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ABSTRACT

The BCR-ABL T315I mutation confers resistance to currently licensed tyrosine kinase inhibitors in chronic myel-
ogenous leukemia. However, the impact of this mutation on survival in early stages of disease, in chronic phase,
has never been detailed. Using matched pair analysis, a cohort of 64 patients with chronic phase chronic myeloge-
nous leukemia harboring a T315] mutation and resistant to imatinib mesylate was compared to a similar cohort
of 53 chronic phase patients resistant to imatinib, but with no detectable T315] mutation, in the pre-ponatinib era.
These patients were matched according to age at diagnosis, interval between disease diagnosis and start of ima-
tinib treatment, and duration of imatinib therapy. Kaplan-Meier survival analyses demonstrated the significant
negative impact of the presence of the T315] mutation on overall survival (since imatinib-resistance: 48.4 months
for T315T" patients versus not reached for T315I ones; P=0.006) and failure-free survival (since imatinib-resistance:
34.7 months for T315I" patients versus not reached for T315 patients; P=0.003). In addition, Cox proportional haz-
ard models adjusted on overall survival demonstrated the negative influence of the T315I mutation (P=0.02,
HR=2.54). These results confirm early assumptions concerning the poor prognosis of chronic phase chronic myel-
ogenous leukemia patients with the T315] mutation who are not eligible for allogeneic transplantation, and

demonstrate the need for more therapeutic options.

Introduction

Chronic phase (CP) chronic myelogenous leukemia (CML)
originates in a multipotent hematopoietic stem cell and, in the
initial stages of disease, is driven by the oncogenic
Philadelphia chromosome, the reciprocal translocation
t(9;22)(q34;q11)," its molecular equivalent the BCR-ABL onco-
gene and its subsequent derivative, the BCR-ABL1 tyrosine
kinase. In the absence of specific treatment, the natural evolu-
tion of the disease is the inexorable development of a fatal
blast crisis. Tyrosine kinase inhibitors (TKI) have revolution-
ized the overall poor prognosis of this disease, particularly in

patients with CP disease, by prolonging, possibly indefinitely,
the life of patients.” However, it has been demonstrated i vitro
that none of the agents available is able to eradicate a pool of
living, quiescent, BCR-ABL" undifferentiated cells, which may
serve as a reservoir for additional oncogenic events leading to
disease progression.*” These findings have been confirmed in
vivo in the vast majority of patients who remain with persist-
ent molecular residual disease thus forbidding TKI cessation.”
In approximately 50% of cases of imatinib (IM) resistance in
CP, patients acquire, under the selective pressure of TKI, recur-
rent BCR-ABL amino-acid exchanges® which modify the con-
formation of the ABL tyrosine kinase pocket, and result in
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impairment, at different levels, of the activity of the three
most widely prescribed TKI to date (i.e., IM, dasatinib and
nilotinib). The T315I BCR-ABL mutation remains the most
problematic since it totally impairs contact between the
ABL tyrosine kinase domain and these three TKI, resulting
in high ICs, to these TKI, as assessed in engineered murine
cell lines.” These biochemical and cellular iz vitro findings
are associated with poor survival rates in patients resistant
to IM."*" However, it remains unclear whether the pres-
ence of the T315] mutation within the cells in CP confers a
specific virulence to the disease or whether it is simply a
co-factor in a cell that is IM-resistant for other unknown
reasons.

In this perspective, we further exploited data available
from an international registry of patients harboring a T315]
mutation previously published in part.” We did this by
restricting our analyses exclusively to chronic phase CML
patients (at diagnosis and at the time the T315] mutation
was detected) who were not eligible for allogeneic stem
cell transplantation (as this option might have rescued a
number of them®) and who had not received ponatinib,
and updating the data. Using a matched pair analysis in our
three European centers, we matched CP CML T315I
patients with other IM-resistant CP CML patients who did
not have a T3151 BCR-ABL mutation at resistance, in an
effort to demonstrate the negative impact of the presence
of this mutation on overall and failure-free survival.

