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Abstract

Background—Imatinib has been found to substantially improve outcomes in patients with

chronic myeloid leukemia (CML) compared with previously available therapies. However, its use

is complicated by development of resistance or drug intolerance, prompting dose escalation or a

trial of dasatinib or nilotinib, the second-generation tyrosine kinase inhibitors (TKIs).

Objectives—This article reviews the mechanisms of TKI resistance; discusses the tolerability

and efficacy of high-dose imatinib, dasatinib, and nilotinib; and provides background for the

rational use of second-line treatment options.

Methods—MEDLINE (1966–December 2009) and EMBASE (1993–December 2009) were

searched for pertinent English-language publications using search terms that included, but were

not limited to, chronic myeloid leukemia, imatinib, dasatinib, nilotinib, and clinical trial.

Abstracts from American Society of Hematology annual meetings (2005–2009) were also

reviewed. There were no prespecified inclusion or exclusion criteria.

Results—Major and complete cytogenetic responses (MCyR and CCyR, respectively) to second-

line treatment with high-dose (600–800 mg/d PO) imatinib were restricted to CML patients who

had achieved a CyR to standard-dose imatinib: >90% of patients without a previous CyR failed to

respond. The expected durability of the response to this approach remains unclear. Grade 3/4

thrombocytopenia, neutropenia, and anemia occurred in 14%, 39%, and 8%, respectively, of

patients receiving high-dose imatinib. In patients who failed first-line treatment with imatinib,

dasatinib (70 mg BID PO) was associated with higher rates of CCyR at 2 years compared with

imatinib (44% vs 18%, respectively; P = 0.003), as well as higher estimated rates of progression-

free survival at 2 years (86% vs 65%; P = 0.001). Dasatinib use was complicated by grade 3/4

thrombocytopenia and neutropenia in 57% and 63% of patients, respectively, and pleural effusion

in 5%. Nilotinib treatment was effective in patients who were resistant to or unable to tolerate

imatinib, with 46% and 58% achieving a CCyR and MCyR, respectively, at 2 years. Nilotinib use

was complicated by grade 3/4 thrombocytopenia and neutropenia in 28% and 40% of patients,
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respectively, and QTc-interval prolongation in 1% to 10% of patients. Neither agent was clinically

effective in patients with the common T315I mutation.

Conclusion—Dasatinib and nilotinib were effective and generally well tolerated as second-line

treatments for CML patients with a suboptimal response to standard doses of imatinib or imatinib

intolerance.

Keywords

chronic myeloid leukemia; chronic myelogenous leukemia; CML; imatinib; dasatinib; nilotinib;
tyrosine kinase inhibitors

INTRODUCTION

Chronic myeloid leukemia (CML) accounts for ~20% of all adult leukemias.1 It is

characterized by the Philadelphia (Ph) chromosome, formed after a reciprocal translation

between chromosomes 9 and 22.2,3 The juxtaposition of chromosomes 9 and 22 results in

fusion of the BCR and ABL genes to form BCR-ABL, which codes for a constitutively active

tyrosine kinase (TK). The activity of this BCR-ABL TK, including its antiapoptotic effects,

underpins the pathophysiology of CML.4–6 Untreated, CML progresses from a chronic

phase (CP) through an accelerated phase (AP) characterized by increasing splenomegaly,

peripheral blood or bone marrow blasts (<20%), basophilia (>20%), and thrombocytopenia

(<1 × 105) or thrombocytosis (>1 × 106), to a terminal blast phase (BP) with >20%

peripheral blood or bone marrow blasts, typically over a period of 3 to 5 years.1,7

Introduction of TK inhibitors (TKIs) targeting BCR-ABL dramatically changed the

treatment of CML. Imatinib* was the first TKI to become available for the treatment of

CML.8,9 It was approved by the US Food and Drug Administration (FDA) as first-line

therapy for CP CML after the release of data from IRIS (International Randomized Study of

Interferon and STI571).10 After 18 months of treatment, imatinib 400 mg/d PO was

associated with unprecedented rates of hematologic and cytogenetic response (CyR) and a

significant improvement in the estimated rate of freedom from progression compared with

interferon (IFN)-α plus cytarabine (96.7% vs 91.5%, respectively; P < 0.001). Eight-year

follow-up of the original patient cohort from IRIS reported overall survival (OS) rates of

85% (93% when only CML-related deaths were considered).11

However, imatinib use is complicated by the development of resistance or intolerance.10–14

Primary resistance leads to either a suboptimal response (with reconsideration of the

treatment strategy) or treatment failure, as defined by National Comprehensive Cancer

Network (NCCN)7 and European LeukemiaNet (ELN)15 criteria (Table I). As a result of

primary resistance, 24% of patients in IRIS failed to achieve a complete CyR (CCyR) after

18 months,10 which represented treatment failure according to NCCN and ELN criteria.

IRIS also found evidence of the emergence of secondary drug resistance, manifested as

relapsed disease in ~17% of patients and progressive disease in 7%.13 Inability to tolerate

*Trademark: Gleevec® (Novartis Pharmaceuticals Corporation, East Hanover, New Jersey).
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first-line treatment with imatinib because of adverse events (AEs) led to discontinuation of

this therapy in ~6% of patients in IRIS at 8 years.11

Second-generation TKIs targeting BCR-ABL are now available. Dasatinib† and nilotinib‡

are approved by the FDA for the treatment of patients with CP or AP CML who developed

resistance to or were unable to tolerate previous imatinib therapy.16,17 Dasatinib is also

approved for use in patients with BP CML and Ph+ acute lymphoblastic leukemia (ALL).16

This paper reviews the mechanisms of TKI resistance; discusses the tolerability and efficacy

of high-dose imatinib, dasatinib, and nilotinib in patients with CML; and provides

background for the rational use of second-line treatment options.

METHODS

MEDLINE (1966–December 2009) and EMBASE (1993–December 2009) were searched

for pertinent English-language publications using search terms that included, but were not

limited to, chronic myeloid leukemia, imatinib, dasatinib, nilotinib, and clinical trial.

