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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 (EPHAmut) and efficacy of immune checkpoint 
inhibitors (ICIs) has not been investigated in non- small cell 
lung cancer (NSCLC).
Methods Multiple cohorts were used to assess the 
immunotherapeutic predictive performance of EPHAmut, 
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 EPHAmut 
had superior disease control rate (72.2% vs 36.1%, 
p=0.01) and progression- free survival (PFS) (HR 0.38; 
95% CI 0.21 to 0.68; p<0.001) compared with those 
with wide- type EPHA (EPHAwt) in NSCLC. The association 
between EPHAmut and immunotherapy outcomes in NSCLC 
was consistently observed in the validation cohorts by 
multivariable models (cohort 1, PFS HR 0.59; 95% CI 0.37 
to 0.96; p=0.03; cohort 2, overall survival (OS) HR 0.63; 
95% CI 0.41 to 0.98; p=0.04). Further pooled estimates of 
the discovery and validation cohorts showed that patients 
with EPHAmut exhibited a significantly longer PFS and OS in 
lung adenocarcinoma (LUAD) while not squamous cell lung 
cancer (LUSC). Consistently, mechanism analysis revealed 
that patients with EPHAmut was associated with increased 
T cell signatures and downregulated transforming growth 
factor-β signaling compared with patients with EPHAwt in 
LUAD while not LUSC.
Conclusions Our results demonstrated that EPHAmut 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).1–3 
However, quite a portion of patients failed 
to benefit from ICIs either as single- agents 

or through combination administration.4–6 
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) 
expression4 and tumor mutational burden 
(TMB),6 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.8 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.9 10 Ephrin type- A 
receptors (EPHA) are members of the EPH 
family of RTKs with nine EPHA receptors 
(EPHA1-8, EPHA10). All Eph receptors have a 
highly conserved overall structure and similar 
structural features.10 11 EPHA were reported 
to be associated with lung cancer biology in 
previous studies. EPHA3-7 are most frequently 
mutated genes in NSCLC (in 5%–15% of the 
tumors)12–14 ( 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.15 
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.16 Addition-
ally, increased EPHA4, A5 and A7 expression were iden-
tified as predictors for favorable survival.17 The EPHA2 
G391R mutant promoted lung cancer cell invasiveness 
and growth.18 EPHA2 promotes epithelial- mesenchymal 
transition (EMT) through activation of Wnt/β-catenin 
signaling.19 Frequent EPHA5 and EPHA7 mutations in 
NSCLC that could be pathologically relevant were also 
identified, but remained to be characterized.20

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- A1 
signaling in the lung was involved in T- cell maturation and 
chronic inflammation.21 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.22 Moreover, EphA10 antibody administration would 
facilitate cytotoxic CD8+ T cells to attack malignant breast 
cancer cells.23 Previous studies have also demonstrated that 
tumor cell- intrinsic EPHA2 regulated T cell infiltration 
and the sensitivity to immunotherapy in pancreatic ductal 
adenocarcinoma through EPHA2/transforming growth factor 
(TGF)-β/recombinant mothers against decapentaplegic (SMAD) 
axis.24 25 In addition, EPHA2- knockout tumors increased 
the mRNA expression of CD8A and exhibited a higher 
signature of interferon (IFN) response and inflammatory 
pathways.24 As for the immune microenvironment, Eph 
receptors and ephrin ligands were related to the immune 
cell development, activation and migration.10 EPHA1 and 
EPHA4 expressed in T cells and facilitated migration of T 
cell subsets through activation of Src kinases.21 EPHA1 and 
EPHA3 are expressed in T cells and mediate T cell chemo-
taxis in vitro.26 27 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.28 29 In addition, 
EPHA1-4, EPHA7, EPHA10 have reported to be involved in 
the activation and proliferation of immune cells including 
T cells, B cells and dendritic cells and antibody produc-
tion.10 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.

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 S1, 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 

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.
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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),12 
56 patients treated with anti- PD- (L)1 with or without anti- 
CTLA-4 (Miao cohort)30 and 34 patients treated with anti- 
PD-1 (Rizvi 34 cohort).31 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.7 
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,12 
Miao cohort30 and MSKCC cohort.7 Objective response to 
anti- PD-1 treatment was assessed by investigator- assessed 
immune- related response criteria (irRC) in Rizvi 34 
cohort.31 The definitions of DCB, NCB and PFS were 
consistent with those in the discovery cohort.

EPHA mutation
The detailed profiles of EPHA (EPHA1-8, 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 
(EPHAmut) in this study.

Statistical analyses
Continuous variables were compared by Mann- Whitney 
U test and categorical variables were compared by χ2 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 I2 statistics 
were used to assess the heterogeneity. A result of p>0.1 
and I2 <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 EPHA mutation 
(EPHAmut) 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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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 
(EPHAwt).

In the univariable analyses, besides EPHA mutation, 
several other indexed such as smoking history, sex and 
TMB (≥median 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 (≥median 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.5 32–34 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 
ICIs in the validation cohorts
In validation cohort 1 (online supplemental table S6), 
EPHAmut was prevailed in 28.5% patients with NSCLC 
and it was associated with significantly longer PFS of ICIs 
(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 EPHAmut 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 EPHAmut versus EPHAwt. Statistical anal-
yses for study heterogeneity did not present significant 
in all pooled estimates (p>0.10, I2 <50%), indicating the 
consistency of the association between EPHAmut and favor-
able benefit 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, EPHAmut 
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 ICIs 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 EPHAmut 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 EPHAmut and OS 
remained significant in NSCLC (HR 0.60; 95% CI 0.39 to 
0.93; p=0.02; figure 4B). EPHAmut 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 

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 EPHAmut group and EPHAwt 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.
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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 
EPHAmut and clinical benefit of immunotherapy may vary 
with the histological subtypes. In the discovery cohort, 
EPHAmut 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 EPHAwt in lung adeno-
carcinoma (LUAD), which was consistently observed in 
both validation cohorts (figure 5B,C). The pooled anal-
ysis further revealed that EPHAmut 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- L1 and other confounding 
factors in the multivariate Cox regression, EPHAmut 
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 EPHAmut versus EPHAwt (online 
supplemental figure S4).

