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ABSTRACT

Eph receptors constitute the largest family of RTKs, and their associations with antitumor immunity and
immunotherapy are largely unknown. By integrating genomic, transcriptomic and clinical data from cohorts in public
databases, we identified EPHA5 as the most common mutated gene of Eph receptors in lung adenocarcinoma
(LUAD). Moreover, compared with EPHA5 wild-type (WT) patients, EPHA5-mutant (Mut) patients exhibited
significantly enhanced infiltration of CD8" T cells and M1 macrophages, reduced recruitment of immunosuppressive
regulatory T cells (Tregs) into the tumor site, as well as the increased level of chemokine, interferon-gamma,
inhibitory immune checkpoint signatures, tumor mutation burden (TMB) and tumor neoantigen burden (TNB).
Additionally, EPHA5 mutation cooccurred with homologous recombination (HR) or mismatch repair (MMR) gene
mutations. These data were validated in the LUAD cell line H1299 and a Chinese LUAD cohort. Most importantly,
clinical analysis of a Memorial Sloan Kettering Cancer Center (MSKCC) immunotherapy cohort indicated that LUAD
patients with EPHA5 mutations who were treated with immunotherapy had markedly prolonged survival times.

Our results revealed the correlation of EPHA5 mutations with tumor immune microenvironment and predictive
factors for immunotherapy, implying the potential of EPHA5 mutations as a prognostic marker for the prognosis
of LUAD patients to immune checkpoint blockade therapy.

INTRODUCTION receptor (EGFR) and anaplastic lymphoma kinase
(ALK), have been widely used to improve the prognosis
of advanced NSCLC patients with genetic alterations in

these targeted genes [2, 3]. Patients expressing the wild-

Lung cancer is the leading cause of cancer-related death
worldwide [1] and is classified mainly as small cell lung

cancer (SCLC) and non-SCLC (NSCLC). On the basis
of histological parameters, NSCLC is classified as lung
adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC) and large cell carcinoma.

Small molecule protein kinase inhibitors targeting
tyrosine kinases, including epidermal growth factor

type (WT) form of these tyrosine kinases may derive
therapeutic benefit from compounds that target immune
checkpoints such as programmed death-1 (PD-1) and
programmed death ligand-1 (PD-L1) [4]. For example,
pembrolizumab, which targets PD-1, is approved by the
Food and Drug Administration (FDA) for treating
advanced NSCLC patients without mutations in EGFR
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or ALK and with high PD-L1 expression [5]. However,
a large proportion of cancer patients do not respond to
this therapy. Substantial evidence indicates that the
response to cancer immunotherapy is closely related to
PD-L1 expression [6], the tumor mutation burden
(TMB) [7] and tumor-infiltrating lymphocytes (TILS)
[8]. In addition, in NSCLC, mutations in specific genes
may be correlated with the immunotherapy response,
e.g., commutation of TP53 and KRAS improves the
response of patients to anti-PD-1 therapy [9].

Eph receptors constitute the largest family of receptor
tyrosine kinases (RTKSs). In vertebrates, this family has
16 members, namely, EphA receptors 1-10 (EphAl-
A10) and EphB receptors 1-6 (EphB1-B6) [10]. Upon
binding of their Ephrin ligands, these receptors
transduce external signals into cells through the Src,
RAS/MAPK, and integrin pathways and control a variety
of biological processes related to tumor progression [11—
13]. Eph receptors are also expressed on cells of the
immune system, and Eph-ephrin interactions have been
reported to mediate immune cell activation, migration,
adhesion, and proliferation [14-16]. However,
publications regarding the relationship of Eph receptors
with the tumor immune microenvironment are limited.
In a recent study, researchers found that knockout of
EphA10 reduced the expression of PDL1 in breast
cancer cells [17]. This finding prompted us to explore
the relevance of Eph receptors to antitumor immunity in
the tumor microenvironment (TME).

In this study, we performed an integrated analysis
incorporating DNA sequencing and RNA sequencing
(RNA-seq) data from the LUAD dataset in The Cancer
Genome Atlas (TCGA) database and a Chinese cohort
to determine the correlations of Eph receptor mutations
with antitumor immunity in LUAD by a bioinformatics
approach. We found that mutation of EPHAS, the most
frequently mutated gene in the Eph receptor family, was
associated with CD8" T cell infiltration, intratumoral
PD-L1 expression, increased TMB and mutations in
DNA damage response (DDR) pathway genes.
Significantly, we revealed that the survival of EPHA5-
mutant (Mut) LUAD patients was more favorable than
that of EPHAS5-WT patients in an immunotherapy
setting, providing new insight into the search for
predictive biomarkers for the immunotherapy response
in lung cancer.

RESULTS

EPHA5 mutations are associated with enhanced
immunity in LUAD

Before investigating the association between Eph
receptors and antitumor immunity, we first determined

the mutational landscape of different Eph receptors in
LUAD patients in the TCGA database. As shown in
Figure 1, 239/566 patients had mutations in Eph family
members. EPHA5 was the most frequently mutated
gene (13%), followed by EPHA3 (9%). The mutation
frequencies of other Eph family members were lower
than 10% (Figure 1A). To ensure that a sufficient
number of patients with mutations were included in
subsequent statistical analyses, we selected EPHAS,
with a mutation frequency of higher than 10%, to
examine the relationship of EPHA5 mutations with
tumor immune microenvironment.

