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abstract

PURPOSE Dual targeting of the gastrointestinal stromal tumor (GIST) lineage-specific master regulators, ETV1
and KIT, by MEK and KIT inhibitors were synergistic preclinically and may enhance clinical efficacy. This trial
was designed to test the efficacy and safety of imatinib plus binimetinib in first-line treatment of GIST.

METHODS In this trial (NCT01991379), treatment-naive adult patients with confirmed advanced GISTs received
imatinib (400 mg once daily) plus binimetinib (30 mg twice daily), 28-day cycles. The primary end point was
RECIST1.1 best objective response rate (ORR; complete response plus partial response [PR]). The study was
designed to detect a 20% improvement in the ORR over imatinib alone (unacceptable rate of 45%; acceptable
rate of 65%), using an exact binomial test, one-sided type I error of 0.08 and type II error of 0.1, and a planned
sample size of 44 patients. Confirmed PR or complete response in . 24 patients are considered positive.
Secondary end points included Choi and European Organisation for Research and Treatment of Cancer
Response Rate, progression-free survival (PFS), overall survival (OS), pathologic responses, and toxicity.

RESULTS Between September 15, 2014, and November 15, 2020, 29 of 42 evaluable patients with advanced
GIST had confirmed RECIST1.1 PR. The best ORR was 69.0% (two-sided 95% CI, 52.9 to 82.4). Thirty-nine of
41 (95.1%) had Choi PR approximately 8 weeks. Median PFS was 29.9 months (95% CI, 24.2 to not estimable);
median OS was not reached (95% CI, 50.4 to not estimable). Five of eight patients with locally advanced disease
underwent surgery after treatment and achieved significant pathologic response ($ 90% treatment effect). There were
no unexpected toxicities. Grade 3 and 4 toxicity included asymptomatic creatinine phosphokinase elevation (79.1%),
hypophosphatemia (14.0%), neutrophil decrease (9.3%), maculopapular rash (7.0%), and anemia (7.0%).

CONCLUSION The study met the primary end point. The combination of imatinib and binimetinib is effective with
manageable toxicity andwarrants further evaluation in direct comparisonwith imatinib in frontline treatment of GIST.

J Clin Oncol 40:997-1008. © 2022 by American Society of Clinical Oncology

INTRODUCTION

Gastrointestinal stromal tumor (GIST) represents one of
the most common subtypes of sarcoma.1 The majority
of GISTs harbor activating mutations in KIT or PDGFRA
receptor tyrosine kinases and less frequently in BRAF
and FGFR1, or inactivating mutations in NF1 and suc-
cinate dehydrogenase complex core components.1-6

They have provided the scientific rationale for the clini-
cal success of targeting mutant KIT and alpha-platelet-
derived growth factor receptor, alpha (PDGFRa) with
tyrosine kinase inhibitors (TKIs) in GIST. Imatinib
mesylate (Gleevec; 400mg once daily), a TKI that targets
mutant KIT and PDGFRa, is the standard-of-care (SOC)
first-line therapy in advanced GIST with an objective re-
sponse rate (ORR) of 45%-52%, a median progression-

free survival (mPFS) of 18-20.4 months, and approxi-
mately 10%-17% of patients on first-line imatinib re-
main nonprogressors in the long term (. 9 years).7-12

Despite the clinical success, most GISTs develop re-
sistance to imatinib within 2 years of treatment9; among
them, 15% develop early resistance within 3 months
and 5%-10% demonstrate primary resistance. The
development of imatinib resistance often leads to a
rapid clinical decline and eventual death,13 as subse-
quent therapies, including second-line sunitinib and
third-line regorafenib, have limited efficacies with mPFS
of 5.6 months and 4.8 months and ORR of 7% and
4.5%, respectively.13,14 Recently, US Food and Drug
Administration approved ripretinib, a new generation of
TKI targeting a broad spectrum of imatinib-resistant
mutations in KIT and PDGFRA, which demonstrated
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mPFS of 6.3 months and ORR of 9% in the fourth-line
treatment of advanced GIST.15

Imatinib resistance mechanisms in GIST are heterogeneous.
Imatinib-resistant KITmutations are rare in primary-resistance
setting, but are found in 50%-67% of patients with acquired
resistance.16-18 Emerging data indicate that the KIT-low and
KIT-independent GIST stem or progenitor cells may play a role
in both primary and secondary imatinib resistance.19 Early
adaptive responses to imatinib use developmentally pro-
grammed cell-autonomous mechanisms that lead to de-
creased dependence on KIT and MAPK signaling20 and
create opportunities for persistent disease and development of
therapy resistance. Furthermore, genetic tumor heterogeneity
that exists within a single tumor, among tumors from different
patients (interpatient) or within the same patient (intrapatient),
have been increasingly appreciated asmechanisms of cancer
progression through therapeutic resistance. In GIST, it re-
mains controversial whether tumor heterogeneity is present at
initial presentation. Nevertheless, interpatient and intrapatient
genetic tumor heterogeneity is well recognized in advanced
GIST upon progression on imatinib (unpublished).1 The tumor
heterogeneity in the imatinib-resistant setting poses significant
challenges for next-generation therapeutic development.
Imatinib resistance remains the most significant problem in
the current management of advanced GIST.9,16,21-26 It is im-
perative to develop novel therapeutic strategies that can en-
hance the efficacy and forestall the resistance of imatinib in
frontline treatment of GIST.

