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ABSTRACT

Background Epstein-Barr virus (EBV)-associated gastric
cancer (GC) (EBVaGC) is a distinct molecular subtype of
GC with a favorable prognosis. However, the exact effects
and potential mechanisms of EBV infection on immune
checkpoint blockade (ICB) efficacy in GC remain to be
clarified. Additionally, EBV-encoded RNA (EBER) in situ
hybridization (ISH), the traditional method to detect EBV,
could cause false-positive/false-negative results and

not allow for characterizing other molecular biomarkers
recommended by standard treatment guidelines for GC.
Herein, we sought to investigate the efficacy and potential
biomarkers of ICB in EBVaGC identified by next-generation
sequencing (NGS).

Design An NGS-based algorithm for detecting EBV was
established and validated using two independent GC cohorts
(124 in the training cohort and 76 in the validation cohort).
The value of EBV infection for predicting ICB efficacy was
evaluated among 95 patients with advanced or metastatic

GC receiving ICB. The molecular predictive biomarkers for ICB
efficacy were identified to improve the prediction accuracy of
ICB efficacy in 22 patients with EBVaGC.

Results Compared with orthogonal assay (EBER-ISH) results,
the NGS-based algorithm achieved high performance with a
sensitivity of 95.7% (22/23) and a specificity of 100% (53/53).
EBV status was identified as an independent predictive factor
for overall survival and progression-free survival in patients
with DNA mismatch repair proficient (p)MMR) GC following

ICB. Moreover, the patients with EBV+/pMMR and EBV—/

MMR deficient (dAMMR) had comparable and favorable survival
following ICB. Twenty-two patients with EBV+/pMMR achieved
an objective response rate of 54.5% (12/22) on immunotherapy.
Patients with EBVaGC with a high cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4) level were less responsive to
anti-programmed death-1/ligand 1 (PD-1/L1) monotherapy, and
the combination of anti-CTLA-4 plus anti-PD-1/L1 checkpoint
blockade benefited patients with EBVaGC more than anti-PD-1/
L1 monotherapy with a trend close to significance (p=0.074).
There were nearly significant differences in tumor mutational
burden (TMB) level and SMARCA4 mutation frequency between
the ICB response and non-response group.

Conclusions We developed an efficient NGS-based

EBV detection strategy, and this strategy-identified EBV
infection was as effective as dMMR in predicting ICB
efficacy in GC. Additionally, we identified CTLA-4, TMB,
and SMARCA4 mutation as potential predictive biomarkers
of ICB efficacy in EBVaGC, which might better inform ICB
treatment for EBVaGC.
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BACKGROUND

Epstein-Barr virus (EBV)-associated gastric
cancer (GC) (EBVaGC) accounts for approx-
imately 5%-10% of GC worldwide and is well
recognized as a distinct molecular subtype
of GC."™ Several lines of evidence suggested
that patients with EBVaGC tended to have
fewer lymph node metastases and a better
prognosis.5_7 Among cohorts of advanced
EBVaGC, response rates following anti-
programmed death-1 (anti-PD-1)
immunotherapy were reported to range
from 25% to 100%, but all higher than that
of unselected patients with advanced GC.*"!
Although the exact impacts and potential
mechanisms of EBV infection on GC immune
checkpoint blockade (ICB) efficacy remain to
be clarified, there has been a growing interest
in EBV as an emerging biomarker to inform
clinical management of GC, especially ICB
treatment.

EBV-encoded RNA (EBER) in situ hybrid-
ization (ISH) has long been regarded as the
gold standard for detecting EBV. However,
apart from  commonly false-negative
EBER-ISH results caused by RNA degrada-
tion, false-positive results might be generated
in the presence of background hybridization
caused by poorly fixed tissues, non-specific
staining, or (:ross-reactivity.12 ¥ Moreover,
EBER-ISH does not allow for simultaneous
characterization of other clinically relevant
biomarkers such as tumor mutational burden
(TMB), microsatellite instability (MSI),
HER2 amplification, and NTRK fusion as
recommended by the National Comprehen-
sive Cancer Network (NCCN) Guidelines
for GC." The advent of nextgeneration
sequencing (NGS) offers a viable solution
by accommodating EBV detection and the
gene profile in numerous other cancer-
related markers in one single assay. However,
it has been only employed to interrogate the
EBV genome for research purposes.'” ' The

mono-
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development and validation of NGS-based EBV detection
intended for clinical use have never been reported.

