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ABSTRACT

Introduction: Acquired MET gene amplification, MET exon
14 skip mutations, or MET fusions can emerge as resistance
mechanisms to tyrosine kinase inhibitors (TKIs) in patients
with lung cancer. The efficacy and safety of combining MET
TKIs (such as crizotinib, capmatinib, or tepotinib) with
parent TKIs to target acquired MET resistance are not well
characterized.

Methods: Multi-institutional retrospective chart review
identified 83 patients with metastatic oncogene-driven
NSCLC that were separated into the following two pair-
wise matched cohorts: (1) MET cohort (n ¼ 41)—patients
with acquired MET resistance continuing their parent
TKI with a MET TKI added or (2) Chemotherapy cohort
(n ¼ 42)—patients without any actionable resistance
continuing their parent TKI with a platinum-pemetrexed
added. Clinicopathologic features, radiographic response
(by means of Response Evaluation Criteria in Solid Tumors
version 1.1), survival outcomes, adverse events (AEs) (by
means of Common Terminology Criteria for Adverse
Events version 5.0), and genomic data were collected.
Survival outcomes were assessed using Kaplan-Meier
methods. Multivariate modeling adjusted for lines of
therapy, brain metastases, TP53 mutations, and oligome-
tastatic disease.

Results: Within the MET cohort, median age was 56 years
(range: 36–83 y). Most patients were never smokers (28 of
41, 68.3%). Baseline brain metastases were common (21 of
41, 51%). The most common oncogenes in the MET cohort
were EGFR (30 of 41, 73.2%), ALK (seven of 41, 17.1%), and
ROS1 (two of 41, 4.9%). Co-occurring TP53 mutations (32 of
41, 78%) were frequent. Acquired MET alterations included
JTO Clinical and Research Reports Vol. 5 No. 2: 100637

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:tejas.patil@cuanschutz.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jtocrr.2024.100637
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtocrr.2024.100637&domain=pdf


2 Patil et al JTO Clinical and Research Reports Vol. 5 No. 2
MET gene amplification (37 of 41, 90%), MET exon 14
mutations (two of 41, 5%), and MET gene fusions (two of
41, 5%). After multivariate adjustment, the objective
response rate (ORR) was higher in the MET cohort versus
the chemotherapy cohort (ORR: 69.2% versus 20%,
p < 0.001). Within the MET cohort, MET gene copy number
(�10 versus 6–10) did not affect radiographic response
(54.5% versus 68.4%, p ¼ 0.698). There was no difference
in ORR on the basis of MET TKI used (F [2, 36] ¼ 0.021,
p ¼ 0.978). There was no difference in progression-free
survival (5 versus 6 mo; hazard ratio ¼ 0.64; 95% confi-
dence interval: 0.34–1.23, p ¼ 0.18) or overall survival (13
versus 11 mo; hazard ratio ¼ 0.75; 95% confidence inter-
val: 0.42–1.35, p ¼ 0.34) between the MET and chemo-
therapy cohorts. In the MET cohort, dose reductions for
MET TKI-related toxicities were common (17 of 41, 41.4%)
but less frequent for parent TKIs (two of 41, 5%). Grade 3
AEs were not significant between crizotinib, capmatinib,
and tepotinib (p ¼ 0.3). The discontinuation rate of MET
TKIs was 17% with no significant differences between MET
TKIs (p ¼ 0.315). Among pre- and post-treatment biopsies
(n ¼ 17) in the MET cohort, the most common next-
generation sequencing findings were loss of MET gene
amplification (15 of 17, 88.2%), MET on-target mutations
(seven of 17, 41.2%), new Ras-Raf-MAPK alterations (three of
17, 17.6%), and EGFR gene amplification (two of 17, 11.7%).

Conclusions: The efficacy and safety of combining MET
TKIs (crizotinib, capmatinib, or tepotinib) with parent TKIs
for acquired MET resistance are efficacious. Radiographic
response and AEs did not differ significantly on the basis of
the underlying MET TKI used. Loss of MET gene amplifi-
cation, development of MET on-target mutations, Ras-Raf-
MAPK alterations, and EGFR gene amplification were mo-
lecular patterns found on progression with dual parent and
MET TKI combinations.

� 2024 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 li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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resistance; MET amplification; MET exon 14 skipping
Introduction
The use of effective tyrosine kinase inhibitors (TKIs)

for patients with oncogene-driven metastatic NSCLC
(mNSCLC) has improved clinical outcomes.1 MET alter-
ations have emerged as an important target. These can
occur as de novo oncogenic drivers that are highly
responsive to MET TKIs.2–5 Outside of a primary onco-
genic driver, MET alterations represent an important
class of acquired resistance.6–16 Acquired MET
resistance alterations are heterogeneous and include
MET gene amplification, MET exon 14 skip mutations
(METex14), and MET gene fusions.3,4,9 The clinical
practice of combining MET TKIs with the parent TKI to
target acquired MET resistance has been reported in
small case series.17–28 Nevertheless, a systematic anal-
ysis of the overall frequency, efficacy, and safety of this
approach across different oncogenic subtypes of NSCLC
and a detailed comparison to the alternative strategy of
using platinum-pemetrexed chemotherapy have not
been described before. Here, we performed a detailed
multi-institutional analysis of the efficacy and safety of
combining MET TKIs with parent TKIs among patients
with mNSCLC with a range of original driver oncogenes
and MET acquired resistances.
Materials and Methods
Patients and Clinical Data Collection