KIT and ETV1 are well-established master regulators of
GIST.2,27,28 The ETV1 protein is stabilized by active MAPK
signaling downstream of KIT and PDGFRa signaling and
that stabilized ETV1 cooperates with activated KIT in GIST
pathogenesis through enhanced transcriptional regulation
of KIT expression by ETV1.20,28-31 Furthermore, ETV1
maintains the homeostasis of the MAPK signaling in GIST

and regulates the early adaptive response and resistance to
imatinib treatment in GIST, through MAPK-dependent
COP1-mediated protein degradation of ETV1.20 In pre-
clinical models, dual lineage targeting of ETV1 protein
stability by an MEK inhibitor (binimetinib) and of KIT by
imatinib synergistically inhibited GIST tumor growth and
survival in vitro and in vivo.20,31

Reasoning that the dual targeting of ETV1 and KIT by the
combination of binimetinib and imatinib may have the
potential to induce enhanced therapeutic responses in
GIST, we designed a phase Ib and II clinical trial to evaluate
the safety and tolerability of the combination of imatinib and
binimetinib and to define the recommended phase II dose
(RP2D) in patients with refractory GIST (phase Ib, reported
separately) and to evaluate the efficacy in patients with
treatment-naive advanced GIST (phase II).

METHODS

See additional details in the Supplemental Methods
(Appendix 1, online only) and Protocol (online only).

Patients

Adult patients (age $ 18 years) who had histologically con-
firmedadvancedGIST, anEasternCooperativeOncologyGroup
(ECOG) performance score of 0-1, treatment-naive, or who had
previously been treated with adjuvant imatinib but has been off
imatinib for at least 3 months, or who had started SOC imatinib
within 4 weeks, and had adequate end-organ function were
eligible to consent and participate.

Study Design, Treatment, and End Points

This is a single-center, single-arm, phase II study to
evaluate the safety and efficacy of imatinib plus binimetinib
in patients with treatment-naive advanced histologically
confirmed GIST.

CONTEXT

Key Objective
Despite the clinical success of imatinib, most patients with advanced gastrointestinal stromal tumor (GIST) develop re-

sistance to imatinib and succumb to their disease. We aim to identify a therapeutic strategy that can enhance the efficacy
of imatinib in frontline treatment of GIST.

Knowledge Generated
We conducted a phase II trial of the novel combination of imatinib and binimetinib in treatment-naive advanced GIST. This

trial met its prespecified primary end point, demonstrating an objective response rate of 69.0% (29 confirmed RECIST1.1
partial response), 95.1% response rate (RR) by Choi, longer progression-free survival, deeper pathologic responses,
insights toward therapy resistance, and manageable toxicity.

Relevance
Our study highlights the importance of targeting the GIST lineage dependence on ETV1 and KIT. To our knowledge, this is

the first trial testing a tyrosine kinase inhibitor combination in the frontline treatment of GIST. This study puts forth the
combination as a novel therapeutic strategy and warrants further evaluation to directly challenge imatinib in the first-line
treatment of advanced GIST.
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All eligible patients received a 2-week lead-in of imatinib
alone (400 mg once daily) followed by imatinib (400 mg
once daily) plus binimetinib (30mg twice daily) on the basis
of the RP2D defined in a phase Ib study,32 continuously on
every 28-day cycle.

Disease assessments with computed tomography (CT) or
magnetic resonance imaging were performed at baseline,
every 8 weeks for initial 32 weeks and every 12 weeks until
surgery, disease progression, death, or withdrawal. Com-
bined positron emission tomography (PET)-CT was per-
formed at baseline and at the end of cycle 1 of the
combination therapy. Adverse events (AEs) were graded by
the investigator according to the Common Terminology
Criteria for Adverse Events (4.03) until 28 days after dis-
continuation of treatment.

The primary end point was best ORR by RECIST1.133

(complete response [CR] plus partial response [PR]).
Secondary end points included RR by Choi34 and European
Organisation for Research and Treatment of Cancer
(EORTC),35 PFS, overall survival (OS), pathologic re-
sponses, and treatment-associated AE.

Statistical Analysis

The trial is designed to detect a 20% improvement in the
RECIST ORR of imatinib (400 mg once daily) alone,8,9,36

with an unacceptable rate of 45% and acceptable rate of
65%, on the basis of the exact binomial test and one-sided
type I error of 0.08 and a type II error of 0.1, and a planned
sample size of 44 patients. If. 24 patients have confirmed
CR or PR by RECIST1.1, the trial will be considered positive.

Trial Oversight

The studywas performed in accordance with the International
Ethical Guidelines for Biomedical Research Involving Human
Subjects, Good Clinical Practice guidelines, the Declaration of
Helsinki, and local laws. The protocol, protocol amendments,
and informed-consent documents were approved by the
institutional review board (IRB) at Memorial Sloan Kettering
Cancer Center. All participants provided written informed
consent. All biopsies andmolecular testing were performed in
accordance with the IRB-approved protocol.

