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Mechanisms of Resistance to Imatinib and Second-Generation
Tyrosine Inhibitors in Chronic Myeloid Leukemia

Dragana Milojkovic' and Jane Apperley?
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The process by which the leukemic cells prove resistant to TKls and the iy
i from previous inhibition has initiated the pursuit for
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ABL Kinase Domain Mutations

The emergence of mutations within the kinase domain of
BCR-ABLL1 is regularly associated with resistance to TKI ther-
apy. The most frequently described mechanism of acquired
resistance to imatinib is the occurrence of point mutations,
representing a single aa substitution in the kinase domain,
which impair drug binding by affecting essential residues
for direct contact with the TKI or by preventing BCR-ABL1
from assuming the inactive conformation appropriate for im-
atinib binding. I ——
and in the order of 40 to 0%y

A 7 6)

occurring

[ Although the 73151 mutation is generally ac-

I
N PETKI I and CML (Table
3), I documented prior to TKI therapy
(85), inherently ions .
——T

I 't would seem [
[ lindependently contribute to [, whereas

Table 3. Frequency of ABL-kinase domain
mutations by disease phase

KD No. of No. of CP  No. of AP No. of BP
Mutation Mutations™ (%)" (%0)™> (%0)*
P-loop*

M244 47 33 (70) 1(2) 13 (28)
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[ Particular mutations, as in the

case of E255K, are noted to have increased oncogenic potency
despite reduced kinase activity compared with unmutated
BCR-ABL1 (88). The proliferative advantage of a given mutant
seems multifactorial and determined by intrinsic kinase activity,
substrate specificity, and extrinsic factors including growth fac-
tors and cytokines.

Although most of the clinically relevant mutations are in-
hibited by dasatinib and nilotinib, with the exception of
T3151 (Fig. 1; ref. 89), the presence of existing mutations af-
ter imatinib failure, as well as development of new mutations
on a subsequent second TKI is naturally a potential source of
resistance to successive TKI (90-93). The influence of base-
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Selecting optimal second-line tyrosine kinase inhibitor therapy for chronic

myeloid leukemia patients after imatinib failure: does the BCR-ABL mutation
status really matter?

Susan Branford,! Junia V. Melo,* and Timothy P. Hughes?
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BCR-ABL kinase inhibitors (SGIs). The most common mechanisms of
imatinib resistance are mutations within the BCR-ABL kinase domain
and protein overexpression by gene amplification.-*2 Resistance is also
associated with other genetic events, as indicated by the detection of
cytogenetic abnormalities in the Philadelphia chromosome—positive
(Ph ) clone in more than 50% of imatinib-resistant patients.’® It has
been suggested that some BCR-ABL mutations play no causal role in
resistance.!*® However, approximately half of the patients who com-
mence SGls after imatinib therapy have detectable imatinib-resistant

BCR-ABL mutations. I
|
1 |
I pai R ———
|
I the presence of imatinib = G
I

I corwencio I cessa-
tion ——

when considering an Increased Imatinib dose.”™ Here we SN

I in the context of their NN I
I
I contribute to |
I indeed NN N Ve
e
I
e
. Ve ——
I Last, we examine [IEEEEG_—
e
|

BCR-ABL mutations in the era of SGls:
type still matters

Mutant sensitivity assessed by in vitro studies

Preclinical studies of nilotinib against 33 BCR-ABL mutants predicted
that the inhibitor would have clinical activity in patients harboring these
mutations, except for T3151.333441 Similarly, among 19 imatinib-
resistant mutants tested against dasatinib, T315I was the only clearly
resistant mutation.3233 The in vitro results were similar to the earlier in
vitro studies of imatinib, in that mutants displayed various degrees of
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sensitivity determined in cell proliferation assays.*%° | at
I appeared to be particularly relevant,
including [N I —
I accounted for NN, including
I which had
4 |
I to emerge N
|
I In accord with these results, T315A and F317V
had the [Ny I cxcept for [ in the [llvitro
I of dasatini b

In 3 in vitro resistance screens of increasing doses of nilotinib,
T3151 emerged most frequently and represented 49% of all
mutations recovered.*34446 However, the common imatinib-
resistant mutation, Y253H, was also among the most frequent to
emerge and had the highest nilotinib 1Cs, value in each of these
studies, apart from T3151. | I the
only I to emerge in all 3 screens, and [
emerged [Istudies. All other mutations were confined to one
of the screens. I

|
I falls within the peak-trough plasma levels (3600-1700nM)

