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ANNUAL CLINICAL UPDATES IN HEMATOLOGICAL MALIGNANCIES:

A CONTINUING MEDICAL EDUCATION SERIES

Chronic myeloid leukemia: 2012 Update on diagnosis,
monitoring, and management

Elias Jabbour* and Hagop Kantarjian

Disease overview: Chronic Myeloid Leukemia (CML) is a myeloproliferative neoplasm with an incidence of
one–two cases per 100,000 adults and accounts for �15% of newly diagnosed cases of leukemia in adults.
Diagnosis: CML is characterized by a balanced genetic translocation, t(9;22)(q34;q11.2), involving a fusion of
the Abelson oncogene (ABL) from chromosome 9q34 with the breakpoint cluster region (BCR) gene on chro-
mosome 22q11.2. This rearrangement is known as the Philadelphia chromosome. The molecular conse-
quence of this translocation is the generation of a BCR-ABL fusion oncogene, which in turn translates into a
Bcr-Abl oncoprotein.
Frontline therapy: Three tyrosine kinase inhibitors (TKIs), imatinib, nilotinib, and dasatinib, have been
approved by the US Food and Drug Administration for the first-line treatment of patients with newly diag-
nosed CML in chronic phase (CML-CP). Clinical trials with 2nd generation TKIs reported significantly deeper
and faster responses; their impact on long-term survival remains to be determined.
Salvage therapy: For patients who fail standard-dose imatinib therapy, imatinib dose escalation is a second-
line option. Alternative second-line options include 2nd generation TKIs. Although both are potent and spe-
cific BCR-ABL TKIs, dasatinib and nilotinib exhibit unique pharmacological profiles and response patterns
relative to different patient characteristics, such as disease stage and BCR-ABL mutational status. Patients
who develop the T315I ‘‘gatekeeper’’ mutation display resistance to all currently available TKIs and are candi-
date for clinical trials. Allogeneic transplantation remains an important therapeutic option for CML-CP harbor-
ing the T315I mutation, patients who fail 2nd generation TKIs, and for all patients in advanced phase disease.
Am. J. Hematol. 87:1038–1045, 2012. VVC 2012 Wiley Periodicals, Inc.

Disease Overview
Chronic myeloid leukemia (CML) is a myeloproliferative

neoplasm with an incidence of one–two cases per 100,000
adults and accounts for �15% of newly diagnosed cases of
leukemia in adults [1]. Central to the pathogenesis of CML is
the fusion of the Abelson murine leukemia (ABL) gene on
chromosome 9 with the breakpoint cluster region (BCR) gene
on chromosome 22, which results in expression of an onco-
protein, termed BCR-ABL [2]. BCR-ABL is a constitutively
active tyrosine kinase that promotes growth and replication
through downstream pathways such as RAS, RAF, JUN ki-
nase, MYC and STAT [3–9]. This influences leukemogenesis
by creating a cytokine-independent cell cycle with aberrant ap-
optotic signals in response to cytokine withdrawal.

Until a little more than a decade ago, drug therapy for
CML was limited to nonspecific agents such as busulfan,
hydroxyurea, and interferon-alfa (INF-a) [10]. INF-a led to
regression of the disease and improved survival but was hin-
dered by a multitude of toxicities. Allogeneic stem cell trans-
plantation (AlloSCT) was a curative intervention but carried
with it a high risk of morbidity and mortality. Further, alloSCT
is only an option for patients with excellent performance status
and an appropriate stem cell donor.

Small molecule tyrosine kinase inhibitors (TKIs) were devel-
oped to exploit the presence of the aberrantly expressed
BCR-ABL protein in CML cells. This ‘‘targeted’’ approach was
found to dramatically alter the natural history of the disease,
improving 10-year overall survival (OS) from �20 to 80–90%
[1,11]. In this review, we will describe the current frontline and
salvage options for CML, as well as new compounds under
investigation for the management of resistant disease.