In this work, we aimed to develop an efficient NGS-
based EBV detection strategy that allows for parallel char-
acterization of other genomic features. More importantly,
we assessed the ability of EBV status to predict the benefit
from ICB treatment and explored the predictive molec-
ular markers which may be incorporated into EBV status
to improve the accuracy of ICB efficacy prediction.

METHODS

Samples and study design

The study design and consort patient flow diagram were
illustrated in online supplemental figures 1 and 2. Gene
selection, algorithm development, and EBV score cut-
off training were performed using 24 EBVaGC and 100
EBV-negative GC (EBVnGC) tissue samples. Technical
validation was conducted in a cohort of 23 EBVaGC and
53 EBVnGC tissue samples. The 124 and 76 samples
mentioned above were obtained from the Beijing Cancer
Hospital with a confirmed histological diagnosis of
advanced GC and available EBER-ISH results.

The correlation between EBV score and viral copy
number by quantitative PCR (qPCR) was assessed using
20 GC DNA samples with EBV score >0.00005 (excluding
EBV genes that could not be detected at all) retrieved
from the 3DMed Biobank (3D Medicines).

The repeatability and reproducibility of the EBV detec-
tion method were evaluated using four EBVaGC and
four EBVnGC tissue samples randomly selected from the
technical validation cohort. Each sample was detected for
two runs with each run in quadruplicate under the same
operating conditions. The data of replicates in the intra-
assay were counted for the repeatability test, while the
data of the two batches in the inter-assay precision study
were collected and compared for reproducibility analysis.

To determine the limit of detection (LOD), EBV-
transformed B lymphoblasts, BLL1954, BL.1395, BL.2009,
and BL1143, were purchased from the American Type
Culture Collection, and the control white blood cells were
obtained from a healthy donor."” '® Briefly, genomic DNA
samples derived from four EBV-positive cell lines were
diluted into the genomic DNA isolated from the control
white blood cells, targeting four titration points, 2.5%,
5%, 10%, and 20%. The titration series were examined at
a total cell input of 5x10°and four different sequencing
depths: 100x, 300x, 500x, and 1000x.

To evaluate the predictive value of EBV status in ICB
efficacy in patients with GC and further identify the
molecular markers predictive of ICB efficacy in patients
with EBVaGC, 95 patients with advanced or metastatic
GC treated with ICB at Beijing Cancer Hospital from
June 21, 2017, to October 22, 2021, were included. The
exact ICB drugs for these patients were summarized in
online supplemental table 1. Among 95 patients, 66 were
DNA mismatch repair (MMR) proficient (pMMR), and
29 were MMR deficient (AMMR), where MMR status

was identified by immunohistochemistry (IHC). The
patients with pMMR comprised 22 patients with EBV+/
PMMR and 44 patients with EBV-/pMMR, wherein EBV
status was obtained via our NGS-based method. The
patients with dMMR were EBV negative and represented
as EBV-/dMMR phenotype. All tumor samples had at
least 20% tumor content as reviewed by two independent
pathologists.

IHC, qPCR, NGS, EBER-ISH, and multiplex immu-
nofluorescence (mlIF) were described in online supple-
mental methods and online supplemental table 6.

ICB efficacy evaluation

De-identified clinicopathological and efficacy data were
extracted from patients’ medical records by two indepen-
dent physicians and were reviewed by a third physician
in case of inconsistency. Tumor response was assessed as
per the Response Evaluation Criteria in Solid Tumors,
V.1.1, and categorized as complete response (CR), partial
response (PR), stable disease (SD), and disease progres-
sion (PD). Objective response rate (ORR) was defined as
CR plus PR. Progression-free survival (PFS) was defined
as the time from the onset of ICB treatment to PD or
death, whichever occurred first. Overall survival (OS) was
defined as the time from the onset of ICB treatment to
death as a result of any cause. The duration of response
was defined as the interval from first documented CR or
PR until PD or death by any cause, whichever occurred
first. All samples were obtained with informed consents.

