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Key Points

• The association between
multiple BCR-ABL1 mutations
and inferior response to
nilotinib/dasatinib was not
seen with ponatinib therapy.

• However, chronic phase
patients with T315I plus
additional mutation(s) did
have poorer responses to
ponatinib than those with
T315I only.

The third-generation tyrosine kinase inhibitor (TKI) ponatinib shows activity against all

common BCR-ABL1 single mutants, including the highly resistant BCR-ABL1-T315I

mutant, improving outcome for patients with refractory chronic myeloid leukemia (CML).

However, responsesare variable, andcausal baseline factors havenot beenwell-studied.

The type and number of low-level BCR-ABL1mutations present after imatinib resistance

has prognostic significance for subsequent treatment with nilotinib or dasatinib as

second-line therapy. We therefore investigated the impact of low-level mutations

detected by sensitive mass-spectrometry before ponatinib initiation (baseline) on

treatment response in 363 TKI-resistant patients enrolled in the PONATINIB for Chronic

MyeloidLeukemiaEvaluationandPh1AcuteLymphoblasticLeukemia trial, including231

patients in chronic phase (CP-CML). Low-level mutations were detected in 53 patients

(15%, including low-level T315I in 14 patients); most, however, did not undergo clonal

expansion during ponatinib treatment and, moreover, no specific individual mutations

were associated with inferior outcome. We demonstrate however, that the number of

mutations detectable by mass spectrometry after TKI resistance is associated with

response to ponatinib treatment and could be used to refine the therapeutic approach. Although CP-CML patients with T315I (63/231,

27%) had superior responses overall, those with multiple mutations detectable by mass spectrometry (20, 32%) had substantially

inferior responses compared with those with T315I as the sole mutation detected (43, 68%). In contrast, for CP-CML patients without

T315I, the inferior responses previously observed with nilotinib/dasatinib therapy for imatinib-resistant patients with multiple

mutations were not seen with ponatinib treatment, suggesting that ponatinibmay prove to be particularly advantageous for patients

with multiple mutations detectable by mass spectrometry after TKI resistance. (Blood. 2016;127(15):1870-1880)

Introduction

Despite the extraordinary success of imatinib for the treatment of
chronic myeloid leukemia (CML), up to 40% of patients experience
intolerance or resistance. The most common mechanism of treatment
failure is the acquisition ofmutationswithin the kinase domain (KD) of
BCR-ABL1 that impair drug binding. Although more potent second-
generation tyrosine kinase inhibitors (TKIs) were designed to target
most imatinib-resistant mutations, some mutations confer resistance to
either nilotinib or dasatinib or both (T315I).1,2 Therefore, mutation
analysis using direct Sanger sequencing is recommended to guide
rational therapy selection after imatinib failure.3 We have developed a
sensitive multiplexed mass spectrometry (MS)-based mutation de-
tection assay that detects the most common mutations that confer
clinical resistance to imatinib, nilotinib, and/or dasatinib (detection
limit, 0.05%-0.5%). Using this assay, we showed that detection of low-
level resistant mutations after imatinib failure predicts second-line

therapy failure because of rapid expansion of the drug-resistant mutant
clones, when an inappropriate TKI is used.4 Consequently, the same
recommendations for TKI selection should apply to these particular
mutations, regardless of their abundance within a sample. We further
showed that ;25% of imatinib-resistant patients had .1 BCR-ABL1
KDmutation detectable using sensitive analysis, and demonstrated that
the presence of multiple mutations defines a poor-risk subgroup of
chronic phase (CP) CML patients who had a higher likelihood of
acquiring new resistant mutations and inferior response to treatment
with second-generation TKIs, irrespective of the resistance profile of
the mutations.5

The highly resistant T315Imutation is themost commonly detected
mutation6 and confers resistance to all first- and second-generation
TKIs.7 Consequently, patients with T315I have historically had very
poor outcome.8 Emerging data suggest that all common individual
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mutants, including T315I, are sensitive to the third-generation TKI
ponatinib,9-12 and, importantly these in vitro sensitivity profiles13 have
translated into therapeutic successes in patients.9,14 Treatment re-
sponses among patients are variable, however, and baseline factors that
may lead to differential responses have not been well-studied. We
aimed to determine if our previous findings demonstrating the prog-
nostic significance of multiple BCR-ABL1 KD mutations for response
to second-line therapy with second-generation TKIs holds true for
patients treated with ponatinib, or whether the potency of this third-
generation TKI is able to circumvent the poor outcome for this
subgroup of patients.