Methods

Study population

The CML patients included in this analysis were in CP, resistant
to TKI according to the IRIS study definitions’ or ELN recommen-
dations'®” and harbored a T315] BCR-ABL mutation detected
prospectively or retrospectively on frozen samples, by any vali-
dated means, between 1999 and 2010. CP CML patients with a
T3151 mutation were extracted from a previously described
updated international database containing information from 222
T315I' CML patients (all phases and those with Philadelphia chro-
mosome-positive acute lymphoblastic leukemia).” In that study,"
the survival of T315I" patients did not differ between countries
(unpublished data). In this study, the comparison group was CML
patients in CP at diagnosis and at IM-resistance, previously
screened at IM-resistance for BCR-ABL mutations and found to be
T3151 negative (they could harbor other mutations). These T315
patients were identified in the individual databases from three
representative European centers (Lyon and Bordeaux in France
and London, UK). All patients who had received an allogeneic
transplant were eliminated from this study. Patients with the
T315I mutation were pair-matched to T315I' IM-resistant patients
according to three different variables: age at CP CML diagnosis (+
5 years), time elapsed between CP CML diagnosis and initiation
of IM (x5 years), and the duration of IM treatment (+ 31 months).
All patients were in CP at diagnosis and at IM-resistance and none
had received ponatinib. These CML patients provided written
consent whenever possible. This retrospective analysis was
approved by the institutional review board/ethical review com-
mittee in each participating site/country whenever necessary.

Data collection

Demographic, clinical, treatment, mutation, and survival data
were collected from each of the three European centers for the
control group or extracted - and updated whenever possible -
from the epidemiological study database previously described."

T315] mutation in chronic phase CML -

Mutation screening was performed using different techniques
(predominantly direct sequencing, but also polymerase chain reac-
tion-restriction fragment length polymorphisms and denaturing
high performance liquid chromatography in combination with
sequencing) and, for some patients, included assaying frozen
material. Patients with any T315I clone levels were included. A
mutated clone was considered the major clone if it accounted for
the highest percentage of cells among all detected clones, when
this information was available.

Survival measurement

Survival was analyzed according to Kaplan-Meier methods and
log-rank tests calculated from the dates of starting IM, resistance
to IM, to death or to the most recent date when the patient was
known to be alive. Overall survival was analyzed from the time
of diagnosis, IM-initiation, IM-resistance, and the initiation of a
second-generation TKI (TKI2). Progression-free survival could not
be analyzed precisely since the exact date of progression was not
available for all cases; however, it was possible to analyze failure-
free survival when considering failure as the time to next treat-
ment, progression or death.

Statistical analysis

Multivariate analysis, according to the Cox proportional hazard
model adjusted on overall survival, was performed on the whole
population of patients and on the T315I" subgroup. Covariates,
used as continuous variables, included age at IM-resistance, gen-
der, exposure to interferon, intervals between CML diagnosis and
IM-initiation, IM-initiation and IM-resistance, and exposure to
TKI2. These variables were identified as being significant in an
initial univariate analysis. Age was considered as a continuous
variable, whereas T315] mutation status, gender, use of interfer-
on-a, TKI2, and different time intervals were analyzed as ordinal
variables. P values <0.05 were considered statistically significant.
The software package “Survival” (R, version 2.14, www.r-
project.org) was used to conduct the statistical analysis.

Results

Demographic information

Sixty-four patients with CP CML at diagnosis and at IM-
resistance were identified in the initial international T315I
database and matched with 53 T315] negative counterparts
(Table 1). Importantly, among the T315I' patients, the
T315] clone was predominant in 42 patients (78%) out of
53 cases evaluable for quantification, being predominant
over wild-type transcripts in 31 patients or other mutated
transcripts in 11 patients (21%). In 10 patients (19%) the
wild-type clone or another mutated clone was predomi-
nant. Significantly more patients had received interferon-o
prior to IM in the T3135I* group (64% versus 37.7%;
P=0.008), but the duration of interferon-a treatment did
not differ between the two groups (10 versus 12 months,
P=0.98). The initiation of IM occurred at a median of 33
months after diagnosis in the T315I group versus 63.8
months in the T315I" group, which was not a statistically
significant difference (P=0.09). Exposure to the selective
agent, IM, and the intervals to IM-initiation and IM-resis-
tance were similar. Sixteen patients (30%) in the control
group had mutations other than T315I at the time of IM-
resistance (3 M244V, 2 G250E, 3 D276G, 2 E355G, 3
F359C, 1 F359V, 1 V3791, 1 H396R+F359V as detailed in
Table 2) and 30% in the T315I" group had additional muta-
tions (2 G250E, 2 Y253H, 2 E255V, 2 E255K, 3 F317L, 1
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Table 1. General characteristics of the two paired populations of CP CML patients without and with T315] mutation compared in univariate analy-

sis. Data are presented as median values with the ranges in brackets.