TILs play an essential antitumor role in the TME.
CIBERSORT analysis of the RNA-seq data from the
TCGA LUAD dataset showed increased recruitment of
CD8" T cells and M1 macrophages and reduced
recruitment of immunosuppressive cells, e.g., regulatory
T cells (Tregs), in EPHA5-Mut samples (Figure 1B).
Next, we evaluated the association between EPHAS
mutations and immune signatures. As shown in Figure
2A, EPHA5 mutations were correlated with
significantly increased expression of the interferon-
gamma (IFN-y) signature genes as well as the
chemokine signature genes, which has been suggested
to be related to the immunotherapy response [18].
Among the 6 genes in the IFN-y signature, the
expression levels of only IDO1 and HLA-DRA were
not distinct; those of the other 4 genes—IFN-y and the
chemokines CXCL9, CXCL10, and CXCL11lwere
higher in EPHA5-Mut samples. Additionally, the
expression of GZMA, an important factor in the
cytolytic activity signature, had more abundance in
EPHA5-Mut samples. Notably, we evaluated the
expression of immune checkpoint genes and found that
the expression of inhibitory checkpoint molecules, such
as LAG3 and PDL1 (CD274), was higher in the
EPHA5-Mut group than in the EPHAS5-WT group
(Figure 2B).

The TME has been proposed to be classified into four
types based on the presence of PDL1 (CD274) and
CD8" TILs [19]. Samples in which the PDL1 and
CD8A/CD8B  expression  levels above  the
corresponding median RNA expression levels were
defined as positive. The EPHAS5-Mut group contained a
higher proportion of PDL1*/CD8" samples than the
EPHA5-WT group (Figure 2C), indicating that the
EPHAS5-Mut population is more likely to benefit from
immune checkpoint blockade (ICB) therapy than the
EPHAS5-WT population.

To further elucidate the association between EPHAS5
and antitumor immunity, we knocked down the
expression of EPHAS in H1299 cells. siRNA-mediated
depletion of EPHAS5 in H1299 cells decreased the

WWW.aging-us.com

AGING



enrichment of interferon-y (IFN-y) and the nuclear
factor kappa B (NF-«B) signaling pathway components
which are responsible for the expression of PDL1
(CD274) [20, 21] (Figure 3A-3C). Further real-time
PCR analysis revealed that knockdown of EPHAS in
H1299 cells downregulated the expression of PDL1
(CD274), IDO1 and CXCL10 (Figure 3D).

EPHAS5 mutations are associated with elevated TMB
and TNB in LUAD.

TMB has been reported to be associated with various
immune signatures [22]. Given the evidence that
EPHA5 mutations were associated with the tumor
immune microenvironment, we sought to determine
whether EPHAS mutations are correlated with TMB. In
the TCGA LUAD cohort, EPHA5-Mut patients had a
significantly higher TMB than EPHA5-WT patients
(Figure 4A). Similarly, in the Memorial Sloan Kettering

(Supplementary Table 1), EPHA5-Mut LUAD cancers
also exhibited a significantly higher TMB than EPHAS5-
WT LUAD cancers, indicating a convincing association
between EPHAS mutations and TMB (Figure 4B).

Neoantigens can be derived from tumor somatic
mutations. Considering that EPHA5-Mut patients had a
higher number of somatic mutations, we assessed TNB
in different groups. Consistent with the pattern of
somatic mutations, an immunogenic TNB was more
common in patients with EPHA5 mutations than in
patients without EPHAS5 mutations (Figure 4C). This
difference may explain the more abundant infiltration of
TILs in the EPHA5-Mut TME than in the EPHA5-WT
TME, as these mutated neoantigens can be recognized
by TILs and induce tumor-specific immune responses.

Uncontrolled cell cycle progression induced by
oncogene hyperactivation and DNA replication stress

Cancer Center (MSKCC) immunotherapy cohort causes replication fork arrest and DNA damage [23].
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Figure 1. EPHA5 mutations and immune infiltration are correlated in the TCGA LUAD cohort. (A) Mutational oncoplot of the Eph
family in LUAD. (B) Comparison of immune infiltration between EPHA5-Mut and EPHA5-WT tumors. The ordinate loglOvalue represents

log10(cibersort score+1).
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Combined with DDR deficiency, unrepaired DNA
damage tends to generate tumor mutations. Herein, gene
set enrichment analysis (GSEA) revealed that EPHA5
mutations were accompanied with accelerated cell cycle
progression and increased DNA replication (Figure 4D).
Additionally, we discovered significantly increased

mutation frequencies for genes in the homologous
recombination repair (HR) and mismatch repair (MMR)
pathways (Figure 4E, Supplementary Table 2).

