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Background: MET exon 14 alterations are actionable oncogenic drivers. Durable responses to MET inhibitors are observed in
patients with advanced MET exon 14-altered lung cancers in prospective trials. In contrast, the activity of immunotherapy, PD-L1
expression and tumor mutational burden (TMB) of these tumors and are not well characterized.

Patients and methods: Patients with MET exon 14-altered lung cancers of any stage treated at two academic institutions
were identified. A review of clinicopathologic and molecular features, and an analysis of response to single-agent or
combination immune checkpoint inhibition were conducted. PD-L1 immunohistochemistry was carried out and TMB was
calculated by estimation from targeted next-generation sequencing panels.

Results: We identified 147 patients with MET exon 14-altered lung cancers. PD-L1 expression of 0%, 1%–49%, and �50% were
37%, 22%, and 41%, respectively, in 111 evaluable tumor samples. The median TMB of MET exon 14-altered lung cancers was
lower than that of unselected non-small-cell lung cancers (NSCLCs) in both independently evaluated cohorts: 3.8 versus 5.7
mutations/megabase (P< 0.001, n¼ 78 versus 1769, cohort A), and 7.3 versus 11.8 mutations/megabase (P< 0.001, n¼ 62
versus 1100, cohort B). There was no association between PD-L1 expression and TMB (Spearman’s rho¼0.18, P¼ 0.069). In
response-evaluable patients (n¼ 24), the objective response rate was 17% (95% CI 6% to 36%) and the median progression-free
survival was 1.9 months (95% CI 1.7–2.7). Responses were not enriched in tumors with PD-L1 expression�50% nor high TMB.

Conclusion: A substantial proportion of MET exon 14-altered lung cancers express PD-L1, but the median TMB is lower
compared with unselected NSCLCs. Occasional responses to PD-1 blockade can be achieved, but overall clinical efficacy is
modest.
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Introduction

Targeted therapies have proven effective in patients whose

advanced lung cancers harbor actionable driver alterations such

as sensitizing EGFR mutations, ALK and ROS1 rearrangements,

and BRAF V600E mutations; however, the development of

acquired resistance to tyrosine kinase inhibition is nearly univer-

sal. Non-targeted approaches to systemic therapy, such as im-

munotherapy and chemotherapy, continue to play an important

role in the management of these patients. The development of

monoclonal antibodies targeting the programmed death 1 (PD-

1) receptor and its ligand, program death ligand 1 (PD-L1), has

led to significant improvements in overall survival (OS) in select

patients with lung cancers and established new standards of care

[1, 2]. An important question in the clinic is when to use im-

munotherapy in patients with driver-positive tumors.

In lung cancers harboring EGFR mutations or ALK rearrange-

ments, objective response rates (ORRs) with PD-1/PD-L1 check-

point blockade are modest, and do not appear to improve

progression-free survival (PFS) and OS [3–5]. This may be

related to lower tumor mutational burden compared with unse-

lected lung cancers [6]. In contrast to immunotherapy, targeted

therapy achieves ORRs of �60%–80% and thus remains the rec-

ommended standards of care in treatment-naı̈ve patients with

stage IV lung cancers harboring a sensitizing EGFR mutation,

BRAF V600E mutation, or ALK or ROS1 rearrangements [7].

MET is a high-affinity proto-oncogene receptor tyrosine kinase

that, upon activation, drives oncogenic pathways involved in cell

proliferation, survival, and metastasis [8]. Select somatic altera-

tions in MET lead to an alternatively spliced transcript that is a re-

sult of exon 14 skipping, leading to decreased MET degradation,

enhanced signaling through the MET pathway, and downstream

activation of the mitogen-activated protein kinase pathway [9].

MET exon 14 skipping alterations occur in 3%–4% of lung can-

cers, a frequency comparable to that of ALK-rearranged lung can-

cer, and are enriched to 8%–30% of sarcomatoid lung cancers

[10–12]. The detection of MET exon 14 skipping alterations has

only recently become more feasible in every day practice with the

use of hybrid capture-based next-generation sequencing (NGS)

platforms. MET inhibitors are active in patients with advanced

MET exon 14-altered lung cancers [13–15]. In an expansion co-

hort of patients with MET exon 14 alterations on the phase I

study of crizotinib (PROFILE 1001), an ORR of 39% and a me-

dian duration of response of 9.1 months were observed [16].