Abstracts from American Society of Hematology annual meetings (2005–2009) were also

reviewed. There were no prespecified inclusion or exclusion criteria.

IMATINIB

Imatinib was approved by the FDA in 2002. The pharmacologic properties of imatinib,

potential drug interactions, and recommendations for use of imatinib in patients with renal

or hepatic impairment are summarized in Table II.

First-Line Treatment

Imatinib is the only TKI currently indicated for the first-line treatment of CML. The

recommended starting doses in adults are imatinib 400 mg/d PO for CP CML and 600 mg/d

PO for AP/BP CML.9

In a 7-year follow-up to IRIS, the best observed rates of major CyR (MCyR) (defined as

0%–35% Ph+ metaphases on cytogenetic analysis) and CCyR (defined as no Ph+

metaphases on cytogenetic analysis) were 89% and 82%, respectively.12 At 8-year follow-

up, estimated rates of event-free and progression-free survival (PFS) were 81% and 92%,

respectively; the best observed major molecular response (MMR) (defined as BCR-ABL:

control gene ratio <0.1%) was 86%.11 In the 360 patients who crossed over to imatinib after

first receiving IFN-α plus cytarabine, 86% achieved an MCyR and 81% achieved a CCyR

after 54 months of follow-up; the estimated rates of freedom from progression and OS were

91% and 89%, respectively, after 48 months.18 At 8 years of follow-up, 55% of patients

remained on imatinib per protocol; the reasons for discontinuation or crossover included

lack of efficacy and/or progression in 16% of patients.11 In a 7-year update in patients with

AP CML who were receiving imatinib 600 mg/d, the cumulative best rates of MCyR and

†Trademark: Sprycel® (Bristol-Myers Squibb Company, New York, New York).
‡Trademark: Tasigna® (Novartis Pharmaceuticals Corporation).
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CCyR were 30% and 21%, respectively; rates of PFS and event-free survival were 36.5%

and 15.0%, respectively.19

Imatinib resistance appears to be multifactorial.20,21 Approximately half of clinically

resistant cases are associated with mutations in the BCR-ABL TK domain that inhibit

imatinib's ability to bind to ABL. These mutations, found in 36% to 90% of patients with

imatinib resistance, may arise spontaneously or as a result of the selective pressure of

imatinib.21–23 The most frequently occurring mutations (36%–40%) fall within the

adenosine triphosphate–binding loop (P-loop) of the ABL TK domain22–24 and are

associated with a 70- to 100-fold decrease in sensitivity to imatinib compared with native

BCR-ABL. Treatment of these patients with imatinib alone has been associated with poorer

response rates and survival: among patients with CP or AP CML with mutations in the BCR-

ABL TK domain, 12 of 13 with P-loop mutations died at a median follow-up of 4.5 months

after detection of the mutation, compared with 3 of 14 with mutations outside the P-loop

over a similar duration of follow-up (P = 0.002).22 Similarly, among 40 patients with CP

CML who had cytogenetic resistance to imatinib, 8 of 9 with P-loop mutations progressed to

AP/BP CML at a median of 9 months after detection of the mutation and 6 died, compared

with 3 of 9 with mutations outside the P-loop who progressed to AP/BP CML (P = 0.032)

and 1 who died (P = 0.045).25 The contact-point T315I mutation, also associated with a poor

prognosis,26 is unique in its resistance to all approved BCR-ABL inhibitors.27–31

The remaining cases of clinical imatinib resistance generally involve one of several potential

mechanisms. These include increased production of BCR-ABL through genomic

amplification or overexpression, development of secondary clonal abnormalities,

constitutive activation of downstream signaling molecules (eg, Src-family kinases [SFKs]),

increased production of imatinib-binding plasma proteins or transmembrane transport

molecules, and insufficient plasma levels of imatinib resulting from pharmacokinetic

variability.20,32

Intolerance is another reason for discontinuation of imatinib, with ~4% of patients in the

IRIS study discontinuing imatinib at 6 years due to AEs.13,33 The most commonly reported

AEs with imatinib are consistent with those in the IRIS study,10 which were primarily

hematologic, with 45% to 61% of patients developing anemia, neutropenia, and/or

thrombocytopenia (all grades) after a median follow-up of 19 months. Grade 3/4

neutropenia, thrombocytopenia, and anemia were reported in 14%, 8%, and 3% of patients,

respectively. The most common nonhematologic AEs associated with imatinib (all grades)

were superficial edema (56%), nausea (44%), muscle cramps (38%), and rash (34%); other

grade 3/4 nonhematologic AEs included musculoskeletal pain (3%), joint pain (2%),

abdominal pain (2%), and rash (2%).10 In general, most AEs can be managed by dose

interruption/reduction and appropriate supportive measures, although rash, fluid retention,

and liver toxicity may prompt discontinuation.7,9

The prescribing information for imatinib contains numerous warnings regarding both early

and long-term toxicities.9 One of the more controversial warnings concerns the potential for

severe congestive heart failure (CHF) and left ventricular dysfunction. These events are

relatively rare; in a study in 1276 patients treated with imatinib, ≤1% of patients had cardiac
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events associated with the drug, and the incidence of CHF increased with increasing age.34

Moreover, patients with these events were more likely to have preexisting conditions

predisposing them to CHF. In addition, the prescribing information carries warnings

regarding edema and fluid retention (grade 3/4 superficial edema in 2%–6% of patients with

CML), cytopenias, hepatotoxicity (severe elevations in transaminases or bilirubin in ~5% of

patients with CML), hemorrhage (grade 3/4 hemorrhage in 1.8% of patients with CML),

gastrointestinal perforation (rare), and bullous dermatologic reactions.9 Based on the

findings of animal studies, renal toxicity and immuno-suppression may occur with long-term

use.9

High-Dose First-Line Treatment—Clinical investigations of high-dose imatinib as first-

line therapy for CML are ongoing. The RIGHT (Rationale and Insight for Gleevec High-

Dose Therapy) trial35 was a multicenter, open-label, single-arm, Phase II investigation of

imatinib 400 mg PO BID in 115 patients with newly diagnosed CP CML, of whom 83

completed the study (10 discontinued due to AEs and 6 due to unsatisfactory effect). An

MMR was achieved in 48% of patients at 6 months, 54% at 12 months (vs 39% with

standard-dose imatinib, based on historical data from the IRIS trial), and 63% at 18 months;

the corresponding rates of complete molecular response were 39%, 44%, and 55%.

