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ABSTRACT

Introduction: Somatic KRAS mutations occur in 25% of
patients with NSCLC. Treatment with MEK inhibitor mon-
otherapy has not been successful in clinical trials to date.
Compensatory activation of FGFR1 was identified as a
mechanism of trametinib resistance in KRAS-mutant NSCLC,
and combination therapy with trametinib and ponatinib
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study therapy until intolerable toxicity or disease
progression.

Results: A total of 12 patients with KRAS-mutant NSCLC
were treated (seven at trametinib 2 mg and ponatinib 15
mg, five at trametinib 2 mg and ponatinib 30 mg). Common
toxicities observed were rash, diarrhea, and fever. Serious
adverse events potentially related to therapy were reported
in five patients, including one death in the study and four
cardiovascular events. Serious events were observed at
both dose levels. Of note, 75% (9 of 12) were assessable for
radiographic response and no confirmed partial responses
were observed. The median time on study was 43 days.

Conclusions: In this phase 1 study, in patients with KRAS-
mutant advanced NSCLC, combined treatment with trame-
tinib and ponatinib was associated with cardiovascular and
bleeding toxicities. Exploring the combination of MEK and
FGFR1 inhibition in future studies is potentially warranted
but alternative agents should be considered to improve
safety and tolerability.

� 2021 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Activating mutations in KRAS occur in 25% of pa-

tients with metastatic NSCLC. Although strides have
been made in identifying molecular drivers of NSCLC,
leading to the development of targeted therapies and
resulting in improved survival for patients,1 strategies
to combat KRAS-driven tumors have been largely inef-
fective aside from covalent G12C inhibitors in clinical
development.2–5 For patients with non–G12C mutation
subtypes, most efforts have been focused on targeting
effector proteins downstream in the MAPK signaling
pathway (RAF, MEK, ERK) to halt cancer growth. MEK
inhibition in KRAS-mutant NSCLC revealed promise in
preclinical studies; however, the efficacy of single-agent
MEK inhibitors (e.g., trametinib6 and selumetinib7) in
clinical trials has been limited, revealing no benefit
compared with docetaxel in the second-line setting.

This lack of efficacy may be, in part, owing to
adaptive resistance mechanisms. Compensatory acti-
vation of FGFR1 has been identified as a potential
critical mechanism for trametinib resistance in KRAS-
mutant lung cancer models,8 suggesting a rationale
for combinatorial therapy targeting both MEK and
FGFR1. Ponatinib9 is a multitargeted tyrosine kinase
inhibitor that blocks signaling from FGFR and ABL. The
combination of trametinib and ponatinib resulted in
synergistic inhibition of the MAPK pathway and tumor
shrinkage in in vitro and in vivo KRAS-mutant NSCLC
models. On the basis of this preclinical data, we
developed and conducted a phase 1 dose escalation
study to evaluate the combination of trametinib and
ponatinib in patients with metastatic NSCLC harboring
a KRAS mutation.
Materials and Methods
This was a single-institution study conducted after

approval from the institutional review board at Memo-
rial Sloan Kettering Cancer Center (NCT03704688) and
all patients provided informed consent before study
screening assessments. Patients with KRAS mutations
were identified with routine clinical testing. To be
eligible for the study, all patients were required to have
documented metastatic disease and have been previ-
ously treated with available standard therapies for
NSCLC (platinum doublet chemotherapy and immune
checkpoint inhibitor). Patients with a history of arterial
or venous thromboembolism diagnosed within 6 months
before the start of therapy were not eligible for the
study. Those with a more distant history of these events
were required to be stable on appropriate medical
therapy. Patients with symptomatic brain metastases
were not eligible.

The primary end point for the study was the deter-
mination of the maximum tolerated dose (MTD) of tra-
metinib and ponatinib in patients with KRAS-mutant
NSCLC. The standard 3-plus-3 dose escalation was done
using prespecified dosage levels (Supplementary
Table 1). The study planned to enroll a minimum of six
patients and a maximum of 30 patients if dose de-
escalation levels were used. A starting dose of trameti-
nib 2 mg was planned given its previous exploration in
clinical trials for patients with KRAS-mutant NSCLC6 and
previous determination as to the maximal tolerated dose
both as monotherapy and in combination with dabrafe-
nib for the management of BRAF V600E–mutant
NSCLC.10 Escalating doses with ponatinib were planned,
starting at the lowest available dose of ponatinib (15 mg
in dose level 1 and increasing to 30 mg in dose level 2).
Patients were assessed for dose-limiting toxicities
(DLTs), defined as grade 3 or 4 toxicity or any grade
toxicity that required drug discontinuation, for 28 days.

Secondary objectives of the study included explora-
tion of clinical efficacy and description of the toxicities of
the combination in this study population. Toxicities were
assessed according to National Cancer Institute Common
Terminology Criteria version 4.1 and summarized using
descriptive statistics. Disease assessments were per-
formed every two cycles (28-day cycles) and the
response was assessed using the Response Evaluation

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Criteria in Solid Tumors 1.1 criteria. Patients were
treated with study therapy until intolerable toxicity or
disease progression.

