201 bcr-abl
sequence in CML patients with a response to imatinib therapy. Peptides were
mixed with Montanide adjuvant, and GM-CSF was used as additional stimulant.
Immune responses were measured after five biweekly vaccinations. So far
this study included 11 CML patients with MRD on imatinib. Preliminary data
show that in 8/8 patients tested vaccination induced an immunologic response to
the analogous peptides as well as to the native peptides, and in 5/11 patients a
reduction of MRD levels was also observed (23).

Shared Tumor Antigen Peptide Vaccines
Another active-specific immunotherapy with potential antitumor effect in CML
relies on the use of intracellular proteins other than p210. In fact a number of self pro-
teins are aberrantly overexpressed in CML and other tumor cells while being
expressed at low levels in normal lineages and thus may function as targets for
directed immunotherapy of residual disease. As in the case of p210, despite the
intracellular location of these proteins, short peptides produced by their cellular pro-
cessing can be presented on the cell surface within the cleft of HLA molecules and
in this form they can be recognized by T cells. Several peptide vaccines derived
from such proteins have reached the stage of clinical development in CML patients.

Proteinase-3-Derived Peptide Vaccines
Proteinase-3 (PR3) or myeloblastin is a 26-kd neutral serine protease normally
expressed in hematopoietic tissues and highly expressed in myeloid haematologi-
cal malignancies. PR1, an HLA-A2.1-restricted nonamer peptide derived from PR3,
has been identified as a tumor-specific antigen in myeloid leukemia. Cytotoxic T
lymphocytes recognizing PR1 that are capable of lysing fresh leukemia cells have
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been detected in CML patients and have been implicated in the clearance of malig-
nant cells in patients treated with IFN-a or stem cell transplantation (SCT) (24). Vac-
cinations of PR1 peptide in Montanide were administered subcutaneously every
three weeks for a total of three doses to 10 CML patients not responding to treat-
ment or with relapsed disease (25). Preliminary reports indicate that a significant
increase in PR1 CTLs was evident in about 60% of vaccinated patients. Clinical
responses included one CCyR and stable disease with some hematologic improve-
ment in three cases. Responses were correlated with the induction of PR1-specific
CTLs with a central memory (CCR7þ) phenotype, indicative of a self-renewing
population (26). However, there is good evidence that imatinib therapy down-regu-
lates PR3 expression in CML cells and this could potentially reduce the antitumor
activity of this approach (27). In fact, especially in the context of MRD persisting on
prolonged treatment with imatinib, leukemic cells may harbor only minimal
amounts of PR3 that are insufficient for proper PR1 peptide HLA presentation. Con-
sequently, PR1-specific CTLs induced with the vaccinations may be unable to recog-
nize and clear residual cells due to an inadequate number of PR-1–HLA complexes
on the cell surface. One way to circumvent this problem could be to stop imatinib
treatment temporarily after immunization with PR-1 vaccine in order to “restore”
the PR3 content of the residual CML cells and allow their recognition and elimin-
ation by PR-1 specific CTLs.

Wilm’s Tumor Protein-Derived Peptide Vaccines
Another candidate for a peptide vaccine approach in CML is the Wilm’s tumor
protein (WT-1)—a self protein overexpressed in most human leukemias, including
CML and some solid tumors, but rarely present in normal cells (28). Recent studies
have identified WT-1-specific CTLs in CML patients (29). Importantly, in vitro
models have demonstrated that WT-1-specific CTLs deplete leukemic but not
normal CD34þ stem cells (30) suggesting that they may be effective in eradicating
the quiescent stem cells present in MRD. Additionally, intravenous injection of
human T cells transduced with a WT-1 T-cell receptor into NOD/SCID mice
harbouring human leukemia cells resulted in leukemia elimination (31).

Promising clinical results were observed in patients with acute myeloid
leukemias and myelodysplastic syndromes after vaccinations with WT-1-derived
peptides and Montanide ISA51 or GM-CSF as adjuvants (32). A significant corre-
lation was observed between an increase in the frequencies of WT1-specific
CTLs after WT1 vaccination and clinical responses (32). However, similar peptide
vaccination studies have not yet been published in CML patients with MRD.

Chronic Myeloid Leukemia Cell-Derived Multi-Antigen Vaccines
Heat Shock Protein Vaccines
Heat shock proteins (HSPs) are ubiquitous protective intracellular molecules
induced by cellular stress, which act as chaperones for peptides. HSPs isolated
from tumor cells carry an array of tumor-specific peptides capable of inducing
immune responses. In fact, purified HSP–peptide complexes have been demon-
strated to activate CD8þ and CD4þ lymphocytes to induce innate immune
responses, including natural killer (NK) cell activation, cytokine secretion, and
induce maturation of DCs (33). In a phase I trial, vaccinations with patient-specific
autologous leukocyte-derived HSP70 peptide complexes were given to 20 CML
patients who had cytogenetic or molecular evidence of disease despite ongoing
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treatment with imatinib (34). In each patient entering this study, HSP70 was puri-
fied from the leukapheresed peripheral blood mononuclear cells and administered
in eight-week intervals as intradermal injections without immunological
adjuvant. The vaccine produced no adverse effects and was associated with a
reduction in Ph-positive cells and/or BCR-ABL expression in 13/20 patients. Immu-
nologic responses, measured as increased IFN-g expression in T cells against
pre-vaccination leukocyte targets, were observed in 9/16 patients analyzed (34).
A significant correlation between clinical responses and immunologic responses
was observed. Phase II clinical trials are currently underway.

Other Vaccine Candidates
Although not yet tested in clinical trials, several other molecules that are either
CML-specific or preferentially expressed by CML cells are under evaluation as
potential targets for immunotherapy. These include CML66 and CML28 tumor-
associated antigens found both in leukemias and in a variety of solid tumor cell
lines, but not in normal hematopoietic tissue (35). Other potential immunothera-
peutic targets in CML are survivin, an antiapoptotic molecule up-regulated in
CML cells (36), telomerase, thought to be involved in disease progression and
potentially linked to imatinib resistance (37), and RHAMM/CD168 expressed in
about 83% of CML cells and able to mediate a specific T cell response in CML
patients (38).

Cell-Based Vaccines
An additional approach of inducing a CML-specific immune attack against MRD
exploits the capacity of DCs to efficiently process and present antigens, which
leads to effective sensitization of naı̈ve T lymphocytes (39). Human DCs can be
obtained from CD34þ bone marrow cells and from human peripheral monocytes
in the presence of cytokine combinations. As the majority of CML DCs carry
t(9;22), the immune response induced by an “unprimed DCs”-based vaccine
approach relies on presentation of leukemic antigens inherently expressed by the
leukemic DC. Autologous BCR-ABL-positive DCs have been safely used for vacci-
nations in CP patients with an insufficient response to imatinib and have been
shown to induce CML-specific T-cell responses in association with a decrease in
tumor cell burden/circulating BCR-ABL-positive cells (40). The feasibility of this
patient-specific vaccine approach in the setting of MRD after imatinib needs
further evaluation, as imatinib treatment dramatically reduces Ph-positive DCs
and it could be difficult to generate an adequate amount for vaccination. Addition-
ally, the immunologic efficiency may be reduced if imatinib adversely affected DC
function (41,42). An alternative approach is to generate more efficient targeted
immune responses by loading (or “priming”) Ph-positive or Ph-negative DCs
with tumor-specific antigens (i.e., BCR-ABL, PR3 or WT-1 derived peptides, and
HSPs or autologous tumor lysates). In this setting, peptide-specific immune
responses, but no clinical improvement, were observed in three patients vaccinated
with b3a2 fusion peptide-primed DCs (43). A different cell-based vaccine approach
is underway in a pilot clinical trial in which irradiated K562 cells genetically
modified to secrete GM-CSF (K562/GM-CSF) are administered subcutaneously to
CML patients undergoing therapy with imatinib (44).
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NONSPECIFIC IMMUNOTHERAPY
Interferon-a
IFN-a has been a standard therapy for CP CML for nearly two decades. The intro-
duction of imatinib has replaced its role as first line agent, but IFN-a could play a
key role in modulating a nonspecific immune-mediated effect toward MRD persist-
ing during imatinib therapy. Several immunologic effects of IFN-a have been docu-
mented, including increased expression of adhesion molecules, and enhanced
antigen presentation and generation of highly active monocyte-derived DCs (45).
Nevertheless, it is still unclear as to which effect is precisely responsible for its antil-
eukemic activity. Recently, the presence of PR3-specific CTLs has been documented
in IFN-a-treated patients, but not in imatinib-treated patients. This suggests that
IFN-a may enhance the induction of “natural” anti-PR3 CTLs, thus modulating a
direct immune-mediated antitumor effect against CML cells (27). Indirect evidence
of an underlying immune control of leukemic cells mediated by IFN-a is the fact
that some patients maintain CCyR without recurrence of disease for many years
after discontinuation of the drug despite persistence of molecular MRD (46).
Furthermore, it has recently been observed that 4/7 patients previously exposed
to IFN-a maintained CMR for 8 to 13 months after discontinuation of imatinib
(47). All these premises provide a novel rationale for employing low doses of
IFN-a as promoter of an innate antileukemic immune response both in patients
with MRD persisting during imatinib treatment as well as in those patients who
have to or wish to stop imatinib after achieving low levels of residual disease.

Interleukin-2
The T-cell growth factor IL-2 can induce both tumor-specific CTLs and memory T
cell proliferation that may help in maintaining CTLs mediated antitumor activity
over time. Before the advent of imatinib, low dose IL-2 had been used as a
therapy for advanced CML with little clinical benefit (48). Today, IL-2 could play
a renovated role in boosting and maintaining immune responses induced by
CML-specific immunotherapies, once imatinib has established a state of MRD.

Granulocyte-Macrophage Colony Stimulating Factor
Subcutaneous low dose GM-CSF is capable of recruiting and enhancing the activity
of local antigen presenting cells, and this myeloid growth factor has been employed
as an immunological adjuvant for antitumor vaccination in CML (19). GM-CSF may
also improve the activity of IFN-a as primary therapy for CML (49), and a recent
randomized study has explored the combination of GM-CSF and IFN-a in addition
to high doses of imatinib as front line treatment for CML patients (50). The GM-CSF
plus IFN-a arm of this study appeared to have a trend for improved CCyR and
MMR rates at 12 months over the IFN-a only arm, although longer follow-up is
required. Overall these data suggest that GM-CSF may enhance the activity
of IFN-a against CML cells by boosting nonspecific antitumor immune effects.
GM-CSF should also be evaluated in the context of MRD persisting on imatinib
treatment.

PERSPECTIVES

As of now there are several immunotherapeutic strategies that could be proposed to
a CML patient with MRD during standard imatinib treatment. From a practical
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point of view, the ideal candidate for an immune approach should meet several
requirements: first, it should be an agent that specifically and effectively targets
only residual leukemia cells; secondly, it should be well tolerated; and thirdly, it
should be one single agent for all patients, preferably not too expensive and too
laborious to produce and with an immune activity easy to monitor. On the basis
of these considerations, BCR-ABL-based peptide vaccination appears to be a
widely feasible strategy, with convincing immunologic data and with promising
clinical effects. Similarly, PR3- and WT-1-based peptide vaccines appear to be prac-
ticable approaches, but clinical data especially in the context of MRD are still very
limited. In contrast, strategies based on the preparation of a specific vaccine for each
single patient (i.e., HSP vaccine and DC-based vaccines) while promising in terms
of potential immunologic and clinical benefit may be less feasible due to the more
difficult logistics of vaccine production. For example, in cases of HSPs-based
vaccines, there may be a limited availability of vaccine due to a suboptimal HSPs
yield from the leukapheresis performed at diagnosis. Likewise, the preparation
of a vaccine with Ph-positive DCs may be difficult when the CML burden is low
due to imatinib treatment, whereas on the other hand the isolation of Ph-positive
DCs at diagnosis could result in cells with less immunogenic activity (42). Of the
nonspecific immunotherapeutic approaches, low doses of IFN-a may be most effec-
tive for residual disease and should be considered for MRD-positive CML patients.

CONCLUSION

The outcome of patients with CML has improved enormously since the introduc-
tion of imatinib. Despite this it appears that in most of even the best responders
imatinib fails to eradicate all leukemia cells, a situation sometimes referred to as
“functional cure.” It is conceivable that more potent tyrosine kinase inhibitors,
such as nilotinib and dasatinib, may have a more profound effect on leukemic
stem cells. However, in vitro data show that dasatinib at least is not capable of
killing quiescent cells, suggesting that the situation may not fundamentally differ
from imatinib, with the majority of patients remaining MRD-positive. Although
the impact on survival from such residual disease remains to be determined with
longer follow-up, a continued search is warranted for alternative approaches
aimed at eradicating the disease. Preliminary clinical data as well as pre-clinical
studies suggest that CML-specific immunotherapy and particularly CML-specific
vaccines may represent an attractive tool to achieve this ambitious goal.
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CML Therapy?
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INTRODUCTION

The success of imatinib mesylate demonstrates the value of rational drug design
based on detailed knowledge of a molecular target. However, the dangers of
relying on sustained monotherapy against a single, precisely defined target are
clearly illustrated by the substantial number of chronic myeloid leukemia (CML)
patients who have now developed clinical resistance to imatinib. In this review,
we will consider alternatives to Bcr-Abl tyrosine kinase inhibitors (TKI) and to
immunotherapy in CML. Some of these targets are to be found in signaling path-
ways downstream of Bcr-Abl, such as the Ras-Raf-MAPK and PI-3K-Akt-mTOR
pathways, which undergo abnormal and sustained signaling in BCR-ABL trans-
formed cells. Other inhibitors act on targets, such as histone deacetylase and
DNA methyltransferase, where no direct link with Bcr-Abl has been established.
A minority of the inhibitors described in this review, including arsenic trioxide
and perhaps, adaphostin, have no clearly defined target or exert their antileukemic
effect via multiple mechanisms. In many, but not all, cases these compounds have
demonstrated favorable interactions when combined with imatinib in the in vitro
assays. For these agents, further to in vitro, in vivo and clinical studies are war-
ranted, particularly where activity against imatinib resistant cells has been
demonstrated.

HEAT-SHOCK PROTEIN 90 INHIBITORS

Heat-shock protein 90 (Hsp90) has recently emerged as an attractive molecular
target for the therapy of CML. Hsp90 functions as a molecular chaperone which
interacts with “client” proteins including Raf, Akt, FLT-3, and Bcr-Abl (1). Inter-
action with Hsp90 is essential for maintaining the client proteins in a stable and
functional conformation and requires binding of adenosine triphosphate (ATP) to
the hydrophobic N-terminal pocket of Hsp90. Benzoquinone ansamycins such as
geldanamycin and its less toxic derivative, 17-allylamino-17-demethoxygeldana-
mycin (17-AAG) (both from the National Cancer Institute, Bethesda, Maryland,
U.S.A.) bind to the ATP-binding pocket of Hsp90, thereby inhibiting its ability to
function as a chaperone(2). The moment the interaction between Hsp90 and its
client protein has been disrupted, another chaperone, heat-shock protein 70
(Hsp70), is recruited. Hsp70 has the opposite function to Hsp90 and the interaction
of this chaperone with the client protein leading to its polyubiquitinylation and
degradation by the 26S proteasome(1). In vitro treatment of CML cell lines with
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geldanamycin and 17-AAG leads to the down regulation of p210Bcr-Abl protein and
induces cell death by apoptosis(3,4).