EPHA mutation was not a prognostic factor
To assess to potential prognostic value of EPHA 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 EPHAmut 
and EPHAwt 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 ICIs, the associations of EPHA mutations with PD- L1 
expression, TMB as well as neoantigen burden were 
analyzed to investigate the possible mechanism. We 

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 EPHAmut group and EPHAwt 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% CIs. The p values for heterogeneity and the values of I2 are 
from the pooled analysis of study- specific HRs. *P<0.05 by Fisher’s exact test.
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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, EPHAmut 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 EPHAmut and elevated TMB 
and predicted neoantigens. However, no association was 
observed between EPHAmut 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 EPHAmut group and EPHAwt 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, ROS1 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 
cohort in 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 TGF-β 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-β signaling, while no difference 
of IFN-γ signaling was observed (data not shown). Further 

Figure 4 Association between EPHA mutation and immunotherapeutic overall survival (OS) in validation cohort 2. (A) Kaplan- 
Meier curves of OS between EPHA mutation and EPHA wide- type group in non- small cell lung cancer (NSCLC), melanoma, 
bladder cancer, colorectal cancer, esophagogastric cancer, cancer of unknown primary. (B) Subgroup analysis of OS in 
multitype of tumors in MSKCC cohort adjusted by tumor mutational burden (TMB) (top 20% vs the rest).

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-001315 on 10 D

ecem
ber 2020. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
https://dx.doi.org/10.1136/jitc-2020-001315
http://jitc.bmj.com/


7Bai H, et al. J Immunother Cancer 2020;8:e001315. doi:10.1136/jitc-2020-001315

Open access

Figure 5 Patients with EPHA mutation showed a favorable clinical benefit in lung adenocarcinoma (LUAD) when treated with 
immune checkpoint inhibitors. (A–F) Kaplan- Meier survival curves comparing progression- free survival (PFS) or overall survival 
(OS) between the EPHA mutation group and EPHA wide- type group in China cohort and two validation cohorts.

Figure 6 The association between EPHA mutation and progression- free survival (PFS) and overall survival (OS) in The Cancer 
Genome Atlas (TCGA) by propensity score matching. (A) Kaplan- Meier curves of OS between EPHA mutation and EPHA wide- 
type group among the patients with lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC) and non- small cell 
lung cancer (NSCLC) in TCGA database. (B) Kaplan- Meier curves of PFS between EPHA mutation and EPHA wide- type group 
among the patients with LUAD, LUSC and NSCLC in TCGA database.
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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-γ 
signaling upregulation and TGF-β signaling downregu-
lation in EPHAmut versus EPHAwt groups (FDR adjusted 
p=0.03 for both; figure 7A,B).

Furthermore, compared with EPHAwt patients, the 
mRNA expression levels of ten immune- related genes and 
five TGF-β- related genes were significantly increased and 
decreased, respectively, in patients with EPHAmut (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 TGF-β signaling or T 
cell gene signature between EPHAmut and EPHAwt were 
observed in the other types of tumor (online supple-
mental tables S12 and S13). GSEA results showed no 
enrichment in the IFN-γ or TGF-β signaling in patients 
with EPHAwt 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 EPHAmut might mainly be 
mainly attributed to LUAD. In terms of mechanism, the 
downregulation of TGF-β signaling and the increased T 
cell signatures mediated by EPHAmut might be on account 
of the different susceptibility for ICIs between LUAD and 
other tumors.

DISCUSSION
In this study, we provided strong evidences that EPHAmut 
was associated with superior efficacy and survival bene-
fits of ICIs independent of PD- L1 expression and TMB 
status in patient with LUAD. EPHAmut was not associated 
with the OS of NSCLCs with standard treatment in TCGA 
database, suggesting the predictive, but not prognostic 
impact of EPHAmut. 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, EPHAmut 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-γ signaling was only observed 
in LUAD but not in LUSC from EPHAmut versus EPHAwt 
subgroup, and thus it remained undetermined whether 
EPHAmut could be applied as a predictor of ICIs in LUSC. 
Collectively, the superior clinical benefit of ICIs in NSCLC 
with EPHAmut 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.35 36 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.37 In 
the present study, the more enrichment of KRAS muta-
tions in EPHAmut tumors compared with EPHAwt 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 KRAS seemed 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, EPHAmut was associated with increased T 
cell signatures and downregulated TGF-β only in LUAD 
but not in LUSC or other tumors, indicating the different 
transduction signaling mediated by EPHAmut across histol-
ogies, which partly explained the higher sensitivity for 
ICIs treatment of EPHAmut 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, EPHA 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.38 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 EPHA 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 EPHAmut group and EPHAwt group in discovery 
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Figure 7 Associations between EPHA status and immune response- related genes and transforming growth factor (TGF)-β 
signaling- related genes mRNA expression. (A) The enrichment in TGF-β signaling by Gene Set Enrichment Analysis (GSEA) 
between EPHA mutation and EPHA wild- type groups in lung adenocarcinoma (LUAD). (B) The enrichment in interferon-γ 
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-β 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-β 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 EPHA mutation and clinical benefit 
needed to be further investigated by basic research. Lastly, 
further prospective studies are warranted.