Statistical analyses

Continuous variables were compared using a Student’s
t-test or the non-parametric Mann-Whitney U test, while
categorical variables were compared using the % test or
the Fisher’s exact test where appropriate. Survival curves
were plotted with the Kaplan-Meier method and analyzed
using a log-rank test. Univariate and multivariate Cox
regression analyses were applied to identify independent
prognostic variables for ICB efficiency. Simple linear
regression was adopted to examine the relationship
between EBV copy number and EBV score. The receiver
operating characteristic (ROC) analysis was performed
using the web tool EasyROC (http://www.biosoft.
hacettepe.edu.tr/easyROC/). All tests were two-sided,
and a p value of <0.05 was considered statistically signifi-
cant. Statistical analyses were performed using R software
V.3.6.1 (R Foundation for Statistical Computing), Python
software V.3.9.5, GraphPad Prism V.7.01 (GraphPad Soft-
ware), and SPSS V.22.0 (IBM).

RESULTS

Algorithm development for EBV detection

The study design was illustrated in online supplemental
figure 1. To select target genes for EBV detection, BHRFI
and BCLFI were excluded upfront for sharing significant
homology with the human genome.19 20 Regions with a
high GC content were also excluded due to affecting
library preparation/ construction.?!’ The rest of the
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genome sequences were evaluated by their relevance to
EBV pathogenesis and carcinogenesis, and six genes,
EBNA-1, EBNA-2, EBNA-3, LMPI1, LMP2, and BZLFI, were
included in the EBV detection panel.” * For each gene,
a set of probes was designed to cover the whole exons.
Since EBV viruses are classified into type 1 and type 2
based on EBNA-2 and EBNA-3 sequences, two sets of
probes targeting type 1 and type 2 sequences separately
were developed for each of the two genes.

Tissue samples from 24 patients with EBVaGC and 100
patients with EBVnGC as a training set were subjected to
NGS analysis using a panel combining the EBV detection
probes and the probes covering the whole exons of 733
cancerrelated genes, including all currently available
biomarkers related to tumor immunotherapy, targeted
therapy, chemoradiotherapy, and prognosis (the gene list
shown in online supplemental table 2). The sequencing
depth was calculated for each EBV gene and multiplied
by two before normalization using the sequencing depth
of the 733-panel genes to obtain a normalized depth
(NorDepth) for each gene. Due to low capture efficiency,
LMPI and LMP2 were excluded (online supplemental
figure 3). The remaining four genes had a sharply higher
NorDepth in the tumors from patients with EBVaGC
than EBVnGC (figure 1A), which were included in the
final panel. EBV score was defined as the median of the
NorDepths of these four genes. In the training set, EBV
score could significantly discriminate EBVaGC from
EBVnGC (p<0.001) (figure 1B).

Additionally, 20 GC DNA samples were quantified for
EBV load by qPCR. A strong correlation was observed
between EBV score and EBV copy number (R*=0.9326,
p<0.001, figure 1C), corroborating the reliability of EBV
score to reflect EBV status. The optimal cut-off EBV score
for the definition of EBV positivity was determined at
0.05695 using the ROC curves, with an area under the
curve (AUC) of 1. Furthermore, we found that the posi-
tive relation between EBV score and EBV copy number
also held for the individual EBV gene, and the AUC
values for EBV positivity predictions were 0.969 for EBNA-
1, 0.865 for EBNA-2, 0.875 for EBNA-3, and 0.906 for
BZLFI (online supplemental figure 4A,B). These results
indicated that the EBV algorithm based on NGS detec-
tion of four EBV genes was established and could accu-
rately identify EBVaGC.

Technical validation

The accuracy of the EBV algorithm defining EBVaGC with
an EBV score of at least 0.05695 was validated in a cohort
of 76 advanced GC tumor samples, where 23 were diag-
nosed as EBVaGC and 53 as EBVnGC by EBER-ISH previ-
ously. Our NGS-based method identified 95.7% (22/23,
95% CI 77.3% to 99.8%) of EBVaGC tumors and 100%
(53/53, 95% CI 93.2% to 100%) of the EBVnGC tumors,
for an overall accuracy of 98.7% (75/76, 95% CI 92.9%
t0 99.9%) (figure 1D, online supplemental table 3). The
positive predictive value was 100% (22/22, 95% CI 85.1%
to 100%). The repeatability and reproducibility of the

EBV detection method were also assessed. Eight samples
tested in two batches could get the same EBV status with
100% concordance (online supplemental table 4). The
results of LOD showed that for all four EBV-positive
cell lines, the EBV score of each sample was well above
0.05695 when the dilution was above 5% across different
sequencing depths (figure 1E). Therefore, the LOD was
determined as 5% at a sequencing depth of 100x.