Geldanamycin and 17-AAG were also found to inhibit the growth of murine
cell lines transformed with BCR-ABL, containing the Abl-kinase domain mutations
T315I and E255K(5). A more potent inhibitory effect was noted for the cell lines
expressing mutant BCR-ABL proteins than for cell lines bearing the wild-type
protein (5). Unfortunately, monotherapy with 17-AAG may be less effective in
patients who develop resistance to imatinib due to the selection of clones, which
overexpress BCR-ABL [currently estimated to be 13% of imatinib-resistant patients
(6)]. Radujkovic et al. (7) have recently reported cross resistance for BCR-ABL over-
expressing imatinib-resistant CML cell lines. Combination therapy with imatinib
and 17-AAG may benefit these patients, however, as the same group found that
combining these drugs led to synergistic inhibition of growth and induction of
apoptosis in the cross resistant cell lines. Curiously, in vitro treatment of the imati-
nib-sensitive counterparts of the resistant cell lines resulted in antagonistic or, at
best, additive effects. Radujkovic et al. also showed that 17-AAG, additionally,
targets the P-glycoprotein (Pgp) multidrug resistance pump and may therefore
be inhibiting imatinib efflux. Overexpression of Pgp contributed to the imatinib-
resistance of one of the cell lines studied, LAMA84-R and 17-AAG induced a
profound inhibition of Pgp activity as assayed by Rhodamine-123 efflux (7).
These findings remain to be confirmed in other CML cell lines and in primary
cells from leukemia patients. The combination of 17-AAG with a cinnamic hydro-
xyamic acid histone deacetylase inhibitor, LBH589, was found to induce synergistic
apoptosis in a human CML cell line (1). This combination was also found to be effec-
tive at inducing of apoptosis in imatinib-resistant primary CML blast crisis (BC)
cells and in a human cell line, which had been transformed with BCR-ABL contain-
ing the T315I mutation in its kinase domain (1). In addition, the combination of
histone deacetylase inhibitors, suberanoylanilide hydroxamic acid (SAHA), and
sodium butyrate with 17-AAG resulted in synergistic apoptosis and mitochondrial
dysfunction in CML cell lines and CD34þ cells, obtained from three CML patients
(8). Clinical evaluation of 17-AAG is currently under way and a phase I trial
involving 30 patients with advanced malignancies (all solid tumors) has been
completed (9). This study established that a maximum dose of 450 mg/m2/week
was tolerable and phase II trials at this dose have been recommended (9).

ADAPHOSTIN: TYROSINE KINASE INHIBITOR OR NON-TYROSINE
KINASE INHIBITOR?

Adaphostin (NSC 680410, National Cancer Institute, Bethesda, Maryland, U.S.A.) is
the adamanyl ester of the tyrphostin, AG957 (10). Tyrphostins are a group of struc-
turally diverse compounds that were synthesized and evaluated as potential inhibi-
tors of tyrosine kinases. AG957 was identified as a non-ATP inhibitor of p210Bcr-Abl

(11), which interfered with the binding of protein substrates to this tyrosine kinase.
Several lines of evidence suggest that, currently, adaphostin should be considered
as a “non-TKI” agent. Although AG957 has been reported as being a potent inhibi-
tor of the tyrosine kinase activity of Bcr-Abl, adaphostin is less potent in this respect
(10). Furthermore, although adaphostin induced rapid apoptosis in K562 cells, its
effect upon tyrosine phosphorylation was gradual with detectable phosphorylated
species persisting for at least six hours (12). In contrast, imatinib treatment of the
same cell line abrogated phosphorylation within an hour but led to a much
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slower induction of apoptosis (12). Clearly, the cytotoxic action of adaphostin on
CML cells is mediated via a mechanism distinct from that of imatinib. Significantly,
adaphostin has also been reported to induce cell death in human cell lines that do
not express Bcr-Abl including Jurkat (T-cell acute lymphoblastic leukemia cells),
HL-60 (promyelocytic leukemia cells), and ML-1 (acute myeloid leukemia cells)
(11). These findings indicate that the pro-apoptotic activity of adaphostin cannot
be solely due to an effect upon Bcr-Abl. Curiously, adaphostin does not exhibit
selectivity for murine cell lines transformed with BCR-ABL, but it does cause a
selective inhibition in the growth of CML granulocyte colony forming units
(CFU-G), relative to normal progenitors (12).

Several groups have reported that in vitro treatment of cells with adaphostin
results in a rapid (within eight hours) down regulation of p210Bcr-Abl protein (10–
13). In addition, adaphostin treatment leads to a rapid rise in intracellular reactive
oxygen species (ROS) in both Bcr-Abl expressing and nonexpressing cells (11,13).
Pretreatment of cells with antioxidants diminishes the cytoxicity of adaphostin
but has no effect upon the down regulation of Bcr-Abl protein indicating that this
phenomenon precedes or parallels the generation of ROS (11,13). The down regu-
lation of Bcr-Abl protein by adaphostin was similarly unaffected by proteasome
inhibitors and an inhibitor of protein translation, cycloheximide (11). Decreased
levels of p210Bcr-Abl protein have also been reported for cells treated with AG957
(10,14) and this has been attributed to the drug, causing covalent crosslinks
between Bcr-Abl and its substrate proteins, Grb2 and Shc (14). It has been suggested
that the p210Bcr-Abl band is lost from immunoblots as Bcr-Abl is “shifted” to higher
molecular weight complexes (14).

The mechanism underlying the apparent selectivity of adaphostin for
primary CML cells remains elusive. It has been postulated that since Bcr-Abl
overexpression leads to the production of ROS in haematopoietic cells (15), ada-
phostin may be inducing cytotoxicity in CML cells by further stimulating ROS,
leading to intolerable oxidative stress (13). Regardless of its mode of action, ada-
phostin is considered a promising therapeutic agent in CML and may be of particu-
lar benefit to patients who develop resistance to imatinib. Imatinib-resistant cells do
not exhibit cross resistance to adaphostin (12,13) and the combination of the two
drugs induces greater cell death than when the two drugs are induced as single
compounds (12). Recently, murine cell lines transfected with BCR-ABL containing
Abl-kinase domain mutations, including the T315I mutation, were shown to be sen-
sitive to adaphostin (13). Intriguingly, Phþ leukemia samples obtained from
patients who had developed resistance to imatinib were found to be more sensitive
to adaphostin than the samples obtained from patients who had never received
imatinib (13). Synergistic induction of apoptosis by the combination of adaphostin
and bortezomib has recently been reported in an in vitro study, involving murine
cell lines transformed with BCR-ABL, containing Abl-kinase domain mutations
(E255K, T315I, M351T) (16). All of the mutants were susceptible to this combination.
At the time of writing, Spring 2006, adaphostin was still undergoing preclinical
evaluation at the National Cancer Institute, Bethesda, Maryland, U.S.A. (13).

TARGETING PATHWAYS DOWNSTREAM OF BCR-ABL
Ras-Mitogen-Activated Protein Kinase Signaling
A wealth of biochemical and genetic evidence indicates that Ras-signaling has a key
role in the leukemic transformation initiated by Bcr-Abl. Ras proteins are 21 kDa
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guanine-nucleotide binding proteins (G-proteins) encoded by the H-, K-, and
N-RAS genes (17). In normal, untransformed cells, Ras proteins function as molecu-
lar switches that cycle between an inactive and an active state, in response to which-
ever of the guanine nucleotides, guanosine diphosphate (GDP), or guanosine
triphosphate (GTP), occupy their binding site. Inactive Ras contains GDP and
becomes activated when this is exchanged for GTP. Activated Ras binds to Raf-1,
a serine-threonine kinase, which initiates the mitogen-activated protein kinase
(MAPK) cascade. MAPK signaling is mitogenic as the terminal kinases in this
pathway activate transcription factors that promote the transcription of genes,
involved in cell division.

In CML, oncogenic Ras-signaling is stimulated by Bcr-Abl via intermediate
“adapter proteins.” Autophosphorylation of the tyrosine 177 residue on Bcr-Abl
creates a binding site for one of these adapter proteins, Grb2. The bound Grb2
then associates with another adapter molecule, the “son of sevenless” (SoS)
protein to form a complex, which activates Ras by functioning as a guanine nucleo-
tide exchange factor facilitating the exchange of GTP for GDP. In addition, Ras may
be activated by two other known substrates of BCR-ABL, which function as adapter
proteins, Shc and CrkL.

FARNESYL TRANSFERASE AND GERANYLGERANYL
TRANSFERASE INHIBITORS

To function correctly, Ras must be anchored to the plasma membrane. This is
achieved by a posttranslational modification of Ras, which is catalysed by the
enzyme farnesyl transferase (FT). FT activity leads to the covalent attachment of
a 15-carbon isoprenoid group to the C-terminus of Ras, which serves to “tether”
the G-protein to the membrane. Prenylation is essential and unprenylated Ras is
non functional. Rational drug design has yielded farnesyl transferase inhibitors
(FTI), which interfere with the FT activity required for the prenylation of Ras
(18). With regard to the treatment of CML, two FTIs in particular, tipifarnib (for-
merly R115777; Johnson & Johnson Pharmaceutical Research and Development,
Titusville, New Jersey, U.S.A.) and lonafarnib (formerly SCH66336; Schering-
Plough, Kenilworth, New Jersey, U.S.A.) have demonstrated potential as antileu-
kemic agents.

Tipifarnib has been the subject of phase I (17) and phase II (19) clinical
trials. The former was conducted in a cohort of 35 patients with acute and
poor-risk leukemias (17). Included within this cohort were three CML-BC patients
of whom one was Ph-negative. Tipifarnib was administered orally according to a
dose-escalation scheme from 100 mg to 1200 mg twice daily for 21 days. Whereas
the Ph-negative patient failed to respond to the treatment, the remaining two
CML patients achieved partial hematological responses with reduced peripheral
white blood cell counts, normalization of platelet counts, and decreased
numbers of blasts in bone marrow and peripheral blood. In contrast to the Ph-
negative patient, who died within six months, both of these individuals were
alive 14 and 11 months after receiving tipifarnib. Although the surviving patients
were both Ph-positive (with complex cytogenetic re-arrangements), the presence
of the Ph chromosome, per se, is not predictive of a favorable response to tipifar-
nib since three other patients in this trial had Ph-positive adult acute lymphoblas-
tic leukemia (ALL) and failed to achieve a hematological response. Reproducible
inhibition of farnesyl transferase activity could be demonstrated by a twice-daily
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dose of 600 mg of tipifarnib. When a 1200 mg dose was introduced twice daily,
central nervous system toxicity was observed and was considered to be
dose limiting.

A phase II trial of tipifarnib involved 22 patients with CML, eight with mye-
lofibrosis and ten with multiple myeloma (19). Tipifarnib was administered orally
at 600 mg twice daily for four weeks, every six weeks. The results were somewhat
disappointing as the drug was found to have only modest activity, inducing com-
plete or partial hematological responses in seven (32%) of the CML patients.
Minor cytogenetic responses were also achieved by four of these seven patients.
Responses were not sustained and the median duration was only nine weeks. Of
the seven CML patients who achieved a response, six were in chronic phase (CP)
and one was in accelerated phase (AP). In contrast to the phase I trial, none of
the six (27%) BC patients, who entered in this phase II trial, responded to tipifarnib.
A correlation was noted between favorable responses to tipifarnib and a reduction
in plasma levels of vascular endothelial growth factor (VEGF), a mediator of angio-
genesis. This finding may indicate a role for VEGF in the pathogenesis or pro-
gression of CML, but further studies will be required to determine whether the
antileukemic activity of tipifarnib is mediated via an inhibitory effect upon this
cytokine (19).

Lonafarnib is the other FTI to show promise as an antileukemic agent.
This compound has been shown to be a potent and selective inhibitor of the
growth of primary cells from CML patients (18). In contrast, the growth of
bone marrow cells from healthy individuals, as assessed in the same in vitro
assay, was only modestly inhibited by lonafarnib at a dose that was ten-fold
higher than that which completely inhibited the growth of the CML cells. Further-
more, lonafarnib demonstrated efficacy against Bcr-Abl-induced acute leukemia
in a murine model of CML-BC (18). There were initial hopes that lonafarnib
might prove useful for treating CML patients who had become refractory to treat-
ment with imatinib. In an in vitro study, lonafarnib inhibited the proliferation of
imatinib-resistant cell lines and reduced colony formation by primary cells
obtained from patients, who were unresponsive to imatinib (20). However, the
results of a pilot study into the efficacy of lonafarnib in CML patients, who
were resistant or refractory to imatinib therapy have been discouraging (21). Of
13 patients (6 CP, 7 AP) who received an oral dose of 200 mg of lonafarnib
twice daily, only two responded (21). Lonafarnib may still be therapeutically
useful, however. A recent report has shown that lonafarnib is able to sensitize a
rare population of Bcr-Abl-positive CD34þ progenitors that remain “quiescent”
and innately insensitive to imatinib (22). Treatment of this population with Ara-
C alone or L294002 alone blocked their proliferation but did not kill them.
Cotreatment with Ara-C, LY294002 or 17-AAG with imatinib enhanced the cyto-
static effect of imatinib but did not prevent the surviving cells from growing
again. Only the combination of lonafarnib and imatinib was effective in depleting
this insensitive population (22).

Although tipifarnib and lonafarnib have shown potential as antileukemic
agents, they suffer from a limitation common to all FTIs, which is that inhibition
of farnesyl transferase does not ensure complete abrogation of Ras-signaling. This
is because Ras may be prenylated, and hence anchored to the plasma membrane
to assume a functional state, via an alternative pathway involving another
enzyme, geranylgeranyl transferase-1 (GGT) (23). Consequently, therapeutic
agents, which are capable of inhibiting both pathways, are being sought.
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One such compound is zoledronate, a heterocyclic imidazole, which was devel-
oped as a third-generation bisphosphonate for the treatment of bone disorders.
Zoledronate antagonizes the intracellular mevalonate pathway that generates
geranylgeranyl pyrophosphate and farnesyl pyrophosphate, thus depleting cells
of the substrates required for either farnesylation or geranylgeranylation of
Ras. This compound has been shown to inhibit the growth of 2 human Phþ leu-
kemia cell lines in vitro and to prolong the survival of non-obese diabetic/severe
combined immunodeficient (NOD/SCID) mice that had been injected with the
CML cell line, BV173 (23). In addition, a synergistic effect upon survival could
be demonstrated in mice treated with both zoledronate and imatinib. This
finding indicates that the combination of zoledronate and imatinib may be of
value in the treatment of CML. We have recently shown that the combination
of zoledronate and imatinib has additive to synergistic effects in in vitro
assays, and that zoledronate effectively inhibits the growth of imatinib-resistant
CML cell lines, including three mutations with Abl-kinase domain mutations
(Y253F, E255K, and M351T) (24). Our findings are in contrast to those of
Segawa et al. (25) who found that zoledronate or imatinib alone or in combi-
nation were ineffective in vitro against primary cells harboring the E255K and
T315 mutations. There remains uncertainty about the bioavailability of zoledro-
nate. Although doubts have been expressed as to whether effective serum con-
centrations of the drug can be achieved in vivo or not, these must be set
against the high affinity of zoledronate for mineralized bone, which would,
otherwise, tend to concentrate it in the bone marrow (23). It has been rec-
ommended that zoledronate should be evaluated for efficacy against Phþ leuke-
mia in a phase I clinical trial (23).

