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Abstract

Background Recent phase Il randomized controlled trials have demonstrated that first-line immune checkpoint
inhibitors (ICls) improve prognosis in advanced HER-2-negative gastric cancer patients with programmed death
ligand 1 (PD-L1) combined positive score (CPS) higher than 5. However, these findings are not confirmed in real-world
settings, and the benefits in PD-L1 CPS <5 patients remain controversial,

Methods In this multicenter, retrospective cohort study, data from across thirteen medical centers were analyzed

by inverse probability of treatment weighting for matching, alongside univariate and multivariate COX proportional
hazard regression models. Genomic and transcriptomic analyses were conducted to identify efficacy prognostic mod-
els and resistance mechanisms.

Results This study included 573 patients with advanced gastric cancer, 265 treated with chemotherapy and 308
with ICls plus chemotherapy. In the overall cohort and HER-2-negative patients, the combination therapy significantly
improved progression-free survival and overall survival, without marked increases in severe adverse events. Notably,
patients with PD-L1 CPS 1-4 showed significant overall survival prolongation and a trend towards improved progres-
sion-free survival with combination therapy. Patients with unknown PD-L1 status also benefitted from ICls. SMARCA4
and BRCA2 mutations were more frequent in patients with responses, while CCNET and ZFHX3 alternation, along-

side high "ABC transporters” signatures, were more common in non-responsive patients. A novel risk model, PGFIC,
outperformed traditional biomarkers in predicting treatment outcomes.
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Conclusions Adding ICls to first-line treatment significantly prolongs survival in overall patients and in those
with PD-L1 CPS 1-4 or unknown. This study also provides valuable insights into prognostic markers and resistance

mechanisms, potentially guiding immunotherapy strategies.

Keywords Gastric cancer, First-line treatment, Immune checkpoint inhibitor, Retrospective study, Multi-omics

Background

Gastric cancer (GC) is the fifth most common cancer
and the fourth leading cause of cancer-related death
worldwide [1]. The regions with the highest GC inci-
dence rates include Northeast Asia, South and Central
America, and Eastern Europe [2]. The insidious onset of
GC often results in symptoms that are challenging to dis-
tinguish from benign diseases, leading to approximately
40% of patients being advanced stage at the initial diag-
nosis [3]. In the past, chemotherapy was the standard
first-line treatment for advanced GC but only yielded a
5-year survival rate of less than 20% and a median overall
survival (mOS) of less than one year [4]. The introduction
of trastuzumab, targeting anti-human epidermal growth
factor receptor-2 (HER-2), has improved the mOS to
over fourteen months in patients with HER-2-amplified
advanced GC [5]. However, patients with HER-2 positiv-
ity represent only 7% to 34% of the entire GC population
[5]. In recent years, immune checkpoint inhibitor (ICIs)
therapy has brought new hope to advanced GC, albeit in
the face of various challenges. Several randomized con-
trolled trials (RCTs) have shown that the combination
of ICIs and chemotherapy significantly prolongs median
progression-free survival (mPFS) and mOS in patients
with advanced HER-2-negative GC, especially those with
high programmed death ligand 1 (PD-L1) expression, as
measured by the combined positive score (CPS)>5. [6—
8] However, there were still negative survival outcomes in
large RCTs in advanced GC, such as KEYNOTE-062. [9].
In the ATTRACTION-4 trial, ICI combined with chem-
otherapy only achieved a significant benefit in PFS, but
failed in OS, another primary endpoint [10].

Whether patients with low CPS expression can ben-
efit from immunotherapy remains a hotly debated topic
in clinical practice. Current evidence supports favorable
outcomes for first-line ICIs combined with chemotherapy
compared to chemotherapy alone in RCTs for advanced
GC, primarily obtained in studies with a large propor-
tion of patients with PD-L1 CPS>5. However, there is
insufficient evidence to determine whether patients with
low PD-L1 CPS expression, including those with CPS<1
or CPS 1-4, would benefit from immunotherapy [9].
A simulated individual patient data analysis using the
KMSubtraction tool found no significant benefit in PFS
or OS for advanced GC patients with PD-L1 CPS 1-4
after immunotherapy [11]. Actually, PD-L1’s predicting

role is limited due to its substantial spatial and temporal
heterogeneity, especially in small available samples that
may not accurately represent the PD-L1 expression of
the entire tumor [12]. Furthermore, different methods for
detecting PD-L1 expression also yield inconsistent results
[13]. Alongside PD-L1, other predictive biomarkers rec-
ommended in clinical practice, including microsatellite
instability (MSI), tumor mutation burden (TMB), and
Epstein-Barr virus (EBV) infection, also encounter limi-
tations in terms of specificity or predictive efficacy [12,
14, 15]. Therefore, further research is urgently needed to
identify more effective biomarkers that can accurately
guide treatment decisions for advanced GC.

Recently, real-world studies have gained increas-
ing attention for their broad patient inclusivity, closer
alignment to clinical reality, and robust practical appli-
cability [16]. However, there remains an absence of large-
scale real-world data addressing the efficacy, safety, and
predictive markers for the first-line ICIs in combina-
tion with chemotherapy versus chemotherapy alone in
advanced GC so far. To bridge this gap, we conducted a
multicenter, retrospective study to validate the possible
effectiveness of first-line immunotherapy in this popula-
tion. Our research focused on the relationship between
the efficacy of ICIs and the PD-L1 CPS in a real-world
setting, paying special attention to patients with low or
unknown CPS levels. Additionally, we explored potential
molecular markers for predicting efficacy and investigat-
ing the mechanisms of resistance to ICIs through genetic
sequencing analyses.

Methods

Study design and participants

This multicenter, retrospective, controlled study was con-
ducted in thirteen grade A tertiary hospitals in Shandong
Province, China, including Qilu Hospital of Shandong
University, Jinan Central Hospital, Linyi People’s Hospi-
tal, Linyi Cancer Hospital, Affiliated Hospital of Qingdao
University, Qingdao Municipal Hospital, Qilu Hospital of
Shandong University (Qingdao), The First Affiliated Hos-
pital of Shandong First Medical University, The Second
Affiliated Hospital of Shandong First Medical University,
Shandong Provincial Hospital, Weihai Municipal Hospi-
tal, Yantai Yuhuangding Hospital, and Zibo Center Hos-
pital. Patients with advanced GC or gastro-esophageal
junction cancer (GEJC) who began first-line treatment
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from January 1, 2018, to July 15, 2022, were enrolled and
were followed up until December 31, 2022.