EBV infection predicts clinical benefit from ICB

As existing evidence on the sensitivity of patients with
EBVaGC to ICB remained controversial,” " ** 95 patients
with advanced or metastatic GC receiving ICB therapy
were included to evaluate the predictive value of EBV
infection in ICB efficacy. In 95 patients, 29 were dMMR,
and 66 were pMMR consisting of 22 patients with EBV+/
PMMR and 44 patients with EBV-/pMMR. EBV status
in patients with pMMR was identified by our NGS-based
method. Patients’ baseline characteristics were summa-
rized in table 1. In patients with pMMR, patients with
EBV+/pMMR had a significantly higher proportion of
responders than patients with EBV-/pMMR (p=0.008)
(figure 2A). The survival analyses showed that patients with
EBV+/pMMR had significantly favorable PFS (median
PFS (mPFS) 8.5 vs 2.0 months, p<0.001) and OS (median
OS (mOS) not reached (NR) vs 5.0 months, p=0.002)
after ICB compared with patients with EBV-/pMMR
(figure 2B,C). Univariate survival analyses revealed that
ICB strategy, EBV status, prior systemic therapy, and age
were significantly associated with PFS and OS (figure 2D,
(online supplemental table 5). Multivariate analysis
indicated that EBV status remained a strong prognostic
factor for PFS (HR 0.39, 95% CI 0.16 to 0.97, p=0.042)
in patients with pMMR GC following ICB (figure 2E). Of
note, there were two patients with EBV-negative by NGS
and EBV-positive by EBER-ISH, both of whom were cate-
gorized into the EBV-/pMMR set. In the two patients,
the PFS was 2.0 and 3.0 months, respectively, and OS was
3.2 and 10.4 months, respectively, which verged on the
mPFS (2.0 months) and mOS (5.0 months) of the EBV-/
pPMMR group.

MSI-H/dMMR is a well-established biomarker for
immunotherapy.'* In the 22 patients with EBV+/pMMR,
that is, EBVaGC, 12 achieved PR, five showed SD, and
five experienced PD, yielding an ORR of 54.5% (95%
CI 33.7% to 75.4%) (figure 2F), which was significantly
higher than the ORR of 17.7% (p=0.008) in the EBV-/
PMMR group and comparable to the EBV-/dMMR
group (p=0.768, online supplemental figure 5A,B) inde-
pendent from the ICB strategy (data not shown). The
median time to response was 1.8 months (range 1.1-5.6
months) in patients with EBVaGC (figure 2G). Besides,
the ORR to ICB in patients with EBVaGC was less affected
by prior lines of therapy (p=0.378) (online supplemental
figure 6). The survival analyses showed that the patients
with EBV+/pMMR and EBV-/dMMR had comparable
and favorable PFS and OS, both of whom derived more
survival benefit from ICB than the patients with EBV-/
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Figure 1 Establishment and validation of NGS-based EBV detection method. (A,) Normalized coverage of EBV genes in 124
GC tissue samples which EBV status was identified by EBER-ISH. (B,) NGS algorithm-developed EBV score of 124 GC tissue
samples with EBV status identified by EBER-ISH. (C,) The linear correlation between NGS algorithm-developed EBV score and
the EBV copy number determined by TagMan probe based absolute quantitative PCR of BamHI W fragment in 20 tumor tissue
samples from patients with GC. (D,) the ROC curve of EBV score for predicting EBV status in 76 GC tissue samples where EBV
status was previously identified by EBER-ISH. The area under the ROC curve was 0.989 (95% CI 0.968 to 1).(E,) Four EBV
transformed cell lines were diluted to four concentrations (2.5%, 5%, 10%, and 20%) with blood white cells, and the normalized
EBV score at each concentration under four sequencing depths (100x, 300x, 500x and 1000x) were detected and calculated.
AUC, area under the curve; EBV, Epstein-Barr virus; EBER, Epstein-Barr virus-encoded small RNA; GC, gastric carcinoma; ISH,
in situ hybridization; NGS, next-generation sequencing; ROC, receiver operator characteristic.
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Table 1 Baseline characteristics of the patients with gastric carcinoma received ICB therapy
EBV+/pMMR EBV-/pMMR EBV-/dMMR P value: EBV+/pMMR P value: EBV+/pMMR
Characteristics (n=22) (n=44) (n=29) versus EBV-/pMMR versus EBV-/dMMR
Age 63.5 (28-74) 59.0 (24-77) 65.0 (32-82) 0.320 0.266
Median (range)
EBV status by EBER
Positive 22 2 0 0.000 0.000
Negative 0 36 23
Sex
Male 18 31 19 0.384 0.225
Female 4 13 10
Stage
I 1 0 4 0.333 0.375
v 21 44 25
Prior systemic therapy
Yes 13 43 23 0.000 0.135
No 9 1 6
ICB strategy
Mono-ICB 8 43 25 0.000 0.000
Dual-ICB 14 1 4
PD-L1 (CPS >1)
Positive 15 19 13 0.115 1.000
Negative 7 23 7
HER2 IHC staining
0 16 26 18 0.088 0.906
1 4 3 7
2 13
3 1 2