After determination of the MTD of the combination
therapy, the study was designed to continue into phase 2
with a Simon optimal two-stage trial design to assess the
primary end point of the response rate (Response
Evaluation Criteria in Solid Tumors 1.1 complete
response þ partial response [PR]). A null hypothesis of a
10% response rate against the alternative hypothesis of
a 30% response rate for patients with progressive dis-
ease after at least two previous lines of therapy was
used. The planned phase 2 portion of the study would
enroll 15 patients in the first stage. If one or more re-
sponses were seen, then the study would expand to 25
patients. To declare ponatinib and trametinib at this
dose and schedule as promising, there would need to be
at least five confirmed PRs in 25 response-assessable
patients.

Results
A total of 12 patients with KRAS-mutant NSCLC were

enrolled, treated between October 2018 and October
2019 at the Memorial Sloan Kettering Cancer Center. The
baseline characteristics of patients treated are summa-
rized in Table 1. The most common mutation subtype of
patients treated was G12C mutation and 42% of patients
had concurrent STK11 mutation. Three patients were
initially enrolled treated at dose level 1 and after no
Table 1. Baseline Characteristics of Patients

Patient Characteristic No. of Patients (%)

Age, median (range) 61 (38–71)
Sex
M 6 (50)
F 6 (50)

History of smoking
Current/former 9 (75)
Never 3 (25)

ECOG performance Status
0 3 (25)
1 9 (75)

Previous lines of therapy
1 3 (25)
2 5 (42)
3 4 (33)

KRAS mutation
G12C 5 (42)
G12D 2 (17)
G13C 2 (17)
G12V 2 (16)
Q61H 1 (8)

STK11 comutation 5 (42)
KEAP1 comutation 2 (17)

ECOG, Eastern Cooperative Oncology Group; F, female; M, male.
DLTs were observed, dose level 2 was explored. In total,
five patients were treated at dose level 2 (trametinib 2
mg and ponatinib 30 mg). Two patients experienced
DLTs, one myocardial infarction, and one patient with
intolerable grade 1 fever requiring dose reduction;
therefore, further enrollment at this dose level was hal-
ted. A total of seven patients were treated at dose level 1
(trametinib 2 mg and ponatinib 15 mg). These seven
patients included one patient who was replaced in the
cohort as the patient was not DLT-assessable and dis-
continued study therapy owing to clinical progression of
the disease.

Table 2 summarizes the most common toxicities that
were observed during treatment. Diarrhea, rash, and
fever were the most common toxicities observed.
Treatment-related grade 3 to 5 toxicities were observed
in 6 of 12 patients, including one death owing to
gastrointestinal hemorrhage that was deemed possibly
related to study therapy. Multiple serious adverse events
were observed. Serious adverse events potentially owing
to study therapy were reported in 5 of 12 patients
(Table 3). These events included cardiovascular com-
plications of new heart failure, myocardial infarction,
atrial fibrillation, and venous thromboembolism, in
addition to the gastrointestinal bleeding event previ-
ously described. These events occurred in both dose
level 1 and dose level 2, and four of five of the events
occurred during the first two cycles of treatment.

The key efficacy end point of this study was the
radiographic response rate. The response rate was 0%
(0 of 12, 95% confidence interval: 0%–25%). Five of
nine patients were observed to have disease control on
initial response assessments, including two patients
treated at dose level 1 (trametinib 2 mg and ponatinib
15 mg) both with a 30% reduction in target lesions on
first follow-up imaging. Disease control was not sus-
tained, however, and both patients developed progres-
sive disease at subsequent follow-up assessment and,
therefore, no confirmed partial or complete responses
occurred. Three patients discontinued study therapy
before the first disease assessment and were categorized
as not assessable. Figure 1 shows tumor response as-
sessments of target lesions. The median duration on
study was 43 days (range: 12–112) with the median
time on therapy being 37 days.
Discussion
Here, we report the results of a phase 1 dose esca-

lation clinical trial of the combination of trametinib and
ponatinib in KRAS-mutant lung cancer conducted to
evaluate the hypothesis that combined treatment with a
MEK inhibitor and FGFR inhibitor would lead to syner-
gistic inhibition of the MAPK pathway and tumor



Table 2. Summary of Most Common Toxicities Observed

Toxicity Observed Grade 1 (%) Grade 2 (%) Grade 3 (%) Total, Any Grade (%)

Rash 6 (50) 2 (17) 8 (67)
Diarrhea 4 (33) 1 (8) 5 (42)
Dry skin 3 (25) 3 (25)
Constipation 2 (17) 2 (17)
Fever 2 (17) 1 (8) 3 (25)
Dry mouth 2 (17) 2 (17)
Headache 2 (17) 2 (17)
Nausea 2 (17) 2 (17)
Vomiting 2 (17) 2 (17)
Anorexia 2 (17) 2 (17)
Fatigue 1 (8) 1 (8) 2 (17)
Skin infection 2 (17) 2 (17)
Thromboembolic event 1 (8) 1 (8) 2 (17)
AST increased 1 (8) 1 (8) 2 (17)

AST, aspartate transaminase.
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shrinkage in patients, as was reported in KRAS-mutant
NSCLC models. Although modest disease shrinkage was
observed in some patients, disease control was not du-
rable and no confirmed PRs were observed. The com-
bination of trametinib and ponatinib led to substantial
toxicities.

