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ABSTRACT

Background Ephrin type-A receptors (EPHA) are
members of family of receptor tyrosine kinases and

are related to tumor immunogenicity and immune
microenvironment, however, the association between EPHA
mutation (EPHA™") and efficacy of immune checkpoint
inhibitors (ICls) has not been investigated in non-small cell
lung cancer (NSCLC).

Methods Multiple cohorts were used to assess the
immunotherapeutic predictive performance of EPHA™
including one discovery cohort (n=79) and two public
validation cohort (cohort 1: NSCLC, n=165; cohort 2: pan-
cancer, n=1662). The Cancer Genome Atlas cohort was
used for prognostic analysis and mechanism exploration.
Results In the discovery cohort, patients with EPHA™
had superior disease control rate (72.2% vs 36.1%,
p=0.01) and progression-free survival (PFS) (HR 0.38;
95% Cl 0.21 to 0.68; p<0.001) compared with those

with wide-type EPHA (EPHA"™) in NSCLC. The association
between EPHA™! and immunotherapy outcomes in NSCLC
was consistently observed in the validation cohorts by
multivariable models (cohort 1, PFS HR 0.59; 95% Cl 0.37
t0 0.96; p=0.03; cohort 2, overall survival (OS) HR 0.63;
95% Cl 0.41 to 0.98; p=0.04). Further pooled estimates of
the discovery and validation cohorts showed that patients
with EPHA™ exhibited a significantly longer PFS and 0S in
lung adenocarcinoma (LUAD) while not squamous cell lung
cancer (LUSC). Consistently, mechanism analysis revealed
that patients with EFPHA™" was associated with increased
T cell signatures and downregulated transforming growth
factor-f signaling compared with patients with EPHA" in
LUAD while not LUSC.

Conclusions Our results demonstrated that EPHA™" is
an independent classifier that could stratify patients with
LUAD for ICIs therapy. Further prospective studies are
warranted.

Trial registration number NCC2016JZ-03, NCC2018-
092.

INTRODUCTION

Recent clinical trials have revealed a prom-
ising survival advantage of immune check-
point inhibitors (ICIs) in treating patients
with non-small cell lung cancer (NSCLC)."?
However, quite a portion of patients failed
to benefit from ICIs either as single-agents

,' Zhijie Wang'

. . .. . 4-6
or through combination administration.

The biomarkers associated with the response
to immunotherapy are not fully understood,
and there is an urgent to identify more
biomarkers to determine the responsiveness
to ICIs.

Emerging predictors for immunotherapy
in NSCLC have shown good performance,
such as programmed death-ligand 1 (PD-L1)
expression’ and tumor mutational burden
(TMB),° 7 which have been validated in
prospectively in random controlled trials.
However, they are still imperfect, such as the
utilization of TMB is sometimes limited by
the uncertainty of calculating algorithm and
the lack of uniform standard to determine
the cut-off value.? Moreover, even with all the
established biomarkers, such as PD-L1, TMB
and gene expression profile score, there
are still a majority of patients with NSCLC
showing unresponsiveness to ICIs. Therefore,
the identification of more convenient and
reliable biomarkers beyond TMB and PD-L1
expression for the prediction of ICIs benefits
are needed for clinical practice.

Ephrin receptor tyrosine kinase (Eph
RTKs) superfamily is the largest family of
tyrosine kinases, which are the key regulators
of cell-cell communication both in normal
development and disease.” ' Ephrin type-A
receptors (EPHA) are members of the EPH
family of RTKs with nine EPHA receptors
(EPHAI-8, EPHA10). All Eph receptors have a
highly conserved overall structure and similar
structural features."’ ' EPHA were reported
to be associated with lung cancer biology in
previous studies. .PHA3-7are most frequently
mutated genes in NSCLC (in 5%-15% of the
tumors) > (cbioportal.org). Most EPHA3
mutations are loss-of-function missense muta-
tions that inhibit the activating of Eph RTKs
by disrupting ephrin binding, kinase activity
or cell surface localization, and inactivating
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of EPHA3 promoted the lung cancer cells proliferation.'”
Previous studies have shown that high EPHA4 expres-
sion in tumors was associated with improved outcome
and EPHA4 can inhibit lung cancer cell migration and
invasion, suggesting a tumor suppressor role.'® Addition-
ally, increased EPHA4, A5 and A7 expression were iden-
tified as predictors for favorable survival.'” The EPHA2
G391R mutant promoted lung cancer cell invasiveness
and growth."® EPHA2 promotes epithelial-mesenchymal
transition (EMT) through activation of Wnt/B-catenin
signaling.'” Frequent EPHA5 and EPHA7 mutations in
NSCLC that could be pathologically relevant were also
identified, but remained to be characterized.?