CPS, combined positive score; dMMR, mismatch repair deficient; Dual-ICB, combination anti-CTLA-4 plus anti-PD-1/L1 therapy;
EBER, Epstein-Barr virus-encoded small RNA; EBV, Epstein-Barr virus; HER2, human epidermal growth factor receptor 2; ICB, immune
checkpoint blockade; ICI, immune checkpoint inhibitor; IHC, immunohistochemistry; Mono-ICB, anti-PD-1/L1 monotherapy; PD-1,
programmed death 1; PD-L1, programmed death-ligand 1; pMMR, mismatch repair proficient.

pMMR (online supplemental figure 5C,D). A multivari-
able Cox regression analysis also confirmed that EBV and
dMMR had equal effectiveness in predicting PFS regard-
less of monotherapy or combination therapy (online
supplemental figure 5E).

Identification of the predictive factors for ICB efficacy in
patients with EBVaGC

Based on published literature highlighting the role of
EBV infection in promoting an inflamed tumor immune
microenvironment (TME),” the density of multiple
lymphocyte subgroups and the proposed ICB biomarker-
expressed cells were determined in 22 EBVaGC. Three
EBVaGC with no available tissues and two EBVaGC with
poor-quality tissue samples were excluded from this anal-
ysis. The mIF assay revealed that only the density of cyto-
toxic T lymphocyte-associated antigen-4 (CTLA-4)" and
T cell immunoglobulin-3 (TIM-3)" cells in the tumor was
significantly higher in the ICB non-response group than
in the response group, while no significant difference