_' CML patients CP CML patients P value
3151 negative* T315I positive

Number 53 64

Male/female 32/21 39/25 1
Age at diagnosis (years) 54 (18-77) 53 (19-77) 0.59
Interferon-o treatment [n. (%) ] 20/53 (37.7%) 41/64 (64%) 0.008
Duration of interferon-a. treatment (months) 11.6 (0.5-35.3) 10.2 (0.36-132) 0.98
CP CML diagnosis-IM initiation (months) 33 (0.1-81.1) 63.8 (0-143.16) 0.09
CP CML diagnosis-IM resistance interval (months) 20.1 (3-78) 29.7 (1.56-171.36) 0.245
IM treatment duration (months) 27 (5.16-49.9) 28.5 (0.96-80.88) 0.795
CP CML diagnosis-T3151 detection (months) 42 (0.5-172.56)

TKI2 treatment [n./total, (%)] 47/53 (89%) 48/64 (75%) 0.1
IM-TKI2 initiation (months) 29.3 (7-60.2) 36.1 (3.712-71.52) 0.99
CP CML diagnosis-TKI2 initiation (months) 33.5 (8-75) 50.5 (4.32-139.08) 0.35
IM resistance-TKI2 initiation (months) 9(0.2-52) 6.2 (1.32-58.2) 0.35
TKI2-T3151 detection (months) -3.9 (-47-54.1)

Median follow-up since CP CML diagnosis (months) 72.2 (9-141.5) 69.4 (16.56-191.52) 0.61

Median follow-up since T315I detection (months)

29.16 (1.08-63.48)

*16/53 with mutations other than T3151

F359V, 2 F3591, 1 F359C) when the T315] mutation was
detected. Forty-seven patients out of 53 had received one
or more TKI2 (89%) in the T315T group and 48/64 patients
(75%) in the T315I" group (P=0.1), after a median of 29 and
36 months, respectively. The median interval between the
occurrence of IM-resistance and TKI2 initiation (when
given) did not differ being 9 months in the T315I' group
and 6 months in the T315I" group (P=0.35). In the T315I"
group, the mutation was detected in 17/64 (26%) of the
cases after the initiation of TKI2, although undetectable at
the time of IM-resistance. Importantly, the median follow-
up since the diagnosis of CP CML was similar in both
groups, being approximately 6 years (P=0.61).

Overall and failure-free survival

We analyzed the overall survival since IM-initiation, IM-
resistance and TKI2 initiation in patients with and without
the T315] mutation. The results are shown in Figures 1A,
1B, and 1C, respectively. In all three cases, the overall sur-
vival of T315I" patients was impressively and significantly
worse than that of T315 patients (P=0.01, 0.006, and
0.0007, respectively) with a median of 79.5 (69.3-not
reached] months versus not reached since IM-initiation,
48.4 (44.5-70.5) months versus not reached since IM-resis-
tance and 52.4 (26.8-NR) months versus not reached since
TKI2 initiation, in this population of patients who had not
been transplanted and had never been treated with pona-
tinib. There were 26 deaths in the T315I" group and 14 in
the T315I control group.

When we analyzed the failure-free survival (as defined
previously) of these two cohorts from the same starting
points, survival was unequivocally and significantly worse
in patients harboring the T313I for all starting points
(P=0.02, P=0.003, P=0.005 respectively, Figure 2A, B, C).
Finally, and in order to determine whether the TKI2 might
promote the disease by enhancing the selection of T315]
cells in vivo, we looked at the survival of patients since TKI2
exposure, according to the moment of detection of the

Table 2. BCR-ABL mutations other than T315I identified in the control
group of patients resistant to TKI and individual therapeutic sequence
of TKI (only 30% of the patients had detectable levels of various types
of mutated cells).

Patient # Mutation TKI therapeutic Outcome
detected sequence
2 M244V IM, Dasatinib Alive
12 M244V IM, Nilotinib Alive
22 M244V IM, Dasatinib Alive
4 E355G IM, Dasatinib, Nilotinib Alive
24 E355G IM, Dasatinib Alive
11 G250E IM, Nilotinib Alive
31 G250E IM, Nilotinib Alive
6 F359C IM, Dasatinib Alive
26 F359C IM, Dasatinib Alive
50 F359C IM, Nilotinib, Bosutinib Alive
41 F359V IM, Nilotinib, Dasatinib Alive
15 V3791 IM, Nilotinib, Dasatinib Alive
18 H396R (+F359V)  IM, Nilotinib, Dasatinib Alive
20 D276G IM, Dasatinib Alive
38 D276G IM Dead
(Progression to MBC)
43 D276G IM Dead
(Progression to MBC)

IM: imatinib mesylate; MBC: myeloid blast crisis.