Manifestations and Staging
About 30 to 50% of patients with CML diagnosed in the

United States are asymptomatic. The disease is found on

routine physical examination or blood tests. CML can be
classified into three disease phases: chronic phase (CP),
accelerated phase (AP), and blast phase (BP). Diagnosis is
most commonly made during the CP. Common signs and
symptoms of CML in CP, when present, result from anemia
and splenomegaly. These include fatigue, weight loss, mal-
aise, easy satiety, and left upper quadrant fullness or pain.
Rare manifestations include bleeding (associated with a
low platelet count and/or platelet dysfunction), thrombosis
(associated with thrombocytosis and/or marked leukocyto-
sis), gouty arthritis (from elevated uric acid levels), priapism
(usually with marked leukocytosis or thrombocytosis), reti-
nal hemorrhages, and upper gastrointestinal ulceration and
bleeding (from elevated histamine levels due to basophilia).
Leukostatic symptoms (dyspnea, drowsiness, loss of coor-
dination, and confusion) due to sludging in the pulmonary
or cerebral vessels are uncommon in CP despite WBC
counts exceeding 100 3 109/L. Splenomegaly is the most
consistent physical sign in CML and is detected in 50 to
60% of cases. Hepatomegaly is less common (10 to 20%).
Lymphadenopathy and infiltration of skin or other tissues
are uncommon. When present, they favor Ph-negative CML
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or AP or BP of CML. Headaches, bone pain, arthralgias, pain
from splenic infarction, and fever are more frequent with CML
transformation. Most patients evolve into AP before BP, but
20% transit into BP without AP warning signals. AP might be in-
sidious or present with worsening anemia, splenomegaly, and
organ infiltration; BP presents as an acute leukemia with wor-
sening constitutional symptoms, bleeding, fever, and infections.

Diagnosis
The diagnosis of typical CML is simple and consists of

documenting, in the setting of persistent unexplained leuko-
cytosis (or occasionally thrombocytosis), the presence of
the Ph chromosome abnormality, the t(9;22)(q34;q11), by
routine cytogenetics, or the Ph-related molecular BCR-ABL
abnormalities by fluorescent in situ hybridization (FISH) or
by molecular studies [12–14].

A FISH analysis relies on the colocalization of large
genomic probes specific to the BCR and ABL genes. Compar-
ison of simultaneous marrow and blood samples by FISH
analysis shows high concordance. FISH studies may have a
false positive range of 1–10% depending on the probes used.

Reverse transcriptase-polymerase chain reaction (RT-
PCR) amplifies the region around the splice junction
between BCR and ABL. It is highly sensitive for the detec-
tion of minimal residual disease. PCR testing can either be
qualitative (QPCR), providing information about the pres-
ence of the BCR-ABL transcript, or quantitative, assessing
the amount of BCR-ABL message. Qualitative PCR is use-
ful for diagnosing CML; quantitative PCR is ideal for moni-
toring residual disease. Simultaneous peripheral blood and
marrow QPCR studies show a high level of concordance.
False-positive and false-negative results can happen with
PCR. False-negative results may be from poor-quality RNA
or failure of the reaction; false-positive results can be due
to contamination. A 0.5–1 log difference in some samples
can occur depending on testing procedures, sample han-
dling, and laboratory experience [12–14].

The Ph chromosome is usually present in 100% of meta-
phases, often as the sole abnormality. Ten to fifteen percent
of patients have additional chromosomal changes (clonal
evolution) involving trisomy 8, isochromosome 17, additional
loss of material from 22q or double Ph, or others.

Eight-five percent of patients have a typical t(9;22); 5%
have variant translocations which can be simple (involving
chromosome 22 and a chromosome other than chromo-
some 9), or complex (involving one or more chromosomes
in addition to chromosomes 9 and 22). Patients with Ph-
variants have response to therapy and prognosis similar to
Ph-positive CML.

Frontline Treatment Options
Presently, there are three commercially available TKIs for

the treatment of CML; these include imatinib, dasatinib, and
nilotinib. Current guidelines endorse all three as viable
options for the initial management of CML in the chronic
phase (CML-CP) [Table I].

Imatinib
Imatinib mesylate (Gleevec, Novartis Pharmaceutical

Corporation, NJ, USA) was the first TKI to receive approval

by the Food and Drug Administration (FDA) for the treat-
ment of patients with CML-CP. It acts via competitive inhibi-
tion at the ATP-binding site of the BCR-ABL protein, which
results in the inhibition of phosphorylation of proteins
involved in cell signal transduction. It efficiently inhibits the
BCR-ABL kinase, but also blocks the platelet-derived
growth factor receptor (PGDFR), as well as the C-KIT tyro-
sine kinase [15].