Eligible patients were aged 18-85 years, with histo-
logically confirmed gastric and gastro-esophageal junc-
tion adenocarcinoma, including metastatic or locally
advanced GC/GEJC without operation indication, or
recurrent GC/GE]JC at least six months post adjuvant
chemotherapy. Patients should have a minimum of two
cycles of chemotherapy or chemotherapy combined with
ICIs for their first-line therapy. Trastuzumab is allowed
for patients with HER-2 positive tumor. Exclusion crite-
ria include individuals with multiple primary tumors, as
well as those lacking evaluable lesions or efficacy assess-
ment. The decision to receive chemotherapy alone or
chemotherapy plus ICI was determined by the physician,
based on their clinical judgment, when ICIs were not
yet a standardized first-line treatment for gastric can-
cer. This study followed the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
reporting guideline for observational studies.

Data collection and assessment

Patient information was collected through the electronic
medical record system and follow-up visits at least every
three months. Imaging results, including CT and MRI
results within 28 days before the patient’s initial treat-
ment, were utilized as the baseline data for evaluating
efficacy. Tumor responses were assessed according to
Response Evaluation Criteria In Solid Tumors (RECIST)
1.1 criteria [17], and categorized as complete response
(CR), partial response (PR), stable disease (SD), or pro-
gressive disease (PD) for patients with measurable
lesions, and as CR, non-PR/non-PD, or PD for patients
without measurable lesions. The objective response rate
(ORR) was defined as the proportion of patients achiev-
ing CR or PR. PFS was defined as the time interval from
the initiation of first-line therapy to PD or death from
any cause. OS was defined as the time interval from the
initiation of first-line treatment to death for any rea-
son. Adverse events were assessed throughout the study
according to Common Terminology Criteria for Adverse
Events (CTCAE) version 5.0 [18]. PD-L1 CPS scoring was
conducted using the 22C3 (73.7%) and SP263 (26.3%)
antibody clones, primarily based on the preferences of
the respective centers. The comparability among patholo-
gists was evaluated using the Fleiss’ kappa statistic, which
indicated good reliability [19].

Genome and transcriptome sequencing

Targeted genomic sequencing was implemented on
genomic DNA from tumor samples and matched periph-
eral blood samples to identify single nucleotide variants
(SNVs), small insertions/deletions (indels), and copy
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number variation (CNV) using two platforms: the Cho-
senOne"" 599 gene panel and the YuceOne'™ 1012 gene
panel. We used the intersection of the genes covered by
both panels, resulting in a total of 408 genes, for analy-
sis. Transcriptome sequencing was performed using the
NextSeq 550AR platform. Differential expression genes
(DEGs) were identified by the “Limma” package, with
genes exhibiting |log,(fold change) |>1 and adjusted
P<0.05 considered as DEGs. Pathway enrichment anal-
ysis was performed using the “GSEA” package, with the
“GSVA” package used for single-sample GSEA analysis.
Based on the gene expression matrix, R packages includ-
ing “xCell” [20], “Cibersort” [21], “MCPcounter” [22], and
“Estimate” [23] were utilized to estimate the abundance
of immune cell infiltration in each sample. A prognostic
model was constructed using LASSO Cox regression on
genes with a mutation frequency > 3%. Eigenvalues of rel-
evant genes were calculated from the LASSO regression
coefficients to refine the model. Optimal cut-off values
were determined by utilizing the “Survival” package.

Statistical analysis

Categorical data were analyzed using Fisher’s exact
or Chi-Square tests. Continuous variables were com-
pared using the unpaired ¢-test or Mann—Whitney test.
Baseline characteristics of the groups were matched by
Inverse Probability of Treatment Weighting (IPTW),
with standardized mean differences (SMD) greater than
10% or P<0.05 considered significant between-group dif-
ferences. Kaplan—Meier survival curves were assessed
using the Log-rank test for OS and PES estimations.
Hazard ratio (HR) and 95% confidence interval (CI) were
calculated with univariate and multivariate Cox propor-
tional hazard models. All statistical analyses were imple-
mented using R 4.3.1 software, SPSS 26.0, and GraphPad
Prism 9. All reported P values are two-sided, with values
less than 0.05 considered statistically significant.

Results

Patient characteristics

We screened 817 GC patients with first-line treatment
and ultimately enrolled a total of 573 patients, of whom
265 received chemotherapy alone, and 308 received a
combination of chemotherapy and ICIs (Additional file 1:
Fig. S1). Detailed chemotherapy regimens were displayed
in Additional file 1: Table S1, with no significant differ-
ences between the two groups, and the types of ICIs used
are listed in Additional file 1: Table S2, with 95.5% being
anti-PD-1 antibodies. Among the patients, 9% exhibited
HER-2 positivity. Except for disparities in HER-2 status,
PD-L1 expression, mismatch repair (MMR)/MSI status,
and TMB, no significant differences in other baseline
characteristics were observed between the two groups
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(Table 1). Factors with significant differences were bal-
anced through IPTW, except for TMB (Table 1). Con-
sistent with the overall population, the HER-2 negative
group displayed disparities with regard to PD-L1 expres-
sion, and MMR/MSI status, which were also eliminated
by IPTW (Additional file 1: Table S3 and S4).

Efficacy and safety

In the total population, the median follow-up time was
11.2 months (IQR: 7.5-21.1) for PFS and 11.8 months
(IQR: 7.4—22.4) for OS. ICIs plus chemotherapy showed
superior PFS (HR, 0.45; 95% CI, 0.37-0.55; mPFS, 10.2
vs 5.4 months) and OS (HR, 0.41; 95% CI, 0.31-0.55;
mOS, 19.3 vs 11.9 months) compared with chemotherapy
alone (Figs. 1A and B). In addition, the ORR was signifi-
cantly higher in the combination group (44.4% vs 34.7%,
P=0.020) (Fig. 1C). After IPTW adjustment (Fig. 1D),
the combination group still had significantly longer PFS
(HR, 0.45, 95% CI: 0.36—0.56; mPFS 10.2 vs 5.3 months)
and OS (HR, 0.40, 95% CI: 0.29-0.54; mOS 19.3 vs
11.6 months) (Figs. 1E and F).

In the HER-2 negative population, ICIs plus chemo-
therapy showed a significant improvement in PFS (HR,
0.44; 95% CI, 0.36-0.55) and OS (HR, 0.42; 95% CI, 0.31—
0.56) vs. chemotherapy alone (Figs. 1G and H), as well as
significantly increased ORR (43.5% vs 31.8%, P=0.007)
(Fig. 1I). After IPT'W adjustment (Fig. 1J), both mPEFS (9.4
vs. 5.2 months; HR, 0.45; 95% CI, 0.36—-0.58) and mOS
(18.3 vs 11.5 months; HR, 0.42; 95% CI, 0.31-0.58) were
prolonged significantly with ICIs plus chemotherapy vs.
chemotherapy alone (Figs. 1K and L). In HER-2 positive
patients, the addition of ICIs with or without targeted
therapy had a certain trend toward benefit, but this did
not reach a statistical difference (Additional file 1: Figs.
S2A-D). Furthermore, the ORRs between the two groups
were comparable (Additional file 1: Figs. S2E and F).