Although the reduction in tumor burden was more rapid compared with historical controls,

most patients were low risk based on the Sokal score (70%).

A Phase III comparison of imatinib 400 and 800 mg/d PO in high-risk patients with CP

CML found no significant difference between groups in rates of CCyR at 12 months (58%

and 64%, respectively).36 There were no significant differences in rates of MMR between

the 2 arms, nor were there differences in the frequency of AEs.

The TOPS (Tyrosine Kinase Inhibitor Optimization and Selectivity) study,37 a prospective,

randomized Phase III study, compared rates of MMR at 12 months in patients treated with

imatinib 400 or 800 mg PO. MMR and CCyR occurred more rapidly in patients treated with

imatinib 800 mg, with significantly higher response rates at 6 months compared with

imatinib 400 mg (MMR: 33.5% vs 17.0%, respectively; P < 0.001; CCyR: 56.7% vs 44.6%;

P = 0.015). However, there was no statistically significant difference between groups in

either measure at 12 months.

The German CML–Study IV38 also reported higher rates of MMR at 12 months with

imatinib 800 mg PO (29%) compared with imatinib 400 mg PO (52%; P < 0.001) or

imatinib 400 mg/IFN-α (34%; P = 0.01), although the clinical significance of the differences

is unknown. Another study found that reducing the dose from 800 to 400 mg/d PO had no

effect on rates of event-free survival.39 However, event-free survival was reported to be

significantly worse if the dose reduction occurred before achievement of a CCyR.

High-Dose second-Line Treatment

High-dose imatinib (600–800 mg/d PO) is approved for use in patients in whom imatinib

resistance developed after receipt of standard-dose imatinib.7,9 The rationale for the use of

higher doses is based on findings that some BCR-ABL mutations may result in only

intermediate resistance to imatinib, suggesting that higher doses may be able to overcome
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this resistance.15,40,41 In addition, overproduction of BCR-ABL, another mechanism of

resistance to standard-dose imatinib, may respond to an increased dose.42,43

In studies in patients who had failed imatinib treatment (ELN/NCCN criteria), dose

escalation was associated with CCyR rates of 11% to 39% and MCyR rates of 26% to

52%.44–49 It is important to note that escalation of the imatinib dose has not been found to

offer benefit in most patients who fail to achieve a CyR to first-line imatinib therapy; studies

have reported that 93% of patients had no improvement.44,45 The original IRIS data suggest

that up to 22% of patients may not benefit from escalation of the imatinib dose, with failure

to achieve a CyR at 6 months.10

The expected durability of the response to imatinib dose escalation remains unclear. Early

studies suggested that the best attained CyRs were subsequently lost in 43% to 50% of

patients.46,47,50 However, data from a more recent study with a median follow-up of 61

months indicated that 40% of patients who met the criteria for failure with standard-dose

imatinib achieved a CCyR, and that 88% of patients with an MCyR had a sustained response

beyond 2 years.51 A retrospective analysis of data from IRIS also suggested a high rate of

PFS (89%) after 3 years in 106 patients undergoing imatinib dose escalation; PFS was

similar among patients who underwent dose escalation according to either IRIS-defined or

ELN criteria.52 Further data and longer durations of follow-up will help clarify the utility of

high-dose imatinib in patients with resistance to standard doses. In addition, it will be

important to gain greater understanding of the specific mechanism(s) of imatinib resistance,

as the clinical effect of high-dose imatinib is likely to be limited to patients with resistance

to standard-dose imatinib who do not have a P-loop or T315I mutation.

On the other hand, patients who have a suboptimal hematologic response or CyR (ELN

criteria) to initial standard-dose imatinib appear to respond well to escalation of the imatinib

dose. After 6 to 20 months of follow-up, 50% to 100% of patients in 2 studies had a durable

CCyR; yet, as expected, patients subsequently identified as having BCR-ABL mutations

often failed to achieve even an MCyR.53,54 There are ongoing efforts to incorporate

molecular response criteria into clinical trials to improve understanding of the impact of

imatinib dose escalation in patients with suboptimal responses; however, it has been

suggested that fewer than half of patients with suboptimal molecular responses will achieve

an MMR to this treatment strategy.54

The frequency of AEs in patients receiving high-dose imatinib is summarized in Table III.

Among AEs of all grades,55 the most common were fluid retention (43%), superficial edema

(43%), and nausea (33%). However, grade 3/4 thrombocytopenia, neutropenia, and anemia

occurred in a respective 14%, 39%, and 8% of patients receiving high-dose imatinib. Dose

interruption, reduction, or discontinuation was necessary in a substantial proportion (31%–

63%) of patients taking high-dose imatinib; grade 3/4 hematologic AEs were the cause in

24% to 31% of these patients.44,45,47 Other AEs that contributed to a change in treatment in

those taking high-dose imatinib included abdominal pain, diarrhea, vomiting, fatigue, pain,

joint effusion, rash, bone ache, dizziness, and blisters.44,45
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DASATINIB

Approved by the FDA in 2006, dasatinib is the first of the second-line, or second-generation,

TKIs. The approved dosages are 100 mg PO once daily for patients with CP CML and 70

mg BID for patients with AP/BP CML.16

Dasatinib binds both the active and inactive conformations of BCR-ABL, and has in vitro

activity against all currently described imatinib-resistant mutations except T315I, supporting

its use as second-line treatment.28,29,31 It has 325-fold greater in vitro activity against native

BCR-ABL compared with imatinib,29 suggesting that it may mitigate imatinib resistance

caused by increased BCR-ABL expression.28,29,56,57 Furthermore, dasatinib potently

inhibits SFKs associated with BCR-ABL–independent imatinib resistance,28,29 and it is not

a substrate for organic cation transporter-1 (OCT-1), which is likely to be largely

responsible for low in vitro sensitivity to imatinib.58–60 However, dasatinib-insensitive

BCR-ABL mutations have been identified, indicating that development of clinical dasatinib

resistance is possible when patients with CML are treated with this second-line agent.