Then, we collected the formalin-fixed, paraffin-
embedded (FFPE) samples of 143 Chinese LUAD
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Figure 2. Alterations in EPHA5 are associated with enhanced immunity in the TCGA LUAD cohort. (A) IFN-y and chemokine

signatures were enriched in EPHA5-Mut tumors. The ordinate logl0value

represents logl0(ssGSEA score+1). (B) The expression levels of

immune checkpoint inhibitor genes were significantly higher in EPHA5-Mut tumors than in EPHA5-WT tumors. The ordinate log10value
represents log10(TPM+1). (C) A higher proportion of PDL1°/CD8" cells was observed in EPHA5-Mut tumors than in EPHA5-WT tumors.

WWW.aging-us.com 601

AGING



patients and performed targeted DNA sequencing with a
543-gene panel. Analysis of the mutational profile
showed that the frequency of EPHAS mutations (6.3%,
9/143, Figure 5A) in the Chinese cohort was slightly
lower than that in the TCGA cohort and the MSKCC
immunotherapy cohort. Despite the low EPHA5
mutation frequency in the Chinese cohort, patients with
EPHAS5 mutations had a significantly higher TMB
(range from 0 to 34.3 mutations/Mb) than patients with
WT EPHAS5 (Figure 5B). Similarly, mutations in HR or
MMR pathway genes occurred concurrently with
EPHA5 (Figure 5C-5E), indicating that EPHAS
mutations accompanied by deficiencies in DNA repair
pathways tend to cause accumulation of mutations in
tumors.

EPHA5 mutations are associated with favorable
prognosis after ICB therapy in patients with LUAD

High PDL1 expression, high TMB, high CD8" T cell

infiltration and the IFN-y signature are well-
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documented predictive biomarkers for the response to
immunotherapy [8]. The associations between EPHAS
and these biomarkers indicated that EPHAS mutation
alone is likely a novel predictor for the response to ICB
therapy. Thus, we examined this hypothesis in the
MSKCC immunotherapy cohort of LUAD patients.
Consistent with the results described above, EPHA5-
Mut patients had significantly more favorable overall
survival (OS) than EPHA5-WT patients after
immunotherapy (Figure 6A). Similarly, in the MSKCC
pancancer  cohort of patients treated  with
immunotherapy, EPHA5-Mut patients had significantly
more favorable OS than EPHAS5-WT patients (Figure
6B). However, in the cohorts of patients from the
TCGA LUAD and MSKCC pancancer cohorts who
were not treated with immunotherapy, no significant
difference in OS was observed between EPHAS5-Mut
and WT patients (Figure 6C, 6D), suggesting that the
prognostic value of EPHA5 mutation is specific for
patients treated with immunotherapy. In another
advanced non-squamous NSCLC cohort of patients
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Figure 3. Knockdown of EPHAS in H1299 cells impaired immune related pathways enrichment and expression of immune
checkpoint genes. EPHAS depletion in H1299 cells reduced the enrichment of (A) IFN-y, (B) TNF, and (C) NF-kB signaling pathway
components. (D) EPHAS KD in H1299 cells downregulated the expression of PDL1 (CD274), IDO1 and CXCL10. **: P <0.01, ***: P <0.001.
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treated with immunotherapy (Hellmann Cohort [24],
Supplementary Table 3), all patients with EPHAS
mutation  (nonsynonymous_snv) presented durable
clinical benefit (Supplementary Figure 1A) and had
high TMB (TMB > 314 mutations, i.e., the top 25% of
patients, Supplementary Figure 1B). Moreover, the
EPHA5-Mut group had and tended to have longer
progression-free survival times (Supplementary Figure
1), further confirming the role of EPHA5 mutation as a
potential prognostic factor for the response to
immunotherapy.

Additionally, in the MSKCC immunotherapy cohort,
patients with high TMB (TMB > 10.82 mutations/Mb,
i.e., the top 25% of patients) had more favorable OS
than those with low TMB (Figure 6E). However, higher
TMB did not confer longer OS times than low TMB in
patients without EPHA5 mutation (Figure 6F).
Conversely, patients with both high TMB and mutation
of EPHAS had the best outcomes in terms of the
response to immunotherapy, suggesting that the
combination of EPHAS mutation and high TMB is a
more precise biomarker than either alone for selecting
the patients most likely to benefit from immunotherapy.

DISCUSSION

The Eph family of receptors is the largest family of
RTKs. Overexpression or hyperactivation of Eph
receptors has been found in cells from various cancers
[25-27]. Most previous studies have focused on the role
of Eph in regulating intrinsic characteristics that
facilitate cancer progression. Less is known about the
association of Eph receptors on antitumor immunity.
Our study, for the first time, addressed the association
between Eph receptor mutations and the tumor immune
microenvironment via integrated analysis of WES and
RNA-seq data from the TCGA LUAD cohort. Our
analysis showed that EPHA5 mutation has a significant
positive association with antitumor immunity, including
increased infiltration of adaptive and innate
lymphocytes and enriched IFN-y and cytolytic activity
signatures. Moreover, EPHA5-Mut LUAD tumors
displayed higher TMB than EPHAS5-WT tumors in both
the TCGA and Chinese cohorts. Consistent with these
preclinical predictions, clinical analysis based on the
MSKCC immunotherapy cohort confirmed the potential
of EPHAS mutation as a prognostic biomarker for the
immunotherapy response.