As for immunomodulating properties, plenty of molec-
ular research concerning tumor immunogenicity and
immune microenvironment support the possible asso-
ciation between EPHA and immunotherapeutic efficacy.
Considering tumor immunogenicity, EphA2/ephrin-Al
signaling in the lung was involved in T-cell maturation and
chronic inflammation.”’ The CD4" T cell clone isolated
from patient with melanoma, whose tumor tissues overex-
pressed EPHA3, could recognize the EphA3 epitope and
elicit immunoreactivity against melanoma cell lines selec-
tively.”* Moreover, EphA10 antibody administration would
facilitate cytotoxic CD8" T cells to attack malignant breast
cancer cells.” Previous studies have also demonstrated that
tumor cellintrinsic EPHA2 regulated T cell infiltration
and the sensitivity to immunotherapy in pancreatic ductal
adenocarcinoma through EPHAZ2/transforming growth factor
(TGF) /recombinant mothers against decapentaplegic (SMAD)
axis.?* ? In addition, EPHA2-knockout tumors increased
the mRNA expression of CD8A and exhibited a higher
signature of interferon (IFN) response and inflammatory
pathways.”* As for the immune microenvironment, Eph
receptors and ephrin ligands were related to the immune
cell development, activation and migration.'” EPHAI and
EPHA4 expressed in T cells and facilitated migration of T
cell subsets through activation of Src kinases.”' EPHA 1 and
EPHAS3 are expressed in T cells and mediate T cell chemo-
taxis in vitro.” *’ In addition, EPHA2 induces significant
immunoreactivity in CD8" T cells via major histocompat-
ibility complex I-restricted presentation against renal cell
carcinoma and glioma cell lines in vitro.”*’ In addition,
EPHAI-4, EPHA7, EPHA10have reported to be involved in
the activation and proliferation of immune cells including
T cells, B cells and dendritic cells and antibody produc-
tion."” Based on these observations, we hypothesized that
EPHA mutation might influence the status of immunoge-
nicity and immune microenvironment and be associated
with clinical benefit of ICIs, which remains unexplored in
patients with NSCLC.

We herein investigated the association between EPHA
mutation and the clinical efficacy of anti-PD-(L)1 treat-
ment in NSCLCs on the basis of our discovery cohort and
multiple validation cohorts. The potential mechanism
was subsequently explored based on RNA expression and
whole genome sequencing (WES) data in The Cancer
Genome Atlas (TCGA) database.

China cohort
*NSCLC (N=79)

» To explore the association between EPHA
mutation and PFS, DCB and ORR.

(1) NSCLC
*Hellmann cohort (N=75)
*Rizvi34 cohort (N=34)
*Miao cohort (N=56)

(2) Pan-cancer
*MSKCC cohort (N=1662)

» To validate the association between EPHA
mutation and PFS, DCB and ORR.

» To validate the association between EPHA
mutation and OS in NSCLC and other pan-cancer

« To explore the prognostic or predictive value of

TCGA cohort EPHA mutation in NSCLC

*LUAD (N=566)
+LUSC (N=487)

TCGA cohort
*LUAD (N=566)
+LUSC (N=487)
*ESCA (N=182)
*BLCA (N=413)
*HNSC (N=523)
*SKCM (N=448)

» To explore the association between EPHA and
tumor mutational burden, neoantigen load and
immune signatures in LUAD, LUSC and other

type of cancers

Figure 1 Flow diagram of the study. BLCA, bladder cancer;
DCB, durable clinical benefit; EPHA, ephrin type-A receptors;
ESCA, esophageal carcinoma; HNSC, head and neck
squamous cell carcinoma; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinomas; NSCLC, non-

small cell lung cancer; ORR, objective response rate; PFS,
progression-free survival; SKCM, skin cutaneous melanoma.