Methods

Patients

Westudied refractoryPhiladelphia chromosome-positive (Ph1) patients enrolled
in the PONATINIB for Chronic Myeloid Leukemia Evaluation and Ph1Acute
Lymphoblastic Leukemia (ALL) (PACE) study. This phase II trial studied the
outcome of ponatinib therapy in CML and Ph1ALL patients whowere resistant
or intolerant to other TKIs, the design and results of which have been reported
previously.9 Among the 381 patients who consented for sensitive mutation
analysis, samples collected before initiation of ponatinib therapy (baseline) of
363 patients were assessable by both Sanger sequencing and MS (CP-CML
n5 231; accelerated phase [AP-CML] CML, n5 76; blastic phase [BP-CML]
ALL, n5 40; Ph1ALL, n5 16). Minimum follow-up was 22 months.

Mutation analysis

The BCR-ABL1 mutation analyses performed in this study are represented dia-
grammatically in supplemental Figure 1, available on the Blood Web site.
Mutation analysis using Sanger sequencing (detection limit ;10% mutation
allele frequency) was performed at a central laboratory on peripheral blood
samples collected at baseline from all patients. RNA was sent to the Adelaide
laboratory where complementary DNA was prepared and sensitive multiplexed
MS-based mutation analysis was performed retrospectively on duplicate com-
plementary DNA samples as previously described (Agena MassARRAY,
custom BCR-ABL1 assay detects 31 mutations with detection limit between
0.05%and 0.5%mutation allele frequency; supplemental Table 1).4MSanalysis
was performed without knowledge of the Sanger sequencing results, and
mutations were considered present if detected in both replicate samples.

Mutation analysis was also attempted at the central laboratory using Sanger
sequencing for all patients who discontinued ponatinib therapy or failed to
achieve or lost milestone responses (CP-CML, major cytogenetic response
[MCyR] by 12 months; AP-CML, BP-CML, Ph1 ALL, major hematological
response by 6 months; 242 patients: CP-CML, n 5 134; AP-CML, n 5 57;
BP-CML, n5 36; Ph1ALL, n5 15). The median duration between ponatinib
discontinuation and sample collection for end-of-treatment mutation analysis
was 4 days (range, 288 days before to 244 days after discontinuation; samples
were collected .2 weeks after discontinuation for 51 patients). Evaluable
postbaseline Sanger sequencing data were obtained for 189 patients (CP-CML,
n 5 108; AP-CML, n 5 47; BP-CML, n 5 25, Ph1 ALL, n 5 9). These
correlative studies were conducted in accordance with the Declaration of
Helsinki, and ethics clearance was obtained from the institutional review boards
of all participating institutions.

Statistical analyses

Westudied the correlationbetweenour sensitivemutationanalysis results and the
end points of the study. Cumulative incidence ofMCyR, completeCyR (CCyR),
and major molecular response (MMR) were estimated and tested with Gray’s
K-sample test. Fine andGray regression models were used to assess the effect of
baseline variables on cumulative response over time, with treatment discontin-
uation for any reason as a competing risk.15 Phase-appropriate definitions of
progression-free survival (PFS) were adopted from existing literature:16-18 for

CP-CML, progression was defined as death, progression to AP-CML or
BP-CML, loss of complete hematological response in the absenceofCyR, loss of
MCyR, and increasing white blood cell count without complete hematological
response.16 Failure-free survival (FFS) was defined according to Guilhot et al,19

and included failure of European LeukemiaNet milestone responses and loss of
response. Survival was estimated by Kaplan-Meier and differences were
examined by log-rank. Cox proportional hazards models were used to assess the
significance of baseline variables on survival outcome. Variables significantly
correlated (P, .05)with$1 outcomemeasurewere included in themultivariate
models. Frequencies were compared using the x2 and Fisher exact tests. Data
cutoff was January 2014.

