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Abstract
Purpose of Review Over the past two decades, the introduction of tyrosine kinase inhibitors (TKIs) has transformed the treatment
of chronic myeloid leukemia (CML). With four agents currently approved for frontline use in chronic-phase (CP) disease, it
follows that treatment decision-making has been rendered more challenging. Here we will review recent advances that help
inform the selection of a first-line TKI.
Recent Findings Extended follow-up of the seminal CML trials has demonstrated the long-term efficacy of TKIs, while also
highlighting significant differences in their respective toxicity profiles and potency. Dasatinib and nilotinib generate deeper
molecular responses than imatinib, particularly among patients with higher risk disease, but this has not translated into a
significant survival advantage. Similar results have been obtained at 1 year with bosutinib; its efficacy and toxicity were well
balanced at a dose of 400 mg daily, prompting its recent approval for this indication. Lastly, multiple studies have demonstrated
that TKIs can be safely discontinued in select individuals who have maintained deep responses for extended periods, establishing
treatment-free remission as a novel goal in CP CML.
Summary The careful consideration of parameters such as disease risk, the potency, and toxicity profile of each TKI, as well as
each patient’s unique comorbidities and preferences, enables truly individualized therapeutic decision-making in CP CML, with
the goal of ensuring that a high quality of life accompanies the survival advantage conferred by these agents.
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Introduction

Chronic myeloid leukemia (CML) is a clonal stem cell neo-
plasm characterized by the universal presence of the
Philadelphia chromosome (Ph), the product of a reciprocal

translocation that juxtaposes the c-ABL1 oncogene on chro-
mosome 9q34 and the housekeeping gene BCR on chromo-
some 22q11 [1, 2]. The resulting BCR-ABL fusion protein has
dysregulated tyrosine kinase activity which drives uncon-
trolled proliferation in the granulocytic lineage [3, 4]. In the
absence of treatment, CML classically follows a triphasic clin-
ical course as it progresses from an indolent chronic phase
(CP), characterized by leukocytosis and splenomegaly, to an
accelerated phase (AP), where the disease takes on aggressive
features such as increased circulating blasts, difficult to con-
trol blood counts, or additional cytogenetic abnormalities, and
ultimately onto a terminal blast crisis (BC), where myeloid or
lymphoid blasts proliferate uncontrollably, similar to acute
leukemia [5].

BCR-ABL is both necessary and sufficient for the devel-
opment of CML, and appreciation of this unique pathophysi-
ology spurred the development of tyrosine kinase inhibitors
(TKIs), small molecules designed to specifically inhibit this
fusion protein. The introduction of imatinib, and subsequently
the second- and third-generation TKIs, has revolutionized the
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treatment of CML, with survival in chronic-phase patients
now approaching that of age-matched controls. With four
agents currently approved for the frontline treatment of CP
CML, clinicians are left with an embarrassment of riches,
and a challenging decision regarding which drug to start in a
given patient. This review will discuss each of the TKIs ap-
proved for frontine use in CP CML, highlighting key ad-
vances that help inform the clinical decision-making process.

TKIs Studied in the Frontline Setting

Imatinib

Imatinib mesylate (Gleevec, formerly STI571) is a 2-
phenylaminopyrimidine molecule which targets the ATP-
binding site of the ABL kinase domain, acting as a competi-
tive inhibitor. In addition to c-ABL and BCR-ABL, it also
potently inhibits the PDGFR (platelet-derived growth factor
receptor), and c-KIT kinases [6]. Imatinib binds to the inactive
conformation of the ABL kinase domain, contacting 21 amino
acids within a tight pocket [7]. Following demonstration of its
activity against CML in pre-clinical studies and early phase
clinical trials, imatinib was evaluated in the seminal phase III
International Randomized Study of Interferon and STI571
(IRIS) [8]. This trial randomized newly diagnosed CP CML
patients to receive either imatinib 400 mg once daily or com-
bination therapy with interferon alpha (IFN-α) and low-dose
cytarabine (ara-C), the standard of care at that time. At
18 months, the estimated rate of complete cytogenetic re-
sponse (CCyR, the absence of the Philadelphia chromosome
among 20 evaluable bone marrow metaphases) was markedly
different between the two treatment groups—76.2% in
imatinib-treated patients versus 14.5% in those receiving
IFN-α/ara-C. Additionally, the rate of freedom from progres-
sion to AP and BC was 96.7% in the imatinib arm compared
to 91.5% with combination therapy [8]. The long-term effica-
cy of imatinib has been highlighted in the recently published
10-year follow-up of IRIS, where patients randomized to re-
ceive TKI had an overall survival of 83% and an estimated
rate of freedom from progression of 92% [9••].