The International Randomized Study of Interferon and
STI571 (IRIS) study is considered a landmark clinical trial
for TKIs and CML [16]. Investigators randomized 1,106
patients to receive imatinib 400 mg/day or INF-a plus low-
dose subcutaneous cytarabine. After a median follow-up of
19 months, relevant outcomes for patients receiving imati-
nib were significantly better than in those treated with INF-
a plus cytarabine, notably the rate of complete cytogenetic
response (CCyR) rate (74% vs. 9%, P < 0.001), and free-
dom from progression to AP or BP at 12 months (99% vs.
93%, P < 0.001). Further highlighting the challenge of
using IFN-a was the high crossover rate to imatinib due to
intolerance. The responses to imatinib were also durable,
as shown in an 8-year follow up of the IRIS study [11]. Esti-
mated event free survival rate was 81%, and OS rate was
93% when only CML-related deaths were considered.

Although the results using imatinib are quite impressive,
only 55% of patients enrolled in the IRIS study remained
on therapy at the 8-year follow up point. This underscored
the need for additional options for patients who had failed
or were intolerant to imatinib. This led to the rational devel-
opment of 2nd generation TKIs with hopes they would
effectively treat patients unable to continue on imatinib
therapy.

Dasatinib
Dasatinib (Sprycel, Bristol-Myers Squibb) is an oral, 2nd

generation TKI that is 350 times more potent than imatinib
in vitro [17–19]. In addition, it also is known to inhibit the
Src family of kinases, which may also be important in blunt-
ing critical cell signaling pathways [20]. Although initially
evaluated in patients in the salvage setting, clinicians and
researchers were excited to test the possibility that frontline
use of the more potent inhibitors might further improve the
outcome compared to imatinib.

The DASISION trial was a randomized, phase III, inter-
national study comparing imatinib 400 mg daily versus
dasatinib 100 mg daily in newly diagnosed patients with
CML-CP [21]. The primary endpoint of the study was con-
firmed CCyR at 12 months, and this was achieved in a
higher percentage of patients randomized to dasatinib
(77% vs. 66%, P 5 0.007). Dasatinib was also able to
induce more major molecular responses (MMR) compared
to the imatinib group. Importantly, with 18 months of follow
up, the benefits of dasatinib persisted [22].

Nilotinib
Nilotinib (Tasigna, Novartis Pharmaceutical Corporation,

NJ, USA) is a structural analog of imatinib, though its affin-
ity for the ATP binding site on BCR-ABL is up to 50 times
more potent in vitro [23]. Like dasatinib, nilotinib initially

TABLE I. Efficacy Data for Studies of BCR-ABL Inhibitors in the First-Line Treatment of CML-CP

Study Regimen CCyR by 12 mos (%) MMR by 12 mos (%) EFS OS

IRIS Imatinib 400 mg QD 69 39 92% at 18 mos 97% at 18 mos
ENESTnd Nilotinib 300 mg BID 80 44 96% at 24 mos 97% at 24 mos

Nilotinib 400 mg BID 78 43 98% at 24 mos 98% at 24 mos
Imatinib 400 mg QD 65 22 94% at 24 mos 96% at 24 mos

DASISION Dasatinib 100 mg QD 83 46 94% at 24 mos 95% at 24 mos
Imatinib 400 mg QD 72 28 92% at 24 mos 95% at 24 mos

CCyR, complete cytogenetic response; MMR, major molecular response; EFS, event-free survival; OS, overall survival; mos, months.
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demonstrated the ability to induce hematologic and cytoge-
netic responses in patients who had failed imatinib. What
followed was an investigation regarding nilotinib’s potential
role in the frontline setting.

ENESTnd was a randomized, phase III, international
study comparing two doses of nilotinib (300 mg or 400 mg
twice daily) to imatinib 400 mg once daily [24]. Patients
with suboptimal response could have their imatinib dose
increased. The primary endpoint in this study was rate of
MMR at 12 months, which was achieved in more patients
randomized to the nilotinib arms compared to those on ima-
tinib (44% and 43% vs. 22%, P < 0.001). There was also
less progression to AP or BP noted in the groups random-
ized to nilotinib. At 36 months of follow up, the benefits con-
ferred by nilotinib persisted.

Current guidelines recommend any of the three TKIs:
imatinib, dastinib, or nilotinib as options with a category 1
recommendation for initial treatment of CML-CP [25]. Sec-
ond generation TKIs have shown inducing higher rates of
early optimal responses; their impact on long-term over sur-
vival remains to be determined. Allo-HSCT or other chemo-
therapy agents are not any longer recommended as upfront
treatments for CML-CP given the excellent outcomes and
long-term survival achieved with the TKIs.