CONCLUSIONS
Our results demonstrated that EPHAmut 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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Supplemental Figure 1. The spectrum of EPHA mutation in different cohorts of NSCLC 

patients 

The frequency of different EPHA subtypes with MISSENSE and TRUNC variation results in 

discovery and validation cohorts. 
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Supplemental Figure 2. Association between EPHA mutation and ORR and DCB in the 1 

validation cohorts 2 

A. Pooled estimates of ORR, squares in light blue represent study-specific HRs. The rhombus in 3 

orange indicate the pooled HRs. Horizontal lines indicate the 95% CIs. The P values for 4 

heterogeneity and the values of I2 are from the meta-analyses of study-specific HRs. B. Pooled 5 

estimates of DCB. The squares in yellow represent study-specific risk rates (RRs). The square in 6 

orange indicate the pooled HRs. Horizontal lines indicate the 95% CIs. The P values for 7 

heterogeneity and the values of I2 are from the meta-analyses of study-specific HRs. 8 
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Supplemental Figure 3. The association between different EPHA subtypes and 10 

immunotherapeutic effect in pooled cohorts analysis 11 

A. The association between different EPHA subtypes and PFS in pooled cohorts (training and 12 

validation) analysis. B. The association between different EPHA subtypes and OS in MSKCC cohort.13 
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Supplemental Figure 4. Association between EPHA mutations and clinical benefit to anti-PD-15 

1/L1 therapy in LUAD and LUSC. 16 

A-B. Pooled estimates of HRs of PFS and OS in LUAD and LUAC in discovery cohort and 17 

validation cohorts. The squares in yellow represent study-specific HRs. The square in orange 18 

indicate the pooled HRs. Horizontal lines indicate the 95% CIs. 19 

 20 
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Supplemental Figure 5. Association between EPHA mutation and TMB or neoantigen load in 22 

discovery and validation cohort 1 23 

A. The comparation of tumor mutation burden (TMB) and predicted neoantigens between EPHA 24 

mutation and EPHA wide-type group in NSCLC in discovery cohort. B. The association of PDL1 25 

expression between EPHA mutation and EPHA wide-type group in discovery cohort. C. The 26 

comparation of tumor mutation burden (TMB) between EPHA mutation and EPHA wide-type group 27 

in NSCLC in validation cohort 1. -D. The association of PDL1 expression between EPHA mutation 28 

and EPHA wide-type group in validation cohort 1.E. The comparation of predicted neoantigens 29 

between EPHA mutation and EPHA wide-type group in NSCLC in validation cohort 1. 30 
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Supplemental Figure 6. The overlap between EPHA mutation and Oncogenic genes in LUAD 32 

and LUSC in discovery and validation cohort 1 33 

A.The co-occurrence of oncogenic genes and smoking status in LUAD and LUSC in the discovery 34 

cohort and in the validation cohort.B. The effect of co-mutation in predicting survival of 35 

immunotherapy in LUAD. 36 
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Supplemental Table 1. Data source. 38 

Data source Tumor N Sequencing RNAseq Clinical 

outcome 

China cohort 
Non-small-cell lung 

carcinoma 
79 WES － 

ORR; DCB; 

PFS 

Rizvi 

34cohort 

Non-small-cell lung 

carcinoma 
34 WES － 

ORR; DCB; 

PFS 

Hellmann 

cohort 

Non-small-cell lung 

carcinoma 
75 WES － 

ORR; DCB; 

PFS 

Miao cohort 
Non-small-cell lung 

carcinoma 
56 WES － 

ORR; DCB; 

PFS 

MSKCC 

cohort 
Pan-cancer 1662 NGS panel － OS 

TCGA Lung Adenocarcinoma 566 WES 510 PFS, OS 

TCGA 
Lung Squamous Cell 

Carcinoma 
484 WES 484 PFS, OS 

TCGA Head and neck carcinoma 523 WES 515 － 

TCGA Bladder carcinoma 413 WES 408 － 

TCGA Esophageal carcinoma  182 WES  181 － 

TCGA Skin Cutaneous 

Melanoma  

448 WES 443 － 

TCGA, The Cancer Genome Altlas; WES, whole-exome sequencing; ORR, objective response rate; 39 

DCR, disease control rate; DCB, durable clinical benefit; PFS, progression-free survival; OS, 40 

overall survival.  41 

 42 
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Supplemental Table 2. Gene list of immune gene signature. 48 

Classification Genes 

Immune checkpoint PD-1, PD-L1, PD-L2, LAG3, CTLA4, TIM3, VTCN1 

T-effector and INFγ pathway GBP1, IFI16, IFI30, IFNG, IRF1, STAT1, TAP1, TAP2, 

FAS, PSMB9, IL15RA, GZMA, GZMB, EOMES, CXCL10, 

CXCL9, CXCL11, TBX21, PRF1 

T cell receptor CD27, GRAP2, LCK, PTPRCAP, CCL5, IL2RB, IKZF3, 

CD3G, CD74, CD3D, CD8A, CD4, TIGIT  

Tumor microenvironment IDO1, PTGS2, IL1B, IL18, IL6, IL12A, TNF, CD73 

 49 
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Supplemental Table 3. Gene list of TGFβ signaling. 51 