While IRIS established imatinib as a new standard of care
for the frontline treatment of CP CML, a small proportion of
patients do progress on therapy, secondary to either compli-
ance issues or the development of resistance, most often via
point mutations in the ABL kinase domain [10, 11]. Given that
these mutations act to reduce imatinib’s binding affinity, a
mechanism that could potentially be overcome by increased
drug concentrations, several clinical trials have compared
higher doses of imatinib to the standard dose of 400 mg daily.
These showed no consistent differences in remission rates or
survival, but high-dose imatinib was invariably associated
with increased toxicity [12–15].

Dasatinib

Dasatinib (Sprycel) is a second-generation TKI structurally
unrelated to imatinib. It is 325-fold more potent at inhibiting
BCR-ABL and exhibits activity against a number of ABL
kinase domain point mutants. Dasatinib also targets the SRC
family kinases, which have been implicated in imatinib resis-
tance, as well as the c-KIT, PDGFR-α/β, and ephrin receptor
tyrosine kinases [16–18]. Dasatinib was initially shown to
have significant clinical activity in CML patients resistant or
intolerant to imatinib [19–21]. Subsequently, it was evaluated
as a first-line agent in the phase III multicenter Dasatinib ver-
sus Imatinib Study in Treatment-Naïve CML Patients
(DASISION) trial, which compared once daily dosing of
dasatinib (100 mg) to imatinib (400 mg) in patients with new-
ly diagnosed CP CML [22]. At 12 months of follow-up,
CCyR, the trial’s primary endpoint, was achieved in 77% of
dasatinib patients compared to 66% of those receiving imatin-
ib. Moreover, major molecular responses (MMR, a greater
than three-log reduction in BCR-ABL1 transcript levels) were
achieved more rapidly and at higher rates (46 vs. 28%) with
dasatinib compared to imatinib [22]. In the 5-year update of
this trial, dasatinib continued to demonstrate superior rates of
CCyR and MMR, but this did not result in significantly im-
proved progression-free or overall survival [23••].

Nilotinib

Nilotinib (Tasigna) is a second-generation TKI that was ratio-
nally designed from imatinib’s chemical structure in order to
optimize drug binding to BCR-ABL. By improving topolog-
ical fit into ABL’s ATP-binding site, nilotinib has ~ 30-fold
greater potency than imatinib, with improved selectivity [24].
Compared to imatinib, it exhibits decreased activity against
the KIT and PDGFR tyrosine kinases, but can potently inhibit
a number of BCR-ABL kinase domain point mutants [17].
Following demonstration of its clinical activity in imatinib-
resistant/imatinib-intolerant patients [24–26], nilotinib was
evaluated in the phase III ENESTnd (Evaluating Nilotinib
Efficacy and Safety in Clinical Trials-newly diagnosed pa-
tients) study. CP patients were randomized into three groups:
nilotinib 300 mg twice daily (BID), nilotinib 400 mg BID, or
imatinib 400 mg once daily. At 12 months, patients receiving
either nilotinib dose achieved higher rates of MMR, the trial’s
primary endpoint (44% for 300 mg BID, 43% for 400 mg
BID, 22% for imatinib), as well as improved time to progres-
sion to AP/BC [27]. At 5 years of follow-up, nilotinib contin-
ued to show higher rates of MMR; however, similar to
dasatinib in DASISION, this did not result in substantially
improved progression-free or overall survival [28••].

Of note, in ENESTnd, nilotinib at a dose of 400 mg BID
resulted in increased toxicity compared to 300 mg BID. At
5 years of follow-up, serious adverse events arose in 33% of
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patients at the higher nilotinib dose compared to 26% at the
lower dose. Particularly notable were the rates of cardiovas-
cular events, which occurred in 13.4% of patients in the
400 mg BID arm compared to 7.5% in the 300 mg BID arm
and 2.1% in the imatinib arm [28••]. In light of this toxicity
profile and the aforementioned efficacy findings, 300 mg BID
is the recommended starting dose of nilotinib in newly diag-
nosed CP patients [29••, 30••].