RESULTS

Study Participants

Between September 15, 2014, and November 15, 2020,
54 patients were screened and 50 patients were consented
and enrolled in the phase II study (Fig 1). Forty-three
patients who received at least two doses of the combina-
tion treatment were evaluable for safety; 42 patients who
had at least one follow-up imaging study were evaluable for

Off trial, nonevaluable for efficacy

Change of diagnosis, no treatment received
Rapid clinical deterioration and no treatment
received
Intolerability to imatinib, one patient received only
imatinib, one patient received two days of
combination treatment after imatinib lead-in
Intolerance to binimetinib, only received one dose 
of combination
Patient withdrawal, only received imatinib
Noncompliance, only received imatinib

(n = 8)

(n = 1)
(n = 2)

(n = 2)

(n = 1)

(n = 1)
(n = 1)

Off treatment

Adverse events
Progression of disease
Patient withdrawal
Surgical resection while responding

(n = 33)

(n = 8)
(n = 12)
(n = 2)

(n = 11)

RECIST 1.1

(n = 42)

Choi response

(n = 41)

EORTC response

(n = 35)

Duration of treatment

(n = 42)

Ongoing treatment (n = 9)

Efficacy population (n = 42)

Enrolled in phase II (n = 50)

Eligibility assessed (N = 54)

Screen failures (n = 4)

Time of data censor
(November 15, 2020)

FIG 1. CONSORT flow diagram of patients in the phase II study of imatinib in combination with binimetinib (September 15, 2014-November 15, 2020,
data cutoff). EORTC, European Organisation for Research and Treatment of Cancer.
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efficacy. The median age of the efficacy analytic cohort was
60 years (range, 25-78 years), 28.6% female, and 85.7%
patients were ECOG 0 (Table 1). Primary tumors are lo-
calized throughout the GI tract. The primary driver muta-
tions included KIT exon 11 (n 5 29, 69%), exon 9 (n 5 3,
7.1%), exon 13 (n 5 1, 2.4%), KIT exons 8 of 11 (n 5 1)
and 11 of 11 (n 5 1) double mutations, and NF1- (n 5 2,
4.8%) or SDHA- (n 5 1, 2.4%) deficiency (Table 1).

Efficacy

At data cutoff, 29 of 42 evaluable patients have confirmed
RECIST1.1 PR. The study met its prespecified primary end
point (. 24 confirmed RECIST1.1 PR). The best ORR was
69.0% (95% CI, 52.9 to 82.4; Fig 2A). Thirty-nine of 41
(95.1%; 95% CI, 83.5 to 99.4) evaluable patients had a
Choi PR approximately 8 weeks. Eight of 35 (22.9%) pa-
tients with PET scans evaluable by EORTC at 4 weeks of
combination treatment achieved complete metabolic re-
sponse and 23 of 35 (65.7%) achieved partial metabolic
response (Fig 2A). Nine patients have remained on trial
(range, 2.4-39.0 months), with seven RECIST PR and two
RECIST stable disease (SD); 11 responding patients went to
surgery (range, 3.4-31.2 months); 12 patients progressed

(range, 2.6-37.2 months); eight patients discontinued trial
because of treatment-associated toxicity; and two patients
withdrew consent (Fig 2B). The clinical benefit rate (CR plus
PR plus SD) was 83.3% (95%CI, 68.6 to 93.0) at 12months,
and 73.8% (95%CI, 58.0 to 86.1) at 24months. Although not
stipulated in the protocol, we also performed an intention-to-
treat analysis including the three patients who had intolerance
to imatinib (n5 2) and binimetinib (n5 1); the best ORRwas
64.4% (29 of 45; 95% CI, 48.8 to 78.1) by RECIST1.1 and
88.6% (39 of 44; 95% CI, 75.4 to 96.2) by Choi.

At data cutoff, the median follow-up among survivors was
35.6 months (range, 2.4-73.8 months). The mPFS was
29.9months (95%CI, 24.2 to not estimable [NE]); 69.7% (95%
CI, 53.3 to 91.2) and 47.8% (95% CI, 28.7 to 79.6) patients
remained progression-free at 24 and 30 months, respectively
(Fig 3A). ThemOSwasNE (95%CI, 50.4 to -NE); 83.0% (95%
CI, 70.4 to 97.8) and 72.8% (95% CI, 56.9 to 93.1) patients
were alive at 30 and 48 months, respectively (Fig 3B).

There were nine patients who initially presented with locally
advanced GIST (n5 8) or locally advanced GIST with a solitary
liver metastasis (n5 1). We analyzed the pathologic responses
of eight patients (treatment duration: 6.6-31.2 months); one
patient was excluded because of protocol nonadherence. All
eight patients achieved at least 70% confirmed pathologic
response of the primary tumors localized across the GI tract; 5
of 8 patients achieved significant pathologic response (SPR;
$ 90% treatment-effect17; Figs 4A and 4B). One patient with
KIT exon9 (pA502_Y503dup)-mutant primary esophageal
GIST and a solitary liver metastasis achieved 90% and 100%
pathologic response in the primary and metastatic lesions,
respectively (Fig 4A). Compared with conventional RECIST1.1,
the pathologic responses demonstrated more profound and
robust treatment effects (Figs 4A and 4B).