KRAS-mutant NSCLC is a heterogeneous disease but
continues to represent an unmet clinical need. Although
KRAS-G12C direct inhibitors are in clinical development,
including the recent Food and Drug Administration
approval of sotorasib,5 not all patients will respond to
therapy and most patients with KRAS-mutant lung can-
cer have a non-G12C genotype.11 Therefore, there re-
mains a continued need to develop effective targeted
therapies for patients with KRAS-mutant NSCLC. Given
the lack of significant efficacy of single-agent MEK inhi-
bition,6,7 there has been significant interest in under-
standing potential mechanisms of resistance to such
downstream inhibition. Reactivation of FGFR1 has been
observed as a potential mechanism of resistance8 to MEK
inhibition, with the combination of trametinib and
ponatinib resulting in the greatest synergistic effects,
supporting the rationale for this clinical trial.

Ponatinib is a multitargeted tyrosine kinase inhibitor
that blocks signaling from FGFR and ABL and is
currently approved by the Food and Drug
Table 3. Treatment-Related Serious Adverse Events Observed

Toxicity Observed Timing of Event

Left ventricular ejection fraction decrease C2D1
Atrial fibrillation C2D8
Pulmonary embolus C1D12
Myocardial infarction C1D19
Gastrointestinal bleed C4D8

ICU, intensive care unit; LV, left ventricle.
Administration for the treatment of chronic myeloid
leukemia (CML).9 Increased risk of arterial and venous
thromboembolism has been documented with ponatinib
treatment in patients with CML.12 KRAS mutations are
more frequently identified in patients with NSCLC who
have a history of smoking,13 and therefore, we antici-
pated that patients with lung cancer may be at a higher
risk for these events. In an attempt to decrease this risk,
patients with a history of arterial thromboembolism
(stroke, myocardial infarction) or venous thromboem-
bolism (pulmonary embolism, deep vein thrombosis)
were diagnosed within 6 months of enrollment were not
eligible for participation in the clinical trial. Patients with
a more distant history of such events were eligible, but
only if they were receiving appropriate medical man-
agement of these conditions. Despite these restrictions,
cardiac events were still observed even in patients with
no previous history of such events. Cardiovascular tox-
icities were observed even in never-smokers, with one
patient experiencing an acute myocardial infarction who
had no known risk factors for cardiovascular disease.
Potential cardiac toxicities, specifically heart failure,
have also been reported with trametinib mono-
therapy,14,15 and, therefore, it is possible that this further
contributed to events observed. In addition to serious
cardiovascular events, potential overlapping toxicities of
Dose Level Comments

1 Asymptomatic, LV thrombus identified
1 Clinical heart failure
1 with hemoptysis, ICU stay
2 ST elevation myocardial infarction
2 Grade 5 (required before dose reduction)
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Figure 1. Change from baseline in tumor burden in patients assessable for response (9 of 12). Three patients discontinued
study therapy before the initial disease assessment.
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both trametinib and ponatinib, most notably diarrhea
and rash, lead to difficulty tolerating the combination in
several patients.

Although dose de-escalation levels were considered
and prespecified for this clinical trial, these dose com-
binations explored de-escalating doses of trametinib in
combination with the lowest available dose of ponatinib
(Supplementary Table 1). Given that significant cardio-
vascular events were observed even at the 15-mg dose of
ponatinib, there was significant concern that these
events could continue even at dose de-escalation levels.
Had the significant toxicities observed been felt to be
primarily owing to trametinib (e.g., diarrhea), the use of
dose de-escalation levels would have been used. How-
ever, given the severity of toxicities observed and the
early timing of such events, the determination was made
not to proceed with the exploration of other dose levels
to determine MTD.

The clinical trial we report here is limited by its
small number of patients treated. Although five patients
were noted to have disease shrinkage in target lesions,
this disease control was not durable with the longest
duration on the study of under 4 months. The main
limitation of this combination is toxicity with signifi-
cant risks of arterial and venous thromboembolism.
This represents the known risks of ponatinib therapy in
patients with CML, though this risk may be higher in
patients with NSCLC who are at higher risk for venous
thromboembolism16 in the setting of active malignancy,
and may have a higher risk for other cardiovascular
complications in the setting of previous tobacco use.
More recent efforts have identified thrombotic micro-
angiopathy as a cause of cardiovascular toxicity in the
setting of ponatinib treatment.17 Other combinations of
MEK inhibition and FGFR inhibitors (e.g., erdafitinib or
infigratinib) should be explored in KRAS-mutant NSCLC
preclinical models and, whether similar synergy is
identified, would warrant further evaluation in a clin-
ical trial. This approach may reduce potential toxicity
attributable to the multitargeted kinase inhibitor
ponatinib and decrease overlapping toxicities with MEK
inhibitors, specifically in patients with non–G12C mu-
tation subtypes, in which treatment options remain
limited.
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