Bosutinib

Bosutinib (Bosulif) is a 4-anilino-3-quinolinecarbonitrile mol-
ecule, structurally unrelated to imatinib. It was originally de-
veloped as a SRC inhibitor, but was subsequently found to
inhibit BCR-ABL with greater potency than imatinib while
lacking activity against PDGFR-α/β and c-KIT [31, 32].
Similar to dasatinib, bosutinib can bind to the active and in-
active conformations of the ABL kinase domain and inhibit a
number of kinase domain mutants [33]. Bosutinib has been
studied as a frontline agent in CP CML in two phase III trials.
The first, BELA (Bosutinib Efficacy and Safety in Newly
Diagnosed Chronic Myeloid Leukemia), compared bosutinib
500 mg once daily to imatinib 400 mg. This trial’s primary
endpoint was not met, as bosutinib did not exhibit superior
rates of CCyR at 12 months (70% for bosutinib vs. 68% for
imatinib), though secondary analyses did show higher rates of
MMR at 12 and 24 months, as well as shorter times to these
molecular milestones with bosutinib [34, 35]. Of note, early
gastrointestinal and hepatic toxicity led to higher rates of treat-
ment discontinuation in the bosutinib arm, which likely im-
pacted efficacy outcomes.

In a follow-up phase III study (BFORE, Bosutinib Trial in
First-Line Chronic Myelogenous Leukemia Treatment), a
lower dose of bosutinib (400 mg once daily) was compared
to imatinib in newly diagnosed CP patients [36••]. In this trial,
bosutinib achieved its primary endpoint, a higher rate of
MMR at 12 months than imatinib (47 vs. 37%), while also
resulting in significantly higher rates of CCyR and shorter
times to these milestones. In BFORE, drug discontinuation
occurred less frequently with bosutinib than imatinib (22 vs.
27%) [36••]. Thus, with this lower dose, bosutinib provided an
effective balance of efficacy and toxicity, and on the strength
of the BFORE data, bosutinib 400 mg daily was approved for
the frontline treatment of CP CML by the FDA in December
2017 [37].

TKIs Not Approved for Frontline Therapy—Ponatinib

Ponatinib (Iclusig) was designed to overcome the T315I
“gatekeeper” mutation, which confers resistance to imatinib,
dasatinib, nilotinib, and bosutinib [10, 17]. As a result of its
unique structure, ponatinib can form a hydrophobic interac-
tion with the isoleucine-315 side chain, enabling it to bind to

and inhibit the kinase activity of T315I BCR-ABL. Ponatinib
also inhibits all other documented BCR-ABL kinase domain
mutants, as well as SRC, VEGF, FGFR, and PDGFR kinase
family members [38].

Early phase clinical trials, most notably the phase II
Ponatinib Ph+ ALL and CML Evaluation (PACE) study,
clearly established ponatinib’s clinical activity in CML pa-
tients with resistance/intolerance to earlier generation TKIs
or T315I mutations [39, 40]. Subsequently, it was evaluated
as a frontline agent in EPIC (Evaluation of Ponatinib versus
Imatinib in CML) trial, a phase III study that randomized
newly diagnosed CP CML patients to receive ponatinib
45 mg once daily or imatinib 400 mg once daily [41].
However, EPIC was terminated prematurely due to reports
of high rates of myocardial infarction, stroke, and peripheral
vascular disease during the extended follow-up of the early
phase clinical trials involving ponatinib. Particularly notable
were results from PACE, where by 5 years, 29% of patients
had experienced arterial occlusion events [42•]. When EPIC
was halted, only 23 patients had completed 12 months of
follow-up; consequently, the superiority of ponatinib with re-
spect to the trial’s primary endpoint, MMR at 12 months,
could not be established [41]. As such, ponatinib is currently
not approved as a first-line agent for CP CML, but plays an
important role as a second-line agent for T315I-mutant dis-
ease, albeit with careful evaluation of cardiovascular risk prior
to drug initiation. Several studies evaluating the efficacy and
risk profile of lower doses of ponatinib in TKI-resistant pa-
tients are currently underway. These include OPTIC, a phase
II trial comparing three different starting doses of ponatinib
(15 mg/day, 30 mg/day, and 45 mg/day); OPUS, a phase II
trial where ponatinib is initiated at 30 mg/day, then reduced to
15 mg/day upon achievement of MMR; and OPTIC-2L, a
phase III trial comparing nilotinib 400 mg twice daily to
ponatinib 15 mg/day and 30 mg/day.