There was no significant difference in the overall inci-
dence of treatment-related adverse events (TRAEs)
between the chemotherapy and the combination
groups (Additional file 1: Table S5). The incidence of rash
(all grades and grades 3—4) was significantly higher in the
combination group. Additionally, the combination treat-
ment resulted in a significantly higher incidence of ele-
vated aminotransferases and hypothyroidism in contrast
to the chemotherapy group, without a significant differ-
ence in the incidence of grade 3 or higher adverse events.

Subgroup analysis

To further investigate whether and which population
with distinct clinical characteristics can benefit from ICIs
plus chemotherapy, we conducted subgroup analyses
(Fig. 2 and Additional file 1: Fig. S3). In the overall popu-
lation, both univariate and multivariate analyses, after
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adjustment for HER-2 expression, PD-L1 CPS expres-
sion, and MMR or MSI status, the benefit in PFS and
OS was observed in subgroups both older or younger
than 60 years, male, with ECOG score 0—1, HER-2 nega-
tive, PD-L1 CPS>5, proficient DNA mismatch repair
(PMMR) or microsatellite stability (MSS), primary stom-
ach tumors, signet ring cell or non-signet ring cell car-
cinoma, without lung or peritoneal metastases, with
or without hepatic or distant lymph node metastases,
with more or fewer than three metastatic sites, with or
without gastrectomy, and NLR<3 or>3 (Figs. 2A-B
and Additional file 1: Figs. S3A-B). Interaction analysis
showed P-values<0.05 between PD-L1 CPS and PEFS,
as well as between PD-L1 CPS or MMR status and OS
(Additional file 1: Figs. S3A-B). The results of HER-2 neg-
ative patients were similar to those of the entire popula-
tion (Additional file 1: Figs. S4A-D).

In the PD-L1 CPS<1 subgroup of the overall popula-
tion, no significant difference was observed in PFS (HR,
0.73; 95% CI, 0.45-1.19; mPES, 9.1 vs. 6.0 months) or OS
(HR, 0.67; 95% CI, 0.36—1.24; mOS 17.3 vs. 13.0 months)
between the two groups (Figs. 2C and D). In the popu-
lation with PD-L1 CPS of 1-4, although the PES only
showed a trend toward improvement in the combina-
tion group (HR, 0.54; 95% CI, 0.22-1.30; mPFS,10.2 vs
4.6 months) compared to chemotherapy alone, the OS
did show a significant prolongation (16.0 vs 8.8 months;
HR, 0.24; 95% CI, 0.08-0.70) (Figs. 2E and F). In patients
with PD-L1 CPS>5, ICIs plus chemotherapy also exhib-
ited superior PFS (HR, 0.08; 95% CI, 0.02—-0.38; mPFS,
11.4 vs. 2.9 months) and OS (HR, 0.23; 95% CI, 0.06—0.95;
mOS, 20.3 vs 7.1 months) compared with chemotherapy
alone (Figs. 2G and H). In the population with unknown
PD-L1 CPS, the ICIs plus chemotherapy group showed
significant benefits for both PFS and OS compared to
the chemotherapy group (Additional file 1: Figs. S3C
and D). To address potential disparities between groups
in patients with unknown PD-L1 CPS, we carried out
IPTW matching (Additional file 1: Fig. S3E and Table S6)
and found that the patients with ICIs plus chemother-
apy still experienced significantly longer mPES (11.6 vs.
5.2 months, HR, 0.38; 95% CI, 0.28-0.51) and mOS (22.7
vs. 10.8 months, HR, 0.34; 95% CI, 0.22—-0.55) compared
to chemotherapy (Figs. 2I and J). The subgroup analy-
sis results according to PD-L1 expression in the HER-2
negative population were in line with those of the overall
population (Additional file 1: Figs. S4A-D).

Predictive biomarkers of efficacy

To explore the predictive markers associated with the
efficacy of ICIs and identify the potential beneficiar-
ies, we analyzed the correlation between clinicopatho-
logical characteristics and treatment efficacy in patients
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Table 1 Baseline characteristics of overall patients before and after IPTW
Unmatched IPTW
Characteristics C 1+C P C 1+C P
Number (%) Number (%) Number (%) Number (%)
Overall 265(100) 308(100) 269(100) 305(100)
Age 0.088 0.683
<60 129(49) 128(42) 111(41) 131(43)
>60 136(51) 180(58) 158(59) 174(57)
Sex 0.203 0916
Female 60(23) 84(27) 66(25) 76(25)
Male 205(77) 224(73) 203(75) 229(75)
ECOG performance 0.806 0.706
status score
0~1 250(94) 292(95) 252(93) 288(94)
>2 15(6) 16(5) 17(7) 17(6)
HER-2 0971 0.843
Negative 242(91) 281(91) 243(90) 277(91)
Positive 23(9) 27(9) 26(10) 28(9)
PD-L1 expression (CPS) <0.001 0.921
<1 50(19) 70(23) 62(23) 66(22)
>1 13(5) 93(30) 49(18) 57(19)
Unknown 202(76) 145(47) 158(59) 182(59)
MMR/MSI status 0.004 0.980
PMMR/MSS 161(61) 185(60) 161(60) 182(60)
dMMR/MSI-High 5(2) 24(8) 15(6) 16(5)
Unknown 99(37) 99(32) 93(34) 107(35)
TMB <0.001 <0.001
<10 Muts/Mb 1<) 46(15) 6(2) 36(12)
> 10 Muts/Mb 1<) 20(6) 1(1) 15(5)
Unknown 263(99) 242(79) 262(97) 254(83)
Peritoneum metastatic 0.264 0.986
No 206(78) 251(81) 218(81) 247(81)
Yes 59(22) 57(19) 51(19) 58(19)
Liver metastatic 0.671 0476
No 178(67) 212(69) 175(65) 207(68)
Yes 87(33) 96(31) 94(35) 98(32)
Lung metastatic 0.994 0.595
No 240091) 279(91) 246(91) 275(90)
Yes 2509) 29(9) 23(9) 30(10)
Number of metastatic sites 0.147 0.945
<3 145(55) 187(61) 156(58) 176(58)
>3 120(45) 121(39) 113(42) 129(42)
DLN metastatic 0.374 0.891
No 103(39) 131(43) 110(41) 123(40)
Yes 162(61) 177(57) 159(59) 182(60)
Primary sites 0.304 0.938
Gastric cancer 258(97) 295(96) 259(96) 292(96)
GEJC 7(3) 13(4) 11(4) 12(4)
Signet ring cell 0.068 0972
No 208(78) 260(84) 224(83) 253(83)
Yes 57(22) 48(16) 45(17) 51(17)
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Table 1 (continued)
Unmatched IPTW
Characteristics C 1+C P C 1+C P
Number (%) Number (%) Number (%) Number (%)
Previous gastrectomy 0.081 0.233
No 199(75) 211(69) 197(73) 209(69)
Yes 66(25) 97(31) 72(27) 96(31)
NLR 0.293 0.132
<3 151(57) 162(53) 153(57) 154(51)
>3 114(43) 146(47) 116(43) 151(49)