Results

Mutation analysis of samples collected before commencing

ponatinib therapy

Mutation analysis of theBCR-ABL1KDwas performed retrospectively
using direct Sanger sequencing and sensitive MS for 363 patients
before starting ponatinib therapy (baseline). Patient baseline charac-
teristics are shown in supplemental Table 2. Using Sanger sequencing,
243 mutations were detected in 196 patients (54%; CP-CML, n5 114
[49%]; AP-CML, n5 39 [51%]; BP-CML, n5 29 [73%]; Ph1ALL,
n514 [88%]).A total of 28differentmutationswere detected (Figure 1).

Of the 243 mutations detected by Sanger sequencing, 233 (96%)
were included in the MS assay design and thus potentially detectable.4

All except 6 (2.6%; M244V, L248V, T315I, E355A, F359V, F359I)
were detected by MS. We have confirmed retrospectively that the
RNA quality in these 6 samples was suboptimal,20 suggesting that the

Figure 1. Type of mutations detected at baseline. Mutations detected before

ponatinib initiation (baseline) in 363 patients enrolled in the PACE trial, arranged

from the top according to the most frequently detected by Sanger sequencing. Low-

level mutations were detected by MS but not by Sanger sequencing, and therefore

represent between 0.05% and 10% of the BCR-ABL1 species within the sample.
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detection discordance is most likely the result of sample degradation
during transport from the central laboratory.

In addition to the mutations detected by Sanger sequencing, using
our sensitiveMS assay,4 with detection limit between 0.05% and 0.2%
mutant, we detected 76 mutations present below the detection limit of
direct Sanger sequencing (;10% mutation allele frequency). These
mutations are defined as low-level mutations and were detected in 53
patients (15%; CP-CML, n5 28; AP-CML, n5 12; BP-CML, n5 8;
Ph1ALL, n55;Table 1 andFigure 1).A total of 17different low-level
mutations were detected. Of these 76 low-level mutations, 20 (26%)
had also been detected by Sanger sequencing in historical samples of
the same patients.

T315Iwas themost commonmutation detected at baseline, andwas
present at substantially higher frequency than in other cohorts of TKI-
resistant patients (an expected finding because the PACE trial stratified
patients with T315I detected by Sanger sequencing as a separate
enrollment cohort).9 Using MS, we detected T315I in an additional
14 patients (CP-CML, n5 7; AP-CML, n5 4; BP-CML, n5 1; Ph1

ALL, n 5 2) compared with Sanger sequencing (T315I was detected
in 109 patients [30%] vs 95 [25%]).

As expected from our previous studies of TKI-resistant patients,4 a
higher mutation burden was revealed by MS compared with Sanger
sequencing:.1mutation was detected at baseline in 66 patients (18%)
vs 43 patients (12%), respectively, with the 2 techniques (Figure 2A).
Up to 8 mutations were detected per patient by MS, whereas up to
3 mutations per patient were detected using Sanger sequencing. For
the CP-CML patients with .1 mutation detected by MS at baseline
(n537), compoundmutations identifiedbynext-generation sequencing
(IonTorrent)ofBCR-ABL1amplicons11,21,22areshowninsupplemental
Table 3. A total of 17 compound mutants were reported in
13 patients, 3 of which involved the T315I mutation.

Response to ponatinib in CP-CML patients stratified by the type

of BCR-ABL1 mutation detected by MS at baseline

The efficacyof ponatinib for the subset of patients included in this study
was similar to that previously reported for the PACE trial as a whole.9

Of 231CP-CMLpatients included in our analysis, 137 (59%) achieved
MCyR and 109 (47%) experienced treatment failure.19 Response rates
did not differ substantially between CP-CML patients with different
BCR-ABL1 mutation types (Figure 3).

