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More than 90% of advanced gastric cancers (GC) are microsatellite-stable
(MSS). Compared to the high response rate of immune checkpoint inhibitors
(ICI) in microsatellite-instability-high (MSI-H) GCs, only 10% of unstratified
MSS GCs respond to ICls. In this study, we apply semi-supervised learning to
stratify potential ICI responders in MSS GCs, achieving high accuracy, quan-
tified by an area under the curve of 0.924. Spatial analysis of the tumor
microenvironment of ICl-sensitive GCs reveals a high level of T-bet+ CD8 + T
cell infiltration in their tumor compartments. T-bet+ CD8 + T cells exhibit
superior anti-tumor activity due to their increased ability to infiltrate tumors
and secrete cytotoxic molecules. Adoptive transfer of T-bet+ CD8 + T cells
boosts anti-tumor immunity and confers susceptibility to ICls in immune-
ignorant MSS GCs in a humanized mouse model. Spatial RNA sequencing
suggests a positive-feedback loop between T-bet+ T cells and PD-L1+ tumor
cells, which eventually drives T cell exhaustion and can therefore be leveraged
for ICI therapy. In summary, our research provides insights into the underlying
mechanism of anti-tumor immunity and deepens our understanding of varied
ICI responses in MSS GCs.

Gastric cancer (GC) is one of the leading causes of cancer-related death  PD-1 inhibitors have demonstrated a superior anti-tumor activity in
globally'. Cytotoxic chemotherapies remain the first-line treatment for  Microsatellite instability-high/deficient mismatch repair (MSI-H/dMMR)
most advanced GCs; however, the median overall survival (OS) fails to  cancers, with the overall response rates (ORRs) ranging from 45% to 60%,
exceed one year®>. Immune checkpoint inhibitors (ICIs, e.g., PD-1/PD-L1  comparing to 10% ORRs in microsatellite-stable/proficient mismatch
inhibitors) have shown great promise in multiple solid tumors®”. In GCs,  repair (MSS/pMMR) GCs® ™. The rationale for a higher response rate in
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Table 1| Clinical characteristics of patients in GC-ICI cohort

Patient ID MSI EBV Subtype Treatment BOR Response Progression PFS (days)
ICI-1 ik MSI-H Anti-PD-1 PR 1 0] 218
ICI-2 + EBV(+) MSS Anti-PD-1 + Apatinib SD (0] (0] 85
ICI-3 EBV(-) MSS Anti-PD-1 + Oxaliplatin SD (0] 0] 55
ICl-4 EBV(-) MSS Anti-PD-1 + Apatinib PD (0] 1 28
ICI-5 EBV(-) MSS Anti-PD-1 + Apatinib PD 0 1 30
ICI-6 EBV(-) MSS Anti-PD-1+ S-1 + Oxaliplatin SD (0] (0] 145
ICI-7 + MSI-H Anti-PD-1 SD (0] (6] 53
ICI-8 + EBV(+) MSS Anti-PD-1 + Oxaliplatin + PR 1 1 332
Capecitabine

ICI-9 EBV(-) MSS Anti-PD-1 + Paclitaxel PR 1 1 215
ICI-10 + MSI-H Anti-PD-1 PR 1 (0] 328
ICI-NM EBV(-) MSS Anti-PD-1 + Irinotecan SD 0 6] 125
ICI-12 + MSI-H Anti-PD-1 PR 1 (6] 130
ICI-13 + MSI-H Anti-PD-1 SD 0] 1 222
ICI-14 EBV(-) MSS Anti-PD-1+ S-1 + Oxaliplatin SD (0] (0] 72
ICI-15 + MSI-H Anti-PD-1 PR 1 1 265
ICI-16 + EBV(+) MSS Anti-PD-1 SD (0] 1 281
ICI-17 EBV(-) MSS Anti-PD-1+ S-1 + Oxaliplatin SD (0] 0] 47
ICI-18 EBV(-) MSS Anti-PD-1 + Paclitaxel + Apatinib SD (0] (0] 139
ICI-19 EBV(-) MSS Anti-PD-1 PR 1 (0] 90
ICI-20 EBV(-) MSS Anti-PD-1 + Paclitaxel + Apatinib SD 0 0 80
ICI-21 EBV(-) MSS Anti-PD-1+ S-1 + Paclitaxel SD (0] (0] m
1CI-22 + EBV(+) MSS Anti-PD-1 + Irinotecan SD (0] 1 137
ICI-23 EBV(-) MSS Anti-PD-1 + Paclitaxel PD 0 1 44
ICI-24 EBV(-) MSS Anti-PD-1 + Irinotecan SD (0] 1 94
ICI-25 + MSI-H Anti-PD-1 + Paclitaxel + Cisplatin SD (0] 0 66