C Chemotherapy alone, CPS Combined positive score, DLN Distant lymph node, dMMR Deficient DNA mismatch repair, ECOG Eastern Cooperative Oncology Group,
GEJC Gastro-oesophageal junction cancer, /+C Immune checkpoint inhibitors combined with chemotherapy, IPTW Inverse probability of treatment weighting, MS/
Microsatellite instability, NLR Neutrophil-lymphocyte ratio, pMMR Proficient DNA mismatch repair

receiving ICIs plus chemotherapy (Figs. 3A-B and Addi-
tional file 1: Figs. S5A-B). In the univariate analysis, PFS
was prolonged in patients with TMB >10 Muts/Mb com-
pared to those with TMB <10 Muts/Mb (HR, 0.46; 95%
CI, 0.22-0.96) (Figs. 3C), but OS did not reach a signifi-
cant superiority (Additional file 1: Fig. S5E). Median OS
was prolonged in patients with deficient DNA mismatch
repair (AIMMR)/MSI-High (HR, 0.10; 95% CI, 0.01-0.71)
compared to patients with pMMR/MSS tumors (Fig. 3D).
Patients with signet ring cell carcinoma exhibited a sig-
nificantly shorter OS than those with non-signet ring
cell carcinoma (HR, 2.24; 95% CI; 1.27-3.96) (Fig. 3E).
Moreover, the presence of peritoneal metastases was
associated with a reduced OS compared to patients with-
out peritoneal metastases (HR, 1.85; 95% CI, 1.09-3.15)
(Fig. 3F). Finally, patients with more than three meta-
static sites had a higher risk of death than those with
fewer than three sites (HR, 1.86; 95% CI, 1.13-3.07)
(Fig. 3G). No significant difference was observed between
high and low PD-L1 CPS expression levels in the patients
with ICIs plus chemotherapy (Additional file 1: Figs. S5C
and D).

In the chemotherapy-alone group, patients with PD-L1
CPS>5 had significantly shorter PFS than those with
PD-L1 CPS<1 (HR, 5.54; 95% CI, 1.67-18.40), while OS
had no significant difference (HR, 1.96; 95% CI, 0.58—
6.56) (Additional file 1: Figs. S6A, B, E, and F). Besides,
patients with dAMMR or MSI-high did not exhibit a statis-
tical difference in PFS (HR,1.19; 95% CI, 0.44—-3.22) com-
pared with those with pMMR or MSS, but their OS was
notably shortened (HR,3.21; 95% CI, 1.17-8.81) (Addi-
tional file 1: Figs. S6C-F).

Genomic alternation and its association with treatment
response

We performed genome sequencing on patients who
underwent ICIs plus chemotherapy (Fig. 4A and

Additional file 1: Table S7). It revealed a signifi-
cant decrease in the mutation frequency of APC and
SMARCA4 and an increase in CCNEI alternation in
patients who did not achieve a PR (NPR), compared to
those with PR (Fig. 4B). After excluding patients with
dMMR or MSI-high, the frequency of SMARCA4 and
BRCA2 mutations remained significantly increased in
patients with PR. In contrast, NPR patients harbored
a higher frequency of CCNE1 and ZFHX3 alternations
(Fig. 4C). The frequencies of CCNEI and ZFHX3 alter-
nations in GC were both around 11%, as documented in
the TCGA database (Fig. 4D). Next, we investigated the
immune microenvironment via data from the TCGA
database. In this cohort, tumors with CCNEI alter-
nation were characterized by elevated tumor purity
and reduced immune scores by the ESTIMATE tool.
Correspondingly, CCNEI1 alternation was associated
with a significant reduction in the relative abundance
of natural killer (NK) cells, cytotoxic lymphocytes,
T cells, dendritic cells, CD8+T cells, and M1 mac-
rophages, as assessed by the deconvolution algorithms
(Figs. 4E and F). Furthermore, the top down-regulated
pathways in CCNEI-amplified patients were immune-
related, including "graft versus host disease", "intestinal
immune network for IgA production”, "allograft rejec-
tion", and "antigen receptor” pathways. Additionally,
pathways involved in cell proliferation, such as "Cell
cycle”, "DNA replication”, and "Mitosis", were signifi-
cantly up-regulated in these patients (Fig. 4H and Addi-
tional file 1: Fig. S7A).

Patients with ZFHX3 mutation displayed a significant
decrease in total T cells and CD8+T cells, alongside
a marked increase in CD4 memory T cells, Thl, and
Th2 cells (Figs. 4E and G). Moreover, several immune-
related pathways were significantly down-regulated
in ZFHX3 mutant tumors, while pathways related to
"Ribosome”, "RNA polymerase", "Proteasome”, and
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Fig. 1 Treatment efficacy in all patients and HER-2 negative patients. A, B Kaplan-Meier plots of progression-free survival (A) and overall

survival (B) across all patients. C Objective response rate in all patients. D SMD in all patients pre- and post-application of IPTW. E, F Kaplan-

Meier plots of progression-free survival (E) and overall survival (F) in all patients post-IPTW. G, H Kaplan-Meier plots of progression-free survival

(G) and overall survival (H) in HER-2 negative patients. | Objective response rate in HER-2 negative patients. J SMD in HER-2 negative patients

pre- and post-application of IPTW. K, L Kaplan-Meier plots of progression-free survival (K) and overall survival (L) in HER-2 negative patients
post-IPTW. Abbreviations: C, Chemotherapy alone; CPS, Combined positive score; CR, Complete response; ECOG, Eastern Cooperative Oncology
Group; I+C, Immune checkpoint inhibitors combined with chemotherapy; IPTW, Inverse probability of treatment weighting; MMR, Mismatch repair;
MSI, Microsatellite instability; ORR, Objective response rate; PD, Progressive disease; PD-L1, Programmed death ligand 1; PR, Partial response; SD,
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A Subgroups N(C)  N(IC) mPFS(C) mPFS(IC) HR(95%CI) B Subgroups N(C) N(C) mOS(C) mOS(IC) HR(95%CI)
Sex ex 5