was observed in other cell subgroups between the ICB
response and non-response group (figure 3A, online
supplemental figure 7). The representative images of mIF
staining were displayed in online supplemental figure 8.
In eight patients receiving programmed death-1/ligand
1 (PD-1/L1) monotherapy, CTLA-4 expression level
in six patients who did not reach response was numeri-
cally higher than that in two patients with PR (data not
shown). Additionally, in 14 patients receiving the combi-
nation of CTLA-4 and PD-1/L1 blockers, 10 reached PR,
two showed SD, and two experienced PD. The patients
receiving dual-ICB therapy had a better response than
those who administrated mono-immunotherapy with
a tendency toward statistical significance (p=0.074)
(figure 3B). Accordingly, the dual-ICB-treated patients
tended to have a better PFS than the patients undergoing
mono-immunotherapy (online supplemental figure
9). Consistent results were observed in another three
patients with EBVaGC with ICB as neoadjuvant therapy.
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PMMR receiving immunotherapy where EBV status was determined by NGS. Univariate (D) and multivariate (E) analysis of the
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CTLA-4, cytotoxic T lymphocyte-associated antigen-4; Dual-ICB, combination anti-CTLA-4 plus anti-PD-1/L1 therapy; EBY,
Epstein-Barr virus; EBVaGC: Epstein-Barr virus-associated gastric carcinoma; GC, gastric cancer; ICB, immune checkpoint
blockade; ICI, immune checkpoint inhibitor; Mono-ICB, anti-PD-1/L1 monotherapy; NGS, next-generation sequencing; PD,
progressive disease; PD-1/L1, programmed death-1/ligand 1; PFS, progression-free survival; pMMR, mismatch repair proficient;
PR, partial response; SD, stable disease.
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Figure 3 Biomarkers for patients with EBVaGC receiving ICB. Twenty-two patients with EBVaGC consisting of 12 ICB
responders and 10 non-responders were analyzed to identify potential predictive biomarkers of ICB efficacy. (A), The density
of CTLA-4" and TIM3" cells in tumor region from responders and non-responders. (B,) The percentage of responders and
non-responders after administration of mono-immunotherapy or dual-immunotherapy. (C,) The percentage of responders and
non-responders in TMB-low and TMB-high patients. (D,) Kaplan-Meier curve of PFS between TMB-low and TMB-high patients.
(E,) The percentage of responders and non-responders in the patients with or without SMARCA4 mutation. (F), The TMB level
in 735 GC cohort tumor tissues with or without SMARCA4 mutation from the 3DMed Biobank.(G,) The frequency variation of
gene mutations between patients with EBVaGC and EBVnGC in 735 GC cohort from 3DMed Biobank using a 733-gene panel.
CTLA-4, cytotoxic T lymphocyte-associated antigen-4; Dual-ICB, combination anti-CTLA-4 plus anti-PD-1/L1 therapy; EBY,
Epstein-Barr virus; EBVaGC, EBV-associated gastric cancer; EBVnGC, EBV-negative gastric cancer; ICB, immune checkpoint
blockade; Mono-ICB, mono-immunotherapy; mut, mutation; NR, non-responder; PD-1/L1, programmed death-1/ligand 1;
PFS, progression-free survival; R, Responder; SMARCA4, SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily A, member 4; Tim-3, T cell immunoglobulin-3; TMB, tumor mutation burden; TMB-H, high TMB; TMB-L,

low TMB; WT, wild type.

The one with anti-PD-1 monotherapy did not reach clin-
ical benefit, while two dual-ICB treated patients separately
achieved pathological PR and pathological CR.

Since TMB also impacts the efficacy of immunotherapy
in GC and its test has been recommended by the NCCN
Guidelines, we also analyzed TMB level by NGS in 22
patients with EBVaGC, excluding two EBVaGC with poor-
quality tissue samples. TMB level was higher in the ICB
response group than in the non-response group but
failed to achieve a customary level of statistical signifi-
cance (p=0.140) (data not shown). When 20 patients with
EBVaGC were classified as TMB-high or TMB-low using
the top quartile threshold (8.82 per Mb) generated from

47 patients with EBVaGC with 24 in the training and 23
in the validation cohort, TMB-high patients had a signifi-
cantly longer PFS (mPFS NR vs 3.2 months, p=0.024)
along with a trend toward better response (ORR 69.2%
vs 14.3%, p=0.057) than TMB-low patients (figure 3C,D).

Next, the gene mutations were investigated. The
frequently mutated genes were listed in online supple-
mental figure 10. SMARCA4 gene mutation occurred
more commonly in the response group than the non-
response group with a borderline level of statistical
significance (40% vs 0%, p=0.087). All the patients with
SMARCA4 mutation attained a PR following ICB and
had a numerically higher PFS than wild-type SMARCA4
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patients (figure 3E, online supplemental figure 11).
Additionally, the frequency of SMARCA4 mutation was
analyzed and exhibited no significant difference between
EBVaGC and EBVnGC in a 735 Chinese patients with
GC cohort retrieved from the 3DMed Biobank (data not
shown). These data suggested that SMARCA4 mutation
might be a promising predictor of ICB efficacy in patients
with EBVaGC.

Considering that patients with SMARCA4 mutation are
reported to benefit more from ICB in non-small cell lung
cancer via increasing TMB,*® the effects of SMARCA4
mutation on TMB were also analyzed. The patients with
SMARCA4 alteration possessed a higher TMB level than
patients with wild-type SMARCA4, which reached border-
line significance in 20 patients with EBVaGC (p=0.098)
and statistical significance in the Chinese GC cohort
(p<0.001) (figure 3F).