Monitoring Treatment Response: Surrogate Endpoints
and Milestones

The IRIS trial demonstrated that early response to ther-
apy with imatinib was related to improved long-term out-
comes, and it highlighted two major treatment endpoints:
CCyR and MMR. In a study by Hughes et al., overall free-
dom from progression (FFP) for those who had attained a
CCyR at 12 months was significantly higher when com-
pared to those who did not (95% vs. 85%; P < 0.001) [26].
Overall FFP in patients who achieved a CCyR and MMR
was 100%, when compared with 95% for those with a
CCyR and no MMR (although not statistically significant). A
recent study from our institution also showed that the
achievement of an early CCyR was associated with
improved survival regardless of the therapy used [27]. For

example, patients with and without CCyR at 6 months had
3-year EFS rates of 97% and 72%, and OS rates of 99%
and 90%. Similarly, according to CCyR or not at 12
months, the 3-year EFS rates were 98% and 67%, and OS
rates were 99% and 94%. In this study as well, among
patients achieving CCyR at 12 months, the depth of molec-
ular response was not associated with differences in OS or
EFS.

The European Leukemia Net has set forth monitoring
guidelines (later adapted by the NCCN) to identify patients
with an inadequate response to therapy, and who require a
change in treatment [Table II] [28]. An optimal response is
defined as: a complete hematologic response (CHR) at 3
months, a partial cytogenetic response (PCyR) at 6
months, a CCyR at 12 months, and a MMR at 18 months.
Treatment failure is considered when a patient does not
achieve a CHR at 3 months, any CyR at 6 months, a
MCyR at 12 months, and a CCyR at 18 months. The loss
of a CHR or CCyR or clonal evolution during treatment at
any time is also considered treatment failure. These
patients warrant change of therapy. Suboptimal responses
are those that do not meet criteria for optimal response or
those for failure but represent a slow or inadequate
response. A suboptimal response early in therapy is more
prognostic than at later time points. Patients with a subopti-
mal response at 6 months have similar outcomes in terms
of OS, progression free survival (PFS), and EFS as those
with failure to therapy. Those with suboptimal response at
18 months of therapy have outcomes not statistically differ-
ent than those classified as having an optimal response
[27,29–32].

Hematologic response should be monitored by peripheral
blood every 2 weeks until a CHR is achieved and con-
firmed, and every 3 months thereafter [27]. CCyR is the
gold standard for assessing optimal response and long-
term outcome [31,32].Thus, the bone marrow must be
reassessed every 6 months until a CCyR is achieved and
confirmed, and at least every 12 months thereafter, if regu-
lar molecular monitoring cannot be assured. Molecular
response should be assessed by real-time polymerase

TABLE II. Evaluation of Overall Responses to First-Line TKI Treatment by the European LeukemiaNet (ELN) and the National Comprehensive Cancer Network

(NCCN)

Evaluation of overall response to first-line imatinib treatment for CML-CP: ELN

Optimal response Suboptimal response Failure Warnings

Baseline – – – High-risk Sokal or Hasford score
CCA in Ph1 cells

3 Months CHR and at least mCyR No CyR No CHR –
6 Months At least PCyR Less than PCyR No CyR –
12 Months CCyR PCyR Less than PCyR Less than MMR
18 Months MMR Less than MMR Less than CCyR –
Any time Stable or improving MMR Loss of MMR Loss of CHR Rise in BCR-ABL1 transcript levels

Imatinib-sensitive mutations Loss of CCyR CCA in Ph1 cells
Imatinib-resistant mutations
CCA in Ph– cells

Evaluation of overall response to first-line TKI treatment for CML-CP: NCCN

Response for which no change in
therapy is recommended Response for which a change in therapy is recommended

Imatinib Nilotinib or dasatinib Imatinib Nilotinib or dasatinib

3 Months CHR CHR Less than CHR Less than CHR
6 Months PCyR or better mCyR or better mCyR or worse Less than mCyR
12 Months CCyR PCyR or better PCyR or worse, or cytogenetic relapse mCyR or worse, or cytogenetic relapse
18 Months CCyR CCyR PCyR or worse, or cytogenetic relapse PCyR or worse, or cytogenetic relapse