Female 60 84 57 102 ——t 0.62(0.37 to 1.04) Female 60 84 106 194 ——— 1 U 39(0 1810 0.83)
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22 15 16 52 64 ——T 0.37(0.13 t0 1.07) H?R 2 %16 83 107 ———T— 061(0.19t0201)
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25 3 48 29  114=— ' 0.08(0.02 to 0.38) 25 3 48 71203 0.23(0.06 0 0.95)
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' '
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Fig. 2 Subgroup analysis in all patients. A, B Forest plots for progression-free survival (A) and overall survival (B) across different patient subgroups,
based on multivariate Cox analysis. C, D Kaplan—Meier plots of progression-free survival (C) and overall survival (D) in patients with PD-L1
CPS<1.E, F Kaplan-Meier plots of progression-free survival (E) and overall survival (F) in patients with PD-L1 CPS 1-4. G, H Kaplan-Meier plots

of progression-free survival (G) and overall survival (H) in patients with PD-L1 CPS>5. 1, J Kaplan-Meier plots of progression-free survival (1)

and overall survival (J) in patients with unknown PD-L1 CPS post-IPTW. Abbreviations: C, Chemotherapy alone; CPS, Combined positive score;
dMMR, Deficient DNA mismatch repair; ECOG, Eastern Cooperative Oncology Group; HR, Hazard ratio; I+ C (IC), Immune checkpoint inhibitors
combined with chemotherapy; mOS, Median overall survival time; mPFS, Median progression-free survival time; MSI, Microsatellite instability; MSS,
Microsatellite stable; PD-L1, Programmed death ligand 1; pMMR, Proficient DNA mismatch repair; N, Number; TMB, Tumor mutation burden
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"ATP synthesis" were notably up-regulated (Fig. 4I and  RNA expression and its relationship to treatment response
Additional file 1: Fig. S7B). RNA sequencing revealed that patients with PR had sig-
nificantly lower levels of CD4 memory T cells but higher
levels of T, B, and memory B cells than NPR patients
(Fig. 5A). In NPR patients, several immune-related
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A Subgroups Number mPFS HR(95%Cl) B Subgroups Number mOS HR(95%Cl)
Sex Sex
Female 84 102 ' 1 Female 84 194 ' 1
Male 224 103 =— 1.01(0.69 to 1.47) Male 224 19.3 —=— 0.87(0.48 to 1.58)
Age ! Age !
<60 128 10.6 t 1 <60 128 19.3 t 1
260 180 9.8 -— 1.05(0.76 to 1.46) 260 180 18.3 L m— 1.21(0.72 to 2.06)
ECOG | ECOG |
0-1 292 103 i 1 0-1 292 19.4 H 1
22 16 6.4 J———*1.64(0.83 0 3.22) =2 16 10.7 | —* 4.77(2.15 to 10.56)
HER-2 HER-2
i 1 i 1
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Positive 27 168 ——- 0.64(0.34 t0 1.22) Positive 27 NR —L— 0.53(0.17 to 1.68)
PD-L1 (CPS) PD-L1 (CPS) U
<1 70 91 ' 1 <1 70 17.3 : 1
1-4 45 102 —— 1.13(0.69 to 1.85) 1-4 45 16.0 —— 0.93(0.42 to 2.06)
25 48 114 —_—t 0.77(0.46 to 1.29) 25 48 203 ——t 0.60(0.28 to 1.31)
MMR/MSI | MMR/MSI |
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dMMR/MSI-H 24 224 —— 0.56(0.28 to 1.12) AMMR/MSI-H 24 NR — 0.10(0.01 to 0.71)
MB \ T™B \
<10Muts/Mb 46 6.2 T 1 <10Muts/Mb 46 16.0 1 1
~ 210Muts/Mb 20 11.4 - 0.46(0.22 to 0.96) 210Muts/Mb 20 NR —— 0.38(0.11 to 1.30)
P"mgaZ«figes 295 103 H 1 ngargtfilées 295 193 ! 1
Gastro-oesophageal junction 13 9.8 —— 0.90(0.40 to 2.05) Gastro-oesophageal junction 13 ——t———— 0.71(0.17 t0 2.91)
Signet ring cell carcinoma ! Signet ring cell carcinoma !
No 260 10.7 ‘ 1 No 260 20.3 t 1
Yes 48 8.0 —— 1.48(0.98 t0 2.22) Yes 48 18.3 | —— 2.24(1.27 to 3.96)
Liver metastatic | Liver metastatic |
No 212 106 1 1 No 212 219 1 1
Yes 9% 9.1 — 1.38(0.99 to 1.93) Yes 96 17.3 T 1.23(0.72 to 2.09)
Lung metastatic | Lung metastatic |
No 279 99 H 1 No 279 19.3 i 1
Yes 29 116 _I 0.77(0.43 to 1.36) Yes 29 NR | 0.78(0.35 to 1.73)
Peritoneum metastatic Peritoneum metastatic
No 251 107 4 1 No 251 203 ' 1
Yes 57 941 S 1.30(0.89 to 1.90) Yes 57 17.3 |——— 1.85(1.09 to 3.15)
Distant lymph node metastatic ! Distant lymph node metastatic !
No 131 119 1 1 No 131 18.3 1 1
Yes 177 94 — 1.23(0.89 to 1.71) Yes 177 19.4 b p— 1.09(0.65 to 1.83)
Number of metastatic sites ] Number of metastatic sites I
187 106 P 1 <3 187 203 P 1
23 121 9.9 - 1.06(0.77 to 1.47) 23 121 16.9 T 1.86(1.1310 3.07)
Previous gastrectomy | Previous gastrectomy 1
No 211 9.7 1 No 211 9.7 1
Yes 97 16.8 _ll 0.69(0.48 to 1.01) Yes 97 16.8 _:' 0.58(0.33 to 1.03)
NLR NLR
<3 163 11.8 ‘ 1 <3 163 19.4 ¢ 1
23 145 86 — 1.21(0.88 to 1.66) 23 145 18.3 +——— 1.44(0.87102.37)
0. 1 2 2! 0z 1 2 2!
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Fig. 3 Analysis of prognostic factors for ICls combined with chemotherapy. A, B Forest plots for progression-free survival (A) and overall survival
(B). Results in A and B were from univariate Cox analysis. C Kaplan-Meier plot comparing progression-free survival in patients with TMB-low vs.
TMB-high GC. D Kaplan—Meier plot comparing overall survival in patients with pMMR/MSS vs. dMMR/MSI-high GC. E Kaplan-Meier plot comparing
overall survival in patients with signet ring cell vs. non-signet ring cell carcinoma. F Kaplan—Meier plot of overall survival in patients with vs.
without peritoneum metastasis. G Kaplan-Meier plot of overall survival in patients with < 3 vs. patients with > 3 metastatic sites. Abbreviations:
dMMR, Deficient DNA mismatch repair; ECOG, Eastern Cooperative Oncology Group; HR, Hazard ratio; ICls, Immune checkpoint inhibitors;