The “cancer-immunity cycle” proposed by Chen and
Mellman begins with the release of tumor cell antigens
[28]. Among the Eph receptor family members, EphA2
and EphA3 have been identified as tumor-associated
antigens (TAASs), and their epitopes can be recognized
by both CD4" and CD8" T cells [29, 30]. EphA2 has

also been reported to regulate immune cell trafficking.
Two other receptors, EphAl and EphA4, are expressed
in T cells and mediate T cell chemotaxis in vitro
[31-33]. Although no evidence currently suggests that
EPHADS is a TAA, our results showed that mutations in
EPHAS were associated with increased TMB and TNB.
During the subsequent steps of the cancer-immunity
cycle, EPHA5 mutations likely do not correlate with
TAA presentation, as the MHC-I signature did not
differ between patients with WT EPHAS and those with
mutated EPHAS5. However, components of the
chemokine signature, including CXCL9, CXCL10 and
CXCL11, which are responsible for immune cell
migration, differentiation, and activation [34], were
enriched in EPHA5-Mut patients, leading to infiltration
of cytotoxic T cells. More importantly, EPHA5
mutations were correlated with high expression levels
of checkpoint inhibitors such as LAG3 and PDLI,
suggesting that mutations in EPHAS were accompanied
by CD8" T cell exhaustion in LUAD. Notably, we
validated the impact of EPHAS5 on the expression of
PDL1, IDO and CXCL10 in H1299 cells. Thus, for the
first time, we identified the link between EPHA5 and
the tumor immune microenvironment in LUAD.
However, this relationship requires further validation in
mouse models.

Numerous  studies  have  demonstrated  that
immunotherapy, especially with inhibitors of PD-1 or
PDL1, has improved the prognosis of NSCLC patients
and reformed therapeutic strategies for NSCLC [4, 7,
35]. Currently, several biomarkers that predict drug
sensitivity or resistance have been identified, including
TMB, CD8" T cell infiltration into the TME and
intratumoral PDL1 expression as evaluated by
immunohistochemistry  (IHC) [8]. Although the
detection of biomarkers can identify patients who may
benefit from immunotherapy, not all patients with high
TMB or high expression of PDL1 respond well [36].
Other challenges, such as appropriate definition of
cutoff values, limit the clinical application of these
biomarkers. Thus, identification of biomarkers
representing two or more of the above factors is needed
to guide immunotherapy applications. Our findings that
EPHAS5 mutation was correlated with high TMB, high
PDLL1 expression, high CD8+ cell infiltration and high
expression of IFN-y signature components in LUAD
imply that EPHA5 mutations can predict most of the
current features related to the immunotherapy response
in LUAD.

Moreover, we found a higher proportion of TIL*PD-L1"
patients among EPHAS5-Mut patients than among
EPHAS-WT patients, supporting the conclusion that
EPHA5-Mut patients treated with PDL1 blockade
therapy are likely to exhibit a relatively good prognosis.
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Figure 6. Relation of EPHADS to clinical outcomes in LUAD. Patients with tumors harboring EPHAS5 mutations had longer OS times than
those with tumors without EPHAS mutations in the MSKCC immunotherapy cohort: (A) LUAD set, (B) pancancer set. The OS time did not
differ significantly between EPHA5-Mut and EPHAS5-WT patients not treated with immunotherapy in the (C) TCGA LUAD or (D) MSKCC
pancancer cohort. (E) High tumor mutation burden (TMB_H) was positively correlated with prolonged OS in the MSKCC immunotherapy
cohort. (F) Survival curves were generated for patients in the MSKCC immunotherapy cohort stratified by both the EPHAS5 mutation status
and the TMB. P-values calculated with the log-rank test are shown.
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Most importantly, although patients with high TMB
(25% top) had longer OS times than patients with low
TMB, the subgroup of EPHA5-WT patients with high
TMB had OS times equivalent to those of patients with
low TMB. Thus, detection of the EPHA5 mutation
status may help prevent overtreatment of EPHAS5-WT
patients with high TMB and avert the development of
immune-related adverse effects in these patients.

This study has several limitations. First, we established
the relationship between EPHA5 and antitumor
immunity based only on data from tumor specimens.
More in-depth studies using mouse model- or cell
culture-based techniques are needed to confirm our
findings. Second, validation of the prognostic or
predictive role of EPHA5 mutations for the
immunotherapy response is necessary in an independent
cohort of ICB-treated patients. In conclusion, we
discovered the obvious importance of EPHAS mutations
in increasing TMB, T cell infiltration into the TME and
PDL1 expression, implying that EPHAS5 mutation is a
potential prognostic marker for the immunotherapy
response.