Mutational status after ponatinib treatment

To examine the emergence of new BCR-ABL1 mutations during
treatmentwith ponatinib, Sanger sequencing of samples collected after/

during ponatinib treatment was attempted for all patients in whom
milestone responses were not maintained. Mutation results were
obtained for 189 patients. Forty-four newmutationswere detected in 34
patients (34/189, 18%)when comparing baseline and treatment failure/
discontinuation (postbaseline) Sanger sequencing results (T315I, n513;
E255K, n 5 11; E255V, n 5 7; Y253H, n 5 4; Q252H, n 5 2; and
G250E, E275K, L298V, F317L, M351T, F359V, and F359I, n 5 1
each).Of these 44 newmutations, 7were detected at low level byMSat
baseline (Table 1; T315I, n 5 4; G250E, E255K, and E255V, n 5 1
each). Of the remaining 37 mutations, 6 had previously been detected
by Sanger sequencing in samples from the same patients collected
during prior therapy (T315I, n5 2; E255V, n5 2; Y253H andE275K,
n5 1 each); the other 31 mutations had not been previously detected
(T315I, n5 7; E255K, n5 10; E255V, n5 4; Y253H, n5 3; Q252H,
n5 2; and L298V, F317L, M351T, F359V, and F359I, n5 1 each).
This indicates the enrichment or expansionof preexistingmutant clones
present below the detection sensitivity of MS23 or the expansion of
clones with newly acquired mutations. Clonal enrichment and/or ex-
pansion ofmutant clones during ponatinib treatmentwasmore frequent
in patients with advanced phase disease at ponatinib initiation (CP-
CML, 14/108 [13%]; AP-CML, 5/47 [11%]; BP-CML, 9/25 [36%];
Ph1 ALL, 6/9 [67%]). Multiple new mutations (up to 4 per patient)
were observed in 7 patients.

Since we demonstrated previously that CP-CML patients with.1
mutation detectable by MS after imatinib resistance were significantly
more likely to acquire new mutations during second-line therapy with
nilotinib or dasatinib than patients with#1 mutation,5 we investigated
whether this was also the case for patients treated with ponatinib.
Segregating patients according to the number of baseline mutations
detected byMS,we found that thosewith.1mutation at baselinewere
also more likely to gain new mutations during ponatinib therapy than
those with #1 mutation: 33% (5/15) of CP-CML patients with .1
mutation gained new mutations compared with only 10% (9/93) of
CP-CMLpatients with#1mutation (P5 .05). This was also observed
for patients with advanced phase disease (AP-CML, BP-CML, and
Ph1ALLcombined): 40%(8/20)vs20%(12/61), respectively (P5 .18),
Figure 2B.

Response to ponatinib in CP-CML patients stratified by the

number of BCR-ABL1 mutations detected by MS at baseline

Because we have previously demonstrated that the number of mu-
tations detected by MS after imatinib failure is predictive of
response to treatment with nilotinib or dasatinib as second-line
therapy in CP-CML patients, we examined whether the number of
baseline mutations was also associated with ponatinib treatment

Figure 2. The association between multiple muta-

tions and acquisition of new mutations during

ponatinib therapy. (A) The frequency of patients with

multiple BCR-ABL1 KD mutations detected by Sanger

sequencing (dark gray bars) or MS (light gray bars) at

baseline, according to disease phase at study entry. (B)

Rate of new mutations detected by Sanger sequencing

after ponatinib failure/discontinuation, according to the

disease phase and number of mutations detected by MS

at baseline (#1 mutation, dark gray bars; .1 mutation,

light gray bars; advanced phase: AP-CML, BP-CML, and

Ph1 ALL combined).
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responses and outcome. Because of the differences in study in-
clusion criteria for patients with and without the T315I mutation
leading to confounding baseline risk factors,9 we analyzed patients
with this mutation separately. Patients within each disease phase
were subdivided into the following 5 subgroups based on the
presence of (1) no mutation, (2) 1 mutation (not T315I), (3) .1
mutation (not T315I), (4) T315I alone, or (5) T315I plus$1 additional
mutation(s) at baseline (supplemental Table 4). The cumulative
incidence of MCyR, CCyR, and MMR, and the probability of PFS
and FFS were compared between subgroups.