Clinical studies have demonstrated that the majority of imatinib-
resistant mutations remain sensitive to nilotinib.?4253 Neverthe-
less, several mutations are less sensitive, which influences the
response.®® The mutations that emerged in the nilotinib resistance
screens have corresponded, to a degree, with the clinical findings.
In an evaluation of 281 CP patients in the nilotinib phase 2
registration study, those with T315l, Y253H, E255K/V, and
F359V/C (n 31) at nilotinib commencement had the least
favorable responses. These mutations had the highest 1Cs, values in
cell proliferation assays as assessed by Weisberg et al
( 150nM).3+41 No patient with these mutations achieved a
complete cytogenetic response (CCyR) by 12 months, 6 (19%)
achieved a major cytogenetic response, and 10 (32%) a complete
hematologic response (CHR).38 In contrast, 32 of 74 patients (43%)
with any other mutation and 35 of 87 (40%) with imatinib
resistance but no mutation achieved CCyR. These mutations were
also among the most common new mutations during nilotinib
therapy and were associated with a higher risk of progression. In
another study, 13 of 14 patients who relapsed with new mutations
on nilotinib as second- or third-line inhibitor therapy had one of

these mutations.*
Thea nAnr roecnnnea acenriatad with VOE2L] E92°EEW/\/ anAd
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DO uic ol chirtdlly reicvalit mutatoris Ccornrespona o uic
in vitro data?

Based on current clinical information, the answer to this question is
yes, to a degree. Why are some mutations clinically relevant for
SGIs and not others that either emerged more frequently in in vitro
resistance screens and/or those with greater in vitro insensitivity?
In the case of dasatinib. identification of clinically relevant

screens.*346 Further clinical data are required for adequate assess-
ment of their response to nilotinib.
—tions_was
recently ™ In vitro sensitivity was predictive of
response and long-term outcome for patients treated with nilotinib
or dasatinib. Mutations for which there was a discrepancy in
reported sensitivity among in vitro studies were classified accord-
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The sensitivity rankings by cell proliferation assays consistently
suggest that the P-loop mutations Q252H and E255K/V may be
relevant for dasatinib (Table 1).383° In dasatinib-treated CP pa-
tients, the CCyR rates for patients with these mutations ranged
from 17% to 38%.%” These mutations have rarely been associated
with clinical dasatinib resistance or as new mutations during
dasatinib therapy.3748-51 However, E255K and Q252H were among
the mutations recovered in in vitro dasatinib resistance screens but
were the only noncontact residues.***> The BCR-ABL crystal
structure in complex with dasatinib suggested that interactions
between the P-loop and dasatinib were less critical for binding.54
Manley et al®® proposed that it is doubtful mutations of Q252 and
E255 could cause a change in the structure of the P-loop to interfere

wanithh AlAacatrirmily lhindine AF ATD

hirndAdina wwntharidr Aalea Aictiivkirm e

I
e
e
e
These IEE——
e
[
e
.

other
Nevertheless, there are mutations where further clinical evidence

may reveal relevance for an inhibitor (class B, Table 2). However,

|
il for class B mutations. Table 2
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* I currenty T .
1 % & |
I I ————
. N \V299L, which is very rarely detected in imatinib-treated patients, is a dasatinib class C mutation.
. No role for INEG_——

irrespective of the disease phase at imatinib start.57.912 Therefore, transition of CML to LBC.”” Whether BCR-ABL mutations that are
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between CP and BC (Figure 2), which could be associated with
transition between the phases. However, F359V was the most
frequent mutation detected in AP but detected at a relatively low
frequency in BC. The frequencies of individual mutations in
specific disease phases should be considered with caution, and
validation is required.