CCA, clonal chromosomal abnormalities; CCyR, complete cytogenetic response; CHR, complete hematologic response; CML-CP, chronic myeloid leukemia in chronic
phase; mCyR, minor cytogenetic response; MMR, major molecular response; PCyR, partial cytogenetic response; Ph–, Philadelphia chromosome–negative; Ph1,
Philadelphia chromosome–positive.
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chain reaction (RT-PCR) in the peripheral blood every 3–6
months [Table III] [12,13,26]. Some patients may appear to
have rising levels of BCR-ABL transcripts while maintaining
a CyR. This may indicate an increased risk for development
of mutations or failure to therapy. However, this value
should be considered with caution. It is inherently variable
due to the fact that it is an international normalized ratio,
and there is significant variability in values reported from
different laboratories. Thus, a small increase in BCR-ABL
transcript levels does not necessarily indicate treatment fail-
ure or loss of response. If a patient who has previously
achieved a MMR is noted to have a 1 log, or fivefold
increase in BCR-ABL transcripts, the value should be
repeated in 1–3 months, and if, confirmed, a bone marrow
should be repeated to evaluate for loss of CyR.

It is worth mentioning that the endpoints to assess treat-
ment response proposed by the ELN are based on studies
with imatinib. These endpoints may not be applicable for
patients who are treated upfront with dasatinib or nilotinib.
We have recently published that among patients with newly
diagnosed CMP-CP treated with 2nd generation TKIs,
those who did not achieve a CCyR at 3 or 6 months did
worse than those who did [33]. We propose defining as an
optimal response, a CCyR at 3 months when using 2nd
generation TKIs. This data need to be validated in further
studies.

Taken together, it is clear that by either ELN or NCCN
criteria, patients who have treatment failure should undergo
a reassessment of treatment plan with possible change in
therapy. What remains less clear is whether patients who
have suboptimal response to treatment rather than failure
should also be considered for a treatment change.

Management of TKI Resistance
A problem that may increase due to the widespread use

of all of the commercially available TKIs for CML is
increased drug resistance. One of the most common mech-
anisms of resistance involves point mutations in the kinase
domain of BCR-ABL, which impairs the activity of the avail-
able TKIs. Second generation TKIs are able to overcome

most of the mutations that confer resistance to imatinib,
though novel mutations rendering the leukemia resistant to
dasatinib and/or nilotinib have emerged. One important
mutation, the T315I, is known as the ‘‘gatekeeper’’ muta-
tion, as it displays resistance to all currently available TKIs.
Patients who develop this mutation have a poor prognosis,
so it is important to continue efforts to bolster our therapeu-
tic arsenal for these patients.

Before defining a patient as having imatinib-resistance
and modifying therapy, treatment compliance and drug–
drug interactions should be ruled out. Rates of imatinib ad-
herence have been estimated to range from 75 to 90%,
and lower adherence rates correlated to worse outcome
[34–36]. In one study of 87 patients with CML-CP treated
with imatinib 400 mg daily, adherence rate of 90% or less
resulted in MMR in only 28.4% when compared with 94.5%
in patients with greater than 90% adherence rates (P <
0.001) [34]. CMR rates were 0% vs. 43.8% respectively (P
5 0.002), and no molecular responses were observed
when adherence rates were 80% or lower. Lower adher-
ence rates have been described in younger patients, those
with adverse effects of therapy, and those who have
required dose escalations [34].

Second generation TKI
Before their approval to treat first-line CML in chronic

phase (CML-CP), both nilotinib and dasatinib were
approved for use in second-line CML-CP following prior
therapy including imatinib [37,38]. Clinical studies of sec-
ond-line nilotinib and dasatinib following first-line imatinib
are summarized in Table IV. Based on these clinical stud-
ies, several noteworthy ideas have emerged. First, second-
line treatment with nilotinib or dasatinib can yield high rates
of response in patients who have inadequate response to
imatinib, including high rates of MMR. Second, dose esca-
lation of imatinib can improve response rates in patients
with inadequate response to standard-dose imatinib, but
switching to second-line nilotinib or dasatinib can be more
effective [39]. Several studies that evaluated second-line
nilotinib [40,41] or dasatinib [40,42] and high-dose imatinib
(400 mg BID) have demonstrated significantly higher rates

TABLE IV. Summary of Clinical Studies of Second-Line Nilotinib and Dasatinib

Percent Response

Dasatinib Nilotinib

Response
CP

n 5 387
AP

n 5174
MyBP

n 5 109
LyBP

n 5 48
CP

n 5 321
AP

n 5 137
MyBP

N 5 105
LyBP

N 5 31

% Resistant to imatinib 74 93 91 88 70 80 82 82
% Hematologic Response – 79 50 40 94 56 22 19
CHR 91 45 27 29 76 31 11 13
NEL – 19 7 6 – 12 1 0
% Cytogenetic Response NR 44 36 52 NR NR NR NR
Complete 49 32 26 46 46 20 29 32
Partial 11 7 7 6 15 12 10 16
% Survival (at 12 months) 96 (15) 82 (12) 50 (12) 50 (5) 87 (24) 67 (24) 42 (12) 42 (12)

CP, chronic phase; AP, accelerated phase; MyBP, myeloid blast phase; LyBP, lymphoid blast phase; mo, months; CHR, complete hematologic response; NEL, no evi-
dence of leukemia.