MATERIALS AND METHODS

Patients and data sources

The detailed information regarding the data being
analyzed in this study is summarized in online supple-
mental table SI, and the flow diagram of this study is
depicted as figure 1. In brief, we included patients treated
with anti-PD-(L) 1 antibodies at National Cancer Center/
National Clinical Research Center for Cancer/Cancer
Hospital and Chinese Academy of Medical Sciences and
Peking Union Medical College and Sun Yat-sen Univer-
sity Cancer Center from December 2016 to December
2018 (named China cohort) as a discovery set, all patients
were treated as part of clinical trials. Eligible patients
for this study were determined mainly based on the
following criteria: (i) >18 years old; (ii) Eastern Coopera-
tive Oncology Group performance status: 0-1; (iii) have
advanced or recurrent NSCLC; (iv) failure after first-line
platinum-based doublets chemotherapy; (v) radiologi-
cally evaluable according to Response Evaluation Criteria
in Solid Tumors (RECIST) V.1.1. CT or MRI scans
were reviewed by the investigators. The comprehensive
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genomic profiling of 79 patients with NSCLC were imple-
mented by WES. PD-L1 scoring was available in 49 out of
79 patients (online supplemental methods).

Multiple independent public cohorts were used to vali-
date the association between EPHA mutation and immu-
notherapy efficacy. The first validation cohort (validation
cohort 1, n=165) was a pooled cohort consisting three
public datasets with patients with NSCLC treated with
ICIs with available WES data, including the datasets of 75
patients treated with anti-PD-1 plus anticytotoxic T-lym-
phocyte antigen 4 (anti-CTLA-4) (Hellmann cohort),'?
56 patients treated with anti-PD-(L) 1 with or without anti-
CTLA-4 (Miao cohort)® and 34 patients treated with anti-
PD-1 (Rizvi 34 cohort).®! The second validation cohort
(validation cohort 2) consisted 1662 patients with a
variety of cancer types who had received at least one dose
of ICI therapy (Memorial Sloan Kettering Cancer Center
[MSKCC] cohort), including 350 patients with NSCLC.”
The tumor tissues were subjected to MSKCC 468-gene
panel (earlier versions included 341 or 410 genes) target
sequencing. We also obtained the WES data of 2599 solid
tumors in TCGA along with the corresponding mRNA
expression data of 2541 solid tumors across six tumor
types from cBioPortal (www.cbioportal.org) to study the
mechanism underlying the association between EPHA
mutation and immunotherapy (online supplemental
methods).

Study assessment

In China cohort, baseline tumor assessments were
performed within 1-28 days prior to the initiation of
the anti-PD-(L)1 treatment, with the subsequent assess-
ments being performed every 6-8 weeks until objective
disease progression. The objective response rate (ORR)
was defined as the percentage of patients with confirmed
complete response (CR) or partial response (PR) by
RECIST V.1.1. The disease control rate (DCR) was defined
as the percentage of patients with confirmed complete
response (CR), PR or stable disease (SD) by RECIST
V.1.1. Durable clinical benefit (DCB) was defined as the
percentage of patients who achieved CR, PR or SD lasted
>6 months; all other patients were considered to have no
durable benefit (NDB). Progression-free survival (PFS)
was defined as the time from the beginning of ICI treat-
ment to the date of PD or death from any cause. Patients
who had not progressed were censored at the date of
their last scan.

In the validation cohorts, tumor response was evalu-
ated according to RECIST V.1.1 in Hellmann cohort,'
Miao cohort™ and MSKCC cohort.” Objective response to
anti-PD-1 treatment was assessed by investigator-assessed
immune-related response criteria (irRC) in Rizvi 34
cohort.! The definitions of DCB, NCB and PFS were
consistent with those in the discovery cohort.