Choice of TKI in the Frontline Setting

At present, based on data from the aforementioned phase III
clinical trials, four TKIs are approved for the frontline therapy
of chronic-phase CML: imatinib, dasatinib, nilotinib, and
most recently, bosutinib (Table 1). When selecting an agent
for upfront therapy, several factors must be taken into consid-
eration including disease risk, the toxicity profiles of each
TKI, and their interaction with patient comorbidities, as well
as drug availability, cost, and ease of administration.

Disease Risk

The Sokal and Hasford (Euro) prognostic scoring systems
have historically been used to stratify CP CML patients into
low-, intermediate-, and high-risk groups by integrating
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clinical parameters from the time of presentation, including
patient age, spleen size, and CBC indices [43, 44]. Though
developed prior to the introduction of TKIs, they do predict
outcome in imatinib-treated patients; for example, in IRIS,
patients with a high Sokal score had lower overall survival
at 10 years (69%) compared to those with intermediate
(80%) or low scores (90%) [9••]. Notably, in the ENESTnd
and DASISION trials, individuals with intermediate- or high-
risk disease had higher rates of MMR and less progression to
AP/BC when treated with second-generation TKIs compared
to imatinib [23••, 28••]. While this has not translated into
statistically significant survival improvements in these studies,
dasatinib and nilotinib are generally considered to be prefera-
ble alternatives to imatinib as first-line therapy in these popu-
lations [30••]. While the clinical data for bosutinib is less
mature at this time, 1-year follow-up of the BFORE trial has
similarly shown higher rates of MMR with bosutinib treat-
ment, an effect that was most pronounced among high-risk
Sokal patients (34% with bosutinib vs. 17% with imatinib)
[36••]. Based on this preliminary data, recent clinical guide-
lines have included it alongside the other second-generation
agents as a preferable alternative to imatinib as frontline ther-
apy in intermediate- and high-risk patients [30••].

Moving forward, our understanding of disease risk in CP
CML will continue to evolve as novel biological and molec-
ular features that predict patient outcome on TKI therapy are
identified. For example, BCR-ABL1 transcript type has been
suggested as a factor that can influence patient outcomes, as
individuals with the e13a2 (b2a2) transcript have been shown
to have lower and slower MMR rates and inferior survival
compared to those with the e14a2 (b3a2) transcript [45, 46].

However, this association has not been consistently replicated
across studies [47, 48]. As such, it has not been integrated into
prognostic scoring systems in routine clinical practice at this
time, and the the Sokal and Hasford systems remain the rec-
ommended tools to inform frontline TKI selection [30••].

Interplay Between TKI Toxicity Profiles and Patient
Comorbidities

The first- and second-generation TKIs share numerous class-
wide side effects, including myelosuppression, rash, myalgia/
arthralgia, fluid retention, and liver toxicity. However, there
are notable differences in their toxicity profiles (Table 1),
which, depending on their interaction with pre-existing co-
morbidities, can influence suitability for a given patient.

Clinical trial data has established a clear association be-
tween dasatinib and pulmonary toxicity. In DASISION, pleu-
ral effusion was reported in 28% of patients receiving
dasatinib versus 0.8% of those receiving imatinib after 5 years
of follow-up. Moreover, pulmonary arterial hypertension was
identified as a serious late complication, as it was diagnosed in
5% of dasatinib-treated patients compared to 0.4% of
imatinib-treated patients [23••]. While all the frontline TKIs
have been associated with bleeding, this risk is most profound
with dasatinib, thought to be attributable to drug-induced
platelet dysfunction. Bleeding has been reported in up to
20–25% of patients receiving dasatinib and typically involves
the GI tract or mucosal surfaces and occurs in the setting of
concomitant thrombocytopenia [49, 50].