Genomic Analysis

Thirty-five patients had genetic analysis of pretreatment tumors
by Memorial Sloan Kettering-Integrated Molecular Profiling of
Actionable Cancer Targets (MSK-IMPACT),37 which demon-
strated activatingmutations inKIT, and inactivatingmutations in
NF1 and SDHA, all were known oncogenic drivers in GIST.1,38

Furthermore, we observed recurrent co-occurring mutations in
cell cycle regulators (CDKN2A, RB1, and TP53), chromatin-
modifying enzyme (SETD2), and basic helix-loop-helix tran-
scription factors (MGA andMAX; Fig 5A). Twelve of 35 patients
had progression of disease (POD), and 23 patients did not and
therefore they were designated as nonprogressors (nonPOD).
Comparing the baseline genomic profiles between POD and
nonPOD patients, inactivation in CDKN2A (P 5 .047) was
significantly enriched in the POD patients (Fig 5B). There was a
trend of association of baseline CDKN2A genetic inactivation
with shorter PFS by RECIST1.1 response in POD compared
with nonPOD patients (Appendix Fig A1, online only).

All POD (n 5 12) and four nonPOD patients had paired
pretreatment and post-treatment samples available for
comparative genomic analysis by MSK-IMPACT.37 From

TABLE 1. Patient Characteristics
Characteristic All Patients (n 5 42)

Age, years, median (range) 60 (25-78)

Sex, No. (%)

Female 12 (28.6)

Male 30 (71.4)

ECOG status, No. (%)

0 36 (85.7)

1 6 (14.3)

Primary tumor location, No. (%)

Esophagus 2 (4.8)

Stomach 16 (38.1)

Small bowel 15 (35.7)

Large bowel 1 (2.4)

Rectum 5 (11.9)

Mesentery or unknown 3 (7.1)

Primary driver mutation (MSK-IMPACT), No. (%)

KIT exon 8 and exon 11 splicing 1 (2.4)

KIT exon 11 double mut 1 (2.4)

KIT exon 9 3 (7.1)

KIT exon 11 29 (69.0)

KIT exon 13 1 (2.4)

KIT and PDGFRA wild-type, NF1-deficient 2 (4.8)

KIT and PDGFRA wild-type, SDHA-deficient 1 (2.4)

Unknown 4 (9.5)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; MSK-IMPACT,
Memorial Sloan Kettering-Integrated Molecular Profiling of Actionable Cancer Targets.

1000 © 2022 by American Society of Clinical Oncology Volume 40, Issue 9

Chi et al



A

Remain on trial

KIT/PDGFRA wild-type (NF1-mut)

KIT exon 9 mut

KIT exon 11 mut

KIT exon 13 mut

KIT exon 8/11 and KIT exon 11/11 double mut

Unknown

KIT/PDGFRA wild-type (SDHA-mut)

Choi PR (39/41)

Choi SD (1/41)

Choi PD (1/41)

EORTC CMR (8/35)

EORTC PMR (23/35)

EORTC SMD (3/35)

EORTC PMD (1/35)

–80

–60

–40

–20

0

20

40

–30

Re
sp

on
se

 b
y 

RE
CI

ST
 1

.1
M

ax
im

um
 C

ha
ng

e 
Fr

om
 B

as
el

in
e 

(%
)

B

Pa
tie

nt
 ID

Time on Treatment (months)

Best RECIST response

PD (n = 1)

PR (n = 29)

SD (n = 12)

Treatment status

*
*
*

*
*

AE (n = 8)

Ongoing (n = 9)

Withdrawal (n = 2)

PD (n = 12)

PR start

Surgery (n = 11)

*
*

*

29
42
27
32
41
14
30

3
9

23
28
37
38

2
40
39
10

7
11
34

5
36
25
26
35

8
33
21
17

4
13
31
15
24
16
12
22

1
6

20
19
18

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

FIG 2. Response rates (RECIST1.1, Choi, and EORTC) and duration of response. (A) Best objective responses
by RECIST1.1 (n5 42), Choi responses (n5 41) around 8 weeks (end of cycle 2, first post-treatment scan), and
EORTC responses (n 5 35) by PET at 4 weeks (end of cycle 1) on combination imatinib and binimetinib
treatment. The best RECIST1.1 responses are shown as% of change from baseline for patients who received the
combination of imatinib and binimetinib and with at least one postbaseline scan. The known associated primary
driver mutations in KIT, PDGFRA, and others are shown. The best ORR was 69.0% (29 of 42 confirmed PR),
two-sided 95% CI: 52.9 to 82.4. (B) Duration of the response. AE, adverse events; CMR, complete metabolic
response; EORTC, European Organisation for Research and Treatment of Cancer; mut, mutant; ORR, objective
response rate; PD, progression of disease; PET, positron emission tomography; PMD, progressive metabolic
disease; PMR, partial metabolic response; PR, partial response; SD, stable disease; SMD, stable metabolic
response.