The study was conducted in accordance with the
Declaration of Helsinki and good clinical practice guide-
lines following approved institutional review board pol-
icies. Three U.S. academic oncology centers (University of
Colorado, Vanderbilt University, and the University of
Pennsylvania) were involved. All patients with mNSCLC
(American Joint Committee on Cancer eighth edition)
from January 2013 to January 2023 harboring EGFR, ALK,
ROS1, RET, NTRK, BRAF V600E, or HER2 oncogenes that
were treated with a parent TKI were eligible
(Supplementary Fig. 1). A parent TKI was defined as a TKI
that resulted in documented clinical and radiographic
benefit for at least 3 months. All patients had compre-
hensive genomic profiling both at diagnosis and imme-
diately before receiving post-progression treatment.
Eligible patients with progression on their parent TKI
were considered within one of the following two cohorts:
(1) MET cohort—patients with acquired MET resistance
alterations who received a combination of their parent
TKI with a MET TKI and (2) Chemotherapy cohort—pa-
tients without a MET resistance alteration and no other
actionable resistance mechanisms who received a com-
bination of their parent TKI with platinum-pemetrexed
chemotherapy (Supplementary Fig. 2). All eligible pa-
tients were on Food and Drug Administration (FDA)-
approved starting doses of their parent TKI before
receiving post-progression treatment. Within the MET
cohort, all patients started with FDA-approved doses of
crizotinib, tepotinib, or capmatinib. Within the chemo-
therapy cohort, all patients received carboplatin area
under the curve 5 and pemetrexed 500 mg/m2 dosed
every 21 days.

Demographics, pathology, molecular testing, imaging
reports, treatment history, and clinical outcomes were
extracted from the electronic health record. Investigator-
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assessed radiographic responses (by means of Response
Evaluation Criteria in Solid Tumors version 1.1) were
performed using the patient’s first on-treatment scan
obtained within 8 to 12 weeks after starting treatment.
Clinical outcome measures such as progression-free
survival (PFS), time to next treatment (TTNT), and
overall survival (OS) were collected (Supplementary
Fig. 2). Adverse events (AEs) were graded according to
Common Terminology Criteria for Adverse Events
version 5.0. Exclusion criteria included the following: (1)
nonmetastatic disease, (2) absence of molecular profiling
at diagnosis, (3) absence of molecular profiling on pro-
gression of their parent TKI, (4) documented oncogenic
MET alteration at diagnosis (e.g., METex14), (5) patients
with documented acquired MET resistance who did not
receive crizotinib, tepotinib, or capmatinib, and (6)
incomplete follow-up.
Molecular Profiling Methods
Molecular testing was conducted on all patients in

this study by Clinical Laboratory Improvement Amend-
ments-certified laboratories using a mixture of
commercially available or institution-specific next-gen-
eration sequencing (NGS) (Supplementary Table 1).
Tissue samples at the University of Colorado (n ¼ 46)
were analyzed using both the Archer VariantPlex Solid
Tumor and Archer FusionPlex sequencing panel (Arch-
erDx, Inc.). Bioinformatics analysis was carried out using
version-controlled Archer Analysis (4.1.1.7). Fluores-
cence in situ hybridization (FISH) was performed on
neutral formalin-fixed, paraffin-embedded tissue that
was pretreated with proteinase K and hybridized with
the MET DNA probe set (MetaSystems MET orange and
chromosome 7 centromere green). Cell-free DNA
(cfDNA) NGS testing was performed using the Guardant
360 assay (Guardant Health, Inc.), which was sequenced
using the Illumina platform and hg19 as the reference
genome.

We defined acquired MET resistance as the presence
of new (previously undetected) MET gene amplification,
METex14 skip mutations, or MET gene fusions found
after radiographic progression on the parent TKI. The
thresholds for calling high, intermediate, and low levels
of MET gene amplification in this study were defined in
advance (based on previously described methods29,30)
and are found in Supplementary Table 2. In cases where
both NGS and FISH were performed, priority was given
to the MET-to-CEP7 ratio over the absolute gene copy
number (GCN) in defining MET gene amplification.
Statistical Analyses
Descriptive statistics using Fisher exact test for

categorical end points and paired t tests for
continuous end points were used. Comparisons of
radiographic response percentage, objective response
rate (ORR), and disease control rate (DCR) were per-
formed controlling for MET amplification (low, inter-
mediate, high), specimen source (tissue alone, cfDNA
alone, both), and method of detection (NGS, FISH,
both). A Pearson product-moment correlation coeffi-
cient was computed to assess the relationship between
radiographic response and PFS in both the MET and
chemotherapy cohorts. Both univariate and multivar-
iate Cox proportional hazard models were used for
PFS, TTNT, and OS end points. Two-way (1:1) pro-
pensity score matching was also performed on the
complete case data set using the nearest neighbors
approach without replacement and a caliper of 0.15 to
create balanced cohorts. Models were adjusted for
prior lines of therapy, brain metastases, oligometa-
static disease (defined as �3 metastatic sites), and
TP53 mutations. Martingale residuals were used to
select the best functional form of prior lines of ther-
apy. Cox-Snell, Schoenfeld, and deviance residuals were
further used to assess model fit. Unadjusted survival
curves and corresponding medians were obtained with
Kaplan-Meier methods. In each cohort, Cox propor-
tional hazard models were used to assess the univar-
iate associations between each survival outcome and
the following variables: percentage change in tumor
size, ORR, DCR, MET amplification (low, intermediate,
high), specimen source (cfDNA, tissue, both), and
method of detection (NGS, FISH, both). For safety an-
alyses, multivariate logistic regression models, adjust-
ing for age and lines of therapy, were used to compare
the odds of grade greater than or equal to 3 AEs, dose
reduction, dose hold, and treatment discontinuation
across cohorts. The likelihood ratio test was used to
calculate p values and confidence intervals (CIs). The
CIs and corresponding p values were obtained using
robust SEs. Statistical analyses were performed using
GraphPad Prism software (version 9.51 for Windows,
GraphPad Software, San Diego, CA) and R (version
4.2.2 for Windows, R Project, Vienna, Austria).
Results
Patient Characteristics