MATERIALS AND METHODS
Data acquisition

Three LUAD genomic datasets were utilized in this
study: the genomic dataset from the MSK-IMPACT
clinical sequencing cohort pancancer study (MSKCC,
Nat Med 2017), a LUAD dataset (TCGA, PanCancer
Atlas) and an MSKCC immunotherapy cohort
(Nat Genet 2019). The gene expression profiling
data for the LUAD dataset (TCGA, PanCancer
Atlas) were downloaded from the GDC data portal
(https://portal.gdc.cancer.gov/). Fragments per kilobase
million mapped reads (FPKM) values in RNA-seq data
were transformed into transcripts per kilobase million
(TPM) values.

Evaluation of immune cell infiltration and immune
gene signatures

The abundances of 22 immune cell types were
calculated with CIBERSORT [37]. The gene sets for
cytolytic activity (granzyme-A and perforin-1), the IFN-
v signature, immune costimulators, immune inhibitors,
chemokines, the HLA-I signature (MHC-class 1), and
the HLA-1I (MHC-class I1) signature were analyzed as
described in previous studies [18, 38].

TNB and TMB data were obtained from published
TCGA data [39]. Somatic alterations in ten oncogenic
signaling pathways were determined as described in
previously published literature [40].

Patient information

A total of 143 LUAD patients were recruited from The
First Affiliated Hospital of Soochow University.
Clinically recorded information, such as age, sex,
smoking status, and pathologic stage, was collected as
shown in Supplementary Table 4. All patients provided
written informed consent for molecular analysis of their
tissue samples.

This study was approved by the Ethics Committee of
the First Affiliated Hospital of Soochow University. All
procedures in studies involving human participants were
performed in accordance with the ethical standards of
the institutional and/or national research committee and
with the 1964 Helsinki Declaration and its later
amendments or with comparable ethical standards.

DNA extraction and sequencing

FFPE tumor specimens and matched blood samples
were collected and submitted to construct the designed
543-gene NGS panel (Supplementary Table 5) for
testing based on next-generation sequencing (NGS).
DNA extraction and sequencing were performed using
standard protocols described previously [41].

Variant analysis

To identify somatic single nucleotide variants (SNVs) and
indels, matched blood samples from patients were used as
controls for the FFPE tumor samples with mutations.
SNVs were called with VarDict (version 1.5.1) [42].
Variants were annotated with ANNOVAR [43]. Variants
that met one or more of the following criteria were
excluded: (a) < 30x sequencing coverage, (b) silent
mutations in nonreference alleles, (c) < 5 supporting
reads, (d) an allele frequency of >0.005 in the Exome
Aggregation Consortium (EXAC) or Genome Aggregation
Database (gnomAD), or (e) an allele frequency of <0.02
in the tumor sample. TMB (mutations/Mb) was calculated
with the previously reported algorithm [44].

Cell culture and transfection

H1299 cells were grown in RPMI 1640 medium
(Gibco) supplemented with 10% FBS and 1%
penicillin-streptomycin  (Invitrogen).  Cells  were
maintained at 37° C in an atmosphere containing 5%
CO..

Transient knockdown of the Epha5 gene was performed
by transfection of siRNA with Lipofectamine®
RNAIMAX  Transfection Reagent  (#13778150,
Invitrogen). The siRNA (siEPHA5) targeted the
following sequence: catctccagtcaccaatgtga.
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RNA isolation and RT-gPCR

Cultured cells were lysed with TRIzol™ Reagent
(#15596018, Invitrogen). Total RNA was isolated
according to the manufacturer’s instructions. mRNA
was reverse transcribed to cDNA with a cDNA
synthesis kit (AE311-03, TransGen Biotech, Beijing,
China). RT-gPCR was performed with diluted cDNA
(1:4) in three wells per reaction with the appropriate
primer pair and SYBR green master mix (Bio-Rad) in a
Bio-Rad iCycler iQ Real Time PCR System. All RT-
gPCR experiments were repeated at least three
independent times. The primer sequences are listed
below: Human IDO1-F: GCCAGCTTCGAGAAA
GAGTTG; Human IDO1-R: ATCCCAGAACTAGA
CGTGCAA; Human CD274-F: TGGCATTTGCTGA
ACGCATTT; Human CD274-R: TGCAGCCAGGTC
TAATTGTTTT,; Human CXCL10-F: GTGGCATTC
AAGGAGTACCTC; Human CXCL10-R: TGATGGC
CTTCGATTCTGGATT; Human EPHAS-F: GTGACC
GATGAACCTCCCAAA; Human EPHA5-R: CCAG
GTCTGCACACTTGACAG; Human beta-Actin-F: TG
ACAGGATCGAGAAGGAGA; Human beta-Actin-R:
CGCTCAGGAGGAGCAATG.