Although 9 dasatinib-resistant mutants affecting 6 residues were detected in an in vitro

mutagenesis study, only the F317V and T315I mutations emerged at intermediate drug

concentrations, and only the T315I mutation persisted at the maximum achievable plasma

concentrations.61

The pharmacologic properties of dasatinib and dosing recommendations for patients with

renal or hepatic impairment are summarized in Table II.

The START Program Trials

The START (SRC/ABL Tyrosine Kinase Inhibition Activity Research Trials of Dasatinib)

program was a series of multicenter, open-label, Phase II clinical studies in patients with

CML who were resistant to imatinib (NCCN criteria) or unable to tolerate it.45,62,63 These

studies led to the approval of dasatinib as second-line treatment across all phases of CML.

In an update to studies of dasatinib in CP CML (START-A and START-R), 44% of patients

with resistance to imatinib had achieved a CCyR with dasatinib 70 mg at 24 months of

follow-up, and 55% achieved an MCyR.64 Among those with a CCyR or MCyR, 86% and

84%, respectively, maintained the response at 24 months; PFS was 75% at this time point.

Among patients who were unable to tolerate imatinib, 82% and 78% achieved a CCyR and

MCyR at 24 months; PFS was 94% in this subgroup. This update indicated high rates and

durability of responses in patients who were resistant to or unable to tolerate imatinib. Two-

year follow-up data from START-C and a Phase III randomized trial indicated that rates of

CCyR and OS in patients with hematologic imatinib intolerance were 43% and 88%,

respectively, compared with 79% and 98% in those with nonhematologic imatinib

intolerance.65

In START-R, Kantarjian et al55 conducted a prospective comparison of dasatinib 70 mg

BID and high-dose imatinib (800 mg/d) in patients who had failed first-line treatment with

imatinib. After a minimum follow-up of 2 years, dasatinib was associated with higher rates

of MCyR compared with high-dose imatinib (53% vs 33%, respectively; P = 0.017), as well
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as higher rates of CCyR (44% vs 18%; P = 0.003) and MMR (29% vs 12%; P = 0.028). In

patients with no previous CyR to imatinib, the corresponding rates of MCyR were 51% and

7%. Estimated PFS at 2 years was 86% for dasatinib and 65% for imatinib (P = 0.001).

Rates of discontinuation due to toxicity were comparable between dasatinib and imatinib

(23% and 20%).

Dasatinib has also been reported to have activity in patients with AP/BP CML. In START-

A, after 14 months of follow-up, dasatinib was associated with achievement of a CCyR and

MCyR in a respective 32% and 39% of patients with AP CML; PFS was 66% at 12

months.66 In patients with BP CML (START-B and START-L), response rates differed

depending on whether patients had myeloid blast phase (MBP) or lymphoid blast phase

(LBP) disease. After 12 months of follow-up, 26% of MBP patients achieved a CCyR,

compared with 46% of LBP patients; a respective 33% and 52% of MBP and LBP patients

achieved an MCyR. However, PFS was 6.7 months in those with MBP, compared with 3.0

months in those with LBP.67 The durability of these responses is under investigation.

The majority of AEs seen with dasatinib 70 mg BID in the START program were

hematologic, with grade ¾ thrombocytopenia and neutropenia occurring in 57% and 63% of

patients, respectively (Table III).55 In general, grade ¾ nonhematologic AEs were rare. To

date, there are no data on cumulative toxicity with long-term therapy.63 The main

nonhematologic AE of concern with dasatinib is development of pleural effusion (all grades,

18%–25%). Traditionally, imatinib has been associated with superficial edema and fluid

retention, whereas effusions have been more commonly described with dasatinib.55 The

etiology of fluid retention and effusions with these agents is unclear.

As might be predicted, the frequency of AEs was increased in those with advanced disease.

Rates of grade ¾ thrombocytopenia and neutropenia in AP CML (START-A) were 82% and

76%, respectively.66 The dasatinib toxicity profile appeared to be comparable in imatinib-

resistant and imatinib-intolerant patients, suggesting little to no cross-intolerance with

imatinib and overall good treatment compliance.62,63,68 Most AEs, including cytopenias and

pleural effusions, may be managed by dose interruption and reduction.7,16,69 The prescribing

information for dasatinib carries warnings concerning myelosuppression, bleeding-related

events, fluid retention, and QT-interval prolongation.16

Treatment of Patients With BCR-ABL Mutations

Dasatinib has been reported to be effective in patients with imatinib-resistant BCR-ABL

mutations (except T315I).62,70,71 A recent analysis in 1043 patients with CP CML recruited

into Phase II/III trials of dasatinib supported the efficacy and durability of dasatinib in

patients with baseline BCR-ABL mutations relative to those without baseline mutations.72

After 2 years, dasatinib treatment in imatinib-resistant patients with or without preexisting

mutations was associated with comparable rates of CCyR (43% and 47%, respectively),

MCyR (55% and 58%), PFS (70% and 80%), and OS (88% and 92%). High proportions of

patients with highly resistant imatinib mutations also achieved a CCyR and MCyR: rates

were 40% and 67%, respectively, in patients with L248 mutations; 61% and 65% in those

with Y253 mutations; 36% and 56% in those with E255K mutations; 60% and 66% in those

with F359C mutations; and 39% and 52% in those with H396 mutations. Poor responses
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were seen in those with F317L and T315I mutations; rates of CCyR and MCyR were 7%

and 14%, respectively, in those with the former mutation and 0% and 10% in those with the

latter mutation.