Across the three academic centers, 511 patients with
oncogene-driven mNSCLC treated with parent TKIs were
identified. Furthermore, 83 eligible patients with pro-
gression on parent TKIs were included for additional
analyses (Table 1 and Supplementary Fig. 1) and
analyzed across the two cohorts. The MET cohort
included 41 patients with acquired MET resistance who
received their parent TKI with a MET TKI. The chemo-
therapy cohort included 42 patients with no actionable



Table 1. Baseline Characteristics of the MET and Chemotherapy Cohorts Evaluated in This Study

Characteristic

MET Cohort (Parent
TKI þ MET TKI)
n ¼ 41, n (%)

Chemotherapy Cohort
(Parent TKI þ Platinum–Pemetrexed)
n ¼ 42, n (%) p Value

Median age at diagnosis, y (range) 56.0 (36.0–83.0) 61.0 (30.0–83.0) 0.684
Sex

Female 21 (51.2) 30 (71.4) 0.073
Male 20 (48.8) 12 (28.6) 0.073

Racea

Asian 3 (7.31) 7 (16.7) 0.313
Black 2 (4.9) 2 (4.8) 1.00
White 35 (85.4) 33 (78.5) 0.57
Pacific Islander 1 (2.4) 0 (0) 0.494

Smoking status
Never or light smokerb 28 (68.3) 34 (81.0) 0.214
Median pack-years 0 (0–50.0) 0 (0–40.0) 0.292

Nonsquamous 38 (92.7) 42 (100) 0.116
Oncogene

EGFR–typical mutationsc 28 (68.3) 28 (66.7) 1.00
EGFR–atypical mutationsc 2 (4.9) 4 (9.5) 0.676
ALK 7 (17.1) 7 (16.7) 1.00
ROS1 2 (4.9) 2 (4.8) 1.00
BRAF V600E 1 (2.4) 1 (2.4) 1.00
HER2 exon 20 insertiond 1 (2.4) 0 (0.0) 1.00

Stage at diagnosis
Stages I–IIIBe 2 (4.9) 2 (4.8) 1.00
Stage IV 39 (95.1) 40 (95.2) 1.00

Metastatic profile
Brain metastases 21 (51.2) 17 (40.5) 0.382
Oligometastatic diseasef 5 (12.2) 5 (11.9) 1.00

Molecular profiling
Tissue NGS 15 (36.6) 16 (38.1) 1.00
ctDNA NGS 4 (9.8) 9 (21.4) 0.227
Both 22 (53.7) 17 (40.5) 0.274

MET alterations
MET gene amplification 37 (90.2) - -
MET exon 14 skip 2 (4.87) - -
MET fusion 2 (4.87) - -

TP53 alterationsg

Present 32 (78.0) 27 (64.2) 0.227
Absent 9 (21.9) 15 (35.7) 0.227

Prior therapies
Prior lines of anticancer therapy,

median (range)
2.0 (1.0–9.0) 1.0 (1.0–5.0) 0.137

Prior chemotherapy 20 (48.8) - -
Prior TKIh 15 (36.6) 16 (38.1) 1.00

aRacial categorizations are based on HHS data collection standards. Racial categories include: (1) White, (2) Black (or African American), (3) Asian, (4) Native
Hawaiian or Other Pacific Islander, or (5) American Indian or Alaskan Native. The latter is not found because no patient met this category.
bLight smoker defined as �10 pack years.
cTypical EGFR mutations include sensitizing EGFR exon 19 deletions and L858R mutations. Atypical EGFR mutations include EGFR G709, L861Q, S768I, or exon 20
insertions.
dThis patient had a HER2 exon 20 insertion and received platinum doublet chemotherapy, trastuzumab deruxtecan, and then afatinib in the third-line setting.
Although the patient was on afatinib, she developed MET amplification as a mechanism of resistance.
eAll these patients had metastatic relapse. On relapse, all molecular profiling was performed on the metastatic sample before the initiation of systemic
therapy.
fOligometastatic disease is defined as less than or equal to three metastatic sites at diagnosis.
gRefers to TP53 mutations identified at diagnosis.
hIn some cases, patients may have received a sequence of TKIs before MET alterations were identified (MET cohort) or before chemotherapy was initiated
(chemotherapy cohort). For example, an ALK-positive patient may have received crizotinib, alectinib, and lorlatinib before a METalteration was identified. For
the purposes of this analysis, only the last TKI received before receiving post-progression treatments was considered.
ctDNA, circulating tumor DNA; HHS, Human Health Services; NGS, next-generation sequencing; TKI, tyrosine kinase inhibitor.
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Figure 1. Genomic data of patients who received dual parent and MET TKI combinations. (A) A heatmap revealing genomic
data from 41 samples before receiving dual parent and MET TKI combinations. (B) A heatmap revealing genomic mechanisms
of resistance among 17 samples obtained after progression on dual parent and MET TKI combinations. TKI, tyrosine kinase
inhibitor.
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resistance who received their parent TKI with platinum-
pemetrexed chemotherapy. The TKIs included in this
study are found in Supplementary Table 3.