Responses are evaluated using RECIST 1.1. MSI microsatellite instability, EBV Epstein-Barr virus, BOR best of response, PFS progresion free survival, PR partial response, SD stable disease, PD

progressed disease. 1 stands for positive; O stands for negative.

MSI-H GCs is that these tumors harbor a significant number of non-
synonymous mutations to generate immunogenic tumor neoantigens,
which can be recognized and presented by antigen presentation cells,
thereby eliciting T cell responses®. However, MSI-H GCs represent only
10-15% of all GCs, and this proportion further decreases to 5% in
advanced cases, limiting the clinical benefits of ICIs in GCs substantially™.
Given the large number of MSS GCs, there is an urgent need for reliable
biomarkers to pre-select ICI-responsive MSS patients.

Numerous efforts have been made to identify therapeutic bio-
markers in MSS GCs. Higher tumor mutational burden (TMB) corre-
lates with a better clinical response to ICIs in KEYNOTE-062, but its
predictive value is diminished when MSI-H patients are excluded®. In
KEYNOTE-059, ORR increased from 9% in unstratified MSS GCs to
17.4% in patients with a combined positive score (CPS) of PD-L1>10",
However, the calculation of CPS is subject to pathologists’ subjective
bias, severely limiting CPS’s clinical applications. A retrospective ana-
lysis of 61 advanced GC patients who received PD-1 antibodies declared
a100% ORR in Epstein-Barr virus (EBV)* MSS GC patients™. This result
garnered global attention regarding the role of EBV status in ICI
responses. In follow-up studies, EBV* MSS GCs demonstrated an ORR
ranging from 25% to 33%""°. Although standard operating procedures
can be optimized to improve the consistency of test methods, their
accuracies in predicting ICI responses are far from satisfactory.

The fundamental inadequacy in current biomarkers is that they
only capture the tumor-intrinsic factors of GCs, while the intricate
nature of tumor microenvironment (TME) has been largely over-
looked. TME is a complex ecosystem comprised of numerous cellular
and non-cellular components intertwined with delicate interactions®.
Recent advances in high-resolution techniques (multiplex immuno-
histochemistry, spatial RNA-sequencing, and single-cell RNA-

sequencing) and machine learning facilityate the study of TME
complexity” . Tumor-infiltration lymphocytes (TILs) are the pre-
dominant anti-tumor cells in the TME and the direct targets of ICI
therapy. Understanding the functional heterogeneity of TILs provides
insights into the determinants of varied ICI responses in cancers and,
most importantly, offers potential strategies for weaponizing immune
cells to target tumors.

In this study, we utilize semi-supervised machine learning to iden-
tify potential responders in MSS GCs (MSS-PRs) with a TME favorable for
ICI efficacy. Comprehensive evaluation of MSS-PRs” TME reveals that
T-bet" CD8" T cells govern ICI responses in MSS GCs through superior
anti-tumor ability and initiation of an immune-active microenvironment
via a positive-feedback loop with PD-L1* tumor cells. Adoptive transfer of
T-bet' CD8' T cells reinvigorates tumor immune microenvironment and
sensitizes immune-ignorant tumors to ICIs in humanized mice models.
Altogether, our study underscores the crucial role of T-bet" CD8" T cells
in driving ICI responses and offers strategies to overcome the current
therapeutic bottleneck of poor ICI efficacy in MSS GCs.