mOS, Median overall survival time; mPFS, Median progression-free survival time; MSI, Microsatellite instability; MSS, Microsatellite stable; PD-L1,
Programmed death ligand 1; pMMR, Proficient DNA mismatch repair; TMB, Tumor mutation burden
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pathways were down-regulated, while the “ATP-bind-
ing cassette (ABC) transporters” pathway exhibited the
most significant up-regulation (Figs. 5B and C). Specifi-
cally, several genes in this pathway exhibited significant
up-regulation in NPR tumors, including ABCC2, ABCBS,
ABCAY, ABCA6, ABCGS, and ABCAI10, whereas PR
tumors did not exhibit any significantly up-regulated
genes (Fig. 5D). Moreover, “ABC transporters” displayed
a strong inverse association with ORR in our cohort
(Figs. 5E and F). To determine the relationship between
“ABC transporters” and response to ICI, we validated
these results in a separate cohort with GC patients who
received ICIs alone [24]. Similarly, the “ABC transporters”
pathway was significantly enriched in NPR patients and
correlated with tumor response in this cohort (Figs. 5G-
I). We further investigated the association of this pathway
with tumor immunity and observed a negative correla-
tion between the ABC transporter signature and anti-
tumor immune components, including CD8* T cells, M1
macrophages, and follicular helper T cells (Fig. 5]). Con-
versely, there was a positive correlation between the ABC
transporter signature and most immune checkpoints,
such as ADORA2A, BTLA, C10orf54, CD200, CD200R1,
CD28, etc. (Fig. 5K).

Construction of a prognostic model for ICls efficacy
To build a prognostic model for clinical application, we
screened out seven genes by LASSO regression, includ-
ing KRAS, SMARCA4, ERBB2, FBXW7, MYC, PBRM]1,
and RNF43. We then constructed a risk model termed
Prognostic Score for Gastric Cancer First-line ICIs plus
Chemotherapy (PGFIC) with a formula derived from
the mutation status (1 or 0) of the seven genes weighted
by their respective regression coefficient. The for-
mula is as follows: PGFIC=(0.1899 * KRAS)+(0.3927
SMARCA4)+(0.2102 *  ERBB2)+(0.4130 *
FBXW?)+(0.1121 * MYC) + (0.6832 * PBRMI) +(0.2652
* RNF43) (Figs. 6A-C). An optimal cut-off value of 0 was
determined to separate the patients into the PGFIC-high
and PGFIC-low groups. Patients with high PGFIC had

(See figure on next page.)
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a higher PR rate and significantly longer PFS (HR, 0.20;
95% CI, 0.09-0.45) and OS (HR, 0.05; 95% CI, 0.01-0.38)
compared to those with low PGFIC score (Figs. 6D-F).
Furthermore, the PGFIC model yielded higher AUC val-
ues in predicting the 6-month PFS rate (Additional file 1:
Fig. S8A) and 1-year OS rate (Additional file 1: Fig. S8B)
than TMB, PD-L1 CPS, and MMR or MSI. In the valida-
tion cohort from Memorial Sloan Kettering (MSK) [25],
patients with high PGFIC scores demonstrated a trend
toward improved OS, although it did not meet the crite-
ria for superiority (HR, 0.56; 95% CI, 0.24—1.31) for some
reason (Fig. 6G).

Meaningfully, PGFIC-high patients exhibited signifi-
cantly elevated levels of immune cells compared to those
with low PGFIC scores, such as M1 macrophages, CD8"
T cells, cytotoxic lymphocytes, and NK cells (Fig. 6H and
Additional file 1: Fig. S8C). In addition, they exhibited
significantly higher expression of several immune check-
points, such as CD274, TIGIT, LAG3, and IDO1 (Fig. 61
and Additional file 1: Fig. S8C). Furthermore, in the
KEGG pathway analysis, the “ABC transporters” pathway
was the most significantly down-regulated in PGFIC-
high patients (Figs. 6] and K).

Discussion

Several phase III RCTs have demonstrated the superior-
ity of first-line ICIs in combination with chemotherapy
over chemotherapy alone in patients with advanced GC
with a PD-L1 CPS >5. However, the efficacy of this treat-
ment in patients with a PD-L1 CPS<5 remains contro-
versial [6, 9, 10]. Moreover, due to the strict inclusion
criteria of RCTs, there may be a substantial discrepancy
in pathological characteristics between the clinical real-
ity and trial subjects, which limits the applicability of
trial conclusions to clinical decision-making. In this
multicenter, retrospective study, we included patients
with more complex clinicopathological features, such
as those with ECOG scores of 2 or above, older than
75 years, or with unknown PD-L1 CPS. Furthermore,
the incidence of CPS>1 (47.9%) and CPS>5 (22.5%) in

Fig. 4 Association between genomic characteristics and responses. A Mutational landscape grouped by PR and non-PR, with TMB values

in the upper panel. B, C Differential genomic changes between PR and non-PR tumors in all samples (B) and excluding MSI-high patients (C).

D Overview of CCNET and ZFHX3 alternations in the TCGA stomach adenocarcinoma cohort. E Heatmap depicting immune-related signatures

in tumors with or without CCNET alternation/ZFHX3 mutation. The numbers represent the log-transformed fold changes in expression,

and statistical significance is denoted as follows: "P<0.05; “P<0.01; ""P<0.001; “"P<0.0001. F Comparison of immune-related signatures in tumors
with or without CCNET alternation. G Comparison of immune-related signatures in tumors with or without ZFHX3 mutation. H Enrichment analysis
of KEGG pathways in tumors with or without CCNET alternation. | Enrichment analysis of KEGG pathways in tumors with or without ZFHX3 mutation.
Abbreviations: ALT, Alternation; CPS, Combined positive score; AMMR, Deficient DNA mismatch repair; ECOG, Eastern Cooperative Oncology Group;
GEJ, Gastro-esophageal junction; ICls, Immune checkpoint inhibitors; MMR, Mismatch repair; MSI, Microsatellite instability; MSS, Microsatellite stable;
MUT, mutation; NES, normalized enrichment score; PD, Progressive disease; PD-L1, Programmed death ligand 1; pMMR, Proficient DNA mismatch
repair; PR, Partial response; SD, Stable disease; TMB, Tumor mutation burden; WT, wild-type
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our cohort was lower than reported in some previous
studies, particularly phase III trials. However, it aligns
with certain findings from China [26], highlighting the
real-world setting of this study. To address baseline dis-
parities and mitigate the influence of confounding vari-
ables, we employed IPTW. The results echoed those of
the RCTs, confirming that the ICIs in combination with
chemotherapy achieved significant survival benefits com-
pared to chemotherapy alone in the overall population,
HER-2 negative and especially PD-L1 CPS>5 patients.
Importantly, the magnitude of the benefit was greater
than that observed in the RCTs, with HRs for PFS and
OS lower than those in studies such as CheckMate-649,
ORIENT-16, and RATIONALE-305. [6-8, 10, 11] This
discrepancy may stem from differences in study design.
First, RCTs often exclude certain patient populations,
while our analysis utilized real-world data that encom-
passed a broader spectrum of patients and treatment
regimens [27]. Second, patients in RCTs typically demon-
strate higher adherence to treatment protocols, whereas
real-world settings may show lower adherence due to fac-
tors such as treatment interruptions, dosage adjustments,
or deviations from prescribed regimens [27]. Addition-
ally, follow-up data revealed 12.7% of patients treated
with chemotherapy alone subsequently received ICIs
after progression, which is lower than the 27.8% reported
in ATTRACTION-04 trial [28], which may also contrib-
ute to the differing outcomes. Although the ORR in this
study is relatively lower compared to those in other tri-
als, the improvement in ORR with ICIs was comparable
to that observed in those trials. This study offers a com-
prehensive subgroup analysis of various clinicopatho-
logical characteristics present in the real-world setting.
Patients benefited from ICIs combined with chemother-
apy, achieving a mOS of longer than 18 months, regard-
less of whether they were older than 60 years. This is
consistent with the conclusion of a meta-analysis that
demonstrated equivalent benefits for older and younger
patients treated with anti-PD-1 or PD-L1 inhibitors [29].
Patients with ECOG scores of 2 or higher did not get
discernible survival advantages from ICIs, which aligns
with the findings of a prior retrospective study on ICIs
in solid tumors [30]. These findings indicate that physical