The median age at diagnosis of mNSCLC for the
MET cohort and chemotherapy cohort was 56 years
(range: 36–83 y) and 61 years (range: 30–83 y),
respectively. Most patients in both cohorts were never
smokers (68.3% versus 81%). Adenocarcinoma was
the dominant NSCLC sub-type (92% and 100%). All
patients had central nervous system (CNS) imaging at
baseline. Brain metastases at diagnosis were common
in both cohorts (51.2% and 40.5%). Within the MET
cohort, 48.8% of the patients received prior chemo-
therapy. All patients in the chemotherapy cohort were,
by definition, chemotherapy naive. The percentage of
patients within the MET and chemotherapy cohorts
who received more than one TKI was 36.6% and
38.8%, respectively.
Genomic Characteristics
The distribution of driver oncogenes in both co-

horts is found in Table 1. Sensitizing EGFR mutations
were the dominant driver oncogene (68.3% and
66.7%) in both cohorts. Co-occurring TP53 mutations
were common (78% and 52.4%) in both cohorts. The
genomic alterations in the MET cohort before receiving
a MET TKI are found in Figure 1A. All somatic alter-
ations reported here were not present at diagnosis.
Among 41 patients in the MET cohort, we found 37
cases with MET gene amplification. The distribution of
high, intermediate, and low MET gene amplification
was 54.0% (20 of 37), 27.0% (10 of 37), and 2.7%
(one of 37), respectively. In 16.2% (six of 37) of the
cases, MET gene amplification was called in the NGS
report, but the GCN was not explicitly quantified. In
two cases, METex14 skip resistance mutations were
identified as novel resistance mechanisms to osi-
mertinib (Supplementary Fig. 3). In addition, we
identified two MET gene fusions as acquired resistance
mechanisms. One was a novel CDC42EP3-MET fusion
found on progression on osimertinib (Fig. 2D) and the
other was an ST7-MET fusion found on progression on
alectinib. In all cases, the METex14 skip mutations and
MET gene fusions were not present at diagnosis and
only detected on progression with the parent TKI.
Radiographic and Tumor Response
Waterfall plots of the MET and chemotherapy cohorts

are found in Figure 2A and Supplementary Figure 4. The
median time to the first scan was 10 weeks (range: 8–12
wk). Two patients in the MET cohort and two patients in
the chemotherapy cohort were excluded because they
had assessable, but not measurable, disease per
Response Evaluation Criteria in Solid Tumors version
1.1. The median percentage change in target lesion sizes
at the first on-treatment assessment was �39%
versus �17% (R2 ¼ 0.76, 95% CI: 28.3–40.9, p < 0.001).
The ORR and DCR were significantly higher in the MET
cohort (ORR: 69.2% versus 20%, DCR: 97.4% versus
80%, p < 0.001). The degree of MET gene amplification
(intermediate versus high) did not influence the radio-
graphic response rate (54.5% versus 68.4%, p ¼ 0.698;
Supplementary Table 4). The method of NGS testing
(cfDNA versus tissue) to identify MET gene amplification
did not affect the radiographic response (ORR: 60.0
versus 72.7%, DCR: 60 versus 77.3%, p ¼ 0.524;
Supplementary Table 4). A one-way analysis of variance
revealed no significant difference in radiographic



Figure 2. Radiographic responses to dual parent TKI and MET TKI combinations for acquired MET resistance. (A) A waterfall
plot of investigator-assessed radiographic response for 41 patients who received MET TKIs for acquired MET resistance. Each
bar represents an individual patient and is color coded to represent radiographic response (by means of RECIST 1.1). (B) A
scatterplot revealing no correlation between radiographic response and PFS among patients who received dual parent TKI
and MET TKI combinations. (C) A violin plot revealing the relationship between PFS radiographic response in the MET and
chemotherapy cohorts. (D) Radiographic response in a patient who developed a novel CDC42EP3-MET fusion as a resistance
mechanism to osimertinib. The PET/CTwith progression on osimertinib is found (left) with FDG avidity within the pleura. A
PET/CT obtained after 12 weeks on osimertinib plus crizotinib reveals an interval decrease in FDG avidity within the pleura
(right). CT, computed tomography; FDG, fluorodeoxyglucose; PET, positron emission tomography; PFS, progression-free
survival; RECIST, Response Evaluation Criteria in Solid Tumors; TKI, tyrosine kinase inhibitor.
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response based on underlying MET TKI used (F [2, 36] ¼
0.021, p ¼ 0.978).

Two patients with acquired METex14 resistance
mutations had partial responses (Supplementary Fig. 3).
One patient with a novel CDC42EP3-MET fusion resis-
tance had a partial response after crizotinib was added
to osimertinib (Fig. 2D). The other patient with a ST7-
MET resistance to alectinib had a complete response
with the addition of capmatinib. Patterns of intracranial
and extracranial progression were captured. The
chemotherapy cohort had a significantly higher rate of
intracranial progression relative to the MET cohort
(41.4% versus 14.8%, p ¼ 0.004). Within the MET
cohort, we sought to determine whether this difference
was based on the use of CNS-penetrant MET TKIs. We
found no difference in CNS progression rates in patients
who received crizotinib versus capmatinib or tepotinib
(43.8% versus 38.5%, p ¼ 1.000).
Clinical Outcomes
Median duration of follow-up was 12 months for both

cohorts. Kaplan-Meier curves for PFS (Fig. 3A), TTNT
(Fig. 3B), and OS (Fig. 3C), adjusted for brain metastases,
oligometastatic disease (�3 metastatic sites at diag-
nosis), TP53 mutations, and prior lines of therapy, are
found in Figure 3. A Swimmer Plot showing time to next
treatment is shown in Figure 3D. Between the MET and