Classification Genes 

TGF-β signaling TGFB, TGFB1, TGFB2, TGFB3, TGFBR1, TGFBR2, TGFBR3, 

TGFBRAP1, ACVR1, ACVR1B, ACVR1C, ACVR2A, 

ACVR2B, ACVRL1, BMP10, BMP15, BMP2, BMP3, BMP4, 

BMP5, BMP6, BMP7, BMPR1A, BMPR1B, BMPR2, GDF11, 

GDF2, INHA, INHBA, INHBB, INHBC, INHBE, NODAL, 

SMAD1, SMAD2, SMAD3, SMAD4, SMAD5, SMAD6, 

SMAD7, SMAD9, SPTBN1, ZFYVE9 
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Supplemental Table 4. Patient characteristics in China cohort 53 

Characteristics No. (%) 

No. of patients 79 (100) 

Median age, years (IQR) 55 (47-61) 

Sex (male) 54 (68.4) 

Histology (squamous carcinoma) 25 (31.6) 

Smoking status (ever) 39 (49.4) 

Metastasis  

Metastatic sites≥3 28 (35.4) 

Liver metastasis 18 (22.8) 

Brain metastasis 14 (17.7) 

ECOG  

0 19(24.1) 

1 60(75.9) 

LDH  

≥250 U/L 36 (45.6) 

<250 U/L 43 (54.4) 

Treatment  

Anti-PD-1 74 (93.7) 

Anti-PD-L1 5 (6.3) 

Lines of therapy  

Second 38 (48.1) 

Third or subsequent 41 (51.9) 

PDL1 expression  

<1% 

1-49% 

>50% 

35(44.3) 

11(13.9) 

3(3.8) 

Unknown 30(38) 

Best overall response  

CR 1(1. 3) 

PR 14 (17.7) 

SD 20 (25.3) 

PD 44 (55.7) 

ORR (%) 19.0 

PFS, months (median) 2.1 

Mutation  

EGFR 9 (11.4) 

STK11 3 (3.8) 

TP53 39 (49.4) 

KRAS 8 (10.1) 

EPHA 16 (20.3) 

 54 
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Supplemental Table 5. Univariable analysis and Multivariable cox regression analyses of 56 

PFS in China cohort 57 

Progress free survival   

Parameter 
Univariable analysis Multivariable analysis  

HR (95% CI) P HR (95% CI) P 

Age (≥65 vs. <65) 0.92 (0.56-1.50) 0.73 1.48 (0.83-2.62) 0.19 

Sex (male vs. female) 0.48 (0.29-0.79) 0.004 0.56 (0.27-1.15) 0.12 

Histology (non-LUSC vs. LUSC) 1.32 (0.80-2.18) 0.28 1.04 (0.60-1.82) 0.89 

ECOG (1 vs. 0) 1.03 (0.65-1.63) 0.90   

Smoke (ever vs. never) 0.48 (0.30-0.76) 0.002 0.64 (0.32-1.25) 0.19 

Line of treatments (later vs. 2) 1.17 (0.74-1.85) 0.52   

Metastatic sites (≥3 vs. <3)  1.34 (0.83-2.18) 0.23   

LDH (≥250 U/L vs <250 U/L) 1.03 (0.65-1.63) 0.91   

TMB (≥median vs. <median) 0.46 (0.28-0.73) 0.003 0.67 (0.40-1.11) 0.12 

TMB (top 20% vs. others)    0.69 (0.38-1.24)     0.21   

PD-L1 expression     

    <1% (reference)  0.60  0.11 

    1-49% 0.72 (0.35-1.47) 0.37 0.66 (0.30-1.42) 0.28 

    >50% 0.48 (0.11-2.00) 0.31 0.55 (0.13-2.46) 0.44 

    unknown 0.80 (0.48-1.33) 0.39 0.49 (0.28-0.87) 0.02 

EGFR (mut vs. WT) 1.70 (0.83-3.48) 0.15   

KRAS (mut vs. WT) 0.75 (0.36-1.56) 0.46   

STK11(mut vs. WT) 1.05(0.33-3.36) 0.94   

TP53 (mut vs. WT) 0.91 (0.57-1.44) 0.68   

EPHA (mut vs. WT) 0.38 (0.21-0.68) 0.001 0.36 (0.19-0.71) 0.003 
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Supplemental Table 6. Patient characteristics in validation cohort 1 59 

Characteristics No. (%) 

No. of patients 165 (100) 

Median age, years (IQR) 

unknown 

63 (57-70) 

15(9.1) 

Sex (male) 77 (46.7) 

Histology (squamous carcinoma) 27 (16.4) 

Smoking status (ever) 131 (79.4) 

ECOG  

0 30(18.2) 

1 45(27.3) 

unknown 90(54.5) 

Treatment  

Anti-PD-(L)1 90(54.5) 

Anti-PD-(L)1+CTLA4 75 (45.5) 

Lines of therapy  

One/Second 89 (53.9) 

Third or subsequent 20 (12.1) 

unknown 56(33.9) 

PDL1 expression  

<1% 

1-49% 

>50% 

31(18.8) 

49(29.7) 

20(12.1) 

Unknown 65(39.4) 

Best overall response  

CR 5(3) 

PR 48 (29.1) 

SD 58(35.2) 

PD 

NE 

47 (28.5) 

7(4.2) 

ORR (%) 32.1 

PFS, months (median) 6.5 

Mutation  

EGFR 17 (10.3) 

STK11 23 (13.9) 

TP53 89(53.9) 

KRAS 47 (28.5) 

EPHA  47 (28.5) 
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Supplemental Table 7. Univariable analysis and Multivariable analysis COX regression analyses of PFS in the validation cohort 1 61 

Progress free survival     

Parameter 
Univariable analysis Multivariable analysis  Multivariable analysis  

HR (95% CI) P HR (95% CI) P HR (95% CI) P 

Sex (male vs. female) 1.26 (0.87-1.81) 0.23 1.45 (0.97-2.17) 0.07 1.47 (0.99-2.17) 0.06 