This research group reported the emergence of dasatinib resistance and new mutations

(T315I/A, F317L, V299L, M351T, L248V, G250E, K271R, and Y320C) in patients who had

previously been resistant only to imatinib (Table IV).72,73 T315I mutations were the most

frequent of these new mutations. Of 47 patients with new mutations, 24 experienced disease

progression. Dasatinib resistance has also been associated with F486S and E507G mutations

in patients with advanced disease.74

Phase III Dose-Optimization study

A Phase III study was conducted to evaluate optimal dosing regimens of dasatinib in CP

CML.75 The dosing schedules that were compared were dasatinib 100 mg once daily, 50 mg

BID, 140 mg once daily, and 70 mg BID. The rationale for comparing dasatinib 100 mg

with the approved dose of 140 mg arose from the Phase II program, in which the median

delivered dose in patients with CP CML was ~100 mg/d at 8-month follow-up.63 The dose-

optimization study found similar rates of CCyR (50%–54%) and MCyR (61%–63%) across

all 4 dosing arms.75 After 24 months of follow-up, 89% and 87% of responding patients

who received dasatinib 100 mg maintained a CCyR and MCyR, respectively; PFS at 24

months was 80% in this subgroup.

Early results from this study also suggested an improvement in the toxicity profile, with the

100-mg arm having significantly lower rates of grade ¾ thrombocytopenia compared with

the other 3 arms combined (23% vs 36%–41%, respectively; P = 0.003).75 There was also a

significantly lower incidence of grade ¾ pleural effusion (2% vs 4%–5%; P = 0.049). The

100-mg arm had the lowest incidence of treatment interruption and discontinuation (12%)

relative to the other 3 dosing arms (16%–21%). Overall, the dasatinib 100-mg regimen

appeared to have a better safety profile and comparable efficacy compared with the other

regimens studied.

The results of the previous study prompted adjustment of the recommended starting dose for

patients with CP CML to 100 mg once daily.16 The recommended starting dose for patients

with advanced CML and Ph+ ALL remains unchanged at 70 mg BID. However, more recent

reports suggested comparable efficacy and an improved safety profile in patients with

AP/BP CML or Ph+ ALL receiving dasatinib 140 mg once daily compared with 70 mg

BID.76–79

First-Line Treatment

Based on its reported rates of efficacy and encouraging safety profile, dasatinib 100 mg/d

has been investigated in previously untreated patients with CP CML. In an ongoing Phase II

study, patients were randomized to receive dasatinib 100 mg/d given as either a single or

divided dose.80 After a median 24 months of follow-up, data from 50 patients suggested

both rapid and clinically meaningful responses: rates of CCyR at 3 months (82%), 6 months

(94%), 12 months (98%), 24 months (84%), and 30 months (83%) compared favorably with
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historical data from newly diagnosed patients treated with standard-dose imatinib (37%,

54%, 65%, 67%, and 67%, respectively) or high-dose imatinib (63%, 85%, 89%, 88%, and

89%). Overall, 98% of evaluable patients achieved a CCyR; at 24 months, 71% of patients

achieved an MMR. The toxicity profile at 24 months continued to support the tolerability of

dasatinib in these previously untreated patients. The most common grade ¾ toxicities were

hematologic in nature, including neutropenia (21%), thrombocytopenia (10%), and anemia

(6%). Pleural effusions occurred in 13% of evaluable patients, including 2% with grade ¾

effusions.80 A multicenter, randomized, Phase III study is being conducted to compare

dasatinib with imatinib as first-line agents.81

NILOTINIb

Nilotinib, approved in 2007 for the second-line treatment of CML, is an imatinib analogue

that is 10- to 50-fold more potent against native BCR-ABL than is its parent compound.30

The approved dosing schedule in CP and AP CML is 400 mg BID PO.17 Food is not to be

consumed from 2 hours before to 1 hour after nilotinib dosing because of increased drug

bioavailability after food consumption and concerns about QTc-interval prolongation and

possible cardiac AEs.17

Nilotinib's increased potency relative to imatinib may allow it to override some forms of

imatinib resistance. It binds to the inactive conformation of the ABL protein, is active

against all imatinib-resistant BCR-ABL mutations except T315I,30 and is not a substrate of

OCT-1.58 However, as with dasatinib, nilotinib-insensitive BCR-ABL mutations have been

identified in vitro.61 Two mutations of the P-loop region, Y253H and E255V, have been

identified at intermediate drug concentrations29,61; as with dasatinib, only the T315I

mutation was isolated at maximum achievable plasma nilotinib concentrations.61 Nilotinib

does not have measurable activity against SFKs and, therefore, may not be clinically active

in imatinib-resistant CML with noted SFK escape mechanisms.

The pharmacologic properties of nilotinib are summarized in Table II.

second-Line Treatment

Nilotinib 800 mg/d was approved based on data from an open-label, Phase II study in

patients with CP/AP CML who had failed initial imatinib therapy (NCCN criteria) or were

unable to tolerate it.17,82 In a recent 2-year follow-up of patients with CP CML, the overall

rate of MMR was 28%; rates of CCyR and MCyR were 46% and 58%, respectively83,84;

and rates of PFS and OS at 24 months were 64% and 87%, respectively. The responses were

durable, with 84% of patients maintaining a CCyR at 24 months. Data from 1422 patients in

the Phase III ENACT (Expanding Nilotinib Access in Clinical Trials)85 study were similar,

with overall CCyR and MCyR rates of 36% and 45%, respectively.