T315] mutation, prior to the exposure to TKI2 (i.e. patients
on IM) or after the initiation of TKI2 (Figure 3). Although
the overall survival did not seem to differ (P=0.6, data not
shown), failure-free survival was significantly worse for
patients with a T315] mutation detected after TKI2 initia-
tion (P=0.024), but the number of patients was small. The
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median interval between the discontinuation of IM and the
initiation of the first TKI2 (if any) was 1.04 (0-4.26) months
in the T315I" group and 0.02 (0-2.78) months in the T315
group (P=ns), excluding a deselection phenomenon."

Cox proportional hazard model on overall survival

The Cox proportional hazard model on overall survival
since IM-resistance was performed in patients analyzing
the impact of the seven variables detailed in the Methods
section (Figure 4A). The negative impact of the presence of
the T315] mutation [P=0.02, hazard ratio (HR) = 2.4], sug-
gested by the overall and failure-free survival curves, was
confirmed in this model, and we were able to identify
some factors with a positive impact on overall survival
such as an exposure to interferon-o. (P=0.01, HR=0.36), and
exposure to TKI2, probably influenced by its beneficial
effects in the T315I patients (P=0.0002, HR=0.2). The
interval between the initiation of IM and the resistance to

these agents did not have a statistically significant influ-
ence on overall survival (P=0.43, HR=0.99). A younger age
at IM-resistance and shorter interval between CML diag-
nosis and IM-initiation were significant factors (P=0.02 and
P=0.01, respectively) having favorable effects on overall
survival, with HR of 1.03 and 1.01, respectively.

In a Cox proportional hazard model we further analyzed
the impact of the same variables (except the presence of
the T315] mutation) on overall survival in the population of
T3151" patients (n=64, Figure 4B), in an effort to identify
favorable or unfavorable factors in this selected subpopula-
tion. Again, treatment with interferon-o had a positive
impact on overall survival (P=0.007, HR=0.24), and, unex-
pectedly, exposure to TKI2 was found to have a positive
impact on overall survival in these T315I" patients
(P=0.0199, HR=0.3). Age, gender, interval between IM-ini-
tiation and resistance did not influence overall survival in
this model.

T315] mutation in chronic phase CML -
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Discussion

Several studies have suggested that CML patients har-
boring a T315] mutation have poor prognosis™***** because
this mutation confers universal resistance in vitro to all cur-
rently licensed TKI® except the very recently available
ponatinib. The T315] mutation is the most frequently iden-
tified mutation in CML TKl-resistant and mutated
patients® particularly in those in advanced phases of dis-
ease. It is not clear whether the poor prognosis observed is
related to the pleiotropic resistance to TKI (which may effi-
ciently select the mutated clone and subsequently worsen
the prognosis), or whether the mutation itself confers a
gain-of-function to Philadelphia chromosome-positive
leukemic cells, thereby increasing oncogenicity and pro-
moting progression (as suggested in vitro in engineered
models™?). In retrospective studies the T315] mutation has
been identified in ~50% of cases in IM-resistant CML
patients' in advanced phases, but these studies often mix
T3151" patients from all CML phases together and it
remains difficult to understand what happens at earlier
stages.

We analyzed here a cohort of patients with detectable
predominant T315] mutated clones (more likely to drive
disease resistance), and matched them to a multicenter
cohort of CP CML patients resistant to TKI, screened for
BCR-ABL mutations, but without detectable T315] muta-
tion. The two groups were grossly equally balanced
according to the different characteristics liable to affect
selection (IM treatment duration, proportion of TKI2 treat-
ed patients in both groups, interval between IM and TKI2,
interval between IM-resistance and TKI2). Age was com-
parable to that observed in previous academic studies of
TKl-resistant patients,"”"*" and should not have influenced