EPHA mutation
The detailed profiles of EPHA (EPHA -8, EPHA10) muta-
tion in each cohort are listed in the online supplemental

figure S1. The non-synonymous mutations including
TRUNC (Frameshift del, Frameshift ins, nonsense,
nonstop, splice region, splice site), INFRAME (Inframe
del and Inframe ins) and MISSENSE mutations of at
least one EPHA subtype were defined as EPHA mutation
(EPHA™") in this study.

Statistical analyses

Continuous variables were compared by Mann-Whitney
U test and categorical variables were compared by %* test
or Fisher’s exact test. Survival was estimated by Kaplan-
Meier curves, with the p value determined by a log-rank
test. HR was determined through the univariable and
multivariable Cox regression. Variables with p<0.1 in the
univariable regression and those which has been reported
associated with the effect of immunotherapy in NSCLC
were also included into multivariable Cox regression.
Random-effect models were used to pool the effect sizes.
The poor results of categorical variables were presented
as relative risk (RR) and 95% CIs. Q-test and I” statistics
were used to assess the heterogeneity. A result of p>0.1
and I <50% indicated no significance between-study
heterogeneity.

We used propensity-score matching with a ratio of 1:1
to analyze the association between EPHA status and PFS
and OS in patients with NSCLC from TCGA. Propensity
score was estimated by age, sex, smoking history, tumor
stage, pathology, history of other malignancy and neoad-
juvant therapy. False discovery rate (FDR) was used to esti-
mate the significance of differences between the mRNA
expression levels. All reported p values were two-tailed,
FDR < 0.05 is considered statistically significant.

All analyses were performed using SPSS V.24.0 (SPSS,
Chicago, Illinois, USA), and R V.3.5.2. Graphs in the
present study were drawn by GraphPad Prism 8 and R
V.3.5.2.

RESULTS

Association between EPHA mutations and the clinical benefit
to anti-PD-(L)1 therapy in the discovery cohort

The discovery cohort included 79 patients with stage IV
NSCLC who were treated with anti-PD-(L.) 1 treatment and
had baseline tissue samples sequenced by WES (online
supplemental table S4). The median age was 55 (IQR,
47-61) years and 54 patients (68%) were male. Nearly
half of the patients had a history of smoking. The major
histology was adenocarcinoma (47%). Most patients
(74/79, 94%) received PD-1 inhibitor monotherapy and
the rest received PD-L1 inhibitor monotherapy (5/79,
6%). The median follow-up time was 21 months.

In the discovery cohort, 22.8% patients with NSCLC
harbored EPHA mutations, and most EPHA muta-
tions were missense mutations (92.1%) (online supple-
mental figure S1). Patients harboring EFPHA mutation
(EPHA™) had superior PFS (median PFS 6.87 months
vs 2.10 months, HR 0. 38; 95% CI 0.21 to 0.68; p<0.001;
figure 2A), a higher DCB (50% vs 16.4%; Fisher’s exact
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Figure 2 The association between EPHA mutation and clinical response to immune checkpoint inhibitors in China cohort.

(A) Kaplan-Meier survival curves of progression-free survival (PFS) comparing the EPHA™" group and EPHA" group in China
cohort. (B) The ratio of patients with complete response (CR), partial response (PR), stable disease (SD) and progression disease
(PD) treated with anti-PD-(L)1 antibody in EPHA mutation and EPHA wide-type group. *P<0.05 by Fisher’s exact test.

test, p=0.009; figure 2A), higher DCR (72.2% vs 36.1%;
Fisher’s exact test, p=0.01; figure 2B) and numerically
higher ORR (27.8% vs 16.4%; Fisher exact test, p=0.31;
figure 2B) compared with those with wild-type EPHA
(EPHAY).

In the univariable analyses, besides EPHA mutation,
several other indexed such as smoking history, sex and
TMB (Zmedian vs <median) were also associated with
the immunotherapeutic PFS with the HRs (95% CI) of
0.48 (0.30 to 0.76), 0.48 (0.29 to 0.79) and 0.46 (0.28 to
0.73), respectively (online supplemental table S5). In the
multivariable Cox proportional hazards regression model
adjusted by the smoking status, age, sex, PD-L1 expression
and TMB (Zmedian vs <median), the association between
EPHA mutation and PFS remained significant (HR 0.36;
95% CI 0.19 to 0.71; p=0.003; online supplemental table
S5). Several factors which have been reported to be asso-
ciated with the immunotherapeutic effectiveness, such as
sex, age, histology, smoking and so on were also included
simultaneously in the multivariable Cox regression model
to exclude the potential confounding effects.” 7 These
results indicated that EPHA mutations are associated with
better clinical benefits of anti-PD-(L)1 therapy indepen-
dent of PD-L1 expression and TMB.