RNA sequencing

RNA was quantified using a Life Invitrogen Qubit 3.0/4.0
fluorometer and assessed using an Agilent 2100
Bioanalyzer system. Then, 8 pl of total RNA was used as
input with a SMARTer Stranded Total RNA-Seq Kit v2
(Takara) in accordance with the low-throughput protocol.
After PCR enrichment and purification of adapter-ligated
fragments, the library with adapters was analyzed with the
Life Invitrogen Qubit 3.0/4.0 and assessed in the Agilent
2100 Bioanalyzer system. Then, RNA-seq was performed
on a lllumina NovaSeq 6000 Sequencing System. To
ensure data quality, raw reads were preprocessed by
removing low-quality sequences, removing junction
contamination (with Trimmomatic) [45], detecting the
A/TIG/C content distribution (with RSeQC) [46],
removing rRNA (with bowtie2) [47], etc., to obtain high-
quality sequences (clean reads). All subsequent analyses
were based on clean reads. Reference gene and genome
annotation files were downloaded from the GENCODE
website (https://www.gencodegenes.org/human/). Clean
data were aligned to the reference genome with HISAT
[48] (http://ccb.jhu.edu/software/hisat2/index.shtml).
FeatureCounts was used to estimate the expression level
of each gene. Gene expression was quantified with the
FPKM method [49].

GSEA

GSEA  (http://software.broadinstitute.org/gsea/index.
jsp) was conducted based on the expression results by

using the default parameters on c2 gene sets in the
Molecular Signatures Database (MSigDB) (http://
software.broadinstitute.org/gsea/msigdb).

Statistical analysis

For two-group comparisons, statistical significance
was estimated with unpaired Student’s t tests for
normally distributed variables and with the Mann-
Whitney U test for nonnormally distributed variables.
Fisher’s exact test for pairwise comparisons was
performed to detect sets of pathways mutually exclusive
or cooccurring with EPHAS. Fisher’s exact test was
also used to compare the proportions of mutations in
HR and MMR genes between the EPHA5-Mut and
EPHAS5-WT groups. The Kaplan-Meier method was
used to generate survival curves for the subgroups in
each dataset, and the log-rank (Mantel-Cox) test was
used to determine the statistical significance of the
differences. Statistical analyses were performed in R
(https://www.r-project.org/, version 3.6.1), and P < 0.05
was considered to indicate a statistically significant
difference.

Ethics approval

This study was performed in accordance with the ethical
standards and the Declaration of Helsinki and according
to national and international guidelines. Surgically
procured tumor samples from patients were obtained in
the Department of Thoracic Surgery, The First
Affiliated Hospital of Soochow University with
informed patients’ consent for research purposes.
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SUPPLEMENTARY MATERIALS

Supplementary Figure
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Supplementary Figure 1. Non-squamous NSCLC patients with EPHA5 mutation had better clinical response and outcome

after ICI therapy. All patients with EPHA5 mutations (A) presented durable clinical benefit to ICls, and (B) had high TMB. (C) The EPHAS5-
Mut group tended to have longer PFS than the EPHA5-WT group.
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Supplementary Tables

Supplementary Table 1. Clinical characteristics of the studied LUAD patients from Hellmann cohort.

Characteristics All patients EPHAS5 Mut EPHAS WT P value
Total (cases) 59 4 55

Gender [cases (%)] 0.624
Male 22 (37.3) 2 (50.0) 20 (36.4)

Female 37 (62.7) 2 (50.0) 35 (63.6)

Age (years) 0.148
Median 63 56.5 66

IQR 56.00-70.50 52.25-61.25 56.50-71.00

Smoking status [cases (%)] 0.566
Current/former 46 (78.0) 4 (100.0) 42 (76.4)

Never 13 (22.0) 0(0.0) 13 (23.6)

Performance status [cases (%)] 1
ECOG_0 28 (47.5) 2 (50.0) 26 (47.3)

ECOG_1 31 (52.5) 2 (50.0) 29 (52.7)

Clinical benefit [cases (%)] 0.114
DCB 31 (52.5) 4 (100.0) 27 (49.1)

NDB 28 (47.5) 0 (0.0 28 (50.9)

DCB: durable clinical benefit, NDB: no durable benefit;

P value: Wilcoxon test rank sum or Fisher’s exact test (two sided) was used for the comparison between the EPHA5 Mut and

WT groups.
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Supplementary Table 2. DDR core pathway membership.

Nucleotide
Excision
Basg_ Repair Mismatch  Fanconi Homologous Non- Direct  Translesion Damage
Excision (NER, . . S homologous . -
Repair including Repair Anemia  Recombination End Joining Repair Synthesis Sensor
(BER) TC-NER (MMR) (FA) (HR) (NHEJ) (DR) (TLS) etc.
and GC-
NER))
PARP1 CUL5 EXO1 FANCA MRE11A LIG4 ALKBH2 POLN ATM
POLB ERCC1 MLH1 FANCB NBN NHEJ1 ALKBH3 POLQ ATR
APEX1 ERCC2 MLH3 FANCC RAD50 POLL MGMT REV1 ATRIP
APEX?2 ERCC4 MSH2 FANCD?2 TP53BP1 POLM REV3L CHEK1
FEN1 ERCC5 MSH3 FANCI XRCC2 PRKDC SHPRH CHEK?2
TDG ERCC6 MSH6 FANCL XRCC3 XRCC4 MDC1
TDP1 POLE PMS1 FANCM BARD1 XRCC5 RNMT
UNG POLE3 PMS2 UBE2T BLM XRCC6 TOPBP1
XPA BRCA1 TREX1
XPC BRCA2
BRIP1
EME1
GEN1
MUS81
PALB2
RADS51
RAD52
RBBP8
SHFM1
SLX1A
TOP3A

Supplementary Table 3. Clinical characteristics of the studied LUAD patients from MSKCC immunotherapy cohort.