(See figure on next page.)
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condition is more relevant and essential to the efficacy of
immunotherapy than physiological age. In terms of gen-
der subgroups, negative results were observed for PFS
in female GC patients, which is consistent with the find-
ings in the female subgroup of the CheckMate 649 and
ATTRACTION-4 [10] trials, possibly due to differences
in the innate and adaptive immune response capabilities
between females and males [31]. In patients with perito-
neal or lung metastases, the immunotherapy combined
with chemotherapy failed to prolong the OS significantly,
mirroring the results of the ATTRACTION-4 [10] and
RATIONALE-305 [6]. Therefore, alternate strategies,
such as peritoneal drug perfusion [32] and radiotherapy
[33], may be required for better efficacy in these cases.
Multivariate analysis showed that combining ICIs with
chemotherapy significantly increased OS in HER-2-pos-
itive patients. This finding is in line with prior research,
suggesting that the tumor immune microenvironment in
HER-2-positive GC may be favorable for ICIs to achieve
greater efficacy [34].

Whether advanced GC patients with low PD-L1 CPS
expression benefit from first-line immunotherapy has
been a hot but controversial issue [10, 11]. Our study
revealed an interaction between PD-L1 CPS scores and
both PES and OS, suggesting that the benefits of ICIs
are associated with PD-L1 levels. Specifically, patients
with PD-L1 CPS<1 did not achieve additional benefit
from ICIs, consistent with previous RCTs [10]. How-
ever, it remains uncertain whether patients with PD-L1
low expression (CPS 1-4) can benefit from ICIs [11].
This study represents the first to report real-world out-
comes in this population. Although there was no sig-
nificant reduction in the risk of disease progression,
the combination of ICIs and chemotherapy signifi-
cantly extended OS compared to chemotherapy alone
in patients with CPS 1-4. Notably, the risk reduction of
death was comparable to that in patients with CPS>5.
This suggests that patients with low PD-L1 expression
may still benefit from ICIs and should not disregard this
treatment option. It is important to note, however, that
approximately 60% of patients had an unknown PD-L1
CPS status. This may have affected our ability to fully
assess the relationship between ICI efficacy and PD-L1

Fig. 5 Transcriptomic features and treatment responses. A Comparison of immune-related signatures among patients with PR vs. NPR. B
Enrichment analysis of KEGG pathways in patients with PR vs. NPR. C Enrichment plot of “ABC transporters” pathway in patients with PR vs. NPR.

D Volcano plot showing differentially expressed genes between PR and NPR patients. E Proportions of PR and non-PR patients among patients

with high vs. low "ABC transporters” signatures. F Levels of “ABC transporters”signature in PR vs. NPR patients. G Enrichment plot of "ABC transporters”
pathway in patients with different responses in the Kim, 2018 cohort. H Proportions of PR and non-PR patients among patients with high vs. low
"ABC transporters” signatures in the Kim, 2018 cohort. I Levels of “ABC transporters”signatures in patients with different responses in the Kim,

2018 cohort. J, K Correlations between “ABC transporters” pathway and immune-related signatures (J) and immune checkpoint expressions (K).

Abbreviations: logFC, log-fold change; PR, Partial response
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Fig. 6 Prognostic model construction and its association with pathways and immune responses. A Variation characteristics of the coefficient

of variables in the prognostic model. B The selection process of the optimum A value in the Lasso regression model by cross-validation

method. C Mutational landscape of genes involved in PGFIC model. D Responses in patients with different PGFIC scores. E, F Kaplan-Meier

plots of progression-free survival (E) and overall survival (F) stratified by PGFIC scores. G Kaplan—-Meier plot of overall survival in the MSK cohort,
categorized by PGFIC. H, I Comparison of immune-related signatures (H) and immune checkpoints (I) in patients with different PGFIC scores.

J Enrichment analysis of KEGG pathways in patients with different PGFIC scores. K Enrichment plot of "ABC transporters” pathway in patients

with different PGFIC scores. Abbreviations: CPS, Combined positive score; cDCs, Conventional dendritic cells; dMMR, Deficient DNA mismatch repair;
ECOG, Eastern Cooperative Oncology Group; ICls, Immune checkpoint inhibitors; GEJ, Gastro-esophageal junction; ly Endothelial Cells, Lymphatic
endothelial cells; MMR, Mismatch repair; MSI, Microsatellite instability; MSS, Microsatellite stable; mv Endothelial Cells, Mitral valve endothelial Cells;
pDCs, Plasmacytoid dendritic cells; PD, Progressive disease; PD-L1, Programmed death ligand 1; PGFIC, Prognostic Score for Gastric Cancer First-line