TABLE III. Recommended Frequencies of Response Assessment in Patients with Chronic Myeloid Leukemia

Assessment method Initial monitoring (until at least CCyR achieved) Subsequent monitoring (for patients with stable CCyR)

Hematologic Every 2 weeks Every 3 months once CHR is achieved
Cytogenetic Every 3–6 months Every 12–24 months once CCyR achieved
Molecular Every 3 months Every 3–6 months, increasing to monthly if a rising BCR-ABL1

transcript level is detectedb

Mutational assessment Upon detection of failure, and possibly
suboptimal responsea

Upon detection of imatinib failure or rising BCR-ABL1 transcript levelb

a
There is no use of measuring mutations before the start of therapy in newly diagnosed patients.

b
Five- to ten-fold increase of the BCR-ABL1 transcript level.
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of CHR, CCyR, and MMR with the newer TKIs than with
high-dose imatinib. Moreover, PFS in these studies was
better with the newer TKIs than with high-dose imatinib. In
addition, earlier switch to second-line TKI may be more
effective than later switch. In the TIDEL-II study, patients
who had suboptimal response to imatinib and were
switched right away to nilotinib had a higher rate of CMR at
12 months than patients who had dose escalation of imati-
nib before being switched to nilotinib [43]. In a retrospective
pooled analysis of three clinical studies of second-line
dasatinib for patients resistant to or intolerant of imatinib,
patients who were switched to dasatinib after the loss of
MCyR (early intervention group) had higher rates of CHR,
CCyR, and MMR, as well as 24-month EFS, TFS, and OS,
than patients who were switched after the loss of both
MCyR and CHR (late intervention group) [44]. Although this
analysis included studies with distinct study designs and
various dosing schedules of dasatinib, the core finding that
earlier switch to dasatinib was associated with better out-
comes than later switch was reasonably consistent.

Nilotinib and dasatinib have not been compared head-to-
head, so we currently select one or the other based on the
side effect profile, drug interactions, compliance issues,
and the patient’s preexisting medical conditions. We do a
mutational analysis in patients who are failing imatinib or
second generation TKIs, or those who progress to AP/BP.
We do not test baseline mutational analysis on patients
with newly diagnosed CML in chronic phase, as it has not
proven to predict treatment outcome either.

New agents (44–49)
Ponatinib (formerly AP24534) is a rationally designed TKI

that has been shown to efficiently inhibit BCR-ABL, as well
as many additional important tyrosine kinases, including
FLT3, PDGFR, VEGF, and C-KIT [45,46]. Perhaps most
notably, ponatinib is active against CML harboring the T315I
mutation, offering a viable option for patients that previously
had few. Results from the phase II, international PACE trial
were recently presented at the annual meeting of the Ameri-
can Society of Hematology [47]. Most patients were highly
exposed to TKIs, with 94% having failed 2 prior TKIs, and
57% having failed 3 prior TKIs. In the entire cohort (which
included Philadelphia chromosome-positive ALL), 106
patient had a T315I mutation. The drug exhibited significant
anti-leukemia activity, with major cytogenetic responses
achieved in 57% of the patients with CML-CP and the T315I
mutation. Patients on this study continue to be followed.

There are several novel agents under development that
may be useful as single agents or as part of a combination
approach for CML. DCC-2036 is known as a switch pocket
inhibitor, which acts by binding in the area responsible for
the conformational change between inactive and active bcr-
abl protein [48]. It appears to be active in CML cells with the
T315I mutation. Other new agents include omacetaxine, a
non-TKI that disrupts protein synthesis and induces cellular
apoptosis [49]. Additional agents and classes that may lead
to meaningful improvements in survival include but are not
limited to aurora kinase inhibitors [50], farnesyl transferase
inhibitors, hedgehog inhibitors, and hypomethylating agents.