Characterization of EBVaGC was performed via a
735-case Chinese GC cohort using our EBV algorithm
along with the 733-gene panel. About 5.2% (38/735)
of the patients were identified as EBVaGC. The muta-
tional profiles showed that mutations in ARIDIA (44.7%
(17/38), p<0.001), PIK3CA (39.5% (15/38), p<0.001),
and AR (23.7% (9/38), p=0.029) were recurrent in
EBVaGC, while alterations in 7P53 (63.0% (439/697),
p<0.001) were enriched in EBVnGC (figure 3G).

DISCUSSION

Herein we innovatively developed an NGS-based EBV
detection strategy which allows for simultaneous char-
acterization of other genomic features of patients with
GC. Our EBV algorithm demonstrated a sensitivity of
95.7%, a specificity of 100%, and an overall accuracy of
98.7% in reference to EBER-ISH in the validation cohort.
Moreover, EBV infection predicted response in 54.5% of
an ICB-treated cohort, which was as effective as dMMR
in predicting favorable outcomes for patients with ICB-
treated GC. TME analysis revealed that patients with
EBVaGC with high CTLA-4 levels were less responsive to
single-agent anti-PD-1/L1 therapy, and EBVaGC derived
greater benefit from combination PD-1/L1 plus CTLA-4
blockade than anti-PD-1/L1 monotherapy. Further inves-
tigation identified that TMB and SMARCA4 mutation
might be predictive biomarkers of ICB efficacy in patients
with EBVaGC.

Ever since EBVaGC was recognized as a distinct molec-
ular subtype, EBV has gained widespread attention as a
potential biomarker to guide the personalized manage-
ment of GC.2*” Given the considerable heterogeneity of
GC and the challenge with tissue availability, it is highly
desirable to profile other biomarkers along with EBV in
one single assay.”® * However, most previously reported
NGS-based EBV detection involved sequencing of the
entire EBV genome, and none of them incorporated EBV
with cancerrelated genes in the same panel, rending
them less practical for clinical use.””'® In our EBV detec-
tion panel, the four EBV genes were analyzed with the

cancer-related genes together, and therefore this method
may be more cost-effective and feasible to be applied
in clinical practice. Additionally, both algorithm devel-
opment and validation were performed using clinical
samples, ensuring the overall accuracy and reliability of
the algorithm.

Advanced GC has a dismal prognosis with a 5-year
survival rate of <30%and a limited number of effec-
tive therapeutic options.”” Despite the approval of ICB
for treating chemorefractory GC, response to mono-
therapy was reported in only 11.2%-12% of unselected
patients.** ' * Although Food and Drug Administration
approved pembrolizumab for patients with PD-L1 positive
chemorefractory GC, a combined positive score of >1 was
only associated with an ORR of 15.5%-22%.%2 %% AMMR/
MSI-H represents an effective marker by predicting an
ORR of 45.8%-85.7% among metastatic patients.** ** **
However, around 80% of patients with GC are classified
as pMMR. EBVaGC is a particular subtype of GC, and
EBV infection is considered to be a potential biomarker
for the response to immunotherapy in GC.' **'*** In our
cohort of 22 patients with advanced EBVaGC, a 54.5%
ORR and an mPFS lasting 8.47 months were achieved
following ICB, which were significantly improved
compared with the unselected patients with GC treated
with mono-immunotherapy (11.2% ORR and mPFS 1.61
months) and dual-ICB therapy (24% ORR and mPFS 1.4
months).* *' # Further analysis showed that EBV status
was comparably effective as dAMMR/MSI-H as an inde-
pendent predictive factor for ICB efficacy in GC. Notably,
two patients with EBV negativity by NGS but positivity by
EBER-ISH had poor and comparable survival with patients
with EBV-/pMMR. One had similar molecular character-
istics with patients with EBVnGC, such as TP53 mutation
(c.844C>T), while the other had a deleterious BCORmuta-
tion, which might account for the poor benefit from ICB
for that BCOR deletion had been documented to perturb
dendritic cell development.” These phenomena might
be reminiscent of the EBV status detected by NGS with
high accuracy of ICB efficacy prediction and potential
false positivity of EBV identification by EBER-ISH. Given
the challenge of false-positive/false-negative EBER-ISH
results, incorporating NGS-based methods may improve
the diagnostic accuracy of EBV-related diseases and better
inform follow-up treatment.