ICls plus Chemotherapy; pMMR, Proficient DNA mismatch repair; PR, Partial response; SD, Stable disease; TMB, Tumor mutation burden
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expression, particularly concerning the negative findings.
This reflects the low rate of PD-L1 testing in real-world
clinical practice, possibly due to inadequate recognition
of its predicting value, sample accessibility, economic
constraints, and other factors. Unfortunately, due to the
retrospective nature of this study, further sample collec-
tion and PD-L1 testing were limited. Among the patients
with unknown PD-L1 CPS, 95% had unknown TMB,
50.1% had unknown MMR or MSI status, and 4.9% were
dMMR or MSI-High. Interestingly, in these patients with
unknown biomarkers, ICIs combined with chemotherapy
significantly prolonged PFS and OS compared to chemo-
therapy in both univariate and multivariate COX analy-
ses, regardless of the application of IPTW to adjust for
confounding factors. Despite the absence of PD-L1 sta-
tus, we believe these findings reflect real-world scenarios
where PD-L1 testing is not always routine or feasible, and
they provide valuable insights and recommendations for
patients who cannot undergo PD-L1 testing. Combining
the outcomes of patients with low or unknown PD-L1
expression, we propose that immunotherapy exhibits a
certain universality in modifying the tumor microenvi-
ronment to inhibit tumor growth and prolong patients’
survival. Any single indicator may hardly capture and
match this universality comprehensively. Moreover, the
process of reprogramming the tumor microenvironment
by ICIs is intricate and consists of numerous influence
factors. Although PD-L1 expression is easy to under-
stand and use, it is not the sole determinant or a precise
predictor. Therefore, it requires comprehensive analysis
in conjunction with tumor development signaling path-
ways [35, 36] and immune microenvironments [37, 38].
Hence, it is necessary to carry out RCTs in the CPS-low
advanced GC patients to clarify the efficacy of ICIs in this
population. In addition, investigating the immune micro-
environmental characteristics of PD-L1 CPS-low GC is
crucial to exploring possible mechanisms and potential
predictive markers affecting the effectiveness of IClIs.
This will extend the benefits of ICIs to a broader yet more
precisely defined patient population.

The limitations of conventional biomarkers in pre-
dicting the efficacy of ICIs for GC prompt us to explore
the molecular characteristics of the tumors and their
immune microenvironments that are associated with
the efficacy of immunotherapy, by combining genomics
and transcriptomics data. BRCA2 and SMARCA4 muta-
tions were significantly associated with good response
to ICIs, in line with previous studies [39, 40]. BRCA2
plays a role in the DNA damage response (DDR) path-
way, while SMARCA4 is involved in chromatin remod-
eling and is also linked with the DNA repair protein
MSH2 of the MMR pathway [41]. Mutations in these two
genes may impair gene repair, leading to increased TMB
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and improved response to immunotherapy [41, 42]. Our
study found that all patients with BRCA2 mutations and
80% of those with SMARCA4 mutations exhibited high
TMB expression, reinforcing this theory. On the con-
trary, CCNEI amplification and ZFHX3 mutation have
been found to correlate with poor efficacy of immuno-
therapy in our cohort. It has been reported that tumors
with CCNEI amplification are more aggressive and
immune-evasive [43, 44], contributing to increased treat-
ment resistance and decreased patient survival across
multiple cancer types [45, 46]. At present, some studies
have explored anti-tumor therapy specifically target-
ing CCNEI. Potential treatments for CCNEI-amplified
tumors include PKMYT1 inhibitors [47], adavosertib
(a WEE1 inhibitor) [48], and PF3600 (a small molecule
inhibitor of CDK2/4/6) [49]. Our findings also support
the potential utility of these agents to convert "cold"
tumors into a responsive state and enhance the efficacy
of ICIs. ZFHX3 mutations have been linked to a nega-
tive prognosis in GC [50]. However, in patients with
non-small cell lung cancer, these mutations are associ-
ated with prolonged survival, particularly among those
receiving ICIs [51]. Consequently, further investigation
into the mechanism and function of ZFHX3 mutation is
warranted.

We further developed a multi-gene PGFIC model, with
superior prognostic ability compared to PD-L1, TMB,
and other predictors within our cohort. Low PGFIC
score was associated with an immunosuppressed micro-
environment and an up-regulation of the “ABC trans-
porters” pathway, while the latter was also significantly
up-regulated in NPR patients. “ABC transporters” are
the most common mechanism responsible for multidrug
resistance to chemotherapy [52], but it remains unclear
whether they can also cause resistance to immunother-
apy. Another prospective phase 2 clinical trial cohort
[24], treated with pembrolizumab alone as salvage treat-
ment, exhibited a similar trend, indicating that “ABC
transporters” also impact ICIs efficacy. Mechanisti-
cally, ABC transporter proteins can regulate the tumor
immune microenvironment by transporting multiple
cytokines [53]. Consistently, we also discovered an asso-
ciation among “ABC transporters’, elevated levels of
immune checkpoints, and an immunosuppressed micro-
environment. Therefore, these findings suggest that ABC
transporter proteins could potentially serve as new tar-
gets for improving the efficacy of ICIs. The PGFIC model
did not achieve a statistical difference in the validation
cohort, and it may be attributed to the fact that the MSK
cohort consisted of multiple cancer types and vari-
ous treatment combinations [25], differing substantially
from the current study population. Thus, the reliability
of the PGFIC’s prognostic efficacy needs to be validated
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through extra cohorts with advanced GC treated with
first-line ICIs combined with chemotherapy. Addition-
ally, testing the model in patients treated with first-line
chemotherapy alone is necessary to establish its predic-
tive value.

There are several limitations in this study. First, this is
a retrospective study, inevitably harboring data biases.
First, as a retrospective analysis, it is inherently subject
to data biases. Although the patient population was rela-
tively homogeneous in terms of region, financial status,
and disease severity, treatment decisions were guided by
physician judgment, which may have introduced biases
based on personal experience and varying interpretations
of immunotherapy. Second, the completeness of the data
was limited due to the long observation period and the
involvement of numerous hospitals. There was a low pro-
portion of PD-L1, MMR, and TMB assessment, as well as
a limited number of cases with available genetic sequence
data. Notably, the absence of PD-L1 CPS data reduces the
statistical power for subgroup analysis related to PD-L1.
Nevertheless, patient heterogeneity in this study was
minimized by the relatively uniform disease conditions,
healthcare infrastructure, and geographical location of
the patients. Furthermore, we applied IPTW to reduce
bias and balance baseline characteristics between the two
treatment groups. Lastly, some subgroups exhibited a
scarcity of analyzable data due to a small sample size and
data immaturity. Future studies should aim to increase
sample sizes, refine the study population through a pro-
spective real-world cohort design, and extend the follow-
up durations to obtain more robust and validated data.

Conclusions

This study underscores the significant survival benefits
associated with the combination of ICIs with chemo-
therapy compared with chemotherapy alone as a first-line
treatment for advanced GC. Patients with PD-L1 CPS
1-4 and those with unknown PD-L1 status also achieved
significant improvements in overall survival from com-
bination treatments. In addition, our study provides
valuable insights into tumor signaling pathways, immune
microenvironments, and prognostic models closely
linked to the efficacy and potential resistance mecha-
nisms of immunotherapy in advanced GC.
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ICls Immune checkpoint inhibitors
PD-L1 Programmed death ligand 1

CPS Combined positive score

GC Gastric cancer

mOS Median overall survival

HER-2  Epidermal growth factor receptor-2
mPFS Median progression-free survival
MSI Microsatellite instability

TMB Tumor mutation burden

EBV Epstein-Barr virus

Page 16 of 18
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