MEK1/2 INHIBITORS

Downstream of Ras, Raf-1 activates the MAPK kinases, MEK1/2 (MAPK or ERK
Kinase). MEK1/2 are dual specificity kinases, which in turn, activate Extracellular
signal-Regulated Kinase 1/2 (ERK1/2). Several MEK1/2 inhibitors have been devel-
oped, including PD098059 (26), PD184352 (27) (Parke-Davis, Ann Arbor, Michigan,
U.S.A.), and U0126 (28) (DuPont Merck, Wilmington, Delaware, U.S.A.). In vitro
treatment of a CML cell line with PD098059 induced apoptosis (26) and
PD184352, PD098059 or U0126, when combined with imatinib, caused synergistic
induction of apoptosis in CML cell lines (27). Similarly, U0126 combined with ima-
tinib was shown to significantly inhibit proliferation of CML CD34þ progenitor
cells (28). In addition, the combination of PD184352 and imatinib effectively
induced cell death in an imatinib-resistant cell line, which overexpressed Bcr-Abl
(27). Recently, a synergistic increase in mitochondrial damage, caspase activation,
and apoptosis was demonstrated in CML cell lines and CML CD34þ progenitors
that were treated with the combinations of MEK1/2 inhibitors (PD184352 and
U0126) and histone deacetylase inhibitors (suberanoylanilide hydroxamic acid
and sodium butyrate) (29). At present, data on these compounds is limited to
their activity in vitro. It remains to be seen whether MEK inhibitors will show effi-
cacy in vivo. In addition, it should be borne in mind that MEK signaling is essential
for normal cell physiology and that blocking these signals may result in unwanted
toxic side-effects. These may limit the clinical usefulness of MEK inhibitors for the
molecular therapy of CML.
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PI-3 KINASE-AKT-mTOR SIGNALING

BCR-ABL activates phosphatidylinositol-3 (PI-3) kinase via a direct association with
its 85 kDa regulatory subunit (30). Signaling via the PI-3 kinase is essential for the
growth of CML, but not normal, progenitors (30). The PI-3 kinase inhibitors, wort-
mannin and LY294002 (Lilly, Indianapolis, Indiana, U.S.A.) have been shown to
reproduce the selective antiproliferative effect of imatinib by inhibiting the clono-
genic growth of CML progenitors but not that of normal progenitor cells (31). In
addition, the combination of imatinib and wortmannin exerted a synergistic inhibi-
tory effect upon the growth of CML cell lines (32). Imatinib combined with wort-
mannin or LY294002 was also effective in inhibiting colony formation by primary
cells obtained from patients in CP or BC (32). The clinical usefulness of wortman-
nin, however, is severely limited by its instability in aqueous solution. LY294002
has superior stability but is less potent than wortmannin with an IC50 for PI-3
kinase, that has been reported as being 70-(33) to 300-fold (34) higher than that
of wortmannin. Newer compounds, such as ZSTK474, offer the possibility of
improved solubility and potencies to match that of wortmannin (33).

mTOR INHIBITORS

There is currently considerable interest in agents that antagonize the mammalian
target of rapamycin (mTOR), a serine-threonine kinase downstream of PI-3
kinase, which is activated upon phosphorylation by Akt (35). As its name suggests,
mTOR is specifically inhibited by the macrolide antibiotic rapamycin [Rapamunew

(sirolimus); Wyeth Pharmaceuticals, Collegeville, Pennsylvania, U.S.A.]. Rapamy-
cin binds to the immunophilin molecule, FKBP12, and the resulting complex inhi-
bits mTOR (35). Recently, a derivative of rapamycin, RAD001 [Certicanw

(everolimus); Novartis Pharma, Basel, Switzerland], has been developed, which
has superior oral bioavailability (36). The importance of mTOR as a potential
target for molecular therapy in CML was first recognized by Ly et al. (35) who
used an Akt phospho substrate specific antibody to detect substrates of serine/
threonine kinases containing phosphorylation of serine or threonine residues
within a consensus motif. By combining 2D-electrophoresis with a proteomics
search, they identified two species that were constitutively phosphorylated in
lysates of Bcr-Abl-expressing cell lines. These phosphorylated substrates were ribo-
somal protein S6 and the eukaryotic initiation factor 4E-binding protein-1 (4E-BP1).
Experiments with rapamycin, LY294002 and imatinib indicated that both ribosomal
protein S6 and 4E-BP1 were phosphorylated via the Bcr-Abl-PI-3K-Akt-mTOR
pathway. In addition, these authors showed that another kinase, p70S6-kinase1
(p70S6K1) downstream of mTOR, was ultimately responsible for the phosphoryl-
ation of ribosomal protein S6. Abnormal and sustained activation of the PI-3K-
Akt-mTOR pathway by Bcr-Abl is likely to result in altered translation of critical,
although as yet unidentified, target genes, since ribosomal protein S6 and 4E-BP1
are both translational regulators. In this regard, a phenotype consisting of increased
production of ROS has been identified with stimulation of the PI-3K-Akt-mTOR
pathway in Bcr-Abl-transformed cells (37). It has been suggested that the increase
in ROS is secondary to abnormally elevated glucose metabolism and an overactive
mitochondrial electron transport chain (37).

Although Ly et al. (35) found that rapamycin alone had negligible effects upon
the growth of a murine cell line transformed with Bcr-Abl (Ba/F3-Bcr-Abl),
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subsequent reports have suggested that this compound is effective at inhibiting the
growth of Bcr-Abl-expressing cells. Hence, treatment with rapamycin alone has
been shown to inhibit the growth of Ba/F3-Bcr-Abl (36,38) as well as Bcr-Abl-trans-
formed B lymphoblasts (38) and primary CML cells (39), and to prolong the survi-
val of Balb/C mice transplanted with bone marrow that had been retrovirally
transduced with Bcr-Abl (38). The inhibitory effect of rapamycin on the in vitro
growth of primary CML cells is due to induction of G1 cell cycle arrest and the
induction of apoptosis (39). Down regulation of VEGF expression in cells treated
with rapamycin has been reported by Mayerhofer et al. (39), but these authors dis-
count the possibility that this is responsible for the compound’s inhibitory effect on
cell growth, since exogenously applied VEGF did not restore cell proliferation in
rapamycin treated cells. Reduced levels of VEGF may still contribute to an antileu-
kemic effect, however, and it is of note that treatment with the FTI tipifarnib is also
associated with depletion of VEGF (19).

Disparate findings have been published regarding the effects of the combi-
nation of rapamycin with imatinib on imatinib resistant cells. This combination
has been demonstrated to be effective at suppressing the growth of imatinib resist-
ant murine cell lines in which the mechanism of resistance is overexpression of Bcr-
Abl, but to have no effect upon the growth of murine cell lines with “strong” ima-
tinib-resistance due to the T315I Abl-kinase domain mutation (35).

In contrast, rapamycin and imatinib have been shown to inhibit the growth of
murine cell lines containing two mutations, which confer strong imatinib-resistance
(T315I and E255K), but the levels of inhibition due to the combination were no
better than those achieved with rapamycin alone (36). Synergism between rapamy-
cin and imatinib could be demonstrated for a murine cell line containing a
mutation, F317V, which is known to confer “weak” imatinib-resistance on cells
(36). Similar findings were obtained with the combination of RAD001 and imatinib
(36). These results are consistent with the notion that drug combinations with ima-
tinib are more likely to exhibit synergistic activity if at least some effect can be
achieved with imatinib alone (as is the case for mutations that confer weak imatinib
resistance) (40). There are, however, reports of synergism between rapamycin and
imatinib in cells containing the mutations responsible for strong imatinib resistance.
Hence synergistic inhibition of growth has been described for murine lines contain-
ing the Y253F, E255K mutations (39), and T315I mutations (36). In the latter case, a
“3-way” synergism involving rapamycin, imatinib and a MEK inhibitor, U0126,
was also demonstrated (38). It is unclear why some groups report synergistic
growth inhibition for the combination of imatinib and rapamycin in cell lines
with strong imatinib resistance and others do not. Differences between the cellular
models used are unlikely to be responsible since these studies were carried out
using Bcr-Abl mutants expressed in the same murine cell line (BaF/3). Additional
in vitro assays using a wider range of imatinib-resistant cell lines will be required to
resolve this question.

Recently, signaling via the PI-3K-Akt-mTOR pathway has been implicated as
a compensatory mechanism responsible for maintaining the viability of imatinib-
naı̈ve cells upon first exposure to imatinib (41). Treatment of the CML line
LAMA84 with imatinib led to activation of PI-3K-Akt-mTOR signaling and phos-
phorylation of the down stream substrate p70S6K1. Clones of the treated cells
grew in the presence of imatinib but they had not, at least initially, acquired
“strong” imatinib-resistance via a Bcr-Abl dependent mechanism. Survival of the
cells was attributed to “incipient” imatinib-resistance as a consequence of
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PI-3K-Akt-mTOR signaling (41). Continued culture in imatinib led to the selection
of subclones which had acquired “overt” resistance via overexpression of Bcr-Abl
or through mutation of the Abl-kinase domain. Similar results were obtained
with primary cells obtained from CML patients. Treatment of cells with rapamycin
prevented activation of Akt by imatinib and retarded the development of imatinib
resistance. It is unlikely that PI-3K-Akt-mTOR signaling contributes substantially to
“overt” imatinib resistance, as only a minority of imatinib-resistant patients had
evidence of activation of Akt or p70S6K1 (41). These findings would suggest that
rapamycin treatment would mostly benefit imatinib-sensitive patients. Collectively,
the in vitro studies with rapamycin and RAD001 suggest that these agents show
promise as antileukemic compounds. Clinical trials to establish their efficacy in
CML are now required. Treatment of one BC CML patient with rapamycin has
been reported (39). Rapamycin was administered orally at 2 mg/daily for 17 con-
secutive days. The treatment resulted in reduced numbers of peripheral blood leu-
kocytes and blasts as well as a decrease in Bcr-Abl transcript levels. Following
discontinuation of rapamycin treatment on day 17, there was no increase in the
number of blast cells during the following four weeks (39).

Although the results obtained, so far, from the in vitro studies of rapamycin
combined with imatinib have been somewhat contradictory, the rationale for com-
bining these agents with the aim of increasing their efficacy is impeccable. As out-
lined by Mohi et al. (38) the imatinib/rapamycin (or RAD001) combination is likely
to prove worthwhile for several reasons. These include: both drugs have known
mechanisms of action and are already used clinically (rapamycin being used for
immunosuppression following organ transplantation), both are well tolerated at
serum levels above those used in the in vitro studies, and the development path
for two approved drugs is likely to be shorter than that for two novel agents. The
last point holds out the promise of benefiting patients more rapidly than could
otherwise be achieved (38).

HISTONE DEACETYLASE INHIBITORS

Histone deacetylases (HDAC) catalyse the deacetylation of lysine residues at the
amino termini of core nucleosomal histones (42). This process is associated with
chromatin relaxation and uncoiling, which permits the transcription of various
genes including the key cyclin-dependent kinase inhibitor, p21 (42). By inhibiting
HDAC, histone deacetylase inhibitors (HDI) cause hyperacetylation of histones.
Hyperacetylation of histone H3 leads to transcriptional up regulation of p21, cell
cycle arrest and apoptosis in tumor cells (42,43). The HDI acid SAHA induced
p21 expression in one of the two CML cell lines and induced expression of p27, a
key cell cycle regulator, in both of them (42). SAHA treatment was also associated
with down regulation of p210Bcr-Abl protein. Combination treatment of CML cell
lines with SAHA and imatinib resulted in a greater level of apoptosis than was
achieved with either agent alone (42,44). This combination also produced synergis-
tic induction of apoptosis in imatinib-resistant CML cell lines, which overexpressed
Bcr-Abl (44). Ectopic expression of constitutively active MEK1/2 in a CML cell line
attenuated apoptosis induced by the combination of SAHA and imatinib,
suggesting that disruption of the Raf-MEK/ERK pathway by this drug combination
may be involved in the synergistic antileukemia effect (44). In vitro treatment with
SAHA alone of CD34þ cells, obtained from a patient who had progressed to BC
while receiving imatinib, was sufficient to down regulate Bcr-Abl protein levels
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and to induce apoptosis (42). Another HDI, LAQ824 (Novartis Pharma, Basel, Swit-
zerland), a cinnamyl hydroxamic acid analogue, was found to induce the
expression of p21 and p27 in CML BC cells and to induce apoptosis (43). Co-treat-
ment of CML BC cells with LAQ824 and imatinib increased imatinib-induced apop-
tosis. In addition, LAQ824 induced acetylation of Hsp90, inhibiting its association
with p210Bcr-Abl, and leading to degradation of the oncoprotein (43). The latter
finding provided the rationale for studying the effect of the combination of
another HDI, LBH589, with the Hsp90 antagonist, 17-AAG (1). This combination
was found to induce synergistic apoptosis in a CML cell line, and to effectively
induce apoptosis in a human cell line engineered to express Bcr-Abl containing
the T315I Abl-kinase domain mutation (1). Similar findings were obtained when
CML cell lines were subjected to co-treatment with 17-AAG and either of the
HDIs SAHA and sodium butyrate (8). These combinations caused synergistic apop-
tosis and mitochondrial dysfunction both in the cell lines and in CD34þ cells taken
from three CML patients (8). Recently, the HDI valproate, which is commonly admi-
nistered as a treatment for epilepsy, was found to enhance imatinib-induced growth
arrest and apoptosis in CML cell lines when combined with this TKI (45). In
addition, valproate sensitized imatinib-resistant CML cell lines and imatinib-resist-
ant primary mononuclear cells to imatinib and restored its cytotoxic effect. Treat-
ment with valproate was associated with down regulation of the anti-apoptotic
gene product Bcl-2. This finding challenges the accepted model, which the HDI
induce up regulation of genes. Whereas other HDI are associated with toxic side
effects, valproate is currently in therapeutic use. It has been suggested that valpro-
ate could easily be combined with imatinib (45).

PROTEASOME INHIBITORS

Proteasome inhibitors target the catalytic 20S core of the proteasome thereby sup-
pressing the proteasomal degradation of numerous cellular proteins (46). For
reasons that are only partly understood, proteasome inhibitors induce apoptosis
in tumor cells but are relatively sparing in normal cells. Consequently, these com-
pounds have shown potential as antineoplastic agents. Inhibition of transcription
activated by nuclear factor kB (NF-kB) has been implicated as the mechanism
that is ultimately responsible for the antitumor effect of proteasome inhibitors. In
particular, these compounds are thought to impair the translocation of NF-kB
into the nucleus by preventing the proteasomal degradation of its endogenous
inhibitor, P-IkB (47). In CML, the proteasome inhibitor that has been studied
most intensively is the dipepityl boronic acid bortezomib (Velcadew, PS-341; Millen-
ium Pharmaceuticals, Cambridge, Massachusetts, U.S.A.) (46–48). Bortezomib
inhibited the growth of imatinib-sensitive and resistant CML cell lines in a dose-
dependent manner (47). In vitro, treatment with bortezomib was also associated
with an accumulation of cells in the G2/M phase of the cell cycle, activation of
caspase 3, and the induction of apoptosis. Reduced NF-kB binding to DNA was
observed, but this was only transient and was not correlated with the induction
of apoptosis (47). However, apoptotic cell death was accompanied by down regu-
lation of p210Bcr-Abl protein (47). Although, sequential exposure of CML cell lines
to low doses of bortezomib followed by imatinib resulted in additive effects upon
growth inhibition, the simultaneous treatment of imatinib-sensitive CML cell
lines with these drugs produced an antagonistic interaction. Consequently,
caution will need to be exercised in the design of any possible future clinical
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trials involving the combination of bortezomib with imatinib (47). Synergism
between bortezomib and the histone deacetylase inhibitor SAHA (46) and
between bortezomib and flavopiridol (48) have been reported in the in vitro
studies of growth inhibition of CML cell lines. In addition, the former combination
led to an increased apoptosis, relative to the level obtained for either drug alone, in
an imatinib-resistant CML cell line, in which Bcr-Abl was overexpressed, or in
CD34þ cells from a patient with imatinib-resistant disease (46). The latter combi-
nation exhibited additivity in a Bcr-Abl-overexpressing imatinib-resistant CML
line and in a second resistant CML line with reduced expression of Bcr-Abl but
increased expression and activation of the Lyn and Hck kinases (48). The synergism
between adaphostin and bortezomib in murine cell lines transfected with mutant
forms of Bcr-Abl has been described previously (16). These findings suggest that
further preclinical and clinical trials are required to identify drugs that exhibit addi-
tivity or synergism with botezomib (or another suitable proteasome inhibitor) and,
just as importantly, to identify combinations, which may result in antagonism.

CYCLIN-DEPENDENT KINASE INHIBITORS

Multiple cyclin-dependent kinases (CDKs) including, CDK1, CDK2, CDK4/6, and
CDK7, are targeted by the semi-synthetic flavone, flavopiridol (L86–8275, HMR
1275; National Cancer Institute, Bethesda, Maryland, U.S.A.) (49). Co-treatment
with imatinib and flavopiridol led to increased mitochondrial damage, activation
of caspases and apoptosis in CML cell lines but not in leukemia cell lines that
did not express Bcr-Abl (49). In addition, this drug combination effectively
induced apoptosis in an imatinib-resistant CML cell line that overexpressed Bcr-
Abl (49). As mentioned earlier, synergistic induction of apoptosis has been reported
for the combination of flavopiridol and the proteasome inhibitor, bortezomib, in
imatinib-sensitive and resistant CML cell lines (48). Unlike some of the other thera-
peutic agents previously discussed, flavopiridol has only recently been recognized
as a potential treatment for CML. A phase I trial to identify appropriate dose com-
binations of imatinib and flavopiridol was conducted in 2005 in 21 patients with
Bcr-Abl-positive hematologic malignancies (50). This combination was found to
be tolerable and was responsible for four objective responses, including two com-
plete hematologic remissions (50). Further clinical trials will be required to establish
the efficacy of drug combinations containing flavopiridol.