Age       

    <65 (reference)  0.18  0.03  0.02 

    ≥65 0.91 (0.61-1.36) 0.64 0.60 (0.40-0.94) 0.02 0.67 (0.44-1.02) 0.06 

    unknown 1.59 (0.89-2.82) 0.11 1.99 (1.03-3.86) 0.05 2.40 (1.22-4.71) 0.01 

Smoking (ever vs. never) 0.61 (0.39-0.94) 0.03 0.72 (0.45-1.13) 0.15 0.80 (0.50-1.27) 0.35 

Histology (no-LUSC vs. LUSC) 0.94 (0.56-1.57) 0.80 0.50 (0.28-0.88) 0.02 0.82 (0.46-1.47) 0.51 

PD-L1 expression        

    <1% (reference)  0.09  0.11  0.09 

    1-49% 0.91 (0.53-1.56) 0.73 1.36 (0.77-2.40) 0.29 1.57 (0.89-2.79) 0.12 

    ≥50% 0.38 (0.17-0.86) 0.02 0.53 (0.23-1.21) 0.13 0.62 (0.27-1.44) 0.27 

    unknown 0.98 (0.59-1.63) 0.95 1.02 (0.59-1.77) 0.93 1.10 (0.63-1.90) 0.77 

Treatment (PD-(L)1 vs. CTLA-4) 0.92 (0.76-1.10) 0.35     

Datasets       

    Rizvi 34 cohort (reference)  0.51     

    Miao cohort 0.91 (0.61-1.36) 0.50     

    Hellmann cohort 1.59 (0.89-2.82) 0.81     

TMB (≥median vs. <median) 0.35 (0.24-0.51) <0.001   0.33 (0.21-0.52) <0.001 

TMB (top 20% vs. others) 0.31 (0.17-0.56) <0.001 0.31 (0.17-0.59) <0.001   

KRAS (mut vs. WT) 0.62 (0.40-0.95) 0.03 0.64 (0.40-1.02) 0.06 0.76 (0.48-1.20) 0.23 
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TP53 (mut vs. WT) 0.77 (0.53-1.12) 0.17     

EGFR (mut vs. WT) 1.60 (0.90-2.81) 0.11     

STK11 (mut vs. WT) 1.47 (0.88-2.47) 0.15     

EPHA (mut vs. WT) 0.48 (0.31-0.74) <0.001 0.59 (0.37-0.96) 0.03 0.63(0.38-1.04) 0.07 
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Supplemental Table 8. Univariable analysis and Multivariable analysis COX regression 65 

analyses of OS in NSCLC in validation cohort 2 66 

Overall survival   

Parameter 
Univariable analysis Multivariable analysis  

HR (95% CI) P HR (95% CI) P 

Histology (no-LUSC vs. LUSC) 1.30 (0.91-1.87) 0.15 1.13 (0.78-1.65) 0.51 

Age (≥65 vs. <65) 1.08 (0.82-1.41) 0.59 0.99 (0.75-1.29) 0.89 

Sex (male vs. female) 1.17 (0.90-1.53) 0.25 1.14 (0.87-1.50) 0.34 

TMB (≥median vs <median) 0.99 (0.77-1.31) 1   

TMB (top 20% vs. others) 0.49 (0.33-0.72) <0.001 0.60 (0.39-0.93) 0.02 

Treatment (anti-PD-(L)1 vs. 

anti-PD-1+CTLA4) 
0.41(0.21-0.81) 0.01  0.41 (0.21-0.82)  0.01 

EPHA (mut vs. WT) 0.48 (0.33-0.71) <0.001 0.63 (0.41-0.98) 0.04 
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Supplemental Table 9. Univariable analysis and Multivariable cox regression analyses of PFS in LUAD and LUSC of China cohort 68 

 Lung adenocarcinoma   Lung squamous cell carcinoma  

Progress free survival Univariable analysis Multivariable analysis  Univariable analysis Multivariable analysis  

Parameter HR (95%CI) P value HR (95%CI) P value HR (95%CI) P value HR (95%CI) P value 

Age (≥65 vs.<65) 0.84(0.43-1.64) 0.61 1.34(0.6-3) 0.47 1.39(0.59-3.29) 0.46 1.94(0.72-5.2) 0.19 

Sex (male vs. female) 0.42(0.22-0.8) 0.01 0.50(0.2-1.22) 0.13 1.13(0.26-4.93) 0.87 0.78(0.11-5.34) 0.80 

ECOG (1 vs. 0) 1.07(0.57-2.01) 0.83   0.89(0.40-2.02) 0.79   

Smoke (ever vs. never) 0.37(0.19-0.74) 0.004 0.76(0.31-1.88) 0.55 0.72(0.28-1.86) 0.50 0.32(0.09-1.13) 0.08 

Line of treatments (later vs. 2) 1.19(0.66-2.15) 0.55   1.22(0.51-2.93) 0.66  0.28 

Metastatic sites (≥3 vs. <3)  1.27(0.7-2.31) 0.43   1.49(0.50-4.48) 0.47 1.6(0.78-3.27) 0.20 

LDH（≥250 U/L vs <250 U/L） 0.83(0.45-1.53) 0.55   1.23(0.52-2.90) 0.64 1.05(0.51-2.14) 0.90 

TMB (≥median vs. <median) 0.33(0.17-0.64) 0.003 0.41(0.2-0.85) 0.02 0.62(0.26-1.47) 0.28 0.93(0.29-3.00) 0.90 

PDL1 expression  

(<1% reference) 

  

0.46 

  

0.15 

  

0.88 

  