Characteristics All patients EPHA5 Mut EPHA5 WT P value
Total (cases) 271 23 248
Gender [cases (%)] 0.827
Male 117 (43.2) 9 (39.1) 108 (43.5)
Female 154 (56.8) 14 (60.9) 140 (56.5)
Age Group at Diagnosis in Years [cases (%)] 0.55
31-50 28 (10.3) 2 (8.7) 26 (10.5)
50-60 61 (22.5) 8 (34.8) 53 (21.4)
61-70 85 (31.4) 6 (26.1) 79 (31.9)
>71 97 (35.8) 7 (30.4) 90 (36.3)
Drug Type [cases (%)] 0.634
PD-1/PDL-1 255 (94.1) 21 (91.3) 234 (94.4)
Combo 16 (5.9) 2 (8.7) 14 (5.6)

P value: Fisher’s exact test (two sided) was used for the comparison between the EPHAS Mut and WT groups
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Supplementary Table 4. Clinical characteristics of the studied LUAD patients from Chinese cohort.

Characteristics All patients EPHAS5 Mut EPHAS WT P value
Total (cases) 143 9 134
Gender [cases (%)] 0.086
Male 86 (60.1) 8 (88.9) 78 (58.2)
Female 57 (39.9) 1(11.1) 56 (41.8)
Age (years) 0.206
Median 62.00 66.00 62.00
IQR 55.00-68.00 63.00-67.00 54.25-68.00
Smoking status [cases (%)] 0.140
Current/former 58 (40.6) 6 (66.7) 52 (38.8)
Never 70 (49.0) 2 (22.2) 68 (50.7)
NA 15 (10.5) 1(11.1) 14 (10.4)
Pathological stage [cases (%)] 0.921
I 16 (11.2) 1(11.1) 15 (11.2)
I 27 (18.9) 2(22.2) 25 (18.7)
I 59 (41.2) 3(33.3) 56 (41.8)
v 41 (28.7) 3(33.4) 38 (28.3)

NA: not available;

P value: Wilcoxon test rank sum or Fisher’s exact test (two sided) was used for the comparison between the EPHA5 Mut and

WT groups, and NA was not included in the statistical analysis
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Supplementary Table 5. Gene list of the designed NGS panel.

Hugo Symbol Hugo Symbol  Hugo Symbol ~ Hugo Symbol ~ Hugo Symbol ~ Hugo Symbol  Hugo Symbol