DNA-METHYLTRANSFERASE INHIBITORS

Epigenetic changes are a characteristic feature of human leukemias and many gene
promoters exhibit abnormally high methylation (51). Methylation of promoter
sequences contributes to the malignant phenotype of transformed cells by silencing
genes that are essential for differentiation and apoptosis. Consequently, there is
much interest in DNA hypomethylating agents, which inhibit the enzymes that cat-
alyse this aberrant methylation. Decitabine (5-aza-20-deoxycytidine; SuperGen,
Dublin, California, U.S.A.) is a DNA hypomethylating agent that shows promise
as a therapeutic agent for the treatment of CML (51). This compound integrates
into DNA and forms irreversible covalent bonds with DNA-methyltransferase
(Mtase) at cytosine residues targeted for methylation. DNA synthesis stalls at
these covalently modified sites and the DNA-Mtase complexes are eventually
degraded. Loss of the Mtase-DNA complexes is associated with depletion of
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Mtase levels and, when renewed DNA synthesis occurs; the newly synthesized
DNA is hypomethylated. Promoters silenced by methylation become reactivated
and their genes are expressed (51).

In a study of 130 CML patients who received decitabine, objective responses
were achieved by 28% of patients in BC, 55% in AP and 63% in CP (52). Decitabine
was administered at 100 mg/m2 over six hours every 12 hours for five days
(1,000 mg/m2 per course) in the first 13 patients, at 75 mg/m2 in the subsequent
33 patients, and at 50 mg/m2 in the remaining 84 patients. These doses were associ-
ated with severe myelosuppression that was delayed, prolonged, and dose-
dependent. Decitabine is likely to be more efficacious when administered at
lower doses and for longer periods of time as evidenced by the results of a recent
phase I trial in relapsed or refractory leukemias (51). In this study, decitabine was
given to 50 patients of whom 44 had acute myeloid leukemia/myelodysplasia,
five had CML (one CP, one AP, three BC), and one had acute lymphocytic leukemia.
Low dose prolonged exposure schedules of decitabine were used so that patients
received the drug at 5, 10, 15, or 20 mg/m2 intravenously over one hour daily,
five days a week, for two consecutive weeks. Of the five CML patients, two
(40%) achieved complete responses and two (40%) partial responses. Overall, the
best responses were obtained with the dose of 15 mg/m2 for ten days (11 of 17,
65%), whereas fewer responses were achieved when the dose was escalated or pro-
longed (2 of 19, 11%). Significantly, the two CML patients who achieved complete
responses were both treated with 15 mg/m2 decitabine for ten days. It has been pos-
tulated that decitabine may exert dual effects depending upon the dose (51). At high
doses, treated cells undergo apoptosis and cell death triggered by the presence of
DNA adducts and stalled replication forks. In contrast, at lower doses cells
survive, but with an altered expression profile that favors differentiation and
reduced proliferation. Regardless, of the mechanism of action, it is likely that the
future of decitabine therapy in CML lies in low dose prolonged exposure regimens.
Decitabine may prove useful when combined with imatinib, as an in vitro study
revealed that this combination had additive to synergistic growth inhibitory
effects upon imatinib-resistant Bcr-Abl-expressing cell lines (40). Although this
combination inhibited the growth of cells containing mutant forms of Bcr-Abl
with the M351T and Y253F Abl-kinase domain mutations, imatinib and decitabine
were found to be less potent than decitabine, by itself, at inhibiting the growth of
cells with the T315I mutant.

ARSENIC TRIOXIDE

Arsenic compounds are some of the oldest treatments for leukemia. Potassium
arsenite, Fowler’s solution, was used to treat leukemia patients in the 19th and
early 20th centuries and some impressive clinical responses were achieved (53).
Arsenic trioxide (As2O3, Trisenoxw; Cell Therapeutics, Inc., Seattle, Washington,
U.S.A.) has been demonstrated to induce apoptosis in Bcr-Abl-positive but not
negative lymphoid cell lines and to reduce the proliferation of CML blasts but
not of peripheral CD34þ progenitors (53). Apoptosis induced in CML cell lines
was found to be associated with the cytosolic accumulation of cytochrome c and
pre-apoptotic mitochondrial events, such as the loss of inner membrane potential
and an increase in ROS (54). Recently it has been shown that As2O3 induced apop-
tosis occurs via the endoplasmic reticulum stress mediated pathway of cell apopto-
sis (55). It has also been reported that As2O3 treatment of CML cell lines inhibits the
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translation of BCR-ABL mRNA leading to attenuation of cellular levels of the onco-
protein (56). In the in vitro studies, the combination of As2O3 with imatinib was
found to induce additive to synergistic inhibition of the growth of Bcr-Abl-expres-
sing cell lines (57), and to induce cell death in imatinib-resistant cell lines, which
overexpressed Bcr-Abl or had the M351T or Y253F, but not the T315I, Abl-kinase
domain mutations (40). This latter finding suggests that the combination of imatinib
with As2O3 may only be of clinical benefit if the mechanism of imatinib-resistance is
still susceptible to dose escalation of imatinib-monotherapy (40). Hence, there is
renewed interest in the potential of arsenic compounds for the treatment of CML
but in a novel context of agents that can be combined with other drugs to yield
synergistic effects.

CONCLUSION

In reviewing the available treatment options based on nonimmunological and non-
TKI targets, it becomes apparent that viable therapies involving these targets are
likely to emerge, if at all, more rapidly in some cases than others. This is especially
true of therapeutic agents that have already been approved for use in humans (but
for other purposes) such as rapamycin, zoledronate, and valproate. These drugs
have already been the subject of clinical trials and any toxic effects have already
been identified. However, some of the other inhibitors described in this review,
such as 17-AAG and adaphostin, are currently subjected to preclinical or clinical
evaluation and ultimately may prove to be equally efficacious as, or more so,
than the licensed drugs. Efforts to identify synergistic drug combinations are
obviously essential and it is likely that the in vitro studies, involving novel combi-
nations, will continue to play an important part in CML research.
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INTRODUCTION

Blast crisis is the terminal phase of chronic myeloid leukemia (CML), a clonal mye-
loproliferative disorder of the pluripotent hematopoietic stem cell, which typically
evolves in three distinct clinical stages: chronic phase, accelerated phase, and blast
crisis (reviewed in refs. 1,2). Blast crisis lasts only a few months and is characterized
by the rapid expansion of myeloid or lymphoid differentiation-arrested blast cells
(1,2). CML is consistently associated with an acquired genetic abnormality, the
Philadelphia chromosome (Ph1), a shortened chromosome 22 resulting from a
reciprocal translocation of the long arms of chromosomes 9 and 22 (1,2). This
translocation generates the BCR-ABL fusion gene, which is translated in the
p210BCR-ABL oncoprotein of almost all CML patients (1,2).

Expression of p210BCR-ABL is necessary and sufficient for malignant transform-
ation, as demonstrated by in vitro assays and leukemogenesis in mice (3,4). Tran-
sition to blast crisis is the unavoidable outcome of CML, except in a cohort of
patients receiving allogeneic bone marrow transplantation early in the chronic
phase (5). The development of the BCR-ABL tyrosine kinase inhibitor imatinib
mesylate (GleevecTM; formerly STI571) as the treatment of choice for chronic
phase CML and its remarkable therapeutic effects suggests that blast crisis tran-
sition will be postponed for several years in a majority of CML patients (6).
However, the persistence of BCR-ABL transcripts in a cohort of patients with com-
plete cytogenetic response (7) and the resistance of the primitive CML stem cell to
imatinib treatment (8) raises the possibility that treatment with imatinib alone
might delay but not prevent disease progression. Furthermore, most of the CML
patients in the accelerated and blastic phases of the disease are either refractory
or develop resistance to imatinib monotherapy. In these patients with CML in
blast crisis, imatinib resistance often depends on reactivation of BCR-ABL tyrosine
kinase activity via mechanisms involving BCR-ABL overexpression, gene amplifica-
tion, or mutations that suppress imatinib-mediated kinase inhibition (i.e., E255V
and G250E) or disrupt imatinib binding (i.e., T315I) (9,10). Thus, development of
imatinib resistance appears to predispose to blastic transformation. Although
new phase 1 clinical trials with the dual Src-Abl inhibitor dasatinib (BMS-354825)
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and the selective Abl inhibitor nilotinib (AMN107) show encouraging results (11),
as they suppress the activity of most BCR-ABL mutants (except T315I) (11), in
vitro evidence suggests that resistance to these new compounds may develop
through mechanisms involving the selection and expansion of BCR-ABL-positive
cell clones carrying the T315I BCR-ABL mutant (12). Additionally, dasatinib, like
imatinib, is not effective in killing the most primitive quiescent CML cells (8)
and, therefore, it may also be ineffective in preventing disease progression.

The mechanisms responsible for transition of CML chronic phase to blast
crisis remain poorly understood, although a reasonable assumption is that the
unrestrained activity of BCR-ABL in hematopoietic stem/progenitor cells is the
primary determinant of disease progression. No causal relationship has been
demonstrated yet between BCR-ABL expression that specifically increases during
disease progression in hematopoietic stem cells and committed myeloid progeni-
tors (13–15), and the secondary genetic changes of CML BC. However, a plausible
model of disease progression predicts that increased BCR-ABL expression promotes
the secondary molecular and chromosomal changes essential for the expansion of
cell clones with increasingly malignant characteristics, and remains crucial for
the malignant phenotype even in advanced stages of the disease (Fig. 1).

According to this model, CML blast crisis would be expected to occur only in
patients with an imatinib-resistant disease or in those developing resistance during
treatment. Indeed, a recent study from the GIMEMA Working Party on CML
reported that the early detection of BCR-ABL mutations in CML chronic phase

FIGURE 1 Does BCR-ABL orchestrate chronic myeloid leukemia disease progression? Increased
expression of BCR-ABL may directly promote disease progression by influencing expression and
function of important regulators of proliferation, survival and differentiation of malignant
hematopoietic progenitors and also by enhancing genomic instability that, in turn, leads to
emergence of secondary genetic and molecular abnormalities. Abbreviations: CML-CP, chronic
myeloid leukemia-chronic phase; CML-BC, chronic myeloid leukemia-blastic phase.
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patients is associated with a greater likelihood of disease progression (16). Interest-
ingly, a direct correlation also seems to exist between levels of BCR-ABL and devel-
opment of imatinib resistance (14,17). There is no evidence yet that imatinib-
resistant patients have a clinically distinct disease; however, imatinib-resistant
CML blast crisis patients may present distinct genetic abnormalities, the appear-
ance of which could be influenced by the duration of BCR-ABL-dependent
signals. Thus, the biology of CML blast crisis in the preimatinib and in the imatinib
eras may be different. With this in mind, we will illustrate the molecular mechan-
isms underlying transition to CML blast crisis according to a model of disease
progression in which (i) BCR-ABL activity is necessary for the accumulation of
secondary genetic abnormalities and/or changes in gene expression; and (ii)
such secondary events directly or indirectly promote differentiation arrest, the
distinctive feature of CML blast crisis.

THE BCR-ABL SIGNALOSOME

In hematopoietic CML cells carrying the Ph1 chromosome, the BCR-ABL fusion
gene encodes p210BCR-ABL, an oncoprotein which, unlike the normal p145 c-Abl,
has constitutive tyrosine kinase activity and is predominantly localized in the cyto-
plasm (18). The tyrosine kinase activity is essential for cell transformation, and the
cytoplasmic localization of BCR-ABL allows the assembly of phosphorylated
substrates in multiprotein complexes that transmit mitogenic and antiapoptotic
signals (18).

Ectopic expression of p210BCR-ABL results in growth factor independence and
transformation of immortal hematopoietic cell lines (refer Refs. 1,3 and the refer-
ences therein). Transplantation of BCR-ABL-transduced hematopoietic stem cells
or transgenic expression of p210BCR-ABL induces leukemia and myeloproliferative
disorders indicating a direct, causal role of BCR-ABL in CML (4).. However, most
in vitro studies have relied on the use of growth factor-dependent hematopoietic
cell lines, whereas most in vivo studies have used BCR-ABL genes linked to
strong promoters. Despite the ample literature on the mechanisms of BCR-ABL-
induced transformation, the paucity of data in human hematopoietic progenitors
from chronic and blastic phase CML and the limitations of the existing murine
models leave many open questions regarding the relevant effects of BCR-ABL in
blastic transformation of CML cells.

Ectopic expression of BCR-ABL in growth factor-dependent cell lines leads to
the activation of numerous signal transduction pathways responsible for growth
factor independence, reduced susceptibility to apoptosis, and differentiation
arrest of these cells (reviewed in Ref. 1). The pleiotropic effect of BCR-ABL in
chronic phase CML depends on post-translational modifications (i.e., phosphoryl-
ation) of signaling molecules [e.g., RAS/mitogen-activated protein kinase (MAPK),
phosphatidylinositol-3 kinase (PI-3K/Akt), and signal transducers and activators of
transcription (STATs) that control cell growth and survival of hematopoietic cells by
modulating the expression and/or activity of downstream effectors (19). In blast
crisis, increased expression of BCR-ABL accounts not only for activation of path-
ways transducing mitogenic and anti-apoptotic signals, but also for the block of
differentiation, inactivation of factors with tumor suppressor activity, decreased
genomic stability, and increased self-renewal of the Ph1 blasts (15,20–23). Thus,
dependence on BCR-ABL expression is not only a characteristic of chronic phase,
but also of blast crisis CML. However, BCR-ABL-independent mechanisms also
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seem to contribute to disease progression and imatinib resistance in some CML
cases (24). For example, Src kinases (e.g., Lyn) are activated in blast crisis CML
(25) and appear to be responsible for a BCR-ABL kinase-independent mechanism
of imatinib resistance (24,26) that, in part, involves Lyn-dependent induction of
Bcl-2 (27). Indeed, some blast crisis patient-derived cell lines with no amplification
or overexpression of wild type BCR-ABL are sensitive to the effect of drugs inhibit-
ing the activity of src kinases (24,26). Nevertheless, activation of Src kinase does not
seem to be required for induction of CML in mice (28).

In contrast, PI-3K and the STAT5 are important pathways required for BCR-
ABL transformation and activated in both chronic and blastic phase CML (29,30).
BCR-ABL interacts indirectly with the p85 regulatory subunit of PI-3K via
various docking proteins, including GRB-2/Gab2 and c-cbl (31). The PI-3K acti-
vation via the GRB-2/Gab2 interaction appears pathologically relevant, as Gab2-
deficient marrow cells are resistant to BCR-ABL transformation (31). Activation of
the PI-3K pathway triggers an Akt-dependent cascade that has a critical role in
BCR-ABL transformation and survival of BCR-ABLþ myeloid progenitors (32) by
regulation of the subcellular localization and/or activity of several targets, such
as BAD, MDM2, IkB-kinase-a, and members of the Forkhead family of transcription
factors (33). Consistent with the effects of Akt on many targets, inhibition of the PI-
3K/Akt pathway suppresses in vitro colony formation and in vivo leukemogenesis
of BCR-ABL-expressing cells (29,32), and marrow cells defective in PI-3K/Akt acti-
vation are resistant to BCR-ABL transformation (31). Likewise, several observations
suggest the importance of STAT5 in CML. In fact (i) BCR-ABL mutants defective in
STAT5 activation were less efficient than the wild-type form in the transformation of
32Dcl3 myeloid precursor cells (34); (ii) a constitutively active STAT5 mutant
rescued the leukemogenic potential of STAT5 activation-deficient BCR-ABL
mutants (34); and (iii) ectopic expression of a dominant-negative STAT5 mutant
suppressed BCR-ABL-dependent transformation of primary mouse marrow cells
(34). Furthermore, expression of p210 BCR-ABL in primary murine STAT5A-
deficient bone marrow cells, which do not have deficiencies in colony formation,
induced a B-ALL or a CML/B-ALL rather than a pure CML chronic phase-like
disease in recipient mice (35), suggesting that STA5A is important for BCR-ABL-
dependent transformation and development of a CML but not a B-ALL-like
disease in mice.