Journal of Clinical Oncology 1001

Imatinib Plus Binimetinib in First-Line Treatment of GIST



nonPOD patients, we observed no significant changes in
somatic mutation, copy-number alteration, fraction of genome
altered (FGA), and tumor mutational burden (TMB) between
pretreatment and post-treatment samples (Figs 5C-5E).

For patient 04, CDKN2A homozygous deletion, and
CUL3 and ALB point mutations were present in the pre-
treatment sample, but not called in the post-treatment
sample because of significant drop in tumor purity, low
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coverage, and high background noise (Figs 5C and 5D and
Appendix Fig A2A, online only). By contrast, most POD
patients had emergent genomic alterations. OnePODpatient
(patient 27) with sporadicNF1-mutant GIST had progressed
within 2 months of treatment, indicating primary resistance.
Eight of nine POD patients with KIT exon 11-mutant GIST
developed secondary resistant mutations in KIT exon 13
(pV654) or exon 17 (pN822K/Y, pD820G). One patient
(patient 38) had multiple subclonal secondary resistant KIT
mutations (eg, pN822K and pD820G) emergent in post-
treatment samples (Fig 5C). Notably, examination of the raw
data revealed that the pN822K subclone was present at low
variant allele frequency (VAF, below mutation call threshold)
in pretreatment sample (data not shown), and the pN822K
VAF was enriched to 6.9% in post-treatment samples.

Interestingly, POD patients with KIT exon 9-mutant GISTs
(patients 07 and 23) had no detectable secondary resistant
mutations in KIT or PDGFRA, but had emergence of new
mutations in MED12 (exon 3, pE79D) and CSDE1 (exon 20,
pM829I; patient 23) or new copy-number loss in CDKN2A
(patient 07; Fig 5C and Appendix Fig A2B, online only). In one
patient (patient 25), we also observed emergent homozygous
loss of RB1 (RB1 heterozygous loss plus missense mutation in
pretreatment sample) along with secondary resistant KIT exon
13 mutation (pV654; Figs 5C and 5D and Appendix Fig A2C,
online only). There were no significant changes of FGA com-
paring pretreatment and post-treatment samples in POD pa-
tients (Fig 5E). The baseline pretreatment TMBwas low in GIST,
approximately 2mut/Mb, and therewas no significant difference
between POD and nonPOD patients (Fig 5E). However, TMB
was significantly increased inpost-treatment samples comparing
to pretreatment samples only in POD patients (P 5 .0466),
consistent with emergent mutations in KIT and other genes in
resistant post-treatment samples (Figs 5C and 5E).

Safety

Overall, the imatinib plus binimetinib combination has
manageable toxicities over long term (range, 1.5-73.8

months). No unexpected toxicities were observed. The most
commonly observed toxicity of any grade and investigator-
attributed as possibly, probably, or definitely associated with
either imatinib and/or binimetinib, included peripheral
(79.1%) and periorbital (69.8%) edema, acneiform (74.4%)
and maculopapular (48.8%) rash, diarrhea (60.5%),
asymptomatic creatinine phosphokinase (CPK) elevation
(100%), anemia (88.4%), white blood cell decrease (58.1%),
platelet count decrease (51.2%), hypophosphatemia
(46.5%), ALT (55.8%), and AST (86.1%) increase. Most
common grade 3 or 4 toxicity included asymptomatic CPK
elevation (79.1%), hypophosphatemia (14.0%), neutrophil
decrease (9.3%), anemia (7.0%), and maculopapular rash
(7.0%; Table 2).

Three patients developed dropped head syndrome with
one grade 3 event, who had returned to baseline with either
dose reduction (n 5 2) or discontinuation of binimetinib
(n 5 1). Three patients experienced a decrease in left
ventricular ejection fraction (LVEF); 2 of 3 patients had
grade 3 events and one of them had congestive heart failure
exacerbation with LVEF decrease during the imatinib lead-
in phase; this patient discontinued trial after two dose of
combination of imatinib and binimetinib because of intol-
erability to imatinib. Two of three patients with LVEF de-
crease were attributed to binimetinib; both patients had
returned to their baseline cardiac function after dose re-
duction of binimetinib and continued trial. There was no
clinically significant grade 4 or 5 AEs at least possibly
associated with study medications in this trial.

DISCUSSION

Imatinib has remained the first-line treatment of advanced
GIST. However, the clinical benefit of imatinib is not in-
definite and patients eventually develop imatinib and other
TKI resistance and succumb to their disease. Previous efforts
of directly challenging imatinib with newer generations of
TKIs in the first-line setting have been unsuccessful.11
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Considering the intertumor and intratumor heterogeneity
in imatinib-resistant GIST, identifying an upfront therapeutic
strategy that addresses the heterogeneous resistance
mechanisms is particularly challenging. Extensive pre-
clinical work supports a novel combination of binimetinib
and imatinib to durably target the GIST lineage-specific
master regulator ETV1 protein stability and the signaling
master regulator KIT.19,20,28-31,39 This combination strategy
has the potential to enhance the efficacy of imatinib by
inducing cytotoxicity and more extensive tumor responses
while preventing early adaptive TKI resistance. Because the
combination therapy relies on imatinib to block the feed-
back reactivation of upstream KIT, we reasoned that the
combination therapy will be relatively ineffective in second-
or third-line settings, where the majority of GISTs harbor
heterogeneous secondary imatinib-resistant KIT mutations
(eg, KIT exon 13 of 14 or exon 17 of 18 mutations).1,16-18