Figure 3. Clinical outcome measures among the MET and chemotherapy cohorts in this study. (A) PFS between the MET and
chemotherapy cohort. (B) TTNT between the MET and chemotherapy cohort. (C) OS between the MET and chemotherapy
cohort. (D) A Swimmer plot of the MET cohort. Each bar represents an individual patient. Circles within the bars represent
points of radiographic progression. The median time on treatment is indicated by the dotted line. OS, overall survival; PFS,
progression-free survival; TTNT, time to next treatment.
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chemotherapy cohorts, there was no difference in PFS (5
versus 6 mo; hazard ratio [HR] ¼ 0.64, 95% CI: 0.34–1.23,
p ¼ 0.18), TTNT (7 versus 7 mo; HR ¼ 0.60, 95% CI:
0.31–1.16, p ¼ 0.13), or OS (13 versus 11 mo; HR ¼ 0.75,
95% CI: 0.42–1.35, p ¼ 0.34). We separately performed
two-way (1:1) propensity score matching on the complete
case data set and found no difference in PFS (7.8 versus
4.4 mo; HR ¼ 0.64, 95% CI: 0.34–1.23, p ¼ 0.18), TTNT
(7.8 versus 4.4 mo; HR ¼ 0.60, 95% CI: 0.31–1.16, p ¼
0.13), and OS (11 versus 10 mo; HR¼ 0.75, 95% CI: 0.42–
1.35, p ¼ 0.34) between the MET and chemotherapy co-
horts. To account for potential biases, multivariate models
were repeated in select subpopulations which included
(1) patients who received only one prior line of therapy



Table 2. Summary of Dose Adjustments and Adverse Event Profile Within the MET and Chemotherapy Cohorts

Adverse Event and Dose Summary MET Cohort (n ¼ 41) Chemotherapy Cohort (n ¼ 42)

p ValueDose Adjustments Parent TKI MET TKI Parent TKI Chemotherapy

Treatment discontinuation 0 (0) 7 (17) 0 (0) 12 (29) 0.615
Dose reduction 1 (2) 17 (41) 0 (0) 16 (38) 0.658
Dose interruption 0 (0) 14 (34) 0 (0) 10 (24) 0.340
Adverse event profile Any grade Grade �3 Any grade Grade �3

SAE - 11 (27) - 19 (45) 0.013
Adverse events occurring

in �10% of patients
Anemia 9 (22) 1 (2) 24 (57) 3 (7) 0.002
Neutropenia 1 (2) 1 (2) 10 (24) 7 (17) 0.007
Thrombocytopenia 2 (5) 0 (0) 7 (17) 0 (0) 0.156
Visual impairment 5 (12) 0 (0) 1 (2) 0 (0) 0.109
Diarrhea 17 (41) 1 (2) 10 (24) 1 (2) 0.104
Nausea 14 (24) 2 (5) 16 (38) 1 (2) 0.820
Constipation 5 (12) 0 (0) 10 (24) 0 (0) 0.254
Mucositis 1 (2) 0 (0) 6 (14) 0 (0) 0.109
Peripheral edema 19 (46) 3 (7) 7 (17) 0 (0) 0.004
Fatigue 17 (41) 3 (7) 21 (50) 1 (2) 0.511
Elevated AST or ALT 4 (9) 0 (0) 4 (9) 1 (2) 0.99
Hyponatremia 3 (7) 2 (5) 5 (12) 2 (5) 0.713
Hypoalbuminemia 5 (12) 0 (0) 3 (7) 0 (0) 0.483
Myalgia 4 (9) 0 (0) 3 (7) 0 (0) 0.713
Muscle weakness 0 (0) 0 (0) 4 (9) 1 (2) 0.116
Dizziness 7 (17) 0 (0) 1 (2) 0 (0) 0.029
Peripheral neuropathy 4 (9) 0 (0) 7 (17) 0 (0) 0.519
Kidney injury 4 (9) 0 (0) 7 (17) 5 (12) 0.519
Dyspnea 3 (7) 1 (2) 5 (12) 1 (2) 0.713
Cough 1 (2) 0 (0) 5 (12) 0 (0) 0.201
Maculopapular rash 8 (20) 0 (0) 8 (20) 1 (2) 0.999
Paronychia 6 (15) 0 (0) 0 (0) 0 (0) 0.012

Bolded values indicate statistically significant differences (p < 0.05)
ALT, alanine transaminase; AST, aspartate transaminase; SAE, serious adverse event; TKI, tyrosine kinase inhibitor.
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and (2) patients with sensitizing EGFR mutations treated
with osimertinib. Among all subset analyses, there was no
difference in PFS, TTNT, or OS between the MET and
chemotherapy cohorts (Supplementary Fig. 5A-F). After
adjusting for brain metastases, oligometastatic disease,
TP53 mutations, and prior lines of therapy, we found no
association between depth of radiographic response and
PFS (HR ¼ 0.429, 95% CI: 0.191–0.962, p ¼ 0.41) in the
MET cohort (Fig. 2B and C). In the chemotherapy cohort,
we did observe a positive correlation between depth of
radiographic response and PFS (HR ¼ 0.888, 95% CI:
0.303–2.60, p ¼ 0.83) and OS (HR ¼ 0.361, 95% CI:
0.119–1.10, p ¼ 0.025) (Supplementary Fig. 6).