As anticipated based on results for both imatinib and dasatinib, the efficacy of nilotinib

appears to be lower in advanced disease. In patients with AP CML, rates of CCyR and

MCyR were 19% and 32%, respectively.86 In patients with BP CML, only 25% of patients

achieved a complete hematologic response.87
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AEs with nilotinib have been predominantly mild to moderate in severity, and were

generally managed with dose reduction or interruption and appropriate supportive care.7,17

In the pivotal Phase II study, the most frequent grade 3/4 AEs in patients with CP and AP

CML included bone marrow suppression (neutropenia: 30% and 40%, respectively;

thrombocytopenia: 28% and 40%; anemia: 10% and 25%) and asymptomatic serum lipase

elevations (16% and 17%).83,86 In a subanalysis of the Phase II study, cross-intolerance with

imatinib (defined as recurrence of a grade 3/4 AE during nilotinib treatment leading to

discontinuation of imatinib) was observed in 51% of patients.88 In general, cross-intolerance

was limited to hematologic toxicity (often a recurrence of thrombocytopenia), and only 4%

of patients experienced nonhematologic toxicities similar to those occurring with previous

imatinib treatment.88 Overall, 15% of patients discontinued treatment as a result of AEs.83

The prescribing information for nilotinib carries a black box warning regarding the risk of

QTc-interval prolongation and sudden death.17 Sudden deaths were reported in 0.6% of

patients in the initial clinical studies and were noted at a similar frequency in the expanded-

access study.17 QTc-interval prolongation and palpitations have been reported in 1% to 10%

of patients.17 As a result, the prescribing information recommends monitoring for and

correction of hypokalemia and hypomagnesemia, as well as monitoring of ECGs initially

and after any dose adjustments. Nilotinib should be avoided in those with long QT

syndrome, as well as in those taking drugs known to prolong the QT interval

(antiarrhythmics) or to inhibit cytochrome P450 (CYP) 3A4.17 For that reason, the

prescribing information also carries a warning against consumption of foods such as

grapefruit and grapefruit juice, which are known to inhibit CYP3A4. It is unclear why

cardiac AEs were observed more frequently with nilotinib therapy than with imatinib or

dasatinib therapy. The prescribing information for nilotinib also carries warnings regarding

myelosuppression, elevations in serum lipases, hepatic abnormality or impairment, and

electrolyte abnormalities.

Treatment of Patients With BCR-ABL Mutations

Although the pivotal Phase II study found that nilotinib was active in patients with all BCR-

ABL mutations (except T315I) associated with imatinib resistance and in patients with BCR-

ABL–independent resistance,82 evidence of the emergence of nilotinib-insensitive mutations

has since become available. Among the mutations that develop most frequently during

nilotinib therapy, the P-loop mutations Y253H and E255K/V are often associated with

disease progression.89 In a subanalysis in patients with CP CML enrolled in the pivotal

Phase II trial of nilotinib, the Y253H, E255K/V, and F359C mutations were reported in 14%

of imatinib-resistant patients, but were associated with disease progression in 69% of

patients harboring these mutations.90,91 Possession of the E255K/V and F359V mutations

was associated with high rates of disease progression (86% [6/7] and 82% [9/11],

respectively).90,92 The association between individual mutations and disease progression

also held true for patients with AP CML harboring the Y253H, E255K/V, and F359C

mutations, in whom the rate of progression was 64%.91 However, the mutants most

frequently associated with progression during nilotinib therapy were T315I (60%), F359V

(80%), and M244V (80%).91 The poor prognosis associated with development of a T315I

mutation during imatinib treatment has already been established.26 Compared with P-loop
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mutations, development of non–P-loop mutations (including F359V and M244V) during

imatinib treatment is associated with a lower rate of disease progression and better

survival.22,25,26

First- and Third-Line Treatment

Nilotinib is currently being investigated as a first-line treatment in a Phase III study

comparing nilotinib 600 and 800 mg/d with standard-dose imatinib in patients with newly

diagnosed CP CML. A recent 12-month update reported higher rates of MMR in patients

receiving nilotinib 300 and 400 mg BID compared with imatinib 400 mg once daily (44%

and 43% vs 22%, respectively; both comparisons, P ≤ 0.001).93 Rates of CCyR were higher

in those receiving nilotinib 300 and 400 mg BID compared with imatinib (80% and 78% vs

65%; P ≤ 0.001 and P = 0.001, respectively), with comparable rates of discontinuation in the

3 arms (7%, 11%, and 9%). This study was based on data from the Phase II pilot study, in

which 98% of patients followed for at least 3 months achieved a CCyR and 63% achieved

an MMR.94 At the 3-month time point, the rate of CCyR appeared to be higher than in

historical data for initial imatinib therapy (37%)94 and similar to that for dasatinib (79%).95

In a separate study of nilotinib in previously untreated patients with CML, rates of CCyR

and MMR were 96% and 85%, respectively, after a median follow-up of 15 months.96

Nilotinib is the only approved TKI that is reported to have activity in patients with CML

who have failed to respond to or were unable to tolerate both imatinib and dasatinib.87,97

After a median nilotinib exposure of 7.3 months, 32% of study patients with CP CML

attained a CCyR and 38% attained an MCyR.97 Rates of grade 3/4 neutropenia,

thrombocytopenia, and anemia were 38%, 24%, and 5%, respectively.97 At 4 months of

follow-up, 23% of nilotinib-treated patients with AP disease and 5% of nilotinib-treated

patients with BP disease had a return to CP disease.87 In a study in 14 patients receiving

third-line nilotinib after the failure of imatinib and dasatinib, and 34 patients receiving third-

line dasatinib after the failure of imatinib and nilotinib, 6 achieved a CCyR and 7 achieved

an MMR; however, the responses were not durable, except in 3 patients with CP disease,

who had responses lasting >12 months.98

DISCUSSION

At a dose of 400 mg/d, imatinib is the only TKI currently approved by the FDA for the first-

line treatment of CML.9 In cases of resistance or intolerance to standard-dose imatinib,

several possible options are available, including escalation of the imatinib dose (to 600 or

800 mg/d), a switch to dasatinib (100 mg once daily or 70 mg BID), or a switch to nilotinib

(400 mg BID) (Figure).15 Although the data are accumulating with ongoing follow-up, the

evidence is limited, as few randomized comparisons of these agents have been completed.