0.62 

≥1% 1.29(0.84-1.97) 0.24 1.41(0.89-2.25) 0.14 1.08(0.6-1.96) 0.79 1.27(0.68-2.37) 0.46 

unknown 0.73(0.41-1.29) 0.28 1.02(0.55-1.89) 0.96 1.08(0.55-2.14) 0.82 1.06(0.53-2.11) 0.87 

EGFR (mut vs. WT) 1.73(0.75-3.99) 0.20       

KRAS (mut vs. WT) 0.69(0.29-1.65) 0.41   0.5(0.07-3.81) 0.50   

STK11(mut vs. WT) 1.01(0.24-4.22) 0.99   1.67(0.21-12.96) 0.62   

TP53 (mut vs. WT) 0.66(0.36-1.21) 0.18   2.22(0.85-5.8) 0.10   

EPHA (mut vs. WT) 0.30(0.13-0.68) 0.004 0.34(0.12-0.95) 0.04 0.54(0.21-1.43) 0.21 0.48(0.12-1.92) 0.30 
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Supplemental Table 10. Univariable analysis and Multivariable cox regression analyses of PFS in LUAD and LUSC of validation cohort 1 70 

 Lung adenocarcinoma   Lung squamous cell carcinoma  

Progress free survival Univariable analysis Multivariable analysis Univariable analysis Multivariable analysis 

Parameter HR (95%CI) P value HR (95%CI) P value HR (95%CI) P value HR (95%CI) P value 

Age         

<65(reference)  0.28   0.00   0.44   0.67     

≥65 0.95(0.62-1.47) 0.82  0.62(0.39-0.98) 0.04  0.51(0.18-1.44) 0.20  0.63(0.17-2.32) 0.48     

unknown 1.64(0.85-3.16) 0.14  2.37(1.12-5.02) 0.02  0.75(0.16-3.60) 0.72  0.43(0.05-4.06) 0.46     

Sex (male vs. female) 1.41(0.94-2.11) 0.10  1.62(1.07-2.44) 0.02  0.59(0.21-1.68) 0.32  0.61(0.14-2.65) 0.51     

smoking (previous/current 

vs. never) 

0.50(0.32-0.79) 0.003  0.72(0.44-1.19) 0.20  3.36(0.44-25.49) 0.24  3.54(0.31-40.42) 0.31     

PDL1          

<1%  0.07   0.16   0.96   0.92  

1-49% 0.91(0.51-1.62) 0.74  1.53(0.8-2.93) 0.20  1.23(0.31-4.96) 0.77  1.52(0.32-7.09) 0.60  

≥50% 0.32(0.13-0.8) 0.01  0.59(0.22-1.58) 0.30  0.86(0.14-5.19) 0.87  1.03(0.11-9.57) 0.98  

unknown 1(0.58-1.72) 0.99  1.08(0.58-2.02) 0.80  0.96(0.24-3.86) 0.95  1.51(0.26-8.70) 0.64  

Treatment (PD-1/PDL1 vs. 

CTLA4) 

0.88(0.71-1.08) 0.22    1.06(0.66-1.73) 0.80    

KRAS (mut vs. WT) 0.57(0.37-0.89) 0.01  0.81(0.50-1.30) 0.38      

TP53 (mut vs. WT) 0.79(0.52-1.19) 0.25    0.88(0.29-2.71) 0.82    

EGFR (mut vs. WT) 1.92(1.05-3.54) 0.04  1.03(0.51-2.08) 0.93  0.92(0.21-4.04) 0.91    

STK11 (mut vs. WT) 1.49(0.85-2.59) 0.16    1.10(0.25-4.83) 0.90    

EPHA (mut vs. WT) 0.43(0.27-0.69) <0.001  0.53(0.31-0.90) 0.02  0.50(0.11-2.20) 0.36  0.4(0.06-2.75) 0.35  

TMB (≥median vs.<median) 0.32(0.21-0.49) <0.001  0.39(0.23-0.66) 0.004  0.49(0.19-1.28) 0.15  0.8(0.19-3.32) 0.76  
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Supplemental Table 11. Univariable analysis and Multivariable cox regression analyses of OS in LUAD and LUSC of validation cohort 2 73 

Overall survival Lung adenocarcinoma  Lung squamous cell carcinoma  

Parameter 
Univariable analysis Multivariable analysis  Univariable analysis 

HR (95% CI) P HR (95% CI) P HR (95% CI) P 

Age (≥65 vs. <65) 1.13(0.83-1.55) 0.43   0.75(0.38-1.49) 0.41 

Sex (male vs. female) 1.15(0.85-1.56) 0.38   0.94(0.44-2.02) 0.88 

TMB (≥median vs <median) 1.00(0.74-1.36) 0.99   1.62(0.81-3.23) 0.17 

TMB (top 20% vs. others) 0.60(0.39-0.91) 0.02 0.73(0.45-1.17) 0.19 1.07(0.46-2.49) 0.87 

Treatment (anti-PD-(L)1 vs. anti-

PD-1+CTLA4) 
0.39(0.17-0.88) 0.02 0.38(0.17-0.88) 0.02 

 

0.04(0-34.61) 

 

0.35 

EPHA (mut vs. WT) 0.51(0.33-0.79) 0.002 0.61(0.38-1.00) 0.05 0.91(0.35-2.35) 0.84 

 74 

Abbreviations: TMB, tumor mutational burden; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase; HR, hazard ratio; 75 

LUSC, lung squamous carcinoma; LUAD, lung adenocarcinomas; NSCLC, non-small cell lung cancer; PD-L1, programmed cell death ligand 1; PFS, progression-free 76 

survival; ORR, Objective response rate; EGFR, epidermal growth factor receptor; KRAS, kirsten rat sarcoma viral oncogene; STK11, serine/threonine kinase 11; TP53, 77 

tumor protein p53; EPHA, Ephrin type-A receptors; WT, wildtype. 78 
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Supplemental Table 12. P values adjusted by FDR with immune gene signature between 80 