AMER1 IPO7 CREBBP PDCD1LG2 HSPA4 ESR1 DHFR
ASXL1 MED19 CRKL PDGFRB CNOTS8 ETV6 GSTA1l
ATRX MARK?2 CRLF2 PIK3C2G GABRP FANCA SOD2
AURKB ANO1 CSF1R PIK3CB F13A1 FBXW7 SLC22A2
BCOR KDMS5A CSF3R PIK3CG FLOT1 FGF19 SEMA3C
BRD4 ZDHHC17 CXCR4 PIK3R1 HSPA1B FGF3 ABCB1
CBFB VSIG10 CYLD PIK3R2 MAP3K4 FGF4 SLC31A1
CDC73 CTAGES DAXX PLCG2 TRA2A FGFR1 HSPAS5
CDK12 PRPF39 DICER1 PPARG ABCAI13 FGFR2 CYP2C19
CDK8 MAP4KS DIS3 PPP2R1A CALD1 FGFR3 CYP2C8
CIC ARID4A DOTI1L PRKCI UBE3C FH SLIT1
CTCF TECPR2 EP300 PTCH1 MMP16 FLT1 ABCC2
FAM46C APOPT1 EPHA3 PTPN11 RIPK2 HRAS RRM1
FAT1 HAUS2 EPHAS RAD51 RAD21 IDH1 GSTP1
FOXL2 ATP9B EPHA7 RAD51B IARS IDH2 SLCO1B3
FUBP1 SPC24 EPHB1 RAD52 MAPKAP1 JAK1 SLCO1B1
GATA1l MYADM ERBB4 RADS54L UPF2 JAK?2 CYP19A1
GATA2 KIR3DX1 ERG RAF1 PDE6C KRAS CYBA
IKZF1 ZNF805 ETV1 RARA ADRB1 MAP2K1 TYMS
KDM5C C200rf96 EZH2 RPTOR ACADSB MDM2 CYP2B6
LMO1 NCOAG6 FANCC RUNX1 TPH1 MDM4 XRCC1
MYCL TMPRSS15 FANCG SDHA PTPRJ MEN1 ERCC2
NKX2-1 DSCAM FAS SETD2 FOLH1 MET ERCC1
PRDM1 RRP1B FGFR4 SF3B1 ALG9 MLH1 HNF4A
PREX2 C220rf23 FLCN SMAD2 HYOU1 MRE11A CBR3
RBM10 MOV10L1 FLT3 SMAD3 MAGOHB MSH3 CYP2D6
RNF43 WWC3 FLT4 SMARCA4 TXNRD1 MSH6 GSTM1
SPEN ARHGAPG FOXP1 SMARCB1 HCAR2 MTOR EWSR1
TET2 BCYRN1 GATA3 SMO EXOSC8 MUTYH FUS
TOP1 ZNF711 GLI1 SOCS1 TNFSF13B NBN HEY1
PDPN TBC1D8B GNA11 SOX2 SNX6 NF2 NR4A3
GMEBL1 DOCK11 GNA13 SOX9 AK7 NOTCH1 PDGFB
MTF1 LONRF3 GNAQ SPOP CYFIP1 NRAS SS18
7773 KIAA1210 GNAS SRC GANC NT5C2 EML4
RABGAPLL ARHGAP4 GRIN2A STAT3 NEO1 NTRK1 CD74
IRF6 BAP1 GSK3B SUFU FANCI NTRK2 SLC34A2
PLEKHH2 DDR2 H3F3A SYK ITGAL NTRK3 KIF5B
PNO1 ERRFI1 HGF TBX3 ARMCS PALB2 RIC1
TSN NPM1 HNF1A TGFBR2 NUP93 PBRM1 AGPAT9
ARLGIP6 ROS1 ID3 TMPRSS2 IRF8 PDGFRA CAST
NAB1 NR1I3 IGF1IR TNFAIP3 NF1 PIK3CA ZMYMA4
ALS2CR11 OTOS IGF2 TNFRSF14 RHOT1 PMS2 SLC30A5
ULK4 C8orf34 IKBKE TSHR TAF15 POLD1 CEP120
KPNA4 NAB2 IL7R U2AF1 KPNB1 POLE Cborf15
ZBBX PPHLN1 INHBA WHSC1 ABCAS8 PRKARIA SIMC1
LRRC34 ABL1 INPP4B WHSC1L1 KCNJ2 PTEN PGBD1
SEL1L3 AKT2 IRF4 XPO1 NUP85 RAC1 HAUSG6
NFXL1 AKT3 IRS2 CXCL8 LAMA3 RAD50 ZNF367
SHROOM3 ALOX12B JAK3 EIF4G3 MALT1 RAD51C SFXN4
FRAS1 ARID1A JUN STMN1 CDC25B RADS51D CEP290
CBR4 ARID1B KDM6A LEPR CD40 RB1 STYX
GPM6A ARID2 KDR ASHI1L FGF16 RET MAPKBP1
FAM149A ATR KEAP1 FMO1 RPA4 RICTOR ZNF91
MTRR AURKA KMT2A SIPA1L2 STAG2 SDHB APOL2

WWWw.aging-us.com 617 AGING



Chorf42 AXIN1 KMT2C RYR2 BRS3 SDHC NKAP
ADAMTS6 AXL KMT2D ADSS IRAK1 SDHD DBT
BTF3 BARD1 LYN 1D2 AKT1 SMAD4 DIAPH1
ANKRA?2 BCL2 MAP2K?2 CALM2 ALK STK11 HLA-DRB1
CHD1 BCL2L1 MAP2K4 MSH2 APC TERT COL15A1
CDKL3 BTG1 MAP3K1 PAPOLG AR TP53 WDR5
PURA BTK MCL1 REL ARAF TSC1 MMP3
RBM27 CALR MED12 MEIS1 ATM TSC2 NLRP7
FAM153B CARD11 MEF2B MRPL19 BLM VEGFA DEPDC5
HNRNPH1 CASP8 MITF SUCLG1 BRAF VHL DYNC2H1
ACOT13 CBL MPL UBEZ2E3 BRCA1 WT1 STARD4
PAQRS CCND2 MYC NDUFS1 BRCA2 PIGF ZNF2
SASH1 CCND3 MYCN ARPC2 BRIP1 B2M TOE1
CNKSR3 CCNE1l MYD88 CUL3 CCND1 MAPK1 EZR
TAGAP CD274 NFE2L2 CAB39 CDH1 MTHFR HLA-A
TNRC18 CD79A NFKBIA FANCD2 CDK4 CDA HLA-B
SUGCT CD79B NOTCH2 TOP2B CDKN2A DPYD HLA-C
TRIM24 CDK®6 NOTCH3 CCR4 CHEK2 MTR SLC7A8
ERI1 CDKNI1A NSD1 KIT CTNNB1 GALNT14 RFC1
TNKS CDKN1B P2RY8 COX18 DNMT3A LRP2 STRBP
TMEMG67 CDKNZ2B PARK?2 MYO10 EGFR ATIC PLEKHA1
RNF19A CDKN2C PARP1 DROSHA ERBB2 UGT1Al
ANKRD46 CEBPA PAX5 CDK7 ERBB3 XPC
C9orf72 CHEK1 PDCD1 CDO1 ERCC4 UMPS
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