A Multivariate analysis with Cox model
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the genetic background of CML cells in one group or the
other, or, introduced additional co-morbidities that, in
older patients, can affect survival. It is essential to obtain
two comparable groups of patients in whom T315] mutat-
ed clones may be detected at diagnosis of CML by sensi-
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tion of the mutation before (dotted line) of after (dashed line) expo-
sure to the TKI2. N: number of patients.
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tance for the whole population of CP CML patients resistant to IM studied here. Horizontal bars represent the 95% confidence intervals. P val-
ues for each variable are indicated, the hazard ratio (HR) is stated for the each variable “Hazard Ratios” and numbers in brackets indicate the
exact 95% confidence intervals. (B) Forest plot (log scale) showing the results of the multivariate analysis with Cox model adjusted on overall
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tive techniques,” but it remains unknown why some
patients experience IM-resistance with detectable levels of
T315I clones while others do not.** Exposure to interferon-
o treatment (for a similar duration) was more frequent in
the T315" group than in the T315I group, although the
interval between diagnosis and IM-initiation was longer in
the latter group. In the Cox models adjusted on overall sur-
vival for the two groups and for the T315I" group (Figure
4), interferon-o. had a significant positive impact. In the
unmutated IM-resistant group, 20/53 patients received
interferon-a. prior to IM-resistance but never in combina-
tion with IM or alone once IM-resistance had occurred. In
the T3151" group, five patients had received interferon-a
after the identification of the T3151 mutation, and 36
before (30 alone prior to IM, 6 in combination with IM,
data not shown). We hypothesize that the fact that some
patients received interferon-a affer the identification of the
T315] mutation, a possible therapeutic option® along with
omacetaxine mepesuccinate®” in patients not eligible for
allogeneic stem cell transplantation, might explain this pos-
itive effect. However, it remains unclear whether interfer-
on-a exerts a specific activity on the T315] mutated clone®
or whether it is simply the withdrawal of the selective
agent, the TKI, that improves the outcome of these
patients.'

In this matched pair analysis, the presence of the T3151
mutation in CP undoubtedly impaired overall and failure-
free survival (Figures 1A,B,C and 2A,B,C). The median
overall survival and failure-free survival were never
reached in any case for T315I patients, and were always
reached for T315I" patients. The multivariate analysis
adjusted on overall survival (Figure 4A) strengthened such
results, in which the presence of the T315I negatively influ-
enced survival (P=0.023, HR=2.54). These findings suggest
that the presence of the mutation, whatever the therapeu-
tic options used in these patients, confers a competitive
growth advantage to the CP CML cells. A previous study”
demonstrated that kinase domain mutations confer a poor
prognosis to CML patients in CP. In the present study, 30%
of the CP patients in the T315I' control group harbored
diverse mutations concurring to IM-resistance, however,
these patients’ overall survival and failure-free survival
remained better than those of the T315I" patients, suggest-
ing that the T315] mutation by itself specifically worsens
their prognosis.

TKI2, as more selective agents, might affect survival
although it is difficult to analyze this in our study since not
all the patients received TKI2, and some of them received
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one, two and even three TKI2 (nilotinib, dasatinib, bosu-
tinib). In the comparison group, 30% of the patients had
mutations and were rescued, in the majority of the cases,
by the use of one or two TKI2. The multivariate analyses
performed on the whole population studied demonstrated
the positive impact of TKI2 administration on overall sur-
vival, which is in line with several reports in the litera-
ture,”” but more surprisingly, TKI2, administered after
resistance [median duration = 6.9 (0.5-33.4) months]
appeared to improve the overall survival significantly with-
in the T315I" population (P=0.01, HR=0.3) as well, possibly
by limiting the progression of the unmutated tumor cell
mass. The failure-free survival, analyzed from the initiation
of TKI2, was significantly worse in the group of patients in
whom the T315] mutation was detected after starting TKI2
(P=0.024, Figure 3), suggesting that these inhibitors, by
selecting the T3151" cells even more efficiently than IM
would do, might promote a rapid failure in such a situa-
tion. The general assumption in this regard would be not
to use TKI2 once a T315] mutation has been detected in
IM-resistant CP CML patients, as recommended.”

This study, despite the obvious caveats, confirms that
the presence of the T315] mutation in IM-resistant CP
CML patients impairs both overall survival and failure-free
survival. It also suggests that the use of TKI2 after the iden-
tification of the mutation in IM-resistant patients might
selectively impair the failure-free survival of such patients.
We believe that the introduction of third-generation TKI
for patients resistant to first and second-generation TKI,
including T3151" patients, might help to improve survival
for patients remaining ineligible for allogeneic stem cell
transplantation. One such third-generation TKI is pona-
tinib, which is currently being tested in a prospective clin-
ical trial* and has been approved for use in the USA.
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