Nilotinib also has a set of toxicities distinct from the other
TKIs approved for frontline use, including several related to

Table 1 TKIs approved for frontline use in chronic phase CML

Drug Approved starting dose Key trial Efficacy Notable toxicities

Follow-up (years) MMR (%) EFS (%) OS (%)

Imatinib 400 mg daily IRIS [9••] 10 93 80 83 Fluid retention
Myalgia/arthralgia
GI-related

Dasatinib 100 mg daily DASISION [23••] 5 76 85 91 Pleural effusion
Pulmonary arterial hypertension
Platelet dysfunction/bleeding

Nilotinib 300 mg twice daily ENESTnd [28••] 5 77 95* 94 Hyperlipidemia, hyperglycemia
Increased MI, stroke,

peripheral artery occlusion
Pancreatitis
QT prolongation

Bosutinib 400 mg daily BFORE [36••] 1 47 n/a** 99.6 Diarrhea
Elevated liver enzymes

MMR, major molecular response; EFS, event-free survival; OS, overall survival; n/a, not applicable

*In ENESTnd, the 10-year EFS rate could only be estimated using events that occurred during core study treatment; OS was estimated using data from
the entire study period (core treatment as well as after study discontinuation)

**BFORE reported a cumulative incidence of EFS events (3.7% for the bosutinib arm)
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an increased risk of cardiovascular disease. In ENESTnd, new
or worsening elevations of total cholesterol and blood glucose
occurred in 27 and 51% of nilotinib-treated patients, respec-
tively [28••]. Cardiovascular events occurred in 10.4% of pa-
tients receiving nilotinib versus 2.1% of those receiving ima-
tinib, and peripheral artery occlusion was exclusively seen
with nilotinib, affecting 2.5% of individuals [28••]. Nilotinib
can also cause QT prolongation with rare reports of sudden
cardiac death. Hence, ECGs should be obtained at baseline
and periodically thereafter, the concomitant usage of medica-
tions that likewise prolong the QT should be avoided, and
careful monitoring is required if a drug capable of inhibiting
CYP3A4 is initiated, as this can increase nilotinib levels.
Lastly, nilotinib can lead to elevations in serum lipase and
on occasion cause overt pancreatitis, particularly among pa-
tients with a prior history.

In the BFORE trial, where bosutinib was initiated at a dose
of 400 mg daily, its major side effects were gastrointestinal, in
particular diarrhea (70% of bosutinib-treated patients vs. 34%
with imatinib), which was typically mild and short-lived.
Bosutinib also caused notable hepatotoxicity, with more fre-
quent elevations in ALT (31 vs. 6%) and AST (23 vs. 6%).
Conversely, it was associated with less neutropenia, myalgia/
arthralgia, and peripheral edema than imatinib and displayed
no signal for increased rates of pleural effusion, pulmonary
hypertension, or peripheral artery occlusion [36••].

Given the unique toxicity profiles of each of the TKIs ap-
proved for frontline treatment, a thorough assessment of rele-
vant comorbidities is crucial for guiding drug selection [30••,
51]. In practice, imatinib is generally considered to have the
mildest side effect profile of the TKIs approved for frontline
use. Dasatinib should be used with caution in patients with
pre-existing lung disease or pleural effusion, as well as in
individuals on antiplatelet/anticoagulant medications or with
a history of bleeding. For nilotinib, a careful evaluation of
cardiovascular risk is required prior to its initiation, and alter-
native agents should be strongly considered in patients with a
history of cardiovascular disease or pancreatit is.
Hepatotoxicity is a class-wide TKI toxicity, but among the
second-generation agents, this is least pronounced with
dasatinib; consequently, it may be preferable to nilotinib and
bosutinib in patients with a history of liver disease. Given that
these comorbidities are common among the CML patient pop-
ulation, they require careful attention during frontline TKI
selection in an effort to reduce the occurrence of serious ad-
verse events [52].

Additional Considerations

In addition to efficacy and toxicity, several practical factors
require consideration during the selection of a first-line TKI,
including ease of administration and drug availability/cost.
Regarding the former, compared to the other approved agents,

nilotinib has notable differences in its pharmacokinetics. Not
only is it dosed twice daily, but concurrent food intake vari-
ably influences its absorption [53]. Consequently, it is recom-
mended that nilotinib be taken on an empty stomach, with no
food for 2 h before and 1 h after each dose, a schedule that can
prove challenging to patients [54].