For patients with advanced phase disease, there were no signif-
icant differences in outcome according to baseline mutational status
(supplemental Figures 2 and 3). Among CP-CML patients, however,
significant differences in outcome were observed (Figures 4 and 5;
supplemental Figure 4). Among the 231 CP-CML patients, T315I
was not detectable at baseline by MS in 168 patients (73%): 112
(48%) had no detectable mutation at baseline, 39 (17%) had 1
mutation, and 17 (7%) had.1 mutation. Outcomes and responses,
stratified by number of baseline mutations, are shown in Figure 4;
no significant differences between subgroups were observed. T315I
was detectable by MS at baseline in 63/231 CP-CML patients (27%).
Those with T315I as the sole mutation detected (n5 43, 19%) had
significantly better responses and outcome compared with those
with T315I plus additional mutation(s) (n5 20, 9%; Figure 5). The
cumulative incidence ofMCyR by 12months and CCyR andMMR
by 18 months for CP-CML patients with T315I only was 79%,
74%, and 63%, respectively, whereas it was only 50%, 45%, and
35%, respectively, for those with T315I plus additional mutation(s)
(P 5 .03, P 5 .01, and P 5 .07, respectively). The probability of
FFSandPFSat 18monthswas86%and88%forCP-CMLpatientswith

T315I only, compared with 55% and 63% for those with T315I plus
additionalmutation(s), respectively (P5 .02 andP5 .09, respectively).

Response to ponatinib in CP-CML patients stratified by the

number of BCR-ABL1 mutations detected by Sanger

sequencing at baseline

For CP-CML patients, we also assessed the association between
treatment response and the number of mutations detectable at
baseline by Sanger sequencing. The same trends were observed as
described previously when mutation analysis was performed by
MS(supplemental Figure 4). However, the differences in treatment
responses between subgroups were not statistically significant
because fewer patients were identified by Sanger sequencing as
having T315I plus additional mutation(s) (subgroup 5, n 5 14,
when mutation analysis performed by Sanger sequencing, compared
with n5 20, when MS was used).

Correlation between baseline clinical and molecular factors and

treatment response for CP-CML patients with the

T315I mutation

Thebaseline clinical andmolecular factors thatmay influence treatment
response for CP-CML patients with T315I by MS were examined
by univariate regression analyses. These results are summarized in
Table 2. Baseline mutational status byMSwas the only variable with a
statistically significant correlation with the achievement of MCyR,
CCyR, and FFS: CP-CML patients with T315I as the sole mutation
detected by MS had significantly superior probability of achieving
these treatment outcomes than those with T315I plus additional
mutation(s). Furthermore,CP-CMLpatientswithT315I plus additional

Figure 3. Best response achieved in each patient and overall rates of response after ponatinib treatment of CP-CML patients with different BCR-ABL1 KD

mutations. Individual mutations detected by MS in at least 2 patients are shown.
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mutation(s) alsohad inferior PFSandMMR, although these differences
were not statistically significant because of the small number of events.
Trends were also seen for superior CCyR with younger age at study
entry, and for inferior FFSwith a higher number of prior TKI therapies.
However, for all treatment outcome analyses, the correlation was
strongest with respect to mutational status by MS. Conclusions and
inference on the presence of T315I alone vs T315I plus additional
mutation(s) did not change when tested using a multivariate model
comprising the factors used in the univariate analyses (data not shown).

Discussion

Ponatinib has efficacy in Ph1 leukemia patients who are resistant to
other TKIs,9 and currently represents the only TKI-based therapeutic
option for patients with T315I-mutant BCR-ABL1. However, treat-
ment responses are variable, and causal baseline factors are not
well-understood. We have developed an MS-based assay that can
sensitively detect BCR-ABL1KDmutations present at levels between
10- and 100-fold below the detection limit of conventional Sanger
sequencing.4 Using this method, we have previously demonstrated
that the type and number of mutations detectable after imatinib
resistance correlated with subsequent response to nilotinib/dasatinib
therapy, regardless of the abundance of the mutants within a sample.5