Thhan AifFFAarammrne mimadAant v D nbharnAatvimna F vialiAdAa+Aad vAatlen

Frequency of mutations that would influence the therapeutic
decision

ey ¥ |
T3151 was detected in

53 of 386 patients (14%). In 110 of 386 patients (28%), one or more

~F thaitr miitatiane wninva Aliniaallyy valAavriarnt fAr Atthar milAatinihh Arv
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The most commonly identified mechanism of imatinib
resistance is related to point mutations in the ABL kinase
[24]. o ' - :

, suggesting that the Abl kinase point mutation
is an important mechanism in imatinib resistance [25]. The
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leukemia: targeted therapy with sequential tyrosine kinase
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Over 40 aitterent imatinib-resistant mutations have been
identified to date [21]. These
ABL

[22]. The different BCR-ABL mutations emerge at varying

ged, IT appropriate. 1he National Comprenensive Cancer
Network (NCCN) 2008 guidelines for CML recommend
time-based landmark responses to treatment that should be
met if the patient is to continue receiving the same imatinib
schedule: a CHR should be achieved within 3 months, at
least a minor cytogenetic response (Table 2) within
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Abstract

Chronic myeloid leukemia is defined by the acquired genetic mutation, t(9;22), which leads to the fusion-protein BCR-ABL.
Prior to the development of imatinib mesylate (Gleevec), treatment was limited and provided only limited survival benefit.
Imatinib has dramatically changed the course of the disease and has led to the significantly prolonged survival in the majority
of patients. However, there is growing concern for resistance to imatinib and to subsequent second generation tyrosine kinase
inhibitors (dasatinib and nilotinib) due to the T315l mutation. With no currently approved effective treatment for TKI-
resistant CML with the T3151 mutation, molecularly-based, targeted drug development has focused on several strategies to
overcome resistance. In this review, we describe agents which overcome the T3151 mutation, as well as native BCR-ABL, via
several mechanisms, including increased degradation of BCR-ABL, optimization of direct inhibition of the BCR-ABL
kinase, inhibition of BCR-ABL-mediated cell growth via interruption of the BCR-ABL-mediated transcription, protein
synthesis or post-translational modification, all of which lead to decreased proliferation and malignant cell death.

Keywords: Leukemic progenitor cells, stem and primitive progenitor cells, chemotherapeutic approaches, myeloid leukemias and

dysplasias, signaling therapies, pharmacotherapeutics

Introduction

Chronic myeloid leukemia (CML) was the first
malignancy defined by an acquired genetic mutation
when Peter Nowell and David Hungerford noticed the
recurrence of a specific chromosomal rearrangement in
1960 [1]. This aberration was found to be
1(9;22)(g34;911), and was named the Philadelphia
chromosome [2]. The consequent fusion protein was
soon after described as the BCR-ABL tyrosine kinase
[3]. As formation of this tyrosine kinase is the necessary
mutation for clonal proliferation in CML, it has become
the subject of intense investigation and the ideal target
for the development of directed molecular therapies.
When left untreated, CML typically follows an
indolent course, termed chronic phase (CP), lasting
between 3 and 6 years. This is followed by a
transformation to accelerated phase, and then
blast crisis (collectively termed ‘advanced disease’)
which is phenotypically indistinguishable from acute

leukemia. Treatment is largely directed toward
patients in CP, as patients who have progressed to
advanced disease have a poor response to therapy,
and radically diminished survival [4]. Historically,
cytotoxic agents (busulfan and hydroxyurea) have
been used with limited success in CP CML [5].
Allogeneic hematopoietic stem cell transplant
(HSCT) was the only therapy to lead to extended
disease free and overall survival [6]. In the 1980s,
immunologic therapy with interferon-alpha (IFN-a)
was introduced for the treatment of CP CML and
was found to be at least as effective as hydroxyurea
for these patients [7]. It was later combined with
cytosine arabinoside with continued improvement in
achieving cytogenetic remissions [8]. However,
median survival remained 56 years, leaving allo-
geneic HSCT as the sole option for long-term
survival.

Imatinib mesylate (Gleevec, Novartis), the first
available inhibitor of BCR-ABL tyrosine Kkinase,
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was initially successful in patients with CP CML
previously treated with IFN-a [9]. However, it was
not until the IRIS trial [International Randomized
Study of Interferon Alpha cytarabine versus STI571
(imatinib mesylate)] that imatinib was used in patients
with newly diagnosed CML. In this cross-over design
study, 93% of the patients who received imatinib
remain free from progression of disease, and 86%
have survived with over 6 years of follow-up [10,11].
Imatinib has revolutionized the treatment for
CML, yet there is always concern for the develop-
ment of resistance to tyrosine kinase inhibitor (TKI)
therapy. Although it occurs more commonly in
advanced disease, patients in CP do occasionally
develop disease progression despite adequate binding
of the imatinib to the BCR-ABL tyrosine kinase. This
BCR-ABL independent resistance can be caused by a
variety of compensatory mechanisms developed by
the clone. These may include drug efflux and
deactivation, or increased aberrant pro-growth sig-
naling in the presence of crescendoing genetic
instability negating the pro-apoptoic effects of im-
atinib [12,13]. For example, downstream mutations
can lead to over-expression of c-Myc and other
dominant oncogenes which are capable of driving
pro-survival signaling independent of BCR-ABL. By
contrast, BCR-ABL-dependent resistance in CML is
most frequently due to