This review included 4 studies of first-line therapy with high-dose imatinib.35–38 Although

one of these studies was limited by its single-arm design,35 the 3 randomized studies were

limited by a lack of clinically relevant results.36–38 Although more patients receiving

imatinib 800 mg achieved a CCyR or MCyR at 6 months compared with those receiving

imatinib 400 mg in the TOPS study, there were no significant differences in rates of

response at 12 months.37 The studies of high-dose imatinib as a second-line agent in patients
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who failed standard-dose imatinib therapy were also limited by having a single-arm or

retrospective design, a lack of direct comparisons, or a limited duration of follow-up.44–54,56

Furthermore, the durability of response is unclear and appears to be restricted to patients

who have achieved a previous cytogenetic response to standard doses.44,53,54,99 In the only

randomized, prospective study that directly compared dose escalation of imatinib with an

alternative therapy (dasatinib) in patients who had failed first-line imatinib therapy,

dasatinib was associated with higher rates of CyR and better tolerability compared with

imatinib.55 Finally, toxicity (primarily hematologic) limited the use of high doses of

imatinib.

Both dasatinib and nilotinib have been reported to be efficacious as first-line treatments in

patients with newly diagnosed CML. However, evidence supporting the use of dasatinib is

currently limited to a prospective, Phase II study that compared 2 dasatinib regimens in 50

patients.80 Guidance will likely come from the results of a multicenter, randomized study

that is currently under way.81 The use of nilotinib is supported by the results of a Phase III,

multicenter, randomized study comparing 2 nilotinib dosing schedules with standard-dose

imatinib93; however, the findings are limited to 1 year of follow-up (compared with 8 years

for standard-dose imatinib11). In a randomized study of second-line treatment in those with

imatinib resistance or intolerance, dasatinib was associated with higher response rates

compared with high-dose imatinib.55 The evidence for the efficacy of nilotinib as a second-

line agent is currently limited to Phase II studies, although the data are accumulating.

The approach to the use of second-generation TKIs must be individualized based on

patients' comorbid conditions and ability to tolerate previous imatinib therapy. While both

dasatinib and nilotinib have shown hematologic cross-intolerance with imatinib, each agent

has a unique nonhematologic toxicity profile that may guide the treatment decision.16,17 For

example, dasatinib may be preferred in patients at risk for hepatic and pancreatic disorders,

diabetes, electrolyte abnormalities, renal impairment, high eosinophil levels, and cardiac

dysrhythmias. Nilotinib may be preferred in patients at risk for bleeding-related events, fluid

retention (including those with CHF), and lung disease.16,17 Both agents have effects on

QTc-interval prolongation, but only the prescribing information for nilotinib carries a black

box warning concerning QTc-interval prolongation and sudden death.17 Patients at highest

risk for QT-interval prolongation may be considered for a clinical trial of a novel agent

without such toxicity.

The expanded use of testing for BCR-ABL mutations may help direct the choice of a second-

generation TKI. Patients with T315I-mutated BCR-ABL should be considered for clinical

trials of compounds with activity against these hard-to-treat mutations. Dasatinib may be

considered for patients with P-loop mutations, such as Y253H, E255K/V, and F359C/V, in

whom high rates of disease progression have been noted with nilotinib.90,91,100 Nilotinib

may offer the best chance of a clinical response in patients with F317L, V299L, and T315A

mutations, in whom dasatinib appears to be less clinically effective.90,91,100 Emergence of

dasatinib- and nilotinib-resistant mutations may complicate the use of these agents.

Finally, patients failing second-line treatment with dasatinib may be considered for nilotinib

treatment or for entry into a clinical trial, and patients failing second-line treatment with
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nilotinib may be directed to appropriate clinical trials. In addition, those without a previous

CyR to imatinib, those with anemia, and those with a high disease burden (>90% Ph+

metaphases) are expected to have a poor response to second-generation TKIs (MCyR 14%),

and alternative therapy should be considered in these patients.101 A number of compounds

are currently under clinical development, including bosutinib, INNO-406, AZD530, and

PHA-739358.21 However, development of another compound, MK-0457, was halted in light

of concerns about cardiotoxicity.102

This review had some limitations, perhaps the most important being that it was not a

systematic review. Thus, although the search was comprehensive, data extraction and review

were not systematic, a qualitative synthesis of study designs and analyses was not

performed, and the heterogeneity of the studies was not quantified. Although an attempt was

made to review the most current clinical information, a large part of the data came from

Phase II and III studies published in abstract form only, which often lacked detailed

statistical information. Restriction to the English language and publication bias may have

further limited this review.

CONCLUSIONS

While imatinib is associated with improvements in the natural history of CP CML, its use

has been limited by intolerance and development of resistance in some patients. The second-

generation TKIs dasatinib and nilotinib generally have been found to be effective and well-

tolerated alternatives. Future randomized studies will clarify the optimal first- and second-

line agents for the treatment of patients with newly diagnosed CML and those who are

unable to tolerate or development resistance to imatinib.
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Figure.
Possible sequence of tyrosine kinase inhibitors in the treatment of patients with chronic

myeloid leukemia who are resistant, intolerant, or suboptimal responders to imatinib.
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Table I

European LeukemiaNet (ELN)15 and National Comprehensive Cancer Network (NCCN)7 criteria for

suboptimal response (ELN)/reconsideration of treatment strategy (NCCN)* and treatment failure with imatinib

therapy in patients with newly diagnosed chronic-phase chronic myeloid leukemia.