Importantly, we observed that compared with patients with #1
mutation, patients with .1 mutation that was considered clinically
sensitive6 to the second-line TKI that they received had substantially
inferior treatment responses and were more likely to acquire new
resistant mutations during nilotinib/dasatinib therapy.5 This suggests
that the presence of multiple BCR-ABL1 KD mutations detectable by

MS may indicate the presence of vast intratumoral genetic heteroge-
neity among leukemic subclones. The coexistence of multiple genet-
ically diverse leukemic subclones may then serve as a reservoir for
selection of drug-resistance subclones. Intratumoral heterogeneity
has been linked to disease progression and treatment outcome in
hematological and solid tumors24,25 and may be associated with
longer disease duration or aggressiveness.

Becauseof the significant association observedbetween the number
of mutations detectable before second-line treatment with second-
generation TKIs and subsequent treatment response, we examined the
clinical significance of low-level mutations present before initiation of
ponatinib therapy (baseline) in patients enrolled in the PACE study.
Although the relationship between baseline mutational status and
response to ponatinib treatment is complex, we demonstrate that
the number of mutations detected at baseline by MS is associated
with treatment response and outcome, and could be used to refine
the therapeutic approach.

In contrast to first- and second-generation TKIs, no specific
individual BCR-ABL1 KD mutation was associated with inferior
outcomewith ponatinib therapy. Treatment responseswere achieved in
CP-CML patients with and without mutations (Figures 3-5), and mu-
tational status at ponatinib discontinuation or treatment failure largely
reflected mutations present at study entry. Interestingly, CP-CML
patients with T315I had the highest response rates (Figure 3; 45/63,
71%, achieved MCyR), but this was also the most common new
mutation detected after ponatinib treatment (n5 13; CP-CML, n5 7).
Conversely, although CP-CML patients with the F359C mutation had
the lowest response rates (1/4, 25%, achieved MCyR), no new F359C
mutations were detected. Moreover, F359Cwas detected at baseline in
3 advanced phase patients (1 AP-CML, 2 BP-CML), 2 of whom
achieved andmaintained responses (MMR:AP-CML;MCyR:BP-CML).

Figure 4. The impact on outcome of the number of mutations detected by MS at baseline for CP-CML patients without the T315I mutation. CP-CML patients without

T315I by MS were grouped according to the number of mutations detected by MS before commencing ponatinib therapy: no mutation, n 5 112; 1 mutation, n 5 39; .1

mutation, n 5 17. (A) MCyR. (B) CCyR. (C) MMR. (D) FFS. (E) PFS.
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This suggests that the mutation does not inherently confer poor
response, but maymerely be present within a clone with an alternative
mechanism of resistance. Indeed, in 2 of the CP-CML patients with
F359C who did not achieve MCyR, T315I was also detected at
baseline. This is consistent with our finding that the presence of T315I
plus additional mutation(s) is the most significant prognostic baseline
factor of the factors tested for poor outcome in CP-CML patients.

Low-level mutations were detected at baseline in 15% of patients.
Comparing the low-level mutants with the mutations detected after
ponatinib therapy by Sanger sequencing, we found that the majority of
low-level mutants did not undergo clonal expansion. Among the 23
patients with low-level mutants for whom Sanger sequencing was
performed at ponatinib failure/discontinuation (Table 1), 7/38 (18%)
low-level mutants clonally expanded during ponatinib therapy. Inter-
estingly, in our previous study, low-level nilotinib/dasatinib sensitive
mutants that were detected after imatinib resistance expanded during
subsequent treatment with nilotinib/dasatinib at a similar rate (12/64,
19%).5 Although the expanded low-level BCR-ABL1 mutants do
have slightly lower in vitro sensitivity compared with unmutated
BCR-ABL1, other resistance mechanisms are likely to have contrib-
uted to nilotinib/dasatinib failure in these instances (possibly including
BCR-ABL1–independent mechanisms).5 For 4 of the 7 patients in the
current study with low-level mutants that clonally expanded during
ponatinib treatment, the existence of these mutants had been demon-
strated to predate ponatinib initiation.Oscillating selection, deselection,
and reselection ofmutant cloneswith changingor stoppingTKI therapy
has been reported previously,23,26,27 and is in accordance with lower in
vitro ponatinib sensitivity of these mutants compared with unmutated
BCR-ABL1.12,13 In the other 3/7 patients in whom a low-level mutant
expanded during ponatinib therapy (Table 1: patients 216, 88, 172)