Another important signal cascade in CML is the RAS pathway that becomes
constitutively activated by alternative mechanisms involving the interaction of
BCR-ABL with the GRB-2/Gab2 complex (18). The importance of RAS-dependent
signaling for the phenotype of BCR-ABL-expressing cells is supported by the obser-
vation that downregulation of this pathway by expression of dominant-
negative molecules or chemical inhibitors suppresses proliferation and sensitizes
cells to apoptotic stimuli (36,37). However, it is unclear whether RAS activation
leads to phosphorylation and activation of downstream signaling proteins
belonging to the MAPK pathway in chronic phase CML progenitors. In contrast,
compelling evidence indicates that, in hematopoietic cell lines, BCR-ABL expression
enhances gene transcription and leads to uncontrolled generation of mitogenic and
survival signals (1,18,19) in part by constitutive activation of the MEK1/2-MAPK
(ERK1/2) pathway through RAS and recruitment of the serine threonine kinase
Raf (1,18,19). Because neither growth factor independence nor proliferation advan-
tage is a feature of chronic phase CML progenitors, the importance of MAPK (ERK)
activation by BCR-ABL for the development and maintenance of CML is still
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unclear. Interestingly, MAPK (ERK) activity increases upon imatinib treatment as a
consequence of enhanced response of CML CD34þ progenitors to cytokine stimu-
lation (38). Moreover, in the absence of exogenous cytokines, levels of activated
MAPK were similar in normal and CML cells, and imatinib either reduced or
did not alter MAPK activity in both normal and CML CD34þ cells (38). Thus, con-
stitutive MAPK activation does not seem to occur in primary CML progenitors,
which are still capable to transiently activate MAPK in response to mitogenic
and survival stimuli by extracellular growth factors (38). In fact, activation of
MAPK (ERK1/2) is readily detectable in CD34þ CML blast crisis, but not in
CD34þ CML chronic phase or CD34þ normal myeloid progenitors (39). Interest-
ingly, ERK1/2 activation appears to depend on levels of BCR-ABL activity, as
graded BCR-ABL expression correlates with a progressive increase in MAPK
(ERK) activity (39). Together with the ability of clinically relevant MEK1/2 inhibi-
tors (e.g., CI-1040) to suppress proliferation and induce apoptosis of BCR-ABLþ

hematopoietic cells (40), these findings suggest that constitutive MAPK activation
is essential for transduction of mitogenic, survival and, perhaps, antidifferentia-
tion signals in blast crisis CML progenitors. In this scenario, different levels of
MAPK activity may affect distinct pathways in chronic and blastic phase CML
progenitors.

Although most of the data on the antiapoptotic and mitogenic pathways
regulated by BCR-ABL have been obtained in established cell lines and may not
entirely apply to primary CML cells, it is likely that most, if not all, of these path-
ways are less efficiently activated in primary CML cells (perhaps as a consequence
of reduced BCR-ABL levels), but are still involved in their enhanced survival.

BCR-ABL-DEPENDENT MECHANISMS OF CHRONIC
MYELOID LEUKEMIA PROGRESSION

Cytogenetic and molecular changes occur in the vast majority of CML patients
during transition to blast crisis; however, the mechanism(s) whereby each specific
secondary genetic alteration contributes to disease progression is still largely
unclear (Fig. 2) (reviewed in Ref. 1) .

Conversely, growing evidence supports the importance of BCR-ABL in deter-
mining the phenotype of CML-BC cells (1), as increased BCR-ABL expression is a
feature of CML-BC progenitors (1,15), and unrestrained BCR-ABL activity in
CML-BC alters the expression of genes important for proliferation, survival, and
maturation of myeloid progenitors (1). The cytogenetic and molecular changes
observed in blast crisis CML might also be caused by the reported ability of the
BCR-ABL oncoprotein to increase genomic instability (21,41).

Impaired Differentiation in Blast Crisis Chronic Myeloid Leukemia:
Loss of C/EBPa and C/EBPb Expression
The inability of blast crisis CML-BC myeloid progenitors to undergo terminal differ-
entiation primarily depends on marked downregulation of C/EBPa (20), a basic
region leucine zipper transcription regulator essential for granulocytic differen-
tiation (refer Ref. 20 and the references therein). The importance of loss of C/EBPa
activity as a central mechanism leading to differentiation arrest of CML myeloid
blasts is supported by three lines of evidence: (i) ectopic C/EBPa expression
induces maturation of differentiation-arrested BCR-ABL-expressing myeloid
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precursors (20); (ii) a blast crisis-like process emerges in mice transplanted with BCR-
ABL-transduced Cebpa-null, but not heterozygous or wild type fetal liver cells (42);
and (iii) genetic or functional inactivation of C/EBPa is a common event in differen-
tiation-arrested acute myeloid leukemia blasts (reviewed in Ref. 43). In BCR-ABL-
expressing myeloid progenitor cells, loss of C/EBPa depends on the BCR-ABL-
induced activity of the RNA binding protein hnRNP E2 that, upon interaction
with the 50 untranslated region of CEBPA mRNA, inhibits CEBPA translation (20).
In fact, the C/EBPa protein but not mRNA expression is downmodulated in
primary bone marrow cells from CML-BC patients and inversely correlates with
BCR-ABL levels (20), suggesting that the effects are dose-dependent. Accordingly,
the hnRNP E2 expression is inversely correlated with that of C/EBPa (23), as
hnRNP E2 levels were abundant in CML-blast crisis but undetectable in CML-
chronic phase mononuclear marrow cells.

Like C/EBPa, C/EBPb is a transcription regulator that controls myeloid matu-
ration and a functional equivalent of C/EBPa based on its ability to restore granu-
locytic differentiation in C/EBPa null mice (44). In BCR-ABL-expressing cells,
imatinib treatment shifts c/ebpb mRNA onto polysomes. The effect of imatinib is
mediated by the activity of the RNA binding protein CUGBP1 that binds a CUG-
repeat region located between the first and the third AUG of c/ebpb mRNA (45).
Like C/EBPa, expression of C/EBPb is repressed in primary CML blast crisis pro-
genitors (45), suggesting that loss of C/EBPa and C/EBPb activity contributes to
differentiation arrest and aggressive behavior of CML blast crisis cells. Accordingly,
levels of CUGBP1 were higher in normal and CML chronic phase CD34þ cells than
in CML blast crisis CD34þ progenitors (45). Ectopic expression or inducible

FIGURE 2 BCR-ABL-dependent mechanisms of chronic myeloid leukemia (CML)-disease
progression. Effects of increased BCR-ABL expression and activity on downstream targets
modulating differentiation, proliferation, survival, and genomic stability of CML progenitors.
Abbreviations: ATR, ataxia teleoegectasia related; ROS, reactive oxygen species.

130 Calabretta and Perrotti



activation of C/EBPb inhibits proliferation and promotes granulocytic maturation of
differentiation-arrested murine BCR-ABLþ cells through a mechanism that depends
on C/EBPb transcriptional activity (45). Thus, the antileukemic effects of C/EBPb
suggest that enhanced C/EBPb expression might contribute to the cytotoxic
effects of imatinib. Because transition to blast crisis is associated with accumulation
of genetic abnormalities (i.e., loss of p53 function) and changes in gene expression
(i.e., down-modulation of C/EBPa and C/EBPb) (20,45), c-Hyc, the cellular homo-
logue of the myelocytomatosis virus a complete loss of C/EBPs activity might be
necessary to disrupt the differentiation potential of CML blast crisis progenitors.

Positive Regulation of MYC Expression
The oncogene MYC was one of the first identified BCR-ABL targets required for
BCR-ABL leukemogenesis (46,47). Although in some blast crisis CML patients the
MYC gene is amplified (2), several BCR-ABL-dependent mechanisms seem to
enhance MYC expression at the transcriptional, translational, or post-translational
level (39,46,48–51). One of the BCR-ABL pathways regulating MYC expression
involves the KH-domain RNA binding protein HNRPK (hnRNP K) (39), a known
transcriptional and translational regulator of gene expression (refer ref. 39 and
the references therein).

In BCR-ABL-expressing myeloid and lymphoid progenitor cells and
in CML-BCCD34þ but not CML-CPCD34þ patient cells, BCR-ABL kinase activity
induces HNRPK expression by enhancing Hnrpk gene transcription and mRNA
stability through a mechanism that depends on the BCR-ABL-regulated
activity of MAPKERK1/2 (39). In fact, BCR-ABL graded expression activates
MAPKERK1/2 and increases HNRPK levels in a dose-dependent manner. Knock-
down of the RNA binding protein HNRPK inhibits growth factor-independent
proliferation, colony formation, and tumorigenesis of BCR-ABL-expressing
myeloid progenitors (39). Interestingly, HNRPK downregulation reduces levels of
Myc (39), which is transcriptionally and translationally induced by HNRPK
(52,53). In BCR-ABL-transformed cells, HNRPK translation-regulatory activity,
which depends on phosphorylation of HNRPK on serines 284 and 353
by the BCR-ABL-activated MAPKERK1/2, is necessary for cytokine-independent pro-
liferation, colony formation, and in vivo BCR-ABL leukemogenic potential of the
32D-BCR-ABL cell line and/or of primary CD34þ CML-BC (39). The requirement
of HNRPK for BCR-ABL leukemogenesis depends in part on its ability to bind
the IRES element of MYC mRNA and enhance MYC mRNA translation (39). In
fact, restoration of MYC expression is sufficient to rescue factor-independent
colony formation and leukemogenic potential of 32D-BCR-ABL and primary
CD34þ CML-BC cells from the inhibitory effects of dominant-negative S284/353A
HNRPK (39). Consistent with the existence of a BCR-ABL-MAPK-HNRPK
network positively regulating MYC mRNA translation in the advanced phase of
CML, MYC protein but not mRNA expression is higher in the CD34þ fraction of
CML-BC and -AP marrow cells than in the CD34þ fraction of normal and CML-
CP patient marrow cells (39). Thus, one of the molecular mechanisms whereby
BCR-ABL enhances MYC expression involves the MAPK-dependent regulation of
HNRPK translation regulatory activity. However, increased MYC mRNA levels
can be still found in CML-BC patients with amplification of the MYC gene
(54,55), and transcriptional, translational, and post-translational mechanisms like
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those involving the activity of Jak2 kinase (48) may all participate in the regulation
of MYC expression in primary CML blast crisis cells.

Enhancement of MDM2 Expression as a Mechanism that Functionally
Inactivates p53 in Blast Crisis Chronic Myeloid Leukemia
In BCR-ABL-expressing cells, the La antigen was identified as the protein that upon
binding to the intercistronic region of mdm2 mRNA enhances its translation (refer
ref. 22 and the references therein). Expression of the RNA binding protein La is
markedly increased by BCR-ABL and correlated with that of MDM2 (22). La is
more abundant in CML blast crisis than chronic phase primary samples and its
levels appear to correlate with BCR-ABL levels and tyrosine kinase activity (22).
Interestingly, La is a bona fide positive regulator of mdm2 translation because
(i) it recognizes a specific conserved sequence in mdm2 mRNA that is required
for efficient MDM2 expression in vitro and in vivo; (ii) a dominant-negative La
mutant inhibited mdm2 mRNA translation in vitro and suppressed MDM2 levels
in BCR-ABL-expressing cells; (iii) downregulation of La expression by siRNAs
led to a marked decrease in MDM2 levels; and (iv) overexpression of wild-type
La led to an increase in MDM2 expression (22). That La-mediated effect on
MDM2 expression is functionally relevant for BCR-ABL leukemogenesis is
indicated by the changes in susceptibility of BCR-ABL-expressing cells to
adriamycin-induced apoptosis, as wild-type La-overexpressing cells were more
resistant than parental cells, whereas cells expressing dominant negative La were
more sensitive (22). Although MDM2 levels were markedly downmodulated in
BCR-ABL cells expressing the dominant-negative La, these cells neither exhibited
spontaneous apoptosis nor altered cell cycle activity, consistent with the primary
role of MDM2 as a negative regulator of p53. Inactivating mutations of the p53
gene are rarely found in chronic phase, but are relatively common in blast crisis
(56), suggesting that loss of function of p53 plays an important role in disease pro-
gression. Indeed, loss of wild-type p53 potentiates the leukemia-inducing effects of
BCR-ABL, as indicated by the rapidly fatal disease process induced in recipient
mice by transplantation of BCR-ABL-expressing p53-deficient marrow cells
(57,58). Since genetic inactivation of p53 is detected in approximately 25% of
CML-BC patients (56), the La-dependent induction of MDM2 expression may rep-
resent a mechanism whereby BCR-ABL functionally inactivates p53 in CML blast
crisis patients with a wild-type p53 gene. Indeed, p53 expression is inhibited by
ectopic BCR-ABL expression in myeloid progenitor 32Dcl3 cells through a mechan-
ism that does not involve expression of p19ARF, but depends on increased
expression of MDM2 and can be reverted by inhibition of the proteasome activity
(22). Thus, the La-dependent translational stimulation of MDM2 expression not
only might be relevant for survival of CML blast crisis progenitors, but may also
contribute to disease progression through functional inactivation of the p53
tumor suppressor.

Loss of PP2A Tumor Suppressor Activity in Blast Crisis Chronic
Myeloid Leukemia: A BCR-ABL Auto-Protective
and Gain-of-Function Mechanism
In CML blast crisis, PP2A inactivation results from increased expression of SET, a
physiological inhibitor of PP2A, which is induced by BCR-ABL in a dose- and
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kinase-dependent manner and, like BCR-ABL, progressively increases during tran-
sition to blast crisis (23). Interestingly, increased SET expression like that of Bcl-XL

seems to depend on the increased mRNA export activity of hnRNP A1, an RNA
binding protein overexpressed in CML blast crisis and required for cytokine-
independent proliferation, survival, and leukemogenesis of acute phase CML
blasts and BCR-ABL-expressing myeloid progenitor cell lines (59).

The tumor suppressing activity of the PP2A serine/threonine phosphatase
depends on its ability to dephosphorylate several factors implicated in the
regulation of cell cycle, proliferation, survival, and differentiation. Remarkably,
several targets are shared by BCR-ABL and PP2A. Among these, expression and/
or activity of certain PP2A substrates are either essential for BCR-ABL leukemogen-
esis or have been found altered in CML-BC (refer ref. 23 and the references therein).
In BCR-ABLþ myeloid progenitor 32Dcl3 cells, SET downregulation and forced
expression of PP2Ac suppress MAPK, STAT5, and Akt phosphorylation, decreases
Myc expression, and increases levels of pro-apoptotic BAD and of hypophosphory-
lated Rb. Since ectopic SET expression antagonizes the effects of exogenous
PP2A (23), SET-dependent suppression of PP2A activity may represent one of the
mechanisms used by BCR-ABL to prevent inactivation of mitogenic and survival
signals in CML blast crisis progenitors.

In imatinib-sensitive and -resistant (T315I included) BCR-ABL cell lines and in
CML-BCCD34þ patient cells, restoration of PP2A phosphatase activity, either by
chemical PP2A activators or by interfering with the SET/PP2A interplay, promotes
BCR-ABL tyrosine dephosphorylation (inactivation) which, in turn, trigger its
proteasome-dependent degradation (23). Mechanistically, BCR-ABL proteolysis
appears to depend on the PP2A-induced activation of the tumor suppressor
SHP-1 tyrosine phosphatase and on the coexistence of BCR-ABL, PP2A, and SHP-
1 in the same multiprotein complex (23). In fact, increased cytokine-
independent clonogenic potential and inability of PP2A to promote BCR-ABL
degradation was observed in BCR-ABL-transduced SHP-1-decifient lineage-
negative marrow myeloid progenitors cells (23). The involvement of SHP-1 in the
PP2A-induced negative regulation of BCR-ABL kinase activity and expression is
also supported by the fact that SHP-1 associates with BCR-ABL, and its tyrosine
phosphatase activity counteracts BCR-ABL leukemogenic potential (60). Accord-
ingly, expression of SHP-1 is diminished in most leukemias and lymphomas, its
downregulation leads to abnormal cell growth, and its activity is suppressed by
different oncogenic tyrosine kinases (e.g., FLT3/ITD and JAK) (61–63). Thus, func-
tional inactivation of PP2A by increased BCR-ABL kinase activity seems to be
required for the transduction of aberrant mitogenic, survival and antidifferentiation
signals, and for the post-translational enhancement of BCR-ABL expression and
oncogenic activity in CML-BCCD34þ marrow myeloid progenitors. Restoring
normal PP2A activity induces marked apoptosis, reduces proliferation, impairs
colony formation, inhibits tumorigenesis, and promotes differentiation of wild
type, Y253H and T315I BCR-ABLþ cell lines and primary blast crisis CD34þ CML
cells (23). Importantly, in vivo administration of the PP2A activators forskolin or
1,9-dideoxy forskolin also markedly suppresses the development of wild type
and T315I BCR-ABL-induced CML blast crisis-like disease without exerting signifi-
cant adverse effects on normal hematopoiesis (23). Because of the central role
of PP2A in the regulation of cell growth, survival and differentiation, its loss-of-
function most likely contributes to blastic transformation of CML.
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Effect of BCR-ABL on DNA Repair and Genomic Stability
The transition of CML from chronic phase to blast crisis is characterized by the
accumulation of molecular and chromosomal abnormalities (64), but the molecular
mechanisms underlying this genetic instability are poorly understood (65). In the
past two to three years, few studies have directly addressed the relationship
between BCR-ABL expression and levels/activity of proteins involved in DNA
repair, particularly the repair of DNA double-strand breaks (21).