EPHA
mut and EPHA

wt in multi-type tumors. 81 

symbol HNSC BLCA ESCA SKCM LUAD LUSC 

CCL5 0.958 0.994 0.998 0.722 0.061 0.841 

CD274 0.879 0.994 0.998 0.658 0.308 0.841 

CD27 0.879 0.994 0.998 0.721 0.530 0.797 

CD3D 0.934 0.994 0.998 0.721 0.238 0.797 

CD3G 0.879 0.994 0.998 0.674 0.183 0.797 

CD4 0.879 0.994 0.998 0.674 0.473 0.841 

CD74 0.958 0.994 0.998 0.674 0.007 0.841 

CD8A 0.879 0.994 0.998 0.722 0.004 0.797 

CTLA4 0.879 0.994 0.998 0.658 0.036 0.797 

CXCL10 0.958 0.994 0.998 0.658 0.002 0.797 

CXCL11 0.958 0.994 0.998 0.658 0.024 0.797 

CXCL9 0.958 0.994 0.998 0.658 0.002 0.797 

EOMES 0.831 0.994 0.998 0.848 0.061 0.797 

FAS 0.879 0.994 0.998 0.658 0.183 0.841 

GBP1 0.879 0.994 0.998 0.658 0.052 0.841 

GRAP2 0.879 0.994 0.998 0.674 0.473 0.797 

GZMA 0.958 0.994 0.998 0.716 0.031 0.797 

GZMB 0.958 0.994 0.998 0.674 0.002 0.797 

HAVCR2 0.879 0.994 0.998 0.837 0.631 0.875 

IDO1 0.958 0.994 0.998 0.658 0.863 0.797 

IFI16 0.879 0.994 0.998 0.674 0.363 0.797 

IFI30 0.958 0.994 0.998 0.674 0.957 0.797 

IFNG 0.958 0.994 0.998 0.674 0.015 0.797 

IKZF3 0.958 0.994 0.998 0.674 0.117 0.797 

IL12A 0.831 0.994 0.998 0.674 0.473 0.797 

IL15RA 0.958 0.994 0.998 0.837 0.919 0.974 

IL18 0.879 0.994 0.998 0.848 0.153 0.797 

IL1B 0.879 0.994 0.998 0.941 0.691 0.797 

IL2RB 0.879 0.994 0.998 0.674 0.153 0.916 

IL6 0.879 0.994 0.998 0.674 0.473 0.974 

IRF1 0.958 0.994 0.998 0.674 0.547 0.841 

LAG3 0.958 0.994 0.998 0.674 0.034 0.797 

LCK 0.879 0.994 0.998 0.674 0.429 0.797 

NT5E 0.958 0.994 0.511 0.674 0.258 0.797 

PDCD1 0.879 0.994 0.998 0.674 0.072 0.797 

PDCD1LG2 0.958 0.994 0.998 0.674 0.221 0.841 

PRF1 0.958 0.994 0.998 0.674 0.473 0.797 

PSMB9 0.958 0.994 0.998 0.658 0.221 0.797 

PTGS2 0.831 0.994 0.998 0.837 0.289 0.797 

PTPRCAP 0.879 0.994 0.998 0.674 0.672 0.797 
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STAT1 0.958 0.994 0.998 0.658 0.002 0.797 

TAP1 0.879 0.994 0.998 0.674 0.085 0.841 

TAP2 0.879 0.994 0.998 0.658 0.473 0.918 

TBX21 0.879 0.994 0.998 0.674 0.238 0.875 

TIGIT 0.958 0.994 0.998 0.674 0.061 0.817 

TNF 0.958 0.994 0.998 0.674 0.334 0.817 

VTCN1 0.879 0.994 0.998 0.674 0.957 0.797 

       

Abbreviations: HNSC, head and neck squamous cell carcinoma; BLCA, bladder 

urothelial carcinoma; SKCM, skin cutaneous melanoma; ESCA, esophageal carcinoma; 

BRCA, breast invasive carcinoma;  
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Supplemental Table 13. P values adjusted by FDR with TGF-β signaling between 

EPHA
mut and EPHA

wt in multi-type tumors. 