Therefore, after establishing the RP2D of the combination,32

the phase II portion of the trial was specifically offered to
patients with treatment-naive advanced GIST. A random-
ized proof-of-principle, investigator-initiated trial was not
feasible as GIST is a rare and underfunded disease. We
therefore chose a stringent test of ORR by RECIST1.1,
selecting a high-level of ORR improvement (20%) in the
well-established historical ORR (45%-52%) of imatinib
(400 mg once daily).7-11 This phase II study met its pre-
specified primary end point (29 patients with confirmed
RECIST1.1 PR) before full accrual. Consistently, the mPFS
of the combination treatment was 29.9 months (95% CI,
24.2 to NE) and mOS was NE (95% CI, 50.4 to NE). In
previous phase III trials with large number of GIST patients
treated in the first-line TKI setting with a subset of patients
treated with prior chemotherapy, the ORR is approximately
45%-50% for imatinib 400 mg once daily (SWOG) and
45%-54% for imatinib 800 mg/day (European EORTC,
Italian Sarcoma Group, and the Australasian Gastro-In-
testinal Trials Group),7,8 and 52% for imatinib 400-800 mg/
day in the more contemporary frontline ENESTg1 phase III
trial with no patients exposed to prior systemic chemo-
therapy.11 The ORR for imatinib in smaller phase II trials

TABLE 2. Treatment-Associated AEs

AE

Any Grade (‡ 10%) or
Grade 3/4 (n 5 43),

No. (%)
All Grade 3/4

(n 5 43), No. (%)

Edema or fluid retention

Peripheral (limbs) 34 (79.1) 1 (2.3)

Facial 14 (32.6)

Periorbital 30 (69.8) 1 (2.3)

Weight gain of trunk 9 (20.9)

Skin-related

Rash (acneiform) 32 (74.4) 1 (2.3)

Rash
(maculopapular)

21 (48.8) 3 (7.0)

Pruritus 7 (16.3) 1 (2.3)

Erythroderma 2 (4.7) 2 (4.7)

GI-related

Diarrhea 26 (60.5) 1 (2.3)

Nausea 12 (27.9)

Vomiting 7 (16.3)

Mucositis, oral 5 (11.6) 1 (2.3)

GERD 5 (11.6)

Fatigue 16 (37.2)

Cardiac or pulmonary AEs

Dyspnea 8 (18.6)

Hypertension 12 (27.9) 1 (2.3)

Ejection fraction
decrease

3 (7.0) 2 (4.7)

CHF exacerbation 1 (2.3) 1 (2.3)

Dropped head
syndrome

3 (7.0) 1 (2.3)

Myalgia 15 (34.9) 1 (2.3)

Blurred vision 9 (20.9) 1 (2.3)

CPK elevation 43 (100) 34 (79.1)

Hematologic AEs

Anemia 38 (88.4) 3 (7.0)

White blood cell
decreased

25 (58.1)

Lymphocyte count
decreased

9 (20.9) 1 (2.3)

Neutrophil count
decreased

11 (25.6) 4 (9.3)

Platelet count
decreased

22 (51.2)

Renal or electrolytes AEs

Hypophosphatemia 20 (46.5) 6 (14.0)

Hypomagnesemia 12 (27.9)

Hypocalcemia 14 (32.6)

Hypokalemia 5 (11.6) 2 (4.7)

Creatinine increased 6 (14.0)

Hyponatremia 2 (4.7) 1 (2.3)

(continued in next column)

TABLE 2. Treatment-Associated AEs (continued)

AE

Any Grade (‡ 10%) or
Grade 3/4 (n 5 43),

No. (%)
All Grade 3/4

(n 5 43), No. (%)

Liver abnormalities

ALT increased 24 (55.8) 1 (2.3)

AST increased 37 (86.1) 2 (4.7)

ALK phos increased 8 (18.6) 1 (2.3)

Blood bilirubin
increased

5 (11.6)

Hypoalbuminemia 8 (18.6)

Abbreviations: AE, adverse event; CHF, congestive heart failure; CPK,
creatinine phosphokinase; GERD, gastroesophageal reflux disease.
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has been more variable and often superior to the phase III
trials, 64.9%-71%, mostly with the use of higher doses
(600-800 mg/day) of imatinib.36,40 Despite the superior
ORR, the mPFS of these trials are relatively comparable,
approximately 20 months for imatinib 400 mg once daily,
and 26 months for imatinib 800 mg/day.8,9,36 Under-
standing the complexities of cross-trial comparisons, the
data with the use of imatinib plus binimetinib presented
here are encouraging compared with historical mPFS of
imatinib 400mg once daily (18-20.4months) or 800mg/day
(20-26 months) and mOS of imatinib 400 mg once daily
(46.8-57 months) or 800 mg/day (46.8-57 months).8,9,36

Understandably, patients in historical phase III trials7-9

had relatively worse ECOG status, higher disease burden,
and less sophisticated modern-day TKI management
compared with the current phase II trial among other
uncontrolled factors, which could all contribute to inferior
clinical outcome.