Safety
The safety data within the MET and chemotherapy

cohorts are found in Tables 2 and 3. Osimertinib was the
most common parent TKI used in either cohort (68.2%
and 76.2%). The MET TKIs used in this study included
capmatinib (54%), crizotinib (37%), and tepotinib (9%).
All TKI doses were initially administered at the FDA-
approved starting dose levels. Anemia (57% versus
22%, p ¼ 0.002) and neutropenia (24% versus 1%,
p ¼ 0.007) were significantly more common in the
chemotherapy cohort. Peripheral edema (46% versus
17%, p ¼ 0.004), dizziness (17% versus 2%, p ¼ 0.029),
and paronychia (15% versus 0%, p ¼ 0.012) were
significantly more common in the MET cohort. Dose re-
ductions of the MET TKI because of treatment-
attributable toxicities were common (41%) but rarely
required for the parent TKI (5%). In one case, erlotinib
(the parent TKI) was dose reduced to 100 mg because of
grade 2 diarrhea and rash. In another case, a patient with
BRAF V600E NSCLC with MET gene amplification who
received encorafenib and binimetinib with capmatinib
developed grade 4 pneumonitis and grade 3 hypona-
tremia. This was the only case of pneumonitis found in
our entire data set, and both the parent and MET TKI
were discontinued. The remainder of dose adjustments
were due to MET TKI toxicities with peripheral edema
(46%) being the most common treatment-related reason
for dose modification. Diarrhea (any grade) was common



Table 3. Adverse Events From Specific Parent TKI and MET TKI Combinations

TKI Combinations N ¼ 42 (%)

Most Common
AEs—Any Grade Grade �3 AEs

Dose Adjustment
and Attributiona

Discontinuation
Rate

AE n (%)b AE n (%)b TKI n (%) n (%)

EGFR
Osimertinib þ capmatinib 14 (33) Edema 6/19 (31) Fatigue 3/17 (17) Osimertinib 0 (0) 2/14 (14)

Fatigue 6/17 (35) Edema 2/19 (10) Capmatinib 8/14 (57)
Diarrhea 5/17 (36)
Nausea 5/14 (36)
Low albumin 3/5 (60)
Kidney injury 3/4 (75)

Osimertinib þ crizotinib 10 (24) Diarrhea 7/17 (41) VTE 1/3 (33) Osimertinib 0 (0) 3/10 (30)
Nausea 5/14 (36) Anorexia 1/5 (20) Crizotinib 5/10 (50)
Fatigue 4/17 (23) Nausea 1/14 (7)
Paronychia 3/6 (50) Diarrhea 1/17 (6)
Rash 3/8 (38)

Osimertinib þ tepotinib 4 (10) Edema 3/19 (16) VTE 1/3 (33) Osimertinib 0 (0) 0 (0)
Dizziness 3/17 (17) Anemia 1/9 (11) Tepotinib 0 (0)
Fatigue 1/17 (6)
VTE 1/3 (33)

Afatinibc þ capmatinib 1 (2) Diarrhea 1/17 (6) - 0 (0) Afatinib 0 (0) 0 (0)
Nausea 1/14 (7) Capmatinib 0 (0)
Fatigue 1/17 (6)
VTE 1/3 (33)

Dacomitinib þ crizotinib 1 (2) AST or ALT elevation 1/4 (25) - 0 (0) Dacomitinib 0 (0) 0 (0)
Paronychia 1/6 (17) Crizotinib 1/1 (100)
Diarrhea 1/17 (6)
Edema 1/19 (5)

Erlotinib þ crizotinib 1 (2) Diarrhea 1/17 (6) - 0 (0) Erlotinib 1/1 (100) 0 (0)
Nausea 1/14 (7) Crizotinib 1/1 (100)
Rash 1/8 (12)
Low albumin 1/5 (20)

ALK and ROS1
Alectinib þ capmatinib 1 (2) Elevated bilirubin 1/2 (50) - 0 (0) Alectinib 0 (0) 0 (0)

Anemia 1/9 (11) Capmatinib 0 (0)
Alectinib þ crizotinib 3 (7) AST or ALT elevation 3/4 (75) VTE 1/3 (33) Alectinib 0 (0) 0 (0)

Fatigue 2/17 (12) Nausea 1/14 (7) Crizotinib 3/3 (100)
Edema 2/19 (10) Hyponatremia 1/3 (33)
Nausea 2/14 (14) Dyspnea 1/3 (33)
Rash 2/8 (25)
VTE 1/3 (33)
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when crizotinib was paired with the parent TKI
(Table 3). In the MET cohort, the dose reduction rate was
41%, dose interruption rate was 34%, and the treatment
discontinuation rate was 17% and not significantly
different on the basis of the underlying MET TKI used
(p ¼ 0.315). After multivariate analysis, adjusting for age
and lines of therapy, the odds of grade greater than or
equal to 3 AEs were not significantly different among
patients who received crizotinib, capmatinib, or tepoti-
nib (p ¼ 0.3). Grade 3 AEs were significantly higher in
the chemotherapy cohort (45% versus 27%, p ¼ 0.013),
driven predominantly by anemia and thrombocytopenia.
Nevertheless, there was no difference in rates of dose
reduction (p ¼ 0.63), dose hold (p ¼ 0.27), or treatment
discontinuation (p ¼ 0.43) between the MET and
chemotherapy cohorts. Number of prior systemic ther-
apies was the largest predictor of grade greater than or
equal to 3 AEs in either cohort. Receiving greater than or
equal to two lines of systemic therapy was associated
with 4.44 times the odds of developing grade greater
than or equal to 3 AEs in either cohort (95% CI: 1.60–
13.67, p ¼ 0.004). Patient age alone was not significantly
associated with increased odds of grade greater than or
equal to 3 AEs in either cohort (p ¼ 0.59).
Mechanisms of Resistance to MET TKI
Combinations