To date, the ideal treatment paradigm and sequencing of thera-

pies for advanced stage lung cancers harboring a MET exon 14

skipping alteration is unknown and response to immunotherapy

has not been well characterized. To shed light on this question,

we conducted an analysis of patients with MET exon 14 skipping

alterations, evaluating PD-L1 expression, tumor mutational bur-

den, and response to immunotherapy.

Patients and methods

Study population

This study, composed of patients treated at Memorial Sloan Kettering
Cancer Center (cohort A) and Dana Farber Cancer Institute (cohort B),

was authorized by the institutional review board at each site. Patients
with MET exon 14-altered lung cancers of any stage who were identified
between 1 January 2014 and 1 May 2017 at either institution were
eligible.

Next-generation sequencing

DNA isolated from tumor tissue was subjected to hybridization capture-
based NGS to detect somatic alterations in 468 genes (cohort A, MSK-
IMPACT) or 446 genes (cohort B, OncoPanel). The mean overall
sequencing depth ranged from 500� to 1000� in both cohorts [17, 18].
Anchored multiplex RNA sequencing with the MSK-Fusion Solid panel,
a custom RNAseq panel based on the Archer FusionPlexTM technology
(ArcherDx, Boulder, CO) was carried out in select cases to identify or
confirm MET exon 14 alterations (in cases where DNA-based NGS
sequencing did not find an actionable driver) [19].

Tumor mutational burden

Tumor mutation burden (TMB), defined as the number of nonsynony-
mous coding mutations per megabase of genome covered by the respect-
ive NGS panel, was calculated for each patient in cohorts A and B. This
strategy was employed as determining mutational signatures from
clinical-grade targeted capture data were previously shown to be

Table 1. Clinical and molecular characteristics of patients with lung cancers
harboring MET exon 14 skipping alterations

Clinical characteristics No. (%)
(N 5 147)

Age, median (range), years 73 (44–91)
Sex

Male 58 (39)
Female 89 (61)

Smoking history, pack years
0 52 (35)
1–10 30 (21)
>10 65 (44)

Pack years (median, range) 6 (0–125)
Tumor histology

Adenocarcinoma 109 (74)
Sarcomatoid 28 (19)
Adenosquamous 5 (3.5)
Squamous 5 (3.5)

Stage at diagnosis
I 39 (27)
II 15 (10)
III 25 (17)
IV 68 (46)

Metastatic/recurrent disease
Yes 101 (69)
No 46 (31)

Molecular characteristics No. (%) (N¼147)

METex14 splice site alteration
50 splice donor site 102 (69)
30 splice acceptor site 38 (26)
Other 7 (5)

Concurrent MET amplification (>2-fold change)
Yes 36 (25)
No 105 (71)
Not available 6 (4)
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comparable with whole-exome sequencing [20]. TMB from cohorts A
and B were analyzed separately as the NGS assays used differed between
the two sites. In cohort A (MSK-IMPACT), germline variants identified
by paired sequencing of matched normal blood were not included in the
TMB calculation. To standardize comparisons, the TMB of patients with
MET exon 14-altered lung cancers was compared with the TMB of
patients with unselected non-small-cell lung cancers (NSCLCs), exclud-
ing MET exon 14-altered NSCLCs, at each institution (1769 patients in
cohort A and 1100 patients in cohort B).

Immunohistochemistry

PD-L1 immunohistochemistry (IHC) was carried out using the PD-L1
antibody clone E1L3N (Cell Signaling Technology, Danvers, MA). IHC
was scored as the percentage of tumor cells with positive staining for PD-
L1 (0%, 1%–49%, and 50% or greater). In validation studies, E1L3N
antibody was compared with the commercial pharmDx assay utilizing
the 22C3 antibody, and was found to be comparable [21]. Testing was
performed by a single pathologist at each institution who was not aware
of other patient characteristics or outcomes.

Response to immunotherapy

Response to immunotherapy was assessed using RECIST in cohorts A
and B. An additional exploratory assessment of immune-related response
(irRECIST) [22] criteria was conducted in both cohorts. Duration of
therapy, duration of response to therapy, PFS, and OS were assessed in all
evaluable patients, and measured from the date of therapy initiation.

Statistical analysis

PD-L1 expression levels were compared between groups using the
Wilcoxon rank sum test. Clinical characteristics were compared across
the three PD-L1 expression groups using Fisher’s exact test. Using the

Wilcoxon signed rank test, the TMB of MET exon 14-altered lung cancer
samples was compared with the TMB unselected NSCLCs. This was done
separately for cohorts A and B. The association between PD-L1 and TMB
was assessed using the Spearman’s rank correlation coefficient test. ORR
was calculated along with an exact 95% confidence interval. ORR was
compared between groups using Fisher’s exact test. PFS and OS were ana-
lyzed using the Kaplan–Meier method. All reported P values are two-
sided.

Results

Patient characteristics

Of the 2869 patients with NSCLC whose tumors underwent NGS

in cohorts A and B between 1 January 2014 and 1 May 2017, we

identified 147 patients with MET exon 14 skipping alterations

(5%). The clinical and pathologic characteristics of these patients

are summarized in Table 1. The median age was 73 years (range

44–91 years). The median pack year history was 6 pack-years

Table 2. PD-L1 expression of MET exon 14-altered lung cancers

PD-L1 IHC, n 5 111

0% 1%–49% �50%
n (%) 41 (37) 24 (22) 46 (41)

Clinical and molecular features stratified by PD-L1 P-value

Age
<65 6 4 9 0.900
�65 35 20 37

Sex 0.460
Women 27 12 28
Men 14 12 18

Smoking 0.711
Former/current 29 15 29
Never 12 9 17

Stage 0.703
I/II 6 3 5
III 7 4 4
IV 28 17 37

Histology 0.0041
Adenocarcinoma 36 16 29
Sarcomatoid 5 3 14
Other 0 5 3

Stratified by patient and tumor characteristics.

150 P < 0.001 P < 0.001
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Figure 1. Tumor mutational burden in MET exon 14-altered lung
cancers.
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Figure 2. Correlation between PD-L1 expression by immunohisto-
chemistry and tumor mutational burden by next-generation
sequencing.
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(range 0–125 pack-years). Adenocarcinoma was the most com-

mon histology, found in 74% (109/147) of cases, followed by sar-

comatoid lung cancer in 19% (28/147) of cases. In total 69%

(101/147) of patients had metastatic disease at diagnosis or later

recurred and were eligible for systemic therapy.

Molecular characteristics

Most tumors [69% (102/147)] harbored a 50 MET exon 14 donor

splice site alteration and 26% (38/147) harbored a 30 acceptor

splice site alteration. The remaining 5% (7/147) of patients had

other alterations including 3 patients with Y1003 substitutions,

and 4 patients with whole exon deletions of MET exon 14. The

most common MET alterations were D1010H (c.3028G>C), and

D1010N (c.3028G>A). Concurrent MET amplification (�2-fold

change) was identified in 25% (36/147) of patients. Further mo-

lecular characteristics are summarized in supplementary Table

S1, available at Annals of Oncology online.

PD-L1 expression

Of the 147 patients with MET exon 14 skipping alterations, tissue

was available for PD-L1 IHC in 111 patients (76%). Tumors were

grouped into PD-L1 0% (negative), PD-L1 1%–49% (intermedi-

ate), and PD-L1�50% (high). Thirty-seven percent (41/111)

were PD-L1 negative and 63% (57/111) were PD-L1 positive

(PD-L1 expression of �1%). Age, gender, smoking status, stage,

or alteration subtype did not significantly correlate with PD-L1
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status. Fisher’s exact test for the simultaneous comparison of the

three PD-L1 groups (<1, 1–49,�50%) revealed a statistically sig-

nificant association between PD-L1�50% and sarcomatoid hist-

ology P¼ 0.0041. Among those with MET exon 14 skipping

alterations, patients with sarcomatoid histology had a higher PD-

L1 expression [median 70% (range 0%–100%)] compared with

adenocarcinoma [median 1% (range 0%–100%)], P¼ 0.021 by

the Wilcoxon rank sum test. These results are summarized in

Table 2.

Tumor mutational burden

TMB analysis was successfully carried out in tumors from 140

(95%) of the 147 patients with MET exon 14 skipping alterations

(78 patients in cohort A, 62 patients in cohort B). TMB was lower

in tumors with MET exon 14 alterations compared with unse-

lected NSCLCs [median of 3.8 versus 5.7 mutations/megabase

(n¼ 78 versus 1176) in cohort A; median of 7.3 versus 11.8 muta-

tions/megabase (n¼ 62 versus 1100) in cohort B; P< 0.001 for

both comparisons; Figure 1]. There was no correlation between

PD-L1 and TMB (Spearman correlation coefficient ¼ 0.18,

P¼ 0.069; Figure 2).

Response to immunotherapy

Twenty-four patients who received immunotherapy were eval-

uable for response: 22 patients received single agent anti-PD-1/

PD-L1 therapy and 2 patients received combination anti-PD-1

and anti-CTLA-4 therapy. Immunotherapy was administered in

11 patients as first-line treatment, in 6 patients as second-line

treatment, and in 7 patients as third-line treatment. Details

regarding the immune checkpoint inhibitors used and the line of

therapy these agents were administered are listed in supplemen-

tary Table S2, available at Annals of Oncology online.

Four achieved a partial response (ORR 17%, 95% CI 6% to

36%): three patients who received single-agent therapy and one

who received combination immune therapy (Figure 3A). An ex-

ploratory analysis of irRECIST was carried out in both cohorts.

ORR to immunotherapy was concordant between RECIST and

irRECIST, and pseudoprogression was not observed, consistent

with previously published data in lung cancers [23]. The duration

of therapy is shown in Figure 3B. The median PFS was 1.9 months

(95% CI 1.7–2.7; Figure 4) for the 21 patients assessable for this

end point. The median OS was 18.2 months (95% CI 12.9–NR;

supplementary Figure S1, available at Annals of Oncology online)

for all 24 patients. Responses were not enriched in those with ei-

ther high PD-L1 expression (2/11, 18%) nor in those with high

TMB (>median TMB of all NSCLCs in respective cohorts) (0/8,

0%).

Discussion

In this study, we evaluated the immunophenotype and response

to immunotherapy of patients with MET exon 14-altered lung

cancers. The ORR with immune checkpoint inhibition was low at

17%, although not distinctly different from efficacy in the unse-

lected, second-line setting [24]; however, the duration of re-

sponse and the PFS were short. These outcomes are modest

compared with those achieved in the registrational trials of these

agents in the first-line setting: an ORR of 44% and a median

PFS of 10.3 months with pembrolizumab in treatment-naı̈ve

patients with EGFR and ALK wild-type lung cancers with PD-L1

expression �50% [1]. Of note, a prior series on sarcomatoid

carcinomas included two patients with MET exon 14-altered

lung cancers who did not respond to single-agent immunother-

apy [12].

More importantly, the outcomes achieved with single-agent

immunotherapy in this series are poor compared with the out-

comes achieved with targeted therapy or platinum doublet ther-

apy. The interim reported ORR of crizotinib on the PROFILE

1001 study in patients with MET exon 14-altered lung cancers

was 39%, with a median PFS of 8 months [16]. The historical

ORR with platinum doublet chemotherapy in treatment-naı̈ve

patients with unselected lung cancers is �30%, with a median

PFS of 4–5 months.

The factors responsible for the modest outcomes achieved with

single-agent immunotherapy in MET exon 14-altered lung can-

cers remain unclear. While we showed that a substantial propor-

tion of these tumors express PD-L1, response was not associated

with PD-L1 expression. Tumor mutational burden, a factor that

has been associated with response to immunotherapy in other

reports [6, 25–27], was lower overall in MET exon 14-altered

lung cancers compared with unselected cases. TMB was slightly

higher in cohort B than cohort A, and may be due to the exclusion

of germline alterations by the assay used for cohort A. Similar to

PD-L1 status, higher tumor mutational burden was not associ-

ated with response in this series.

Limitations of this retrospective analysis include the hetero-

geneity of immunotherapies received and the line of therapy in

which immunotherapy was received. While the results of our

retrospective series require further confirmation, these data
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appear to argue against the use of single-agent immunotherapy in

patients with MET exon 14 alterations before administering tar-

geted therapy or platinum doublet therapy. The role of combin-

ation strategies (i.e. immunotherapy and chemotherapy such as

platinum, pemetrexed, and pembrolizumab, or combination im-

munotherapy) in this population deserves further investigation.

In addition, it would not be unreasonable to consider a trial strat-

egy administering combination targeted therapy and immune

therapy, given that MET-directed therapy has been shown to aug-

ment the immune response, however, toxicity would represent a

substantial concern.

Conclusion

Although a substantial proportion of MET exon 14-altered lung

cancers express PD-L1, the overall response rate to PD-1/PD-L1-

directed immune checkpoint inhibition was low and the

median PFS was short. The median TMB was lower in these tumors

compared with unselected lung cancers. Neither PD-L1 status nor

tumor mutational burden correlated with response to therapy.
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