symbol HNSC BLCA ESCA SKCM LUAD LUSC 

ACVR1 0.567 0.177 0.395 0.300 0.236 0.078 

ACVR1B 0.991 0.577 0.959 0.379 0.863 0.650 

ACVR1C 0.297 0.596 0.917 0.776 0.410 0.457 

ACVR2A 0.133 0.596 0.395 0.932 0.272 0.457 

ACVR2B 0.892 0.975 0.717 0.916 0.119 0.044 

ACVRL1 0.409 0.950 0.858 0.396 0.727 0.720 

BMP10 0.861 0.177 NA 0.626 0.929 0.992 

BMP15 0.962 0.950 NA 0.661 0.028 0.989 

BMP2 0.567 0.577 0.320 0.626 0.221 0.414 

BMP3 0.613 0.660 0.059 0.916 0.247 0.461 

BMP4 0.214 0.596 0.937 0.776 0.035 0.989 

BMP5 0.193 0.950 0.815 0.661 0.575 0.989 

BMP6 0.133 0.381 0.320 0.215 0.929 0.989 

BMP7 0.802 0.219 0.075 0.272 0.015 0.457 

BMPR1A 0.613 0.166 0.226 0.615 0.708 0.461 

BMPR1B 0.802 0.975 0.719 0.615 0.708 0.989 

BMPR2 0.535 0.177 0.579 0.338 0.467 0.935 

GDF11 0.133 0.975 0.172 0.008 0.942 0.797 

GDF2 0.802 0.330 NA 0.916 0.608 0.989 

INHA 0.214 0.381 0.299 0.071 0.249 0.650 

INHBA 0.895 0.177 0.821 0.472 0.606 0.797 

INHBB 0.613 0.177 0.080 0.062 0.929 0.989 

INHBC 0.503 0.950 0.143 0.062 0.608 0.414 

INHBE 0.613 0.577 0.533 0.472 0.929 0.650 

CERS1 0.297 0.950 0.342 0.300 0.727 0.078 

NODAL 0.685 0.372 0.395 0.916 0.112 0.797 

SMAD1 0.626 0.219 0.320 0.690 0.058 0.874 

SMAD2 0.802 0.177 0.320 0.916 0.800 0.989 

SMAD3 0.294 0.403 0.320 0.215 0.068 0.129 

SMAD4 0.409 0.177 0.560 0.916 0.929 0.797 

SMAD5 0.739 0.177 0.080 0.932 0.221 0.989 

SMAD6 0.133 0.596 0.172 0.385 0.005 0.720 

SMAD7 0.319 0.252 0.172 0.307 0.550 0.989 

SMAD9 0.262 0.177 0.065 0.472 0.173 0.720 

SPTBN1 0.626 0.317 0.255 0.916 0.608 0.989 

TGFB1 0.802 0.350 0.320 0.916 0.708 0.414 

TGFB2 0.199 0.596 0.549 0.215 0.231 0.989 

TGFB3 0.199 0.177 0.434 0.626 0.929 0.797 

TGFBR1 0.904 0.177 0.830 0.661 0.708 0.797 

TGFBR2 0.669 0.219 0.229 0.916 0.205 0.797 
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TGFBR3 0.925 0.950 0.172 0.494 0.015 0.989 

TGFBRAP1 0.802 0.166 0.402 0.071 0.929 0.958 

ZFYVE9 0.193 0.672 0.172 0.916 0.306 0.935 

       

Abbreviations: HNSC, head and neck squamous cell carcinoma; BLCA, bladder 

urothelial carcinoma; SKCM, skin cutaneous melanoma; ESCA, esophageal 

carcinoma; BRCA, breast invasive carcinoma;  
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Supplemental methods and reference 

Whole exome sequencing (WES) and predicted neoantigens 

WES were implemented in China cohort according to the method that had been previously published 

1. Briefly, genomic DNAs from FFPE sections or biopsy samples and the whole blood control 

samples were extracted with QIAamp DNA FFPE Tissue Kit and DNeasy Blood and tissue kit 

(Qiagen, USA), respectively, and quantified by Qubit 3.0 using the dsDNA HS Assay Kit 

(ThermoFisher Scientific, USA). Library preparations were performed with KAPA Hyper Prep Kit 

(KAPA Biosystems, USA). Target enrichment was performed using the xGen Exome Research 

Panel and Hybridization and Wash Reagents Kit (Integrated DNA Technology, USA) according to 

manufacturer’s protocol. Sequencing was performed on Illumina HiSeq4000 platform using PE150 

sequencing chemistry (Illumina, USA). The average coverage size of WES for TMB estimation was 

32 Mb. TMB was defined as the total number of nonsynonymous mutations. Neoantigens were 

predicted by in silico and obtained from the previous published paper 

PD-L1 expression evaluation 

PD-L1 immunohistochemistry (IHC) staining by SP263 (Ventana Medical Systems, Tucson, AZ) 

in a CLIA-accredited/CAP-certified laboratory was analyzed. PL-L1 expression was determined by 

tumor proportion score (TPS), which was defined as the percentage of tumor cells with partial or 

complete cell membrane staining at any intensity. A minimum of 100 evaluable tumor cells were 

required for determination of PD-L1 expression.  
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mRNA expression profiling analysis   1 

Associations between EPHA mutation and the expression of genes involved in TGF-β signaling and 2 

immune signatures were analyzed in LUAD, LUSC, bladder, esophageal adenocarcinoma, skin 3 

cutaneous melanoma, and head and neck carcinoma in TCGA respectively, for whom both RNAseq 4 

and WES data were available. The immune gene list was mainly based on the published article that 5 

summarized the genes related to activated T cells, immune cytolytic activity and IFN-γ release 2-4. 6 

The 43 core genes that regulate or mediate TGF-β signaling have been identified in previous study 7 

5,6 and are available at cBioPortal (http://www.cbioportal.org) as “General: TGF-β superfamily”. A 8 

list of 47 immune-related genes and 43 TGF-β genes are provided in eTable 2 and eTable 3. The 9 

different tumor cohorts for analysis with available RNAseq and DNAseq are also listed in eTable 10 

1. The mRNA expression from cBioPortal was transformed by Z-score. 11 

Gene set enrichment analysis (GSEA) 12 

GSEA was performed using the java GSEA 3.0 Desktop Application 13 

(http://software.broadinstitute.org/gsea/index.jsp) 7,8 to identify whether immune signaling and 14 

TGF-β signaling genes were associated with EPHA status. The genes identified to be on the leading 15 

edge of the enrichment profile were subjected to pathway analyses. Genes with unavailable 16 

expression in more than 80% of samples were excluded from the GSEA analysis. The normalized 17 

enrichment score (NES) is the primary statistic for examining gene set enrichment results. The P 18 

value adjusted by FDR estimates the statistical significance of the enrichment score. A gene set with 19 

FDR≤0.05 was considered to be significantly enriched in genes. 20 
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