Of the 25 patients in the MET cohort with radio-
graphic progression, 17 patients (68.0%) had post-
progression biopsies (Fig. 1B). The distribution of
parent driver oncogenes within these 17 patients was
EGFR (58.8%; 10 of 17), ALK (35.3%; six of 17), and
ROS1 (5.88%; one of 17). All 17 patients had MET gene
amplification as the mechanism of resistance to their
parent TKI. Among these 17 patients, 82.3% (14 of 17)
had a tissue biopsy and 41.2% (seven of 17) had cfDNA
collected on progression with the parent and MET TKI
combination. Loss of MET gene amplification was found
in 88.2% (15 of 17) cases (Fig. 1B and Supplementary
Fig. 4). MET on-target resistance mutations occurred in
41.2% of the patients (seven of 17) with the following
distribution: MET D1228N (four of seven, 57%), MET
Y1230C (two of seven, 28.6%), MET L1195V, MET
D1164Y, and MET Y1003N. On-target resistances to the
parent TKI (e.g., EGFR C797S, ALK G1202R, or ROS1
G2032R) were not found. A new STRN-ALK gene fusion
was observed as mechanism of resistance to osimertinib
and capmatinib. EGFR gene amplification (previously
undetected and identified on tissue NGS) was found in
two patients with ALK NSCLC after treatment with
alectinib plus capmatinib and lorlatinib plus capmatinib,
respectively. Alterations within the Ras-Raf-MAPK
pathway were observed in 17.6% (three of 17) cases.
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These included new NRAS G12D and MAP2K1 G128N
mutations, along with KRAS gene amplification (3þ,
defined by using Guardant cfDNA assay).
Discussion
To our knowledge, our study is the largest series

addressing the frequency, efficacy, and safety of dual
parent and MET TKI combinations for acquired MET
resistance across a variety of oncogenic drivers in NSCLC.
Our study has several novel findings. We report that MET
alterations are a shared resistance mechanism to a variety
of oncogenic driver mutations. Although the efficacy and
safety of osimertinib with MET TKIs have been previously
reported,31–33 our data broaden the scope to include the
efficacy and safety of combining a variety of MET TKIs
with parent TKIs where acquired MET resistance
(through MET gene amplification, METex14 skip muta-
tions, or MET gene fusions) is clearly defined.

We report that dual parent TKI and MET TKI combi-
nations for MET resistance yield an ORR of 69.2%, which
is consistent with prior trial data.31–33 The INSIGHT-2
(NCT03940703) and TATTON (NCT02143466) trials
address the efficacy and safety of combining osimertinib
with either tepotinib or savolitinib, respectively. Both
trials defined MET amplification as MET GCN greater than
or equal to 5 or MET/CEP7 greater than or equal to 2 by
FISH. The ORRs of the INSIGHT-2 trial and TATTON trial
were 54.5% and 67%, respectively.31,32 Our data build on
these findings by revealing an ORR of 69.2% across a
variety of MET TKIs and across a variety of oncogenic
driver alterations.33 Interestingly, our data reveal that
highMET gene amplification (defined in our series asMET
GCN � 10 and/orMET/CEP7 � 3) does not correlate with
depth of radiographic response. Prior studies reveal that
depth of radiographic response does correlate with PFS
and OS among TKI-naive ALK NSCLC.34 Our data suggest
that this relationship may not hold in the setting of ac-
quired MET resistance. Nonetheless, the higher ORR in the
MET cohort has implications for therapy selection, espe-
cially when patients have progression involving high-risk
anatomical structures and need urgent cytoreduction. Our
data suggest that if a MET resistance alteration is identi-
fied, dual parent TKI and MET TKI combinations can
generate such a response.

We found no difference in PFS, TTNT, or OS between
the MET and chemotherapy cohorts after adjusting for
known drivers of poor outcomes and potential biases
through multivariate analyses. In our chemotherapy
cohort, we only included patients who continued their
parent TKI with platinum-pemetrexed chemotherapy,
rather than switching from TKI to chemotherapy. The
efficacy of continuing TKIs with chemotherapy post-
progression remains under debate35–37 and is being
evaluated prospectively through the ongoing COMPEL
(NCT04765059) and Lung-MAP (NCT05364645) clinical
trials. Nonetheless, it is common practice across many
academic centers in the United States. By only including
a cohort of patients who continued their parent TKI with
platinum-pemetrexed chemotherapy, we attempted to
mitigate the concern about lack of CNS protection that
could result from discontinuation of the parent TKI.

Our data reveal that patients with acquired MET
resistance who receive dual parent and MET TKI combi-
nations have clinical outcomes that are at least compa-
rable to patients with no actionable resistance who
continue their parent TKI with platinum-pemetrexed
chemotherapy. An important, inherent, and unavoidable
bias of the study is that the two cohorts compared are
biologically different. Prior studies have suggested that
MET signaling (either through increased cell surface
expression or through gene amplification) may confer a
worse prognosis.38,39 This is relevant when drawing
conclusions between the two cohorts in our study.
Nonetheless, our findings overlap with the INSIGHT trial
(NCT01982955), which compared the efficacy of tepotinib
and gefitinib in patients with EGFR mNSCLC with ac-
quired MET resistance.40 MET resistance was defined as
MET overexpression (immunohistochemistry 2–3þ) or
MET gene amplification (defined as MET gene copy �5 or
MET/CEP7 �2). In contrast with our series, gefitinib
(parent TKI) was not continued in the platinum doublet
chemotherapy arm. In a subgroup analysis, there was no
significant difference in mPFS between the tepotinib and
gefitinib arm (4.9 mo; 90% CI: 3.9–6.9) and the platinum
doublet chemotherapy arm (4.4 mo; 90% CI: 4.2–6.8 mo)
among patients with EGFR mNSCLC with acquired MET
resistance. Low accrual led to termination of this trial. The
phase 3 GEOMETRY-E study (NCT04816214) recruited
patients with EGFR-mutant NSCLC with MET amplifica-
tion and randomized patients (2:1) to receive osimertinib
plus capmatinib versus platinum doublet chemotherapy.
This trial was terminated by the sponsor. The ongoing
SACHI trial (NCT05015608) is prospectively comparing
osimertinib and savolitinib versus platinum-pemetrexed
chemotherapy for patients with EGFR mNSCLC with
MET gene amplification who have progressed on osi-
mertinib. To date, there are no prospective trial data that
directly compare the efficacy of dual parent and MET TKI
combinations to parent TKI with platinum-pemetrexed
for patients with acquired MET resistance.