Association between EPHA mutation and clinical benefits of
[Cls in the validation cohorts

In validation cohort 1 (online supplemental table S6),
EPHA™" was prevailed in 28.5% patients with NSCLC
and it was associated with significantly longer PFS of ICls
(HR 0.48; 95% CI 0.31 to 0.74; p<0.001; figure 3A) and
better DCB (74.5% vs 36.4%; Fisher’s exact test, p=0.02;
figure 3A), DCR (91.2% vs 61.9%; Fisher’s exact test,
p<0.001; figure 3B) and ORR (53.4% vs 25.7%; Fish-
er’s exact test, p=0.001; figure 3B), which was consistent
with the discovery cohort. The trend of prolonged PFS
in EPHA™" patients was consistently observed across all
three datasets included in the first validation cohort

(figure 3C), and the pooled analyses showed a signifi-
cantly longer PFS (HR 0.47; 95% CI 0.30 to 0.72; p<0.001;
figure 3C), ORR (RR 2.12; 95% CI 1.39 to 3.22; p<0.001;
online supplemental figure S2) and DCB (RR 2.04; 95%
CI 1.52 to 2.74; p<0.001; online supplemental figure S2)
in patients with EPHA™" versus EPHA™. Statistical anal-
yses for study heterogeneity did not present significant
in all pooled estimates (p>0.10, I? <50%), indicating the
consistency of the association between EPHA™" and favor-
able benetfit to ICIs across the three datasets.

In the multivariable Cox proportional hazards regres-
sion model adjusted by PD-L1 expression and TMB (top
20% vs the rest) and other confounding factors, EPHA™"
remained an independent predictor for superior PFS
(HR 0.59; 95% CI 0.37 to 0.96; p=0.03; online supple-
mental table S7).

Association between EPHA mutation and ICls efficacy in
validation cohort 2

In the validation cohort 2, which comprised 1662 patients
with >10 types of tumors, we further validated the asso-
ciation between EPHA™ and significantly longer OS
in NSCLC (HR 0.48; 95% CI 0.33 to 0.71; p<0.001;
figure 4A). However, no statistically significant associa-
tion was observed between OS and EPHA status in other
tumors (figure 4A). After adjusted for TMB (top 20%
vs the rest), the association between EPHA™ and OS
remained significant in NSCLC (HR 0.60; 95% CI 0.39 to
0.93; p=0.02; figure 4B). EPHA™" remained an indepen-
dent predictor for ICIs in NSCLC in the multivariate Cox
regression (HR 0.63; 95% CI 0.41 to 0.98; p=0.04; online
supplemental table S8), as adjusted by histology, age, sex,
treatment and TMB.

In addition, all the EPHA subtypes seemed to play
uniform roles in predicting the clinical survival benefit
with the HRs <1.0 in the pool analysis of the discovery
and validation cohorts (online supplemental figure S3).
Taken together, these data indicated that EPHA mutation
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Figure 3 Association between EPHA mutations and survival in patients with non-small cell lung cancer (NSCLC) treated with
immune checkpoint inhibitors in the validation cohort 1. (A) Kaplan-Meier survival curves comparing progression-free survival
(PFS) between the EPHA™" group and EPHA" group in validation cohort. (B) The ratio of patients with complete response (CR),
partial response (PR), stable disease (SD) and progression disease (PD) treated with anti-PD-(L)1 antibody in EPHA mutation
and EPHA wide-type group. (C) Pooled estimates of PFS. The squares in yellow represent study-specific HRs. The squares in
orange indicate the pooled HRs. Horizontal lines indicate the 95% Cls. The p values for heterogeneity and the values of I? are
from the pooled analysis of study-specific HRs. *P<0.05 by Fisher’s exact test.

might be predictive of the clinical benefit of ICIs inde-
pendently in NSCLC.