Results

Patient Characteristics and Clinical Outcome

We retrospectively collected clinical information of advanced gastric
cancer patients who have received PD-1 inhibitor treatment (GC-ICI
cohort) (n=25, Table 1) at First Hospital of China Medical University,
from May 2019 to December 2021. Patients in GC-ICI cohort have com-
pleted at least two cycles of standard-of-care PD-1 inhibitor treatment
and were evaluated for response according to RECIST 1.1, with a median
follow-up time of 135 days. Complete response (CR) was not achieved in
our cohort, 7 patients achieved partial response (PR), 15 patients
achieved stable disease (SD), and 3 had progressed disease (PD).
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False Positive Rate

A total of 120 patients with stage I-1ll gastric adenocarcinoma who
received surgery at the First Hospital of China Medical University were
included in the GC cohort, with a median follow-up time of 117 months.
In the GC cohort, 5.83% (7/120) patients are MSI-H/dMMR, lower than
that of 18.16% (63/347) in TCGA-STAD cohort, and 11.27% (31/275) in
ACRG cohort*. Clinical characteristics of GC patients were described
in Supplementary Table 1.

Immune heterogeneity in different GC subtypes
MMR Status and EBV status were associated with different suscept-
ibilities to ICI therapy in multiple clinical trials®"*">'¢, In our GC-ICI

cohort, the response rates attributed to MSI-H, EBV* MSS, and
EBV"MSS subtypes were 57.14% (4/7), 25% (1/4), and 14.29% (2/14),
respectively. To understand the determinants of varied responses,
immunologic analysis of different GC subtypes based on bulk RNA
sequencing, single-cell RNA sequencing (scRNA-seq), and multiplex
immunohistochemistry (mIHC) was conducted. In both TCGA-STAD
and ACRG cohorts, CD8" T cells were most abundant in EBV* MSS GCs
estimated by CibersortX (Fig. 1a, Supplementary Fig. 1a)". The pro-
portion of CD8" T cells in MSI-H GCs was slightly higher than EBV"-MSS
GCs in ACRG cohort (P=0.05, Supplementary Fig. 1a), but not in TCGA-
STAD cohort (P=0.39, Fig. 1a). CD4" T cells in both EBV" MSS and
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Fig. 1| Immune landscape of different GC subtypes. a Violin plots of immune
infiltration in EBV'MSS (n=26), MSI-H (n =45), and EBV-MSS (n=190) patients in
TCGA-STAD cohort estimated by cibersortX. Two-tailed Mann-Whitney U test was
used to evaluate statistical significance between every two subtypes. b Multiplex
IHC images of an MSI-H GC patient (GC-44), an immune-ignorant MSS GC patient
(GC-60), and an immune-hot MSS GC patient (GC-66). Red denotes CD4" T cells;
yellow denotes CD8' T cells; cyan denotes tumor cells, DAPI was used as the
counterstain for cellular nuclei. c UMAP plot of 118,887 cells in 24 gastric tumors
(GSE183904). Endo. is the abbreviation for endothelial cells; DC for dendritic cells;
and epi. for epithelial cells. d Stacked bar plots of cell fractions in MSI-H (n = 6) and
MSS GC tumors (n =18). Each color denotes a cell type, as indicated in Fig. 1c.

e Volcano plot of differential expression genes between CD8" T cells of MSI-H GCs
and those of MSS GCs. The y-axis denoted the adjusted P value, and the x-axis
denoted the log2 fold change. Genes with a [log2 fold change |> 1.5 and a

P value <1x e-5 were shown in red. P values were calculated with Wald test using
DESeq2 and adjusted using Benjamini-Hochberg method for multiple comparisons.
f Schematic graph of the theory of positive-unlabeled learning. Original positive

and unlabeled data points were shown as red and gray dots in the original image.
Unlabeled positive (blue dots) and unlabeled negative (yellow dots) data points
were identified using positive-unlabeled learning. g Pipeline of constructing the
positive-unlabeled learning models for RNA-seq data (TCGA-STAD, PRJEB25780,
and PRJEB40416). The model uses MSS patients in TCGA-STAD as training dataset,
and patients in PRJEB25780 and PRJEB40416 as validation datasets. Detailed
methods were described in the method section. h The receiver operating char-
acteristic (ROC) curve presents false-positive rates against true-positive rates of
predicting responders versus non-responders in MSS patients of PRJEB25780
cohort (validation dataset) based on PUL scores (AUC = 0.924). i T-SNE plot of MSI-
H&TMB-H&TILs-H (n =40), MSS-PR (n=46), and MSS-NR (n =238) patients in
TCGA-STAD cohort. Geographical proximity between data points denotes their
similarity in immune features. Proximity between MSI-H&TMB-H&TILs-H subtype
and MSS-PR subtype was observed