more than 1BCR-ABL1KDmutationwas detected at ponatinib failure/
discontinuation. Although the methods used to detect these mutations
cannot definitively determine if they are in the same (compound) or
different cells, the frequency of these mutations within the sample
(inferred by peak heights of Sanger sequencing chromatograms) sug-
gest that the low-level mutations may have been selected within the
context of a compound mutation. Certain compound mutants, most of
which include T315I or E255K/V, have been shown to confer potent
ponatinib resistance and are clinically associated with treatment failure
in patients with advanced phase disease.12 However, next-generation
sequencing ofBCR-ABL1 amplicons at baseline11 for CP-CML patient
216 did not identify compound mutations (supplemental Table 3).

At baseline, 18% of patients had.1 mutation detected using MS.
Similar to our previous study of imatinib-resistant patients,4,5 multiple
mutations were more common in patients with advanced phase disease
(Figure 2A). The frequency of patients with multiple mutations in our
current study, however, was lower than in our earlier study4 (CP-CML,
16% vs 22%; AP-CML, 14% vs 34%; BP-CML/Ph1 ALL, 32% vs
36% of patients had .1 mutation in the current vs previous study,
respectively). The patients examined in our current study had been
previously treated with up to 4 TKIs (median, 3), whereas the patients
examined in our earlier study had only received 1TKI (imatinib). Thus,
a possible explanation for the difference in frequency of multiple
mutations in these 2 cohorts is that because the potent second-
generationTKIs are vulnerable to amore narrow range of BCR-ABL1
KD mutations compared with imatinib, fewer BCR-ABL1-KD
mutant clones coexist at levels detectable using our mutation
analysis assay after treatment with second-generation TKIs.

New mutations were detected after ponatinib treatment in 34
patients. Similar toourprevious studies,5we found that patientswith.1

Figure 5. The impact on outcome of the number of mutations detected by MS at baseline for CP-CML patients with the T315I mutation. CP-CML patients with T315I

by MS were grouped according to the number of mutations detected by MS before commencing ponatinib therapy: T315I alone, n5 43; T315I plus additional mutation(s), n5

20. (A) MCyR. (B) CCyR. (C) MMR. (D) FFS. (E) PFS.
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baseline mutation by MS were significantly more likely to gain new
mutations than patientswith#1mutation. PatientswithBP-CML/Ph1

ALL and .1 mutation at baseline were therefore at greatest risk of
acquiring new mutations. For CP-CML patients with#1 mutation at
baseline, it appears that ponatinib may be associated with a lower
incidence of newmutation acquisitionwhen comparedwith our earlier
study of nilotinib/dasatinib-treated patients. For all other patient sub-
groups, however, the incidence of new mutation acquisition was sim-
ilar in both studies. For instance, 21% of CP-CML patients with #1
mutation at baseline acquired new resistantmutations during treatment
with nilotinib/dasatinib,5 whereas in the PACE study, new mutations
were detected in only 10% of CP-CML patients with #1 mutation.
However, mutation analysis was performed at $1 time point after
commencing nilotinib/dasatinib for all patients in our earlier study,5

regardless of their outcome, whereas mutational status after ponatinib
treatment was available for only 93/194 CP-CML patients with #1
mutation (48%). Moreover, for 31/93 patients (33%), samples for
analysis were collected .2 weeks after ponatinib discontinuation
and previous studies have shown that mutations can rapidly be-
come undetectable after stopping TKI therapy.23,26 Therefore, the
number of mutations gained during ponatinib therapy may have
been underestimated.