EBV infection has been reported to increase tumor-
infiltrating lymphocytes and the expression of immune
checkpoint molecules, thereby invoking clinical response
to ICB.** ¥ We further investigated the TME difference
between the ICB responders and non-responders in
EBVaGC and found that the density of CTLA-4" cells and
TIM-3" cells was significantly higher in the non-response
group than in the response group. High CTLA-4 expres-
sion on helper T cells causes the immunosuppressive
microenvironment.” As expected, patients with EBVaGC
with high CTLA-4 levels were less responsive to anti-PD-1/
L1 monotherapy, and EBVaGC derived more benefit
from combination PD-1/L1 plus CTLA-4 blockade than
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anti-PD-1/L1 monotherapy. TIM-3, standing for T-cell
immunoglobulin and mucin domain 3, is a crucial
immune checkpoint and negatively affects the immune
system via complex biology.™ *” One recent study showed
that the TIM-3" cell infiltration was associated with an
immunoevasive GC subtype with CD8" T cell dysfunction
and identified that TIM-3 might serve as a promising
target for immunotherapy in GC.*' Another recent study
reported that combining anti-PD-1 and anti-TIM-3 mAb
had an additive effect on the cytotoxicity of cytotoxic T
lymphocytes, suggesting the dual-ICB targeting for PD-1
and TIM-3 as a means of increasing response rates in
GC.* Based on these findings, triple blockade therapy
targeting PD-1, CTLA-4, and TIM-3 might be a rational
approach to benefit the patients with EBVaGC with the
high density of CTLA-4" and TIM-3" cells.

Extensive analyses about genomic features were
also conducted comparing ICB responders and non-
responders to find possible pretreatment biomarkers
predictive of response or resistance. SMARCA+4is the most
commonly mutated member of the chromatin remod-
eling SWI/SNF complex. Some evidence suggested that
improved activity of ICB in SMARCA4deficient cancers
might be owing to the increased TMB and activated
TME.* * * Consistently, our findings from 22 EBVaGC
and 735-case Chinese GC cohort showed that SMARCA4
mutation might be a positive predictor of ICB efficacy
in EBVaGC, and the patients with SMARCA4 mutation
attained PR, which might be owing to the increased TMB.

It has been documented that EBV-associated tumors
have distinct molecular and TME characteristics,
which may guide more targeted clinical treatment.*™*"
Combining the EBV algorithm with the 733-gene panel,
we identified EBV prevalence in a Chinese cohort of 735
patients with GC as well as the landscape of their molec-
ular characteristics. EBVaGC accounted for 5.2% of the
cohort, almost identical with the prevalence of 5.1% for
EBV previously reported among Chinese patients with
GC.> Consistent with previous studies,” " EBVaGC
tumors were characterized with a high prevalence of
ARIDIA, PIK3CA, and AR mutations, all of which were
associated with improved antitumor immunity or sensi-
tivity to ICB in solid tumors, while EBVnGC had a higher
frequency of mutations in TP53, whose mutations had
been reported associated with poorer ICB efficacy in
patients with pMMR GC, supporting that patients with
EBVaGC had a greater likelihood of benefit from ICB
than patients with EBVnGC.”'™*

The relatively small sample size of the EBVaGC ICB-
treatment cohort, although it was the largest to date,
represents the main limitation of our study. This study
included predictive biomarker analysis about ICB effi-
cacy and identified that CTLA-4, TMB, and SMARCA4
mutation might be predictive biomarkers of ICB efficacy
in EBVaGC. Due to the small sample sizes and ethni-
cally homogeneous populations for these analyses, these
results are challenging, and caution should be applied in
extrapolating these results to patients of other ethnicities.

Prospective trials with larger sample sizes and different
ethnic populations are warranted to confirm these
findings.

In summary, our NGS-based EBV detection method is
accurate and reliable and enables comprehensive molec-
ular diagnosis of EBVaGC with specific implications for
ICB efficacy prediction.
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