While the introduction of imatinib and other TKIs has been
transformative with respect to patient outcomes in CML, this
comes at a significant financial burden, as branded imatinib,
dasatinib, and nilotinib have average wholesale prices in the
range of $150,000 USD per year [55]. Given the emerging
evidence supporting a relationship between higher out-of-
pocket costs and decreased patient adherence [56, 57], ad-
dressing the affordability of CML care is a priority moving
forward. The approval of generic versions of imatinib is one
potential solution. Observational studies have demonstrated
comparable efficacy to the branded drug [58–60]; thus, this
may emerge as a cost-effective strategy, contingent upon the
expected drop in drug price upon their introduction to the
market [55, 61].

Response Monitoring and Milestones

Following TKI initiation, patient response is monitored by
periodic complete blood counts and quantification of BCR-
ABL1 transcript levels every 3 months, preferably in a labora-
tory that utilizes the International Scale (IS), enabling stan-
dardization of results [29••, 30••, 62]. Historically, bone mar-
row examination has formed a key component of evaluating
response in CP CML and has been performed until achieve-
ment of a CCyR. However, given that a two-log reduction in
BCR-ABL1 transcript levels roughly equates to a CCyR, many
centers have moved towards only performing bone marrow
cytogenetics after initial diagnosis in the setting of suspected
treatment failure [30••, 63, 64].

The National Comprehensive Cancer Network (NCCN)
and European LeukemiaNet (ELN) have outlined molecular
responsemilestones at various timepoints after the initiation of
therapy [29••, 30••]. Central to both is the prognostic value of
achieving a CCyR (or alternatively a BCR-ABL1 transcript
level of < 1%) by 12 months, with the inability to reach this
milestone considered overt treatment failure. However, they
differ slightly in the emphasis placed on early molecular re-
sponses (EMR), defined as a 3-month BCR-ABL1 transcript
level < 10%. EMR has been shown to independently predict
survival in numerous trials, including DASISION and
ENESTnd [65–67]; however, other studies have suggested
that re-assessing response at 6 months in individuals not
achieving EMR may provide a better prediction of patient
outcome [68, 69]. As such, the ELN guidelines consider the
inability to reach EMR as a “warning” which warrants close
monitoring. Conversely, the NCCN states that failure to reach
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EMR can be considered as impetus for treatment modification
at 3 months. However, in keeping with recent studies suggest-
ing that the rate of BCR-ABL1 transcript decline may in fact
carry greater prognostic significance than an EMR [70, 71],
they comment that prior to making significant changes to
treatment strategy based on a 3-month measurement, the ki-
netics of transcript decline should be considered [30••].

The common elements used to define treatment failure in
the ELN and NCCN guidelines are outlined in Table 2. In
these instances, prompt clinical evaluation is warranted, in-
cluding an assessment of patient compliance, potential drug
interactions and bone marrow cytogenetics, as well as molec-
ular testing for BCR-ABL1 kinase domain mutations. A de-
tailed discussion of TKI therapy beyond the first-line is be-
yond the scope of this review, but has been covered elsewhere
[72]. Briefly, dasatinib, nilotinib, bosutinib, ponatinib, and
high-dose imatinib can all be utilized for second-line treatment
and beyond, though the latter is not recommended after failure
of a second-generation TKI. In the setting of drug intolerance,
an agent with a potentially more favorable side effect profile
should be selected; for example, in individuals with signifi-
cant edema and/or gastrointestinal discomfort on imatinib,
nilotinib may prove more tolerable. As discussed above, dis-
ease resistance frequently develops due to the acquisition of

tyrosine kinase domain mutations; as such, in this setting,
second-line agents should be selected based on a balance be-
tween their activity against the mutation in question and align-
ment with patient comorbidities. Importantly, T315I muta-
tions confer resistance to all TKIs except ponatinib, restricting
treatment options to this agent, the protein synthesis inhibitor
omacetaxine, or allogeneic stem cell transplant [30••].