The relationship between baseline factors and the ultimate success
of ponatinib therapy in the salvage setting is complex, and therefore
definitive identification of the major determinants of variation in
treatment response is difficult for this heavily pretreated patient
population. This task is complicated by the high correlation between
clinical variables, such as the number of previous TKI therapies and
time since diagnosis. Nevertheless, our data allowed for some firm
conclusions to be made. CP-CML patients with T315I tended to have
better treatment responses. However, patients in the T315I cohort were
alsomore likely to have other favorable prognostic characteristics, such
as younger age, higher dose intensity, and fewer prior TKI therapies
(supplemental Table 2).9,28 This is likely a result of the study design,
resulting in different demographics of the T315I and non-T315I
patients. To reduce confounding variables, we segregated our analyses
based on the presence of T315I at baseline. For CP-CML patients with
T315I, our previous findings demonstrating that patients with multiple
mutations have inferior treatment responses held true. In this patient
group, our multivariate analyses showed that the number of mutations
detectable byMSat baseline is themost significant prognostic factor for
treatment outcome of the factors tested. This suggests that ponatinib
may be more effective in cases in which T315I-mutant BCR-ABL1
is the only identified cause of resistance to prior therapy; multiple mu-
tations in this context may indicate greater underlying clonal diversity
as a result of greater genomic instability or longer duration since
diagnosis, both of which are important factors in development of treat-
ment resistance. As yet unknown cooperative relationships may also
exist between different BCR-ABL1 mutants, which could contribute
toward treatment resistance.

For CP-CML patients without T315I, the relationship between
baseline mutational status and treatment response is more complex,
perhaps from confounding interactions between clinical and molecular
factors for this heavily pretreated cohort. The MMR rate and the
probability of FFS and PFS for the subgroups of CP-CML patients
without T315I were similar; baseline BCR-ABL1KDmutational status
appears tohaveno impact on response.Therefore, forCP-CMLpatients
without T315I, the association betweenmultiplemutations and inferior
response previously observed for nilotinib or dasatinib therapy5 is
not seen for ponatinib therapy (MMR by 18 months for CP-CML
patients with .1 baseline mutations treated with nilotinib/dasatinib
vs ponatinib: 2/15 [13%] vs 8/17 [47%]). This suggests that the

poor response conferred by multiple mutations may be overcome by
ponatinib therapy. When comparing treatment responses for CP-CML
patients in the current analysis with our previous analyses of nilotinib/
dasatinib treated patients, responses to ponatinib compared favorably
for all CP-CML patient subgroups.5 As shown previously,9 this is
particularly significant for patientswith T315I, present at either a clonal
or low level (low-level T315I was detectable in 3.5% of the CP-CML
patients in this study).Additionally, although responses toponatinib for
patientswithT315Iplus additionalmutation(s) are inferior to thosewith
T315I alone, they are encouraging when compared with other treat-
ments currently available for patients with this mutation.29 Moreover,
they compare favorably to responses to second-line therapy with
nilotinib/dasatinib for CP-CML patients with multiple sensitive mu-
tations (CCyR by 18 months: 9/20 [45%] vs 5/15 [33%]; MMR by
18 months: 7/20 [35%] vs 2/15 [13%], with ponatinib vs nilotinib/
dasatinib treatment, respectively).5

In summary, although CP-CML patients with the T315I mutation
tended to have better responses to ponatinib treatment overall, those with
T315I plus additional mutation(s) (32% of CP-CML patients with the
T315I mutation) had significantly inferior responses and outcome com-
pared with those with T315I as the sole mutation detected by MS at
baseline.Consequently, these patientsmay benefit fromclosemonitoring,
experimental approaches, or stem cell transplantation to reduce the risk of
TKI failure. In contrast, for CP-CML patients without T315I, the poor
responses to nilotinib or dasatinib therapypreviously observed for patients
with .1 baseline BCR-ABL1 mutation were not seen with ponatinib
therapy.This suggests that ponatinibmaybeaparticularly effective option
for patients with multiple mutations detected by MS at baseline. This
demonstrates the utility of sensitivemutation analysis to offer information
to guide therapy adjustment after TKI failure, particularly in identifying
patientswith either low-levelT315I ormultipleBCR-ABL1KDmutations
for whom the high risk of treatment failure with second-generation TKIs
may be overcome by treatment with more potent TKIs such as ponatinib.
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