In the first study investigating such a relationship, Deutsch et al. (66) looked at
the effects of BCR-ABL on the catalytic subunit, DNA-PKCS, of the DNA-PK
complex formed with the heterodimeric Ku protein. Repair of DSBs by the DNA-
PK-dependent pathway [nonhomologous end-joining (NHEJ) recombination] is
the preferred pathway utilized by human cells (67), and in mice, NHEJ deficiency
accelerates lymphoma formation and promotes the development of soft tissue sar-
comas that possess clonal amplifications, deletions, and translocations (68,69). In
BCR-ABL-expressing cells (including primary CML cells), levels of DNA-PKCS

were markedly downregulated (66) and were reversed by proteasome inhibitors,
suggesting the activation of a BCR-ABL-dependent pathway leading to enhanced
proteasome-dependent protein degradation (66). Downregulation of DNA-PKCS

levels was associated with a higher frequency of chromosomal abnormalities
after exposure of BCR-ABL-expressing cells to ionizing radiation (IR) and increased
radiosensitivity (66). Such an increase was, however, modest probably due to
enhanced survival of BCR-ABL-expressing cells caused by the activation of mul-
tiple antiapoptotic pathways. The same group also reported an association of
BCR-ABL expression in primary CML samples and in established cell lines with
downregulation of BRCA-1 (70), a protein involved in the surveillance of genome
integrity (71,72). Downregulation of BRCA-1 was more evident in cell lines in
which levels of BCR-ABL were more abundant and correlated with increased
chromosome aberrations after DNA damage. However, these findings have not
been yet confirmed in a large cohort of primary samples obtained from CML
patients, and a causal link between decreased repair of DSBs and disease
progression has not been demonstrated. Another group identified BCR-ABL-
dependent pathways leading to enhanced expression/ activity of RAD51 (73), a
protein that participates in homologous recombination repair (HRR) (74).
Expression of BCR-ABL increased the efficiency of HRR in a RAD51-dependent
manner as well as resistance to apoptosis induced by drugs like mitomycin C
and cisplatin, which promote DSBs (73). In light of enhanced high-fidelity HRR pro-
moted by RAD51 (74), it seems counterintuitive that the increased expression/
activity of RAD51 (and other paralogues) in BCR-ABL-expressing cells might be
associated with genomic instability. Together, the apparently opposite effects of
BCR-ABL on RAD51, DNA-PKCS, and BRCA-1 may not be mutually exclusive
and may all be involved in promoting genomic instability associated with defective
repair of DSBs. Deregulation of the DNA repair mechanisms and the acquisition of
mutations in genes critically important for the regulation of proliferation are
expected to activate control checkpoints (i.e., p53 expression), which may lead to
the elimination of cells with damaged DNA. However, the ability of BCR-ABL to
regulate multiple antiapoptotic pathways, perhaps in a dose-dependent manner
and in specific subsets of progenitor cells, is likely to allow survival of cell popu-
lations carrying mutations that promote their proliferation and maintenance.
In this regard, appears to the unrestrained BCR-ABL kinase activity induce an
increase in reactive oxygen species (ROS), which can cause chronic oxidative
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DNA damage resulting in the accumulation of DSBs (75). These lesions are repaired
by BCR-ABL-stimulated HRR and NHEJ mechanisms; however, a high mutation
rate is detected in HRR, and large deletions are found in NHEJ products in BCR-
ABL-expressing cells, but not in the normal counterparts (75). Interestingly, the
BCR-ABL-dependent increase in the levels of oxidative DNA damage is also
responsible for the emergence of clinically relevant mutations in the kinase
domain of BCR-ABL itself (76). Conversely, Dierov et al. (77) reported that BCR-
ABL interacts with the ATR protein (atoxic teleoegectasia related) in the nucleus
and suppresses its activity, implicating this mechanism in the increased number
of DSBs after etoposide treatment, and suggesting a delay in DNA double strand
break repair after genotoxic stress. Furthermore, the same group has examined
the occurrence of chromosomal abnormalities in BCR-ABL expressing cells after
recovery from DNA damage (41) and found that BCR-ABL-transduced BaF3 cells
compared to parental cells exhibit an increase in chromosomal abnormalities,
including chromatid damage, after DNA repair (41). Similar studies in primary
human cells show increased frequency of translocations in CML samples versus
normal hematopoietic progenitors (M. Carroll, personal communication).

From the data discussed earlier, it seems that the mechanism(s) leading to
increased genomic instability is(are) still not yet well defined. However, it seems
likely that BCR-ABL expression alters the cellular response to genotoxic stress
and predisposes cells to genetic (e.g., point mutations) and gross chromosomal
alterations (e.g., translocations), which, undoubtedly, contribute to the aggressive-
ness of CML blast crisis cells.

GENETIC/MOLECULAR ABNORMALITIES IN BLAST CRISIS
CHRONIC MYELOID LEUKEMIA

Cytogenetic and molecular changes occur in a vast majority of CML patients during
evolution to blast crisis (reviewed in Ref. 1). Thus, a recurring question has been
whether p210BCR-ABL induces genomic instability directly, or increasingly frequent
genetic abnormalities during disease progression are acquired secondarily. Also,
neither situation excludes that genetic instability of CML blast crisis depends
both on increased propensity of BCR-ABL-expressing cells to undergo genetic
changes and the probability that one of the mutations induced by BCR-ABL
functions as an “amplifier” of a genetically unstable phenotype.

While the persistent expression of BCR-ABL, per se, may lead to genomic
instability, there is also a cohort of CML patients (10–15%) presenting with del-
etions of the derivative chromosome 9, which, ab initio, may be more prone to
genomic instability (78). These patients progress to blast crisis much more
rapidly than CML patients lacking the deletion and develop identical chromosomal
abnormalities, consistent with the proposed explanation of a genetic mechanism
(loss of a tumor suppressor/modifier gene?), which accelerates a BCR-ABL-
driven disease process (78).

The role of BCR-ABL in promoting genetic instability has been investigated
in preleukemic transgenic mice expressing p190BCR-ABL. Since these mice develop
B-cell type acute lymphocytic leukemia at high frequency, it is unclear whether
the findings may also apply to a preleukemic phase induced by p210BCR-ABL.
Nevertheless, in this mouse model of BCR-ABL-induced leukemia, point mutations,
insertions, and deletions were detected with increased frequency in the
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preleukemic phase (79) and their occurrence was, in part, blocked by imatinib
treatment (79).

Microsatellite instability, a feature associated with tumor progression, does
not seem to be involved in CML disease progression (80). Nevertheless, 60% to
80% of CML patients develop additional nonrandom chromosomal abnormalities
involving chromosomes 8, 17, 19, and 22 with duplication of the Ph chromosome
or trisomy 8 being the most frequent (81).

At the molecular level, mutation of the tumor suppressor gene p53 is detected
in approximately 25% to 30% of CML-myeloid blast crisis (56), whereas approxi-
mately 50% of the patients with lymphoid blast crisis present a homozygous del-
etion at the INK4A/ARF gene locus located on chromosome 9 (82). The most
common chromosomal changes are trisomy of chromosome 8 (34%), trisomy of
chromosome 19 (13%), double Ph chromosome (38%), isochromosome i(17q)
(20%); these abnormalities can be also found in various combinations. On the
basis of the frequency of the combinations in all metaphases and subclones, it
has been suggested that i(17q) and trisomy of chromosome 8 are early changes,
whereas trisomy 19 might occur late during disease progression (81). Some combi-
nations [trisomy 8, double Ph chromosome and i(17q)] are more frequent than
others; but, neither the presumed order of appearance nor the combination itself
seems to have a clear impact on the prognosis of CML-BC (81). Moreover, the fre-
quency of some secondary changes seems to depend on the therapeutic regimen
(81). For example, chromosome 8 trisomy is more frequent in CML patients
treated with busulfan (44%) than in those receiving hydroxyurea (12%). The fre-
quency of the common CML secondary changes in interferon-a (IFN-a)-treated
patients and especially after bone marrow transplantation appears to be lower
than in the busulfan-treated group (81), suggesting that the treatment with DNA-
damaging agents (i.e., busulfan) accentuates the genetic instability caused by the
unrestrained tyrosine kinase activity of BCR-ABL. It will be interesting to see
whether evolution into CML-BC of imatinib-treated CML patients is also associated
with a subset of the chromosomal abnormalities found in the “historical” group of
CML patients predominantly treated with busulfan and/or hydroxyurea.

Whether and how the most common chromosomal abnormalities of CML-BC
are pathogenetically linked to disease progression remains unclear and difficult to
prove. Interestingly, the role of the double Ph chromosome in disease progression
is also unclear. Perhaps the presence of this chromosomal abnormality leads to
increased expression of BCR-ABL, which has also been reported in advanced
disease stages (1). However, the relationship between BCR-ABL levels and presence
of the second Ph chromosome has not been formally tested. Whether the increased
expression of BCR-ABL, per se, is sufficient to induce blast crisis is uncertain. For
example, expression of BCR-ABL in retrovirus-transduced marrow cells is quite
abundant (83) and yet mice succumb because of a myeloproliferative disorder
rather than an acute leukemia with accumulation of blast cells.

Perhaps, what matters is increased and sustained expression of BCR-ABL in a
primitive pool of hematopoietic progenitor cells. As extensively discussed earlier,
expression of C/EBPa, which is required for myeloid differentiation (84), is down-
regulated by BCR-ABL in a dose-dependent manner (20) and its expression restored
G-CSF-induced differentiation of BCR-ABL-expressing cells, suggesting that
C/EBPa is a critical target in CML disease progression (20). Similarly, increased
expression of BCR-ABL in blast crisis CML is responsible for the inactivation of
PP2A phosphatase that, when reactivated, impairs BCR-ABL signaling and
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promotes inactivation and degradation of BCR-ABL itself (23). Few genes upregu-
lated in CML-BC may be involved in disease progression in patients with double
Ph chromosome. Two of such genes are mdm2 and MYC, which are activated by
BCR-ABL post-transcriptionally (22,39) and function by halting the p53-mediated
DNA damage response and transducing mitogenic/survival signals, respectively.

Two other genes upregulated by BCR-ABL in CML-BC are Evi-1 and HOXA9,
two transcription factors which can cooperate with BCR-ABL in blocking myeloid
differentiation and enhancing the proliferative and survival advantage of
BCR-ABL-expressing cells (85,86). Perhaps, the cumulative effect of MYC, mdm2,
Evi-1, HoxA9, and other BCR-ABL targets involved in proliferation, survival and
differentiation coupled with loss of PP2A tumor suppressor activity and downregu-
lation of C/EBPa leads incrementally to differentiation arrest, reduced apoptosis
susceptibility, and enhanced proliferative potential of CML blast crisis cells.

That there are BCR-ABL dose-dependent mechanisms of altered gene regu-
lation, clearly not limited to those described, might be important to explain the
disease process of blast crisis CML without chromosomal and molecular abnorm-
alities and the relative sensitivity to imatinib of blast crisis cells. In fact, �30%
(preimatinib era) (81,87) and �50% (postimatinib era) (88) of CML-BC patients
do not exhibit chromosomal abnormalities and presumably only a fraction of
these patients has molecular inactivation of the p53 gene, and yet their overall sur-
vival is only marginally better of those with chromosomal abnormalities. It is
tempting to speculate that the disease burden of patients without chromosomal
abnormalities is a consequence of the epigenetic changes (i.e., inactivation of
PP2A, downmodulation of C/EBPa, and increased MDM2 and MYC levels)
induced by BCR-ABL overexpression. The therapeutic response of CML-BC
patients to imatinib may be, in part, also explained by suppression of the dosage-
dependent effects of BCR-ABL, which are likely to coexist with the effects of chro-
mosomal and molecular abnormalities. Inhibition of BCR-ABL activity is not
expected to reverse the effects of the chromosomal and molecular abnormalities
of CML blast crisis cells, while the consequences of BCR-ABL dose-dependent
effects on gene expression would be reversed, at least until the emergence of cell
subpopulations with mutant BCR-ABL, a process which may be also favored by
BCR-ABL overexpression (17,76).

Overexpression of BCR-ABL might be also involved in transcriptional repres-
sion by promoting hypermethylation of the regulatory regions of specific genes.
One such gene is c-Abl itself, which is hypermethylated and expressed at low
levels in CML-BC (89). The c-Abl protein has been implicated in the DNA
damage response and in apoptosis (90); thus, downmodulation of c-Abl expression
might further reduce susceptibility to DNA-damage-induced apoptosis of BCR-
ABL expressing cells while enhancing their genomic instability, two features that
can contribute to disease progression. The involvement of c-Abl loss in disease pro-
gression remains speculative because it has not been tested yet in any in vitro or in
vivo model of BCR-ABL-dependent transformation of hematopoietic cells.

The most common gene mutations in CML-blast crisis involve the p53 gene
(which is mutated in 25–30% of myeloid CML-blast crisis) and the INK4A/ARF
exon 2 (which is homozygously deleted in approximately 50% of lymphoid
CML-BC). The pathogenic role of p53 loss of function in CML disease progression
has been tested using two different strategies. We showed that mice injected with
p53-deficient, BCR-ABL-expressing marrow cells developed a more aggressive
disease process than those injected with wild-type p53, BCR-ABL-expressing
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marrow cells (58). Compared to p53 wild-type cells, p53-deficient BCR-ABL-
expressing marrow cells were morphologically undifferentiated, more resistant to
apoptosis induced by growth factor deprivation, and highly clonogenic in
growth factor-deprived cultures (58). Blastic transformation of marrow cells was
also obtained in a transgenic model in which mice expressing p210BCR-ABL under
the control of the Tec promoter were crossed with p53-heterozygous (p53þ/2)
mice (57). The BCR-ABLþ/2, p53þ/2 mice died of acute leukemia, which was pre-
ceded by a myeloproliferative disorder resembling human CML. Interestingly, the
residual normal p53 allele of BCR-ABL-expressing blast cells was frequently lost,
implying the existence of a BCR-ABL-dependent mechanism facilitating loss of
the remaining p53 allele. One interpretation of these findings is that BCR-ABL accel-
erates the tumorigenic conversion of cells prone to transformation by inactivation of
one p53 allele.

Despite the absence of an ideal in vivo model testing the role of p53 loss of
function in myeloid blast crisis, p53 loss can contribute to disease progression in
several ways. Compared to wild-type marrows, p532/2 cells showed a three- to
four-fold increase in the frequency of multipotent progenitors (Lin2Sca-1þ, CD34þ)
and a greater number of hematopoietic stem cells capable of hematopoietic reconsti-
tution in lethally irradiated mice (91). Moreover, these cells were less susceptible to
apoptotic stimuli (91). Lineage commitment and differentiation of p532/2 progeni-
tors was not affected, suggesting that loss of p53, per se, does not cause differentiation
arrest (91). Thus, the differentiation arrest of CML blast crisis cells lacking a func-
tional p53 gene may be due to the effect of BCR-ABL in an expanded pool of hemato-
poietic progenitors and/or secondary mutations induced by the cumulative effects of
BCR-ABL and p53 loss of function in promoting genomic instability.