TKI Discontinuation

Traditionally, TKIs are taken indefinitely by CML patients
following their initiation, but much recent investigation has
focused upon assessing the safety of their discontinuation in
patients who have maintained deep molecular responses over
extended periods of time. This was first evaluated in the Stop
Imatinib (STIM-1) trial, where 100 patients with undetectable
molecular residual disease (UMRD) for at least 2 years
discontinued drug with close molecular monitoring [73].
One year after imatinib discontinuation, 41% of patients
remained in molecular remission. In a recent update of this
trial, where patients were followed for a median of greater
than 6 years, there was no evidence of late recurrences, with
the majority occurring within 6 months of discontinuation.
Importantly, resumption of imatinib post-relapse resulted the
re-establishment of UMRD in 55 of 57 patients [74••]. Several
other prospective studies studying the discontinuation of ima-
tinib or second-generation TKIs in comparable patient popu-
lations have generated similar results [75–78]. Across all of
these, the length of exposure to TKI therapy and the duration
of deep molecular response prior to treatment discontinuation
have emerged as consistent predictors of the ability to achieve
an extended treatment-free remission (TFR). Interestingly,
there is emerging evidence supporting a role for the immune
system in maintaining TFRs, as both increased numbers of
natural killer and low numbers of CD86+ plasmacytoid den-
dritic cells have been found to correlate with the likelihood of
successful TKI discontinuation [79–81].

Thus, recent clinical trial data has established that with
close monitoring, TKIs can be safely discontinued in select
CP CML patients, with the hope of obtaining extended TFRs.
According to recent NCCN guidelines, CP CML patients with
a four-log reduction in BCR-ABL1 transcript levels for greater
than 2 years are eligible to attempt TKI discontinuation, with a
strict schedule of molecular monitoring during follow-up
[30••]. In addition to ameliorating quality of life by allowing
for drug holidays, TFRs will also prove particularly useful in
CML patients considering pregnancy, where the use of TKIs is
contraindicated.

Table 2 Indicators of TKI failure—integration of ELN and NCCN
guidelines [29••, 30••]

Time after therapy
initiation

Features suggestive of failure

3 months CHR not achieved
-and/or-
Ph+ > 95%*
NCCN: BCR-ABL1 (IS) > 10%**

6 months BCR-ABL1 (IS) > 10%
-and/or-
Ph+ > 35%

12 months BCR-ABL1 (IS) > 1%
-and/or-
CCyR not achieved (Ph+ > 0)

Beyond 12 months ELN: loss of best response
NCCN: MMR not achieved

(BCR-ABL1 > 0.1%)

CHR, compete hematologic response (platelet count < 450 × 109 /L,
WBC count < 10 × 109 /L, no immature granulocytes, basophils < 5%,
non-palpable spleen); CCyR, complete cytogenetic response; MMR, ma-
jor molecular response; IS, International Scale

*The % of Philadelphia chromosome-positive metaphases (requires at
least 20 evaluable bone marrow metaphases); of note, ELN guidelines
state that the emergence of additional cytogenetic abnormalities in the
Ph+ clone at any time is an indicator of treatment failure

**BCR-ABL1 (IS) > 10% at 3 months, i.e., failure to achieve an early
molecular response (EMR) is not considered overt treatment failure by
the ELN. NCCN guidelines state that this finding must be interpreted in
the context of the rate of transcript decline from baseline prior to making
significant treatment changes
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Conclusions

The introduction of imatinib and the later generation TKIs has
revolutionized the treatment of CML, rendering the survival
of CP patients comparable to that of age-matched controls.
Four agents are currently approved for the frontline treatment
of CP CML, enabling physicians to make highly individual-
ized treatment decisions which balance disease risk, drug side
effects, and patient comorbidities. However, despite these suc-
cesses, challenges do remain, including how best to manage
the acute and chronic toxicities associated with these agents.
TFR has emerged as a novel goal of CML therapy in the TKI
era, bringing renewed focus upon how best to achieve deep,
sustained molecular responses. In the hope of reaching this
objective, we excitedly await results from studies evaluating
ABL001, a novel allosteric inhibitor of BCR-ABL, as well as
combination therapies, where TKIs are partnered with a sec-
ond agent such as IFN-α or the JAK1/2 inhibitor ruxolitinib.
Moving forward, we aspire to build upon the incredible prog-
ress of the past two decades by continuing to redefine treat-
ment approaches and patient outcomes in CML.
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