One of the goals of the study is to see whether the com-
bination therapy can forestall therapeutic resistance and
explore resistance mechanisms. Although many patients
responded well, 12 (range, 2.6-36.7 months, median time
to progression: 14.9 months) of the 42 evaluable patients
developed resistant disease. Most had large disease bur-
den and one received 1 and 3 years of imatinib adjuvant
therapy during two prior relapses. Interestingly, we ob-
served interpatient, intrapatient, and intratumoral sub-
clonal secondary resistant KIT mutations in exons 13 and
17, only in the setting of GIST with KIT exon 11, but not with
KIT exon 9 primary mutations, indicating divergent resistant
mechanisms, although acknowledging the limitation that
only three exon 9 patients were enrolled. The preclinical
data suggest that imatinib is essential to block MEK
inhibitor–induced feedback activation of KIT and PDGFRa

pathway signaling. It is possible that these secondary re-
sistant mutations are pre-existing as subclones or they
emerged under treatment pressure. These data would
argue for combination therapy of an MEK inhibitor with
a newer generation of TKI that can target multiple sec-
ondary resistant KIT and PDGFRAmutations. Furthermore,
cell cycle regulators, eg, CDKN2A and RB1, are signifi-
cantly enriched in patients who eventually progress on
therapy and/or emerging in treatment-resistant samples,
indicating the importance of their function in disease
control and overall prognosis.

Although no unexpected toxicity was seen, we observed
several MEK inhibitor–associated class effects (G3 and G4
toxicity), including LVEF decrease and dropped head
syndrome, all of which were reversible with dose reduction
or discontinuation of drug.41,42 The most bothersome side
effects were binimetinib-associated acneiform rash and
binimetinib- and/or imatinib-associated periorbital and
peripheral edema. These were managed with prophylactic
antibiotics, topical steroids, and ancillary support without
the need for dose modifications. Overall, the combination
therapy is reasonably tolerated with manageable toxicity.

This is one of the first clinical trials combining a TKI and an
MEK inhibitor in the frontline treatment of GIST. The
combination of imatinib and binimetinib is effective in
treatment-naive advanced GIST. Deep and durable re-
sponses were noted. However, addition of binimetinib to
imatinib has increased toxicity mostly related to rash and
peripheral edema. Imatinib and binimetinib or a similar
combination should be evaluated in a randomized trial in
direct comparison with the SOC, imatinib alone, in the first-
line treatment of advanced GIST, with careful consideration
of the efficacy end points and toxicity profiles.
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APPENDIX 1. SUPPLEMENTAL METHODS

Patients

Additional key inclusion criteria were patients with measurable
lesion(s) by RECIST1.1, were able to take oral medications, and
sign informed consents. Key exclusion criteria included severe
and/or uncontrolled medical diseases, active brain metastasis,
history of retinal degenerative disease or central serious retinop-
athy or retinal vein occlusion, or neuromuscular disorders asso-
ciated with elevated creatinine phosphokinase (CPK; eg,
inflammatory myopathies, muscular dystrophy, and spinal mus-
cular atrophy). Complete inclusion and exclusion criteria are
available in the study protocol.

Study Design, Treatment, and End Points

Eligible patient with advanced gastrointestinal stromal tumor (GIST) of
all genotypes, including mutations in KIT, PDGFRA,NF1, and subunits
of the SDH complex could enroll in the study.

Pathologic responses were reported by standard pathology review and
independently reviewed by study pathologist, Dr Cristina Antonescu
(Memorial Sloan Kettering Cancer Center [MSKCC]). Correlative
analysis included tumor genomics by MSK-Integrated Molecular
Profiling of Actionable Cancer Targets (MSK-IMPACT).

Genomic Studies

Samples. All tumors were profiled using the MSK-IMPACT clinical
sequencing assay, a hybridization capture, next-generation se-
quencing platform amenable to DNA from both fresh-frozen and
formalin-fixed, paraffin-embedded samples for targeted sequencing as
described.37,43 The library construction and sequencing were per-
formed by the MSKCC Integrated Genomics Operation Facility, Marie-
Josée and Henry R. Kravis Center for Molecular Oncology. Alignment
and single nucleotide variant, indel, and copy-number alteration
calling were performed as described previously.37,43

Genomic analysis. Somatic alterations were annotated using
OncoKB for oncogenicity and clinical actionability44 (Data version:
v3.2, released on March 12, 2021). Tumor mutational burden was
calculated for each sample as the total number of nonsynonymous
mutations, divided by the number of bases sequenced. Fraction of
genome altered was calculated for each sample as the percentage of
the genome with absolute log2 copy ratios . 0.2.