The safety of dual parent TKI and MET TKI combi-
nations for acquired MET resistance is best character-
ized for EGFR mNSCLC. Prospectively, the INSIGHT-2
(NCT03940703), TATTON (NCT02143466), and
SAVANNAH (NCT03778229) clinical trials explored
combining osimertinib with tepotinib (INSIGHT-2) or
savolitinib (TATTON, SAVANNAH) for EGFR-mutant
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NSCLC. Nausea, peripheral edema, paronychia, and
diarrhea were the most common AEs,31–33 consistent
with our data. A small phase 1 study of 27 patients
receiving crizotinib with erlotinib found that the
maximum tolerated dose for crizotinib and erlotinib was
150 mg and 100 mg daily, both of which are lower than
the approved dose for either agent.41 We found that
MET-associated peripheral edema was the most common
reason for dose modification and that parent TKI toxic-
ities rarely led to dose modifications. The type of MET
TKI used (crizotinib, capmatinib, tepotinib) did not affect
the discontinuation rate or development of grade greater
than or equal to 3 AEs. We found that the number of
prior lines of therapy was the single greatest predictor of
grade greater than or equal to 3 AEs with dual parent
and MET TKI combinations. Our data highlight the
importance of testing for acquired MET alterations after
progression on first-line TKIs, as the likelihood of
tolerability of dual parent and MET TKI combinations
may decrease with each subsequent line of therapy.

Resistances to dual parent and MET TKI combinations
are not well described. There were 17 patients (68.0%) in
the MET cohort who had molecular profiling on pro-
gression. Loss of MET gene amplification was found in
88.2% patients with progression on dual parent and MET
TKI combinations. On-target MET mutations identified in
this series include MET D1228N, MET Y1230C, MET
L1195V, MET D1164Y, and MET Y1003N, all of which
have been reported after osimertinib with salvolitinib.28

Detecting mechanisms of resistance after parent TKI
and MET TKI therapy has practical relevance because
there are type II MET TKIs in development (such as
foretinib) that do have preclinical efficacy against sec-
ondary MET mutations at residues D1228 or Y1230,
which raises the interesting possibility of switching MET
TKIs on the basis of detected on-target MET mutations.42

Interestingly, on-target gatekeeper, solvent front, and
ATP-binding mutations to the parent TKI (e.g., EGFR
C797S, ALK G1202R, ROS1 G2032R) were not found in
this series. EGFR and Ras-Raf-MAPK bypass signaling
were found on progression with dual parent and MET TKI
combinations, consistent with prior reports.27,28,32,43–45

EGFR bypass signaling is of specific interest given the
availability of EGFR-MET bispecific antibodies (such as
amivantamab), raising the possibility of using these
agents if EGFR gene amplification is detected. These ap-
proaches should be explored in prospective clinical trials.
Our data suggest that cancer cells treated with dual
parent TKI and MET TKI combinations lose dependency
on MET gene amplification and evolve resistance through
either on-target MET mutations or through bypass
signaling involving the EGFR or Ras-Raf-MAPK pathways.

There are several limitations to our analysis. Given
the varied frequency of scan assessments, we used the
first on-treatment scan (obtained within 8–12 wk) to
determine ORR which may underestimate the best
radiographic response. Not all patients had paired tissue
and plasma genomic profiling, limiting our ability to
draw conclusions on the sensitivity or specificity of
either approach to detect acquired MET resistance. Pa-
tients were identified over a time period that spanned a
decade. During these 10 years, the practice patterns
regarding the use of NGS testing evolved, and thus, there
was variability in the NGS testing methodologies. In
addition, there was variability in the availability of MET
TKIs (such as capmatinib and tepotinib), which limits
our ability to draw strong conclusions on any potential
efficacy or safety differences between crizotinib, cap-
matinib, or tepotinib. Most patients in our series had
acquired MET gene amplification, and it remains an open
question whether there may be unique and subtle dif-
ferences in efficacy when dual parent and MET TKI
combinations are used for some of the more rare resis-
tance subtypes such as acquired METEx14 or MET gene
fusions. Finally, although we controlled for many
competing variables, the time horizon within our data
yields inherent biases and our data need to be replicated
in prospective clinical trials.

In conclusion, our series reveal that MET alterations
are resistance mechanisms found across multiple onco-
genic drivers in lung cancer. MET resistances are
actionable, and use of a MET TKI can generate significant
radiographic responses. Nevertheless, radiographic
response alone does not predict clinical durability. Dual
parent and MET TKI combinations are tolerable, which
can play into shared decision-making with patients when
considering alternative approaches with chemotherapy.
Mechanisms of resistance to dual parent and MET TKI
combinations are complex, with loss of MET gene
amplification found in most patients. Further research
on how cancer cells use MET signaling to escape evolu-
tionary pressures from TKIs is needed. Finally,
consensus on the diagnostic tests (or combination of
tests) that best predict which patients with MET resis-
tance may derive long-term benefit from MET TKIs is
needed.
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