Association between EPHA mutations and the clinical benefit
to anti-PD-(L)1 therapy in lung adenocarcinoma and lung
squamous cell carcinoma

We further explored whether the association between
EPHA™" and clinical benefit of immunotherapy may vary
with the histological subtypes. In the discovery cohort,
EPHA™" was associated with significantly longer PFS
(median PFS 9.82 vs 2.10 months; HR 0.30; 95% CI 0.13
to 0.67; p=0.002; figure 5A) than EPHA™ in lung adeno-
carcinoma (LUAD), which was consistently observed in
both validation cohorts (figure 5B,C). The pooled anal-
ysis further revealed that EPHA™' was associated with
significantly longer PFS (discovery cohort plus validation
cohort 1; HR 0.38; 95% CI 0.25 to 0.58; p<0.001; online
supplemental figure S4) and OS (validation cohort 2; HR
0.51; 95% CI 0.33 to 0.79; p=0.001; online supplemental
figure S4) in LUAD.

After adjusted by TMB, PD-LI and other confounding
factors in the multivariate Cox regression, EPHA™"
remained an independent predictor for PFS and OS
efficacy of ICIs in patients with LUAD based on either
the discovery cohort (PFS HR 0.34; 95% CI 0.12 to 0.95;

p=0.04; online supplemental table S9) or the validation
cohorts (validation cohort 1, PFS HR 0.53; 95% CI 0.31
to 0.90; p=0.02; online supplemental table S10); valida-
tion cohort 2, OS HR 0.61; 95% CI 0.38 to 1.00; p=0.05;
online supplemental table S11). No difference of PFS
and OS was observed in patients with lung squamous cell
carcinomas (LUSC) with EPHA™" versus EPHA™ (online
supplemental figure S4).

EPHA mutation was not a prognostic factor

To assess to potential prognostic value of FPHA mutation,
survival analyses were further performed according to
EPHA mutational status in the TCGA database. No signifi-
cant difference was found in PFS or OS between EPHA™"
and EPHA" subsets in patients with NSCLC, LUAD and
LUSC with standard treatment (figure 6), suggesting that
EPHA mutation was not a prognostic factor.

Potential mechanisms associated with EPHA mutations in
predicting the efficacy of ICIs

Considering the previously identified correlations of
PD-L1 expression and TMB with the clinical benefits
of IClIs, the associations of EPHA mutations with PD-L1
expression, TMB as well as neoantigen burden were
analyzed to investigate the possible mechanism. We
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first aimed to ascertain whether co-occurrence takes
place between EPHA mutations with robust predictors,
including PD-L1 expression, higher TMB and predicted
neoantigens. As shown, EPHA™" was associated with
significantly higher TMB in both the discovery cohort
(median: 317 muts vs 105 muts, Mann-Whitney U test,
p<0.001; online supplemental figure S5A) and validation
cohort 1 (median: 332 muts vs 123 muts, Mann-Whitney
U test, p<0.001; online supplemental figure S5C), along
with significantly elevated predicted neoantigens (valida-
tion cohort 1, median: 476 vs 148, Mann-Whitney U test,
p<0.001; online supplemental figure S5E), suggesting the
co-occurrence between the EPHA™ and elevated TMB
and predicted neoantigens. However, no association was
observed between EPHA™" and PD-L1 expression (=1%
vs <1%) (discovery cohort: Fisher’s exact test, p=1.00; vali-
dation cohort: Fisher’s exact test, p=0.48; online supple-
mental figure S5B,S5D). PD-L1 expression was relatively
balanced between EPHA™ group and EPHA" group in
the discovery and validation cohorts.