Allogeneic stem cell transplantation
The number of patients undergoing allo-HSCT for CML-

CP has dropped significantly since TKIs were introduced
and has more of an important role when patients evolve
into AP/BC (see below). However, allo-HSCT remains an
important therapeutic option for CML-CP in the following
situations: patients harboring the T315I mutation and
patients who fail 2nd generation TKIs [Table V] [51].

Mutational Analysis
Baseline mutation screening for patients with newly diag-

nosed CML has demonstrated no benefit for predicting
response and should not be used routinely [52]. Current
guidelines recommend checking mutational analysis in the
following situations: if there is inadequate initial response,
any sign of loss of response, and in disease progression to
AP/BP [28,53]. In vitro studies have shown that some muta-
tions confer resistance specifically to one 2nd generation
TKI and not the other. For example, T315A, V299L, and
F359V confer resistance to dasatinib only, whereas Y253H,
E255K/V, L273M, and F359V specifically to nilotinib [53,54].
The mutation T315I causes resistance to all three TKIs [55].

These in vitro data were confirmed in vivo and as such
checking for mutation at the time of TKI failure may help
selecting the best salvage approach [53,56].

Treatment Duration and Discontinuation
Despite revolutionizing the disease, one of the potential

downsides of TKI therapy is that it is currently considered a
life-long treatment. Nevertheless, as patients were treated
for longer and monitoring techniques improved, it became
apparent that some patients have very little, if any detecta-
ble disease (i.e., complete molecular response [CMR]) sev-
eral years after commencing therapy. This observation led
investigators to consider whether discontinuing TKIs might
be feasible, and hence, a cure for CML possible. The Stop
Imatinib (STIM) trial evaluated patients with documented
CMR for greater than 2 years [57]. Patients enrolled on this
study stopped imatinib and were followed closely for molec-
ular relapse. Sixty-nine patients with at least 12 months of
follow up were included, and 41% remained in CMR after
stopping their TKI. An update to the STIM trial was recently
presented at the annual meeting of the American Society
of Hematology [58]. With sufficient follow up on 100
patients, 61% of patients experienced molecular relapse,
with most of them occurring within 7 months of imatinib dis-
continuation. Two factors that predicted continued CMR af-
ter TKI cessation included Sokal risk score and duration of
imatinib therapy. Low-risk patients who had received
greater than 60 months of imatinib were more likely to
remain in CMR after stopping the TKI.

This data indicates that stopping TKI therapy is feasible,
and some patients may actually be cured of the disease.
Nevertheless, at present, stopping TKI therapy should only
be done in the context of a clinical trial.

Advanced Stage CML

CML-accelerated phase
Both Dasatinib and nilotinib are FDA approved for the

use in patients with progression to CML-accelerated phase

TABLE V. Role and Timing of allo-HSCT

Status TKIs Allo-HSCT

AP-BP Interim therapy to allo-HSCT ASAP
IM failure in CP, T315I Ponatinib interim therapy to allo-HSCT ASAP
IM failure in CP – no CE, no mutations, good initial response Long-term second line TKIs Third line post second TKI failure
IM failure in CP – CE, bad mutations, no CG response Interim therapy to allo-HSCT Second line
Older �65–70 post IM failure Long-term May forgo allo-HSCT for many years of QOL

TKI, tyrosine kinase inhibitors; AP, accelerated phase; BP, blast phase; allo-HSCT, allogeneic hematopoietic stem cell transplantation; ASAP, as soon as possible; CP,
chronic phase; CE, clonal evolution; CG, cytogenetic; IM, imatinib; QOL, quality of life.
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(CML-AP) following TKI therapy. One study assessed 174
patients with CML-AP treated with dasatinib 70 mg BID
[59]. Sixty-four percent achieved major hematologic
response (MHR) and 32% CCyR. Twelve-month OS was
82%. Nilotinib was also evaluated in 137 patients with imati-
nib-resistant CML-AP, demonstrating a 32% MCyR rate at
2.8 months [60]. Twenty percent of those who attained a
MCyR attained a CCyR, with 70% maintaining a durable
CCyR at 24 months. Two-year OS was 67%.

Allo-HSCT should be considered early on for these
patients based on response to TKI therapy.

CML-blast crisis
Patients who have progressed to CML-blast crisis (CML-

BP) have a very poor prognosis. The phenotype of CML-
BP may be myeloid, lymphoid, or undifferentiated [61].
Although some patients may respond to TKI, the percent-
age is small and the duration of treatment is short lived
[62–64].