Another common mutation in CML-blast crisis is homozygous deletion of
exon 2 at the INK4A/ARF locus. The frequency of this mutation is approximately
50% in lymphoid blast crisis, but is undetectable in myeloid blast crisis (82,92).
Exon 2 deletion of the INK4A/ARF locus is expected to result in loss of expression
of p16 and p14/ARF, two proteins that regulate cell cycle progression and the G1/S
checkpoint by inhibiting the G1 phase cyclin D-Cdk4/Cdk6 and promoting p53
upregulation, respectively. The involvement of p16 and ARF in the maintenance
of adult self-renewing hematopoietic stem cells has recently been suggested by a
study in which ectopic expression of p16 or ARF in hematopoietic stem cells
(c-Kitþ, Sca-1þ, and Flt32Lin2) suppressed their proliferation, with ARF being
more potent than p16 (93). Thus, it is likely that loss of p16 and ARF-dependent
p53 activities are both necessary for lymphoid transformation in the subset of
CML-blast crisis patients with homozygous deletion of the p16/ARF locus.
However, the relative contribution of p16 and ARF is unknown. On the basis of
the relationship between ARF and p53 expression, where ARF induces increased
p53 levels by interfering with its MDM2-dependent degradation (94), homozygous
deletion at the p16/ARF locus observed in lymphoid blast crisis might represent a
functional equivalent of p53 mutation in myeloid blast crisis. However, ARF
appears to have also p53-independent effects (95), which could contribute to the
phenotype of lymphoid blast crisis cells. Loss of p16INK4A leads indirectly to
abrogation/attenuation of the cell cycle regulatory effects of the p105 retinoblas-
toma protein (RB); however, the Rb gene itself is often inactivated in the accelerated
or blast crisis phase of CML especially that associated with a megakaryoblastic or
lymphoblastic phenotype (96). Rb is inactivated by mutation, deletion, or loss of
expression in approximately 18% of CML blast crisis cases.
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A UNIFYING MECHANISM FOR DISEASE PROGRESSION
IN CHRONIC MYELOID LEUKEMIA

As discussed earlier, CML blast crisis is characterized by a number of seemingly
incoherent chromosomal and molecular abnormalities and by a cascade of effects
deriving from the increased activity of p210 BCR-ABL oncoprotein. Yet, some
generalizations can be attempted:

1. the vast majority of secondary changes involve genes encoding nucleus-
localized proteins that directly or indirectly regulate gene transcription;

2. inactivating mutations/loss-of-function of tumor suppressor genes are more
common than activating mutation/gain-of-function of oncogenes; and

3. p53 is genetically or functionally inactivated in a large fraction of CML-blast
crisis.

Vis-a-vis the central role of the cytoplasm-localized BCR-ABL in disease initiation
and progression, it is not surprising that most secondary changes of CML blast
crisis involve genes encoding nucleus-localized proteins. The BCR-ABL oncopro-
tein activates several signal transduction pathways regulating cell proliferation
and survival, and additional mutations activating these pathways would be of no
obvious advantage. Indeed, mutation of K-RAS or N-RAS is a rare event in CML
blast crisis, and mutation of PTEN, which is frequent in solid tumors and leads
to constitutive activation of the PI-3K/Akt pathway, has not been detected in any
leukemia sample, including CML (reviewed in Ref. 1). Thus, mutations of
nucleus-localized gene products can be seen as complementing the effects of the
cytoplasm-localized BCR-ABL. Among the nucleus-localized gene products
mutated in CML blast crisis, some activate or repress transcription directly
(NOP98/HOXA9 and AML-1/EVI-1, respectively), some lead to a nonfunctional
transcription factor (i.e., p53 mutant), and some indirectly modulate the activity
of transcription factors involved in DNA synthesis (i.e., homozygous deletions of
the p16INK4A/ARF locus leading to inactivation of the Rb pathway and enhanced
activity of E2F family genes) or in cell cycle checkpoints (i.e., homozygous deletions
of the p16INK4A/ARF locus leading to MDM2-dependent inactivation/degra-
dation of p53). Regardless of the predominant secondary change(s) of CML blast
crisis, in any of the above situations, the phenotype is remarkably similar and con-
sists of growth factor-independent proliferation and survival coexisting with a
severe differentiation arrest. The most likely interpretation of these findings is
that the differentiation arrest of CML blast crisis cells can be enforced by
mutations/downregulation of differentiation-regulatory genes (i.e., generation of
the AML-1/EVI-1 chimera or reduced C/EBPa expression), as well as by activation
of proliferation-stimulatory pathways (i.e., homozygous deletion of the p16INK4A/
ARF locus with secondary effects on the Rb and p53 pathway, and PP2A inacti-
vation with consequent enhancement of mitogenic and survival signals). In
addition, loss of PP2A tumor suppressor activity (23) most likely contributes to
increased self-renewal and expansion of the blast crisis CML leukemia-initiating
cell by preventing b-catenin degradation (97) and, therefore, enhancing WNT/
b-catenin signaling (Fig. 3) (15).

In many cell types, differentiation is preceded by reduced proliferation, and
an abnormally high proliferative rate in a specific stem/progenitor cell subset
might lead to expansion of a cell population unfit to differentiate. Most secondary
genetic abnormalities in CML blast crisis directly inactivate genes that function as
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tumor suppressors (i.e., p53 gene mutations) or lead to functional inactivation of
tumor suppressor genes (i.e., homozygous deletion of ARF leading to p53 loss of
function). In this regard, CML disease progression is similar to the transition
from a premalignant to a frank neoplastic state in solid tumors. In contrast to
CML and other hematological malignancies, in solid tumors the initiating event
is often represented by inactivation of a tumor suppressor gene.

Genetic or functional inactivation of p53 seems the most common abnormal-
ity in CML blast crisis, as the p53 gene is mutated in 25% to 30% of myeloid CML
blast crisis. Homozygous deletion of the p16INK4A/ARF locus, which indirectly
affects p53 function, is detected in approximately 50% of CML lymphoid blast
crisis, and expression of MDM2, the principal negative regulator of p53, is often
more abundant in CML blast crisis mononuclear cells, compared to the correspond-
ing chronic phase cells (22). Other mechanisms potentially leading to functional
inactivation of p53 (i.e., cytoplasmic sequestration) have not been examined,
making difficult a quantitation of the actual involvement of p53 in CML disease pro-
gression. In this regard, no studies have addressed directly the issue of functional
inactivation of p53 in CML disease progression, and an assessment of the frequency
of this mechanism seems necessary.

CONCLUSIONS

A legitimate model of disease progression in CML predicts that BCR-ABL activity
promotes the accumulation of genetic and epigenetic alterations directly or

FIGURE 3 A unifying mechanism of chronic myeloid leukemia (CML) disease progression. A model
of CML disease progression resulting from the combined effects of BCR-ABL overexpression and
BCR-ABL-dependent genomic instability. In this unifying model of disease progression that sees
BCR-ABL as the key-player, the tumor suppressor PP2A will have the role of a “gatekeeper,” as
its activation controls and restrains BCR-ABL expression/activity, whereas its inhibition allows
BCR-ABL expression to increase and induce a cascade of events that promote disease
progression by enhancing survival, proliferation and self renewal, impairing differentiation and
increasing genomic instability of a CD34þ CML cell clone. Abbreviations: CML, chronic myeloid
leukemia; CML-CP, chronic myeloid leukemia-chronic phase; CML-BC, chronic myeloid leukemia-
blast crisis.
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indirectly responsible for the reduced apoptosis susceptibility and the enhanced
proliferative potential and differentiation arrest of CML blast crisis cells. Indeed,
there is evidence for a mechanism of CML disease progression where alterations
in DNA repair processes coupled with enhanced survival of BCR-ABL-expressing
cells may allow the propagation of secondary genetic changes that favor the
emergence and persistence of increasingly malignant cells. Among the secondary
changes, those directly or indirectly affecting the p53 tumor suppressor gene
seem to have a central role for frequency and biological consequences.

At the molecular level, CML blast crisis remains a heterogeneous disease and
yet only few pathways are commonly affected. Of the many issues that need to be
investigated for a better understanding of the pathogenic mechanisms in CML
disease progression, some should attract considerable attention.

First, is BCR-ABL overexpression a common feature of blast crisis CML and is
determined stochastically or by genetic/epigenetic mechanisms? Recent evidence
suggests that expression of BCR-ABL is more abundant in early than in late CML
chronic phase progenitors and that CML blast crisis undifferentiated and com-
mitted myeloid progenitors express higher BCR-ABL levels of the corresponding
chronic phase progenitors (1,15,17,23). If this is confirmed by additional studies,
an obvious question will be whether BCR-ABL overexpression is causally linked
or secondary to the expansion of homogeneous populations of blast cells. A molecu-
lar characterization of apparently identical subpopulations of CML-chronic phase
and blast crisis progenitors and their comparison with normal progenitors may
prove important in addressing these possibilities. Overexpression of BCR-ABL
during disease progression may be the result of stochastic forces and/or facilitated
by genetic/epigenetic mechanisms. We favor the second hypothesis, as restoration
of PP2A activity in myeloid CML blast crisis cells leads to SHP-1-mediated dephos-
phorylation and proteasome-dependent degradation of BCR-ABL, suggesting that
functional inactivation of PP2A tumor suppressor by BCR-ABL represents an
auto-regulatory mechanism allowing increased and sustained BCR-ABL activity
and expression in early CML blast crisis progenitors (23). However, a more detailed
analysis of the mechanisms responsible for increased BCR-ABL expression in CML
blast crisis patients with and without chromosomal/molecular abnormalities could
be informative in supporting or disproving either possibility.

Second, are there specific molecular determinants of lymphoid CML blast
crisis and do they interact with BCR-ABL in selectively promoting the expansion
of B-cell type blasts? The high frequency of homozygous deletions at the INK4A/
ARF locus suggests that inactivation of the INK4A or ARF gene or both serves
as the important molecular determinant of lymphoid blast crisis. Since specific
knockout models (INK4A2/2, ARF2/2, and INK4A/ARF2/2) are available, it
will be important to test whether INK4A, ARF, or the combination of both
mutants cooperates with BCR-ABL to induce the selective expansion of a pool of
progenitors committed to B-cell development. Perhaps, loss of the INK4A or ARF
gene or both favors cell cycle entry of B-cell type rather than myeloid progenitors.
Loss of p16 and ARF function is required for immortalization of human cells,
whereas loss of ARF is sufficient for immortalization and RAS-dependent
transformation of mouse cells (98); thus, the role of ARF and p16 should also be
independently tested in in vitro models of BCR-ABL transformation of multipotent
and unipotent human progenitor cells.

Third, will disease progression and development of secondary genetic
abnormalities be affected by imatinib monotherapy? If disease progression
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depends on the constitutive activity of the BCR-ABL tyrosine kinase, suppressing its
activity will postpone, if not prevent, the development of CML blast crisis.
Although there is no proof for it, the secondary changes of CML blast crisis may
reflect, in part, the effects of treatment with DNA damaging agents on the geneti-
cally unstable background of BCR-ABL-expressing cells. If so, imatinib-resistant
CML blast crisis might be characterized by a distinct pattern of secondary
changes primarily caused by the constitutive activity of BCR-ABL. It is also possible
that the molecular mechanisms of disease progression will be totally different
in those patients resistant to imatinib as well as to AMN107 and dasatinib (11);
however, it is unclear whether the T315I is a gain-of-function mutation that
confers increased kinase activity to BCR-ABL (99). The ultimate goal of BCR-ABL
kinase inhibitor-based CML therapy is disease eradication and prevention of tran-
sition to blast crisis. Since it is unlikely that this will be achieved in each patient, as it
appears that both imatinib and dasatinib are not effective in killing the so-called
quiescent CML stem cell (8), understanding disease progression in the imatinib-
resistant group will be essential for the development of “rational” therapeutic strat-
egies [e.g., PP2A activating compounds (23) or drugs able to restore C/EBPa
expression and its tumor suppressor and pro-differentiation activities (100)] to be
used in conjunction with BCR-ABL tyrosine kinase inhibitors.

SUMMARY

CML evolves from a chronic phase characterized by Ph1 as the sole genetic
alteration to blast crisis, which is often associated with increased expression of
the BCR-ABL oncoprotein, and with the presence of additional chromosomal and
molecular abnormalities. Although the pathogenic effects of most CML blast
crisis secondary changes are still poorly understood, the phenotype of CML blast
crisis cells (enhanced proliferation and survival, differentiation arrest) appears to
depend on co-operation of BCR-ABL with gene(s) that become dysregulated
during disease progression.

Most genetic abnormalities of CML blast crisis have a direct or indirect effect
on p53 and/or Rb gene activity, which are primarily required for cell proliferation
and survival, but not differentiation. Thus, the differentiation arrest of CML blast
crisis cells is a secondary consequence of these abnormalities or is caused by dereg-
ulation of differentiation-regulatory genes (i.e., C/EBPa). Furthermore, loss of
PP2A tumor suppressor activity in blast crisis CML allows BCR-ABL to transduce
aberrant mitogenic, survival and antidifferentiation signals, and enhance post-
translationally its expression and oncogenic activity.

Validation of the critical role of certain secondary changes (i.e., loss of p53,
PP2A, or C/EBPa function) in murine models of CML blast crisis and in in vitro
assays of BCR-ABL transformation of human hematopoietic progenitors might
lead to the development of novel therapies based on targeting BCR-ABL and inhi-
biting or restoring the gene activity gained or lost during disease progression
(i.e., p53, PP2A, or C/EBPa).
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INTRODUCTION

Imatinib has been recognized as a major treatment for patients with chronic
myelogenous leukemia (CML). Following several phase I and II trials, a large multi-
center phase III trial (IRIS trial) was designed to compare imatinib at standard dose
(400 mg) with IFN in combination with low dose cytarabine (1). The long-term
benefits of this trial are clearly encouraging (2). The overall estimated survival at
60 months was 89%, with a small proportion of patients who had relapsed or
progressed. In all 6.3% of patients progressed to accelerated or acute phase, 5.1%
lost their major molecular response and 2.5% lost their hematological response.

Thus imatinib is effective in treating CML. However, some patients ultimately
relapse with resistant disease. Resistance may develop through several mechan-
isms, such as point mutations within the tyrosine kinase binding site, gene ampli-
fication, clonal evolution, or decreased imatinib bioavailability (3). In addition,
despite the high rate of complete cytogenetic response, a minority of patients
achieved a complete and durable molecular negativity and most of the patients
who stopped imatinib might have relapsed. This suggests that, although imatinib
is highly active against a mature CML cell population, it fails, at least at standard
dose, to eradicate all residual leukemic cells. There is evidence that CML stem
cells are not eliminated by imatinib in vivo with patients in complete cytogenetic
response (CCyR) having detectable Phþ CD34þ cells and long-term culture initiat-
ing cells (LTC-ICs) (4,5).

Thus researches are currently in progress to further elucidate the mechanisms
of imatinib resistance and to develop strategies that will expand the usefulness of
imatinib. Strategies to overcome imatinib resistance that might occur at the
standard of 400 mg/day include imatinib-based combination therapies and high
dose imatinib. Others involving novel, more potent tyrosine kinase inhibitors or
agents aimed at other targets are discussed in Chapters 5, 6, and 9.

HIGH DOSE IMATINIB

Several observations had suggested that higher dosages of imatinib might be more
effective. The initial phase I trial showed a clear dose response relationship (6). In
this trial, an hematologic response was observed in all patients treated in chronic
phase with imatinib at doses � 140 mg/day. A complete hematologic response
was recorded in 98% of patients (53 out of 54) treated at � 300 mg/day, whereas
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complete responses occurred in only 38% of patients treated with doses lower than
300 mg. Pharmacokinetic studies revealed that above 300 mg plasma levels equiv-
alent to the effective in vitro level (1 mM) were achieved. At dose 400 mg the rec-
ommended standard for CML in chronic phase peak levels at steady state were
4.6 mM and through levels at steady state were 2.13 mM, with a half-life of 19.3
hours. In a phase II study, which enrolled 235 patients in accelerated phase, a
relationship was also detected between dose and response (7). Patients in acceler-
ated phase treated with 600 mg imatinib daily had higher response rates, improved
12 months survival, and longer responses compared to patients treated with 400 mg
daily. In a group of 54 patients with Phþ CML in chronic phase and with hemato-
logical or cytogenetic resistance or relapse on imatinib at 400 mg, a dose increase to
600 mg or 800 mg resulted in subsequent response (8). Complete hematologic
response was obtained in 65% of patients, and 56% of those with cytogenetic
resistance or relapse achieved MCyR. Thus, higher doses of imatinib can recapture
hematologic and cytogenetic responses after failure to standard dose. Based on
these preliminary results and observations, higher doses of imatinib were recently
investigated. High dose imatinib can be considered as a reasonable option, since
most of these studies have shown no maximum tolerated dose and no increase in
non-hematological toxicity at doses up to 1000 mg/day. Higher doses of imatinib
have been investigated in chronic phase in patients previously treated or in patients
who were naı̈ve.