We further investigated other driver mutations co-mu-
tated with EPHA. The co-occurrence of EPHA and EGFR,

STK11, ALK, ROSI seldom occurred (online supple-
mental figure S6A). The incidence rates of EPHA co-mu-
tated with KRAS and TP53 were 2.1% and 14.9% in the
discovery cohort and 15.5% and 19.3% in the validation
cohortin LUAD, respectively (online supplemental figure
S6A). However, few co-mutations of EPHA with KRAS and
TP53 existed in LUSC. We further investigated the effect
of co-mutation in predicting survival of immunotherapy
in LUAD. The association between EPHA mutation and
survival was not influenced by KRAS mutation or TP53
mutation in LUAD as shown in online supplemental
figure S7B-7C, suggesting that EPHA mutation was an
independent predictor of immunotherapy.

To further explore the underlying mechanism of the
predictive values of EPHA mutations to ICI efficacy, 47
immune-related signatures and 43 TGIf signaling genes
based on the RNA and WES data from TCGA database
(online supplemental tables S2 and S3) were analyzed.
Gene Set Enrichment Analysis (GSEA) in NSCLCs
revealed a prominent enrichment of signatures related to
the downregulation of TGF-#signaling, while no difference
of IFN-y signaling was observed (data not shown). Further
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analyses in separate populations of LUAD or LUSC illus-
trated that LUAD rather than LUSC subset presented the
prominent enrichments of signatures related to IFN-y
signaling upregulation and 7TGIf signaling downregu-
lation in EPHA™" versus EPHA™ groups (FDR adjusted
p=0.03 for both; figure 7A,B).

Furthermore, compared with EPHA™ patients, the
mRNA expression levels of ten immune-related genes and
five TGIf-related genes were significantly increased and
decreased, respectively, in patients with EPHA™ (FDR
adjusted p<0.05; figure 7C,D; online supplemental tables
S12 and S13) in the LUAD subset, while such pattern was
not observed in the LUSCs (figure 7E,F; online supple-
mental table S12).

No significant differences of 7TGFf signaling or T
cell gene signature between EPHA™ and EPHA" were
observed in the other types of tumor (online supple-
mental tables S12 and S13). GSEA results showed no
enrichment in the IFN-y or TGFf signaling in patients
with EPHA" in bladder, esophageal carcinoma, skin cuta-
neous melanoma or head and neck carcinoma cohorts
based on TCGA datasets (data not shown).

Collectively, the above results showed that the superior
ICI benefits in NSCLCs with EPHA™" might mainly be
mainly attributed to LUAD. In terms of mechanism, the
downregulation of TGFf signaling and the increased T
cell signatures mediated by EPHA™" might be on account
of the different susceptibility for ICIs between LUAD and
other tumors.

DISCUSSION

In this study, we provided strong evidences that EPHA™"
was associated with superior efficacy and survival bene-
fits of ICIs independent of PD-L1 expression and TMB
status in patient with LUAD. EPHA™ was not associated
with the OS of NSCLCs with standard treatment in TCGA
database, suggesting the predictive, but not prognostic
impact of EPHA™. To our knowledge, our study is the
first to propose that the mutation of EPHA might be a
predictor favorable for the ICIs delivery.

As derived from multiple discovery and the validation
cohorts, EPHA™" consistently correlated well with a better
clinical benefit in patients with NSCLC, especially LUAD.
However, no significant differences were observed in PFS
or OS in LUSC when stratified by EPHA mutation status.
Moreover, the frequency of EPHA mutation was the rela-
tive balance between LUSC and LUAD (30% vs 21.3% in
discovery cohort; 22.7% vs 30% in validation cohort). In
addition, the activated IFN-y signaling was only observed
in LUAD but not in LUSC from EPHA™" versus EPHA™
subgroup, and thus it remained undetermined whether
EPHA™" could be applied as a predictor of ICIs in LUSC.
Collectively, the superior clinical benefit of ICIs in NSCLC
with EPHA™" might be largely contributed from its effects
in LUAD.