14].
[15,16]. Given
the presence of resistance to imatinib, second
generation TKIs such as dasatinib (Sprycel, Bristol-
Myers), a dual SRC kinase and ABL kinase inhibitor
that binds to the ABL kinase in both its active and
inactive confirmations,[17] and nilotinib (Tasigna,
Norvartis), a high-affinity ABL kinase inhibitor, have
become essential agents in the treatment of resistant
and advanced CML [18,19]. Nonetheless, neither of
these drugs has significant clinical efficacy in the
setting of the T315l1 mutation [20].

The T3151 mutation occurs with substitution of
threonine by a bulky isoleucine at the highly conserved
‘gatekeeper’ residue within the kinase domain. This
substitution inhibits TKIs from access to their target,
which is located deep in the hydrophobic pocket of the
ABL kinase active site [15]. This mutation, which has
been described in 4-15% of patients with imatinib
resistance [21,22], is most frequently detected in
patients with CML who progress to advanced disease
while on imatinib, and may likely convey a poor
outcome and inferior survival [23].

As the T3151 mutation leads to resistance to all
currently approved TKIs, several strategies have been
devised to overcome this resistance. These include

optimization of direct inhibition of the BCR-ABL
kinase, increased degradation of the BCR-ABL onco-
protein, and inhibition of BCR-ABL protein formation
via interruption of transcription, protein synthesis or
post-translational modification of this tyrosine kinase.
Here, we review currently available agents in clinical
trials, as well as new targets in drug development for the
treatment of patients with refractory or resistant CML
or intolerance to standard TKIs.

Direct inhibition of BCR-ABL kinase

The human aurora proteins (A, B, and C) are serine/
threonine kinases that regulate cell division via control of
centrosomes driving prophase of mitosis, and attach-
ment of mitotic spindles to the centromeres. These
proteins are often over-expressed in leukemia, and new
aurora kinase inhibitors (AKIs) have been found to
inhibit not only AK but also both BCR-ABL" and BCR-
ABL 35! [24]. The AKIs are able to overcome resis-
tance to BCR-ABL "** as they do not bind as deep in
the hydrophobic pocket of the BCR-ABL tyrosine kinase
as do the currently available TKIs, such as imatinib. In
this fashion, they are able to avoid the steric hindrance
caused by the substitution of the isoleucine residue at the
‘gatekeeper’ site in BCR-ABL "3**' [22].

There are several AK inhibitors that have activity
against T3151 mutated CML cell lines, and this
preclinical activity has led to early studies in humans
(Table I1). MK-0457 is a small molecule AK/Janus
kinase 2 (JAK-2) inhibitor, which was one of the first
described molecules with clinical activity against the
T3151 mutation. A recent Phase I/1l study including
three patients with BCR-ABL ™' showed one
complete hematologic response, and another who
was reduced to CP [25]. PHA-739358 is a pan-AKI
currently being studied in an ongoing multicenter
Phase 11 trial for patients who have relapsed while on
TKI therapy, and two of seven patients treated have
achieved durable responses (one complete cytoge-
netic response at 6 months, and the other complete
hematologic response at 9 months) [26]. XL-228 is a
specific aurora kinase-A inhibitor which has been
found to have in vitro activity against CML and Ph
Acute lymphocytic leukemia (ALL) cell lines. A
Phase | study testing of XL-228 in patients who have
failed imatinib and dasatinib or had BCR-ABL "3
revealed safe administration and preliminary clinical
response rates of 40% at doses of 3.6 mg/kg [27].
There are several other direct BCR-ABL TKiIs,
which are in pre-clinical development. AP24534 is
a non-aurora multi-kinase inhibitor, which has both
in vitro and in vivo activities against BCR-ABL"" and
BCR-ABL™*!" in a mouse model [28]. This
compound has a longer half-life than currently
available TKIs, and Phase | trials are underway.
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