A first study included 37 patients with CML in chronic phase, those who had
failed IFN-a and subsequently received imatinib 800 mg daily (9). Overall, 89% of
the patients achieved a complete cytogenetic response, in comparison to 48% with
standard dose imatinib in a historical control, having a similar patient population.
The levels of BCR-ABL/ABL decreased rapidly: by nine months of therapy, over half
of the patients had reached levels ,0.045%. These levels correspond roughly to a
major molecular response. At the last followup, 50% of the patients had reached
undetectable BCR-ABL levels by quantitative PCR, confirmed by nested PCR.
These molecular response rates are unprecedented with any other medical
therapy for CML, including standard dose imatinib. Although the long-term impli-
cations of these major and complete molecular remissions are unknown, early data
suggest that they correlate with a highly durable complete cytogenetic remission.

A second study investigated the efficacy and toxicity of high dose (HD)
imatinib (800 mg daily) in a group of 208 newly diagnosed chronic phase CML
patients (10,11).

These data were compared with a historical cohort of 50 patients with newly
diagnosed CML treated at the same institution in the preceding year but at the
standard dose (SD) of 400 mg and updated at the American Society of Clinical
Oncology (ASCO) 42nd Annual Meeting (11).

Cytogenetic and molecular responses were possible to be evaluated in 255
patients (N ¼ 49 at SD, 206 at HD) and 248 patients (N ¼ 46 at SD, 202 at HD),
respectively. In HD group, Sokal risk classification was good in 63%, intermediate
in 27%, and poor in 10% of patients. There were no differences in pretreatment
characteristics between two groups. The median age was 48 years in both
groups. Median followup is 58 months for SD and 34 months for HD group.
Patients treated with HD had a higher rate of complete cytogenetic responses
(91% vs. 78% with SD, p ¼ 0.03) and these occurred earlier, with 76% achieving
this response by six months of the therapy versus 51% with SD (p ¼ 0.0004). The
cumulative incidence of major molecular response was significantly better in HD
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group (p , 0.05), and this response was also observed earlier in HD group: at 12
months 48% in HD and 19% in SD group had achieved this response
(p ¼ 0.0001). At 24 months, 46/123 (37%) patients who can be evaluated with HD
versus 9/31 (29%) of patients in SD group achieved complete molecular remission.

These data are summarized in Table 1 and compared with the results obtained
with 400 mg in the IRIS trial.

These data consistently suggest that it is possible that in patients with newly
diagnosed CML, the use of 800 mg imatinib as starting dose might have a better effi-
cacy than the standard 400 mg dose. Cortes et al. further reported that treatment
with high dose imatinib (800 mg) was the most significant factor associated with
an increased probability of achieving a molecular response, particularly at early
time points (12 months).

The Australian group conducted a phase II trial (TIDEL), in de novo CML
patients, using imatinib 600 mg initially, increasing to 800 mg in case of insufficient
response: (i) nonhematologic response after three months of treatment, (ii) no MCyR
at six months, (iii) no CCyR at nine months, or (iv) ,4 log reduction in BCR-ABL at 12
months (12). Out of the 101 patients included in the trial, 81 were assessable for the 24
months molecular response. By 12 months 89%, 45%, and 13% had achieved CCyR,
�3 log, and �4 log reductions, respectively. By 24 months 92%, 65%, and 29%
achieved these response levels. It was concluded that a more dose intense approach
to the treatment of newly diagnosed CML patients achieved a better rate of major
molecular response than lower doses, and that maintenance of dose intensity in
the first six months of therapy was predictive of molecular response.

The GIMEMA (Italian) group conducted a phase II trial of imatinib 800 mg in
intermediate Sokal risk in the early chronic phase of CML (13). Out the 44 patients
who completed six months of the treatment, the CHR rate was 100%, and the MCyR
and CCyR rates were 90% and 81%, respectively. The major molecular response rate
at six months was 56%. A multinational working group (Italy, Nordic Countries,
Turkey, and Israel), within the frame of Leukemia Net is exploring 400 mg versus
800 mg in high Sokal risk patients. At the present time, 80 patients have been
enrolled but results are pending.

An interim analysis of a multicenter phase II trial (the RIGHT trial) has been
recently presented (14).

TABLE 1 Efficacy of High Dose Gleevec/Glivec in Phase II Trials Compared with the Standard
Dose of 400 mg

IRIS trial
(STI571 0106)

400 mg n ¼ 553
(%)

400 mg
n ¼ 50

(8,11) (%)

800 mg
n ¼ 208

(10,11) (%)

600 mg
n ¼ 75

(12) (%)

CCyR Overall 82 78 91 NA
6 months 52 51 76 80
12 months 68 75 95 89

MMR 6 months 21 5 38 31
12 months 39 19 48 45
24 months 55 60 72 65

4 log reduction 12 months 13
24 months 29

PCR undetectable 4 29 37 NA

Abbreviations: CCyR, complete cytogenetic response; MMR, major molecular response.

Early Intensification of Therapy 151



This phase II trial included 115 patients in 29 institutions. These patients
received 800 mg imatinib/day and treatment dose was adjusted for �3 toxicity
grades. The primary endpoint of the trial is molecular response at the first year.
Sokal classification was predominantly low (73.1%) or intermediate (17.3%).
Peripheral blood PCR and FISH were measured every three months in a central
laboratory. Table 2 described the interim analysis of this trial with a high rate of
CCyR at 12 months (85%) and a high rate of major molecular response at six
months (55%) and 12 months (64%).

IMATINIB IN COMBINATION

In order to obtain a higher rate of cytogenetic response and to overcome resistances,
new strategies using combination of cytotoxic drugs with imatinib have emerged.
Drugs, which are currently tested, are those that have been selected in the past
for their high antileukemic activity. Interferon, pegylated or nonpegylated forms,
and cytarabine at various dosages are being actively tested. The conjugation of a
40kDa branched polyethylene glycol molecule to interferona2a (Peg-IFNa2a)
results in the formation of a novel IFN with properties including sustained absorp-
tion and a prolonged half life, allowing for a once weekly dosing regimen. Thus this
new compound could be better tolerated in CML patients. An open label trial
included 144 patients comparing subcutaneous single-agent Peg-IFNa2a 450 mg
once weekly with regular IFNa2a, 9 MU/day. After 12 months major cytogenetic
response, complete cytogenetic response, as well as hematologic response were sig-
nificantly better with Peg-IFNa2a as compared with regular IFNa2a, 35% and 18%
( p ¼ 0.0016), 15% and 7%, 66% and 41% (0.0008) respectively (15). These results
suggest that pegylated interferon is not only a more convenient alternative to
regular interferon, but also possibly more effective.

The French CML group performed a phase II study of imatinib at a daily fixed
dose of 400 mg in combination with Ara-C at 20 mg/m2 on days 14 to 28 with cycles
repeated every 28 days. Thirty patients with previously untreated CML in chronic
phase within six months of diagnosis were enrolled (16). Adverse events were fre-
quently observed with grade 3 or grade 4 hematologic toxicities and nonhematolo-
gic toxicities in 53% (n ¼ 16) and in 27% (n ¼ 8) of patients, respectively. The
cumulative incidence of CCyR at 12 months was 83% and at six months 100% of
the patients achieved CHR (Table 3).

TABLE 2 Response to High Dose Imatinib—Interim Analysis of the
RIGHT Trial

Response

N8/N8 Evaluable (%) at

6 Mo (n ¼ 89) 12 Mo (n ¼ 39)

CHR 83 (94) 39 (100)
Cytogenetic

Complete NAa 33 (85)
Partial NAa 3 (8)

Molecular
�3 log + 49 (55)b 25 (64)
Undetectable 39 (44)b 17 (44)

aNot available.
bTwo patients have missing data.
Abbreviation: CHR, complete hematologic response.
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An exploratory study was conducted in order to investigate the effects of a
standard 400 mg daily imatinib dose and a variable pegylated interferon
(PegIFN) dose (50 mg/wk, 100 mg/wk, and 150 mg/wk) (17). The criteria for dose
adjustment were designed so as to ensure the delivery of the imatinib dose and
to protect life quality. There were 76 patients with previously untreated Ph positive
CML enrolled in the study. There were three patients who discontinued imatinib
and 45 patients who discontinued PegIFN. The severity of adverse events increased
with increasing PegIFN dose. The planned imatinib dose could be administered to
the patients who were assigned to receive 50 mg/wk or 100 mg/wk PegIFN, but not
to those who were assigned to receive 150 mg/wk. The median administered dose of
PegIFN ranged between 32 mg/wk and 36 mg/wk. In this group of patients, 70%
achieved CCyR and 83% MCyR. The BCR-ABL transcript was reduced by at least
3 logs in 68% of CCyR patients (Table 4). These two phase II trials were essential
for the design of the current large phase III trials.

Preliminary results of a randomized trial of high dose imatinib with or
without PEG-IFN and GM-CSF frontline therapy were recently presented. Patients
with previously untreated CP CML started treatment with imatinib 800 mg daily
and randomized after six months of therapy to either continue high dose imatinib
alone or add PEG-IFN 0.5 mcg/kg/week and GM-CSF 125 mg/m2 three times

TABLE 3 Hematologic and Cytogenetic Responses Obtained with the Combination Imatinib
and Cytarabine

3 mo 6 mo 9 mo 12 mo

N8 of patients at risk 30 30 30 30
Complete hematologic

response (95% CI)
30a 30 30 29
100% (88–100) 100% (88–100) 100% (88–100) 97% (83–100)

Cytogenetic response
Major 21 22 23 25

70% (51–85) 73% (54–88) 77% (58–90) 83% (65–94)
Complete 7 17 16 21

23% (10–42) 57% (37–75) 53% (34–72) 70% (51–85)
Partial 14 5 7 4

47 (28–66) 17% (10–42) 23% (10–42) 13% (4–31)
Minor 2 3 2 2
Failure 2 2 1 1
Not assessableb 5 3 4 2

aAmong the 30 patients, 2 were already in CHR at study treatment.
bNot assessable patients: 12 for technical failure; 2 not done.

TABLE 4 Cytogenetic Responses with the Combination Imatinib (400 mg daily)þ PegIFN
(Percentage)

TOTAL
(n ¼ 76)

50 mg/week
(n ¼ 27)

100 mg/week
(n ¼ 18)

150 mg/week
(n ¼ 31)

CCyR MCyR CCyR MCyR CCyR MCyR CCyR MCyR

3 months 29 61 22 59 33 67 32 58
6 months 46 67 44 78 50 61 45 61
9 months 54 63 48 63 56 61 58 65
12 months 68 79 74 93 67 78 65 68
Overall 70 83 78 93 67 78 65 77
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weekly (18). Patients were monitored with real time PCR and cytogenetics every
three months for the first year and every six months thereafter. Ninety-four patients
have been registered: 49 randomized to imatinib alone and 45 to IMþ PEG–
IFNþGM. 70 (75%) have been followed for at least six months and 49 (52%) for
12 months (first interim analysis was done when 30 patients were in a position to
be evaluated at 12 months). Ten patients randomized to PEG-IFN did not start
therapy (two refused, two physician’s decision, six off study before six months
because of noncompliance n ¼ 3, melanoma n ¼ 1, financial reasons n ¼ 1, or pro-
gressive disease n ¼ 1). There is a trend for improved response after 12 months with
the combination (Table 5). Toxicity with high-dose imatinib was similar to previous
reports. The most common grade �3 toxicity associated with PEG-IFN in the 26
patients reported included fatigue (n ¼ 7, 27%), rash (n ¼ 5, 19%), depression
(n ¼ 3, 11%), and headache (n ¼ 2, 7%). Twelve patients have required dose
reductions of PEG-IFN and three of them (13%) permanently discontinued it. The
actual median (range) dose of IM at 12 months was 800 mg (600–800 mg) for IM
alone and 800 mg of PEG-IM. It was concluded that the combination of imatinib
and PEG- IFN as done here was associated with acceptable toxicity profile.

Based on these preliminary results using combination therapies as well as in
vitro data suggesting synergistic or additive effect of imatinib with other agents
(19), several national groups are currently conducting trials, exploring various
dosages of imatinib (400 mg, 600 mg, and 800 mg) and combination therapies
with cytarabine or IFN-a. The U.K. and U.S. groups are exploring a comparison
between 400 and 800 mg. In addition, two groups are conducting, in parallel,
large phase III trials, exploring dosage of imatinib as well as combination therapies.
In July 2002, the German CML-study group activated a four arm randomized con-
trolled trial comparing imatinib 400 mg with imatinib plus IFN-a, imatinib plus
cytarabine and imatinib after IFN-a failure. In this trial, high risk patients are ran-
domly assigned to primary imatinib-based therapies including a treatment arm
with 800 mg daily (20). A recent evaluation was based on 416 patients with 12
months of followup. Of the 335 patients with cytogenetic evaluation, 63% achieved
MCyR and 53% CCyR. The number of patients who progressed each year was very
low and 27% of patient achieved a major molecular response. However, an analysis
of outcome for the individual treatment groups is not yet available.

In September 2003, the French CML study group started a similar phase III
trial (21). The experimental arms are IM 400 mg daily in combination with

TABLE 5 Patient Characteristics and Response (Intention to Treat)

N8/N8 Evaluable (%)

Overall IMa alone IMþ PEG-IFNþGM p Value

Median age (range), y 48 (19–73) 46 (19–73) 50 (19–73) 0.12
Sokal (% low/int/high) 71/20/9 63/25/12 79/16/5 0.17
CCyR Overall 73/84 (87) 40/45 (89) 33/39 (85) 0.74
at 12 mo 44/49 (90) 27/31(87) 17/18 (94) 0.63
12 mo BCR-ABL/ABL
,0.05% 20/49 (41) 10/31(32) 10/18 (55) 0.13
Undetectable 5/49 (10) 3/31(10) 2/18 (11) 1.0
Median (range) 0.1 (0–79.3) 0.12 (0–79.3) 0.04 (0–21.9) 0.51

aIM, imatinib.
Abbreviation: CCyR, complete cytogenetic response.
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Peg-IFN-2a (Peg-IFN2a, 90 mg weekly) or IM 400 mg daily in combination with
Ara-C, (20 mg/m2/day, days 15–28 of 28-day cycles) or IM 600 mg daily. The refer-
ence arm is IM 400 mg daily. A first evaluation based on 315 patients with a median
time of observation of 12 months demonstrated the feasibility of combination thera-
pies with CHR rate of 82% at three months. Cytogenetic data were available from
154 patients. At six months, 135 patients (87%) achieved a MCyR, being complete
in 105 patients (68%). A substantial number of patients experienced grade three-
fourth hematological as well as nonhematological toxicities. Similarly, analysis of
outcome by treatment group is forthcoming. These studies will be very valuable
in establishing the role of high dose imatinib and imatinib-based combinations in
the management of CML.

CONCLUSION

Although resistance to imatinib develops most frequently in patients in advanced
phase, this event may occur in chronic phase patients. Preliminary results obtained
with high dose imatinib as well as with combination therapies are promising.
Upfront high dose imatinib achieves higher rate of cytogenetic response and also
molecular response. In addition, maintenance of dose intensity within the first six
months seems predictive of molecular response. However, the maximum initial
dose and escalation schedule remains to be determined. High dose of imatinib
may also be used in order to recapture responses in patients who fail or have
suboptimal response to standard dose imatinib. A recent report suggested that
dose increase up to 1200 mg daily was well tolerated and effective in a group of
four patients who underwent a second CcyR (22). Combination therapies are prom-
ising with drugs known to be powerful in CML like IFN and Cytarabine. However,
numerous other combinations could be tested and new agents are currently under
assessment (23,24).
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