The only curative option for these patients is Allo-HSCT.
TKIs monotherapy or in combination with chemotherapy
may serve as a good option for those who are not candi-
dates for transplant, or as a bridge to ASCT [65–67].

The role of TKIs before and after transplant is being cur-
rently evaluated. Accumulating data show that TKIs do not
seem to increase transplant-related complications [68–70],
and when used after low intensity conditioning regimens,
may delay relapse rates and need for donor lymphocyte
infusions [71].

Decision Making and Recommendations
The primary goal of therapy for patients with CML is still

achievement of CCyR. Those who achieve this goal, have
a low probability of eventually progressing. Achieving a
MMR is desirable as it further improves the long-term out-
come, but patients who have a CCyR are not considered to
have failure to imatinib if they do not have a major molecu-
lar response.

The recommendations by the ELN have provided a clear
framework for decision making and the significance of the
definitions of failure and suboptimal response have been
demonstrated in two independent series. Patients with sub-
optimal response to therapy have an inferior outcome,
although the significance appears to be heterogeneous, with
a more profound adverse prognostic effect for patients with
suboptimal response to therapy at earlier time points (6
months) and then at later time points (18 months). It is, how-
ever, reasonable to consider treatment modifications for
patients who have a suboptimal response to therapy. Treat-
ment guidelines recommend dose escalation of imatinib or a
switch to second generation TKI. However, it should be
acknowledged that there is minimal data available regarding
the effectiveness of this approach. It is possible that earlier
treatment switch to second-line agents, i.e., after suboptimal
response, could result in more favorable long-term outcomes
than with dose-escalated imatinib, but there are currently
minimal clinical data to support this hypothesis. For patients
with clear failure to imatinib therapy, the current approach is
to change therapy to a second generation TKI, although
allo-HSCT is also an option following treatment failure [Table
V]. Clinical trial data have confirmed the efficacy of dasatinib
and nilotinib in patients with imatinib resistance or intoler-
ance and the superiority of second generation TKI versus
imatinib dose escalation following imatinib resistance.

In addition to efficacy outcomes, mutational data should
be considered when selecting TKI therapy. The BCR-ABL
genotype can be used to guide treatment decisions as it is
a prognostic factor for disease progression.

Safety and tolerability are also important considerations
in choosing a TKI. The potential impact of the drug’s AE

profile on any of the patient’s preexisting conditions should
be considered in choosing between second generation
BCR-ABL inhibitors. As pleural effusion is more common
for patients receiving dasatinib therapy, patients with risk
factors for pleural effusion such as a prior cardiac history,
chronic obstructive pulmonary disease, and hypertension
are at greater risk for developing these complications. Risk
factors for developing pleural effusion while taking dasatinib
also include disease stage (BP > AP > CP), previous lung
problems such as smoking or infections and those patients
maintained on starting doses of dasatinib.

Blood glucose elevations have been observed in 11% of
CML-CP, and 4% of CML-AP patients treated with nilotinib.
Although no CML-CP or CML-AP patients required dose
adjustments, dose interruption, or discontinued nilotinib
therapy due to elevated blood glucose, preexisting hyper-
glycemia should be carefully monitored to ensure that the
condition is not exacerbated by nilotinib treatment. Prior
severe pancreatitis may also be a concern on nilotinib ther-
apy, and patients with a history should be closely monitored
on nilotinib therapy.

Cardiac events, including congestive heart failure, left
ventricular dysfunction, and QT prolongation have all been
reported with dasatinib and nilotinib. Although they occurred
in <5% of the patient population, a literature review of clini-
cal trials in CML-CP for dasatinib 70 mg twice daily and nilo-
tinib 400 mg twice daily revealed grade 3/4 nonhematologic
AEs, including arrhythmias, for both agents.

Conclusions
The introduction of TKIs to the treatment of CML has

changed dramatically its outcome: from an immediately life-
threatening leukemia, with a 10–20% mortality per year, to
a chronic disease, managed with oral medications, and
with 1–2% mortality per year. However, cure is generally
not achieved, as discontinuation of treatment leads to
relapse in the majority of patients. Further advances in
understanding the pathogenesis of the disease, such as
the pathways involved in the transformation of the disease
to more advances stages, the role of leukemic stem cells in
relapse, the interpretation of acquired mutations, continue
to evolve. Studies assessing the combination of TKIs with
other promising agents are ongoing. If successful, this
could hopefully lead to a safe and permanent discontinua-
tion of therapy and cure.
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