Statistics. Comparisons between groups were done using the
nonparametric Mann-Whitney U test or the Fisher’s exact test for
continuous and categorical variables, respectively. Statistical tests
comparing pretreatment and post-treatment paired values were done
using the Student’s paired-samples t-test. All reported P values are
two-tailed and a P value, .05 was considered significant. All analyses
were performed using R v3.5.245 and Bioconductor v3.4. Association
with progression-free survival was assessed for each IMPACT marker
using the Kaplan-Meier curve and the log-rank test.

Statistical Analysis

All patients who received at least one dose of the combination of
imatinib and binimetinib were included in the safety and toxicity
analysis. All patients who received combination therapy and were
evaluated by at least one follow-up scan were included in the efficacy
analysis. All data reflect an interim data-cut on November 15, 2020,
from patients enrolled between September 15, 2014, and November
15, 2020 (Fig 1). Progression-free survival (PFS) and overall survival
(OS) were estimated using the Kaplan-Meier method. The study is
registered at ClinicalTrials.gov identifier: NCT01991379.

SUPPLEMENTAL DISCUSSION
Although RECIST1.1 has been the standard evaluationmethod of objective
responses in GIST, it has been shown to underestimate treatment re-
sponses, especially during early treatment course. Evaluations of changes in
computed tomography (CT) density by Choi criteria34 and positron emission
tomography (PET)-metabolic changes by European Organisation for Re-
search and Treatment of Cancer (EORTC)35 are used within the first 4-8
weeks inGIST as ancillary corroborating imaging studies to identify potential
early responses or signs of therapy resistance. 39 of 41 (95.1%) evaluable
patients had a Choi PR approximately 8 weeks, and 31 of 35 (88.6%)
evaluable patients had either complete metabolic response or partial
metabolic response by PET scan at 4 weeks. The responses by Choi and
EORTC criteria are largely concordant with RECIST (PR plus SD). EORTC
noted complete responses in eight patients, which were PR or SD by other
response criteria, which is consistent with the finding that metabolic activity
may decrease to background in solid tumors, despite residual CT
lesions.46,47 Furthermore, wewere able to compare the pathologic response
with RECIST1.1 measurement in the eight patients who underwent surgery
after treatment. Five of eight (62.5%) patients achieved significant path-
ologic response (SPR; $ 90% treatment effects; Fig 4), which appeared
more superior comparingwith historical SPRconsistently,50% inpatients
with GIST treated with first-line imatinib (400-600 mg/day).17,48 The SPR
was not restricted to gastric GIST or KIT exon11-mutant GIST that are
known to have better responses to imatinib than GIST from other GI lo-
cations or KIT mutations. The SPR also indicates that the imatinib and
binimetinib combination can induce enhanced cytotoxicity and deep tumor
treatment responses that are often not seen with single agent imatinib. The
pathologic responses are consistently higher than RECIST responses in the
same patient and there was no specific correlation of RECIST PR versus
SPR. These observations indicate that for GIST therapeutic assessment,
RECIST1.1 RR consistently underestimated the treatment responses.
RECIST PFS can be an effective measure of clinical benefit and as pre-
dictive as RECIST RR in first-line metastatic GIST treatment assessment.
However, asGIST tumors havedifferent shapes and canmanifest treatment
response with fibrosis and/or necrosis without significant change in tumor
size, a multimodality assessment algorithm that integrates novel imaging
modalities, such as 3D volumetric measurement, genetic/molecular and
histopathologic features of GIST would be ideal for accurate assessment of
treatment response to novel therapeutics in future trials.

One patient with sporadic NF1-deficient GIST had primary resistance
and progressed within 2 months; no new mutations were discovered.
Notably, SDH-deficient GIST is primarily resistant to imatinib. We had
one patient with SDH-deficient GIST on phase II trial who had stable
disease by RECIST1.1 for 16 weeks at the time of data cutoff. There
were five patients with SDH-deficient GIST on the phase Ib portion of
the trial, all with either SD (n 5 4) or PR (n 5 1) for at least 8 months
(unpublished). These data indicate that the combination therapy has
the potential to target the interstitial cell of Cajal and/or GIST lineage-
dependent survival pathways beyond KIT-activating mutations.

The RP2D was initially defined as imatinib 400 mg once daily plus
binimetinib 45mg twice daily in phase Ib.32 Although higher doses of
imatinib had been shown to be more efficacious in KIT exon 9-mutant
GIST, considering that (1) KIT exon 9 patients account for a small
fraction of GIST (approximately 10%) and the trial is not restrictive on
the basis of mutational status,1 (2) randomized phase III trials including
all GISTs irrespective of mutational status demonstrated no significant
difference in PFS and OS between high-dose and standard-dose of
imatinib,7,9,36 and (3) preclinical studies indicated significant synergist
antitumor response of the imatinib and binimetinib combination in
GIST even at significantly reduced doses of imatinib or binimetinib,31

we decided not to include imatinib dose levels higher than standard-of-
care dose (400 mg once daily) in the dose-escalation phase Ib study.
Furthermore, for durable tolerability and reduced toxicity, we treated
the phase II patients with imatinib 400 mg once daily plus binimetinib
30 mg twice daily (one dose level lower than RP2D).
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