Assessment Time

Term/Source 3 Mo 6 Mo 12 Mo 18 Mo Any Time

Suboptimal response

 ELN No CHR No MCyR No CCyR No MMR Secondary chromosomal
changes, loss of MMR, or
BCR-ABL mutation

 NCCN – No CyR (Ph+ ≤90%) No CCyR – –

Treatment failure

 ELN No HR (stable
disease or disease
progression)

No CHR or no CyR (Ph
+ ≤95%)

No MCyR No CCyR Imatinib-resistant BCR-ABL
mutations, loss of CHR or
CCyR

 NCCN No CHR or
hematologic relapse

No CyR (Ph+ ≤90%) or
cytogenetic relapse

No MCyR or
cytogenetic
relapse

No CCyR or
cytogenetic
relapse

BCR-ABL mutation or
disease progression

CHR = complete hematologic response (platelet count <450 × 109 cells/L, white blood cell count <10 × 109 cells/L, differential with <5%
basophils and no immature granulocytes, and nonpalpable spleen); MCyR = major cytogenetic response (≤35% Philadelphia-chromosome positive
[Ph+] cells); CCyR = complete cytogenetic response (0% Ph+ cells); MMR = major molecular response (BCR-ABL transcript level ≤0.1 compared
with a standardized control gene [ie, a 3-log lower level]); HR = hematologic response.

*
Hereafter included in suboptimal response.

Clin Ther. Author manuscript; available in PMC 2014 July 08.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Stein and Smith Page 23

Table II

Pharmacokinetics and drug interactions for tyrosine kinase inhibitors approved by the US Food and Drug

Administration.

Variable Imatinib9 Dasatinib16 Nilotinib17

Metabolism CYP3A4* CYP3A4* CYP3A4*

Drug interactions Avoid warfarin; systemic
exposure to acetaminophen
increases

Drug levels decreased by
antacids, histamine2-receptor
antagonists, and proton pump
inhibitors

Avoid agents known to prolong QT interval†

and strong CYP3A4 inhibitors

Contraindications None None Hypokalemia, hypomagnesemia, long QT
syndrome (risk of sudden death)

Elimination Feces Feces Feces

Hepatic impairment 25% Dose reduction with severe
impairment

No dose adjustment Consider alternative therapy if possible
Child-Pugh class A and B: starting dose 400
mg PO morning/200 mg PO evening
Child-Pugh class C: starting dose 200 mg PO
BID

Renal impairment CrCI 20–39 mL/min: 50% dose
reduction (dose >400 mg not
recommended)
CrCI 40–59 mL/min: dose >600
mg not recommended

Patients with impaired renal
function excluded from studies

Patients with impaired renal function (Cr >1.5)
excluded from studies

Use in pregnancy Category D (avoid use) Category D (avoid use) Category D (avoid use)

CYP = cytochrome P450; CrCI = creatinine clearance.

*
Concomitant strong CYP3A4 inducers (eg, dexamethasone, phenytoin, carbamazepine, rifampin, rifabutin, phenobarbital) may decrease plasma

concentrations; concomitant strong CYP3A4 inhibitors (eg, ketoconazole, itraconazole, clarithromycin, atazanavir, indinavir, nefazodone,
nelfinavir, ritonavir, saquinavir, telithromycin, voriconazole) may increase plasma concentrations and should be used with caution.

†
Amiodarone, disopyramide, procainamide, quinidine, sotalol, chloroquine, halofantrine, clarithromycin, haloperidol, methadone, moxifloxacin,

bepridil, and pimozide.
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Table III

Incidence (%) of treatment-related adverse events in patients exposed to second-line treatments for chronic-

phase chronic myeloid leukemia.

Imatinib 800 mg (n =
49)55

Dasatinib 70 mg BID (n =
101)55

Dasatinib 100 mg Once
Daily (n = 165)16

Nilotinib 400 mg BID (n =
318)17

Adverse Event All Grades Grade 3/4 All Grades Grade 3/4 All Grades Grade 3/4 All Grades Grade 3/4

Thrombocytopenia NR 14 NR 57 NR 23 NR 28

Neutropenia NR 39 NR 63 NR 36 NR 28

Anemia NR 8 NR 20 NR 13 NR 8

Fluid retention 43 0 39 7 34 4 NR NR

Superficial edema 43 0 20 1 18 0 NR NR

Peripheral edema NR NR NR NR 3 0 11 0

Pleural effusion 0 0 25 5 18 2 NR NR

Diarrhea 29 2 37 3 27 2 22 3

Fatigue 22 4 33 3 24 2 28 1

Headache 10 2 26 2 33 1 31 3

Nausea 33 0 24 0 18 1 31 1

Dyspnea 4 0 23 5 20 2 11 1

Rash 20 0 18 0 17 2 33 2

Pyrexia 10 0 14 0 5 1 14 1

Asthenia 4 0 15 0 NR NR 14 0

Vomiting 24 0 10 0 7 1 21 <1

Pain in extremity
(musculoskeletal
pain) 12 2 21 1 19 2 13 1

NR = not reported.
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Table IV

Relationship of specific mutations to the efficacy of dasatinib and nilotinib in patients with chronic-phase

chronic myeloid leukemia (CP CML).*

Rates of CCyR, n/N (%)

Mutation Dasatinib Nilotinib

Any mutation 158/369 (42.8) 18/77 (23.4)

P-loop mutations 61/141 (43.3) NR

  L248V NR 0/2

  G250E 19/51 (37.3) 1/4 (25.0)

  Y253F/H 12/23 (52.2) 0/8

  E255K/V 8/24 (33.3) 0/6

T315I 0/20 0/4

F317L 1/14 (7.1) NR†‡

F359C/V 14/27 (51.9) 0/10†

CCyR = complete cytogenetic response; NR = not reported.

*
Dasatinib data are based on 1093 patients with CP CML enrolled in clinical trials of dasatinib.73 Nilotinib data are based on 280 patients with CP

CML enrolled in a Phase II clinical trial of nilotinib.82

†
Based on data from Hughes et al.90,100

‡
Considered a nilotinib-sensitive mutation (40.0% [18/45] of patients harboring nilotinib-sensitive mutations achieved a CCyR).100
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