LUAD and LUSC are distinct in disease pathology,
smoking associations, metastatic trends, molecular

mechanisms and patient outcomes.” ** The differences
of their molecular characteristics might contribute to the
diverse immunogenic features and consequently varied
response to immunotherapy. Recently, KRAS mutations
were identified to represent the generation of neoanti-
gens that reflect an improved immunogenicity, subse-
quently bringing superior efficacy to ICIs in NSCLC.* In
the present study, the more enrichment of KRAS muta-
tions in EPHA™" tumors compared with EPHA™ may be
one potential explanation for the distinct performance
for ICIs efficacy in LUAD and LUSC (online supple-
mental figure S6A). The co-occurring mutations in EPHA
and KRASseemed to be associated with the optimal PFS in
LUAD in present study, however, the co-mutation between
EPHA and KRAS need to be validated in larger popula-
tion. Moreover, EPHA™" was associated with increased T
cell signatures and downregulated TGIf only in LUAD
but not in LUSC or other tumors, indicating the different
transduction signaling mediated by EPHA™" across histol-
ogies, which partly explained the higher sensitivity for
ICIs treatment of EPHA™" tumors in LUAD.

One critical obstacle impeding the extensive utility
of PD-L1 expression and TMB is the determination of
feasible cut-off values. EPHA mutation, as a dichotomous
indicator, could avoid the dilemma of cut-off selection,
which provided an objective and convenient approach
for stratifying patients beneficial of ICIs delivery. In addi-
tion, LPHA mutations could be easily detected in periph-
eral blood compared with other established biomarkers
such as PD-L1 expression and TMB, which will bring new
insights of the invasive biomarker exploration for immu-
notherapy. Moreover, our results revealed a possibility of
personalized immunotherapy approach combined with
EPHA inhibitor in NSCLC, for the optimization of ICI
treatment in clinical practice in further.®® However, this
needs to be further studied.

Limitations of this study included potential statistical
bias due to the retrospective profile and limited sample
sizes, which, however, was minimized by the consistent
results arising from multiple cohorts analyses. Second,
lacking hotspot and difficult to verify the function of
each EPHA mutation and indeed influenced the preci-
sion of biomarker detection, our attempt to recruit func-
tional LPHA mutations into our EPHA mutation pattern
was handicapped by the limited information available
regarding the functions of different mutations. Those
mutations are associated with amino acid substitutions
scattered throughout the receptor and lack of hotspots,
as illustrated in TCGA and COSMIC databases. The func-
tional mutations need to be further investigated by molec-
ular studies in cell line and xenograft model. However,
the lack of hotspot mutation, which conversely decreased
the risk of subjective discrimination of deleterious muta-
tions. Third, several patients’ PD-L1 expression were
missing, which may weaken the statistical effect, while
there was no association between PD-L1 expression and
EPHA status, and PD-L1 expression was relative balance
between EPHA™" group and EPHA™ group in discovery
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Figure 7 Associations between EPHA status and immune response-related genes and transforming growth factor (TGF)-3
signaling-related genes mRNA expression. (A) The enrichment in TGF-f signaling by Gene Set Enrichment Analysis (GSEA)
between EPHA mutation and EPHA wild-type groups in lung adenocarcinoma (LUAD). (B) The enrichment in interferon-y
response signaling by GSEA between EPHA mutation and EPHA wild-type groups in LUAD. (C) Box plot comparing the
expression of immune-related genes between patients with EPHA mutation and EPHA wild-type in LUAD. (D) Box plot
comparing the expression of TGF- signaling-related genes between patients with EPHA mutation and EPHA wild-type in
LUAD. (E) Box plot comparing the expression of immune-related genes between patients with EPHA mutation and EPHA
wild-type in lung squamous cell carcinoma (LUSC). (F).Box plot comparing the expression of TGF-f signaling-related genes
between patients with EPHA mutation and EPHA wild-type in LUSC ** False discovery rate (FDR)<0.05; ***False discovery rate
(FDR)<0.01.
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and validation cohorts, additionally, PD-L1 expression
was adjusted by multivariable Cox proportional hazards
regression model as the dummy variables, minimizing the
impact of PD-L1 expression insufficiency. In addition, the
preliminary interpretation of mechanism underlying the
association between FPHA mutation and clinical benefit
needed to be further investigated by basic research. Lastly,
further prospective studies are warranted.

CONCLUSIONS

Our results demonstrated that EPHA™ as an indepen-
dent classifier could stratify patients with LUAD for
appropriate administration of anti-PD-(L)1 therapy,
and correspondingly provide a feasible and convenient
approach for better clinical practice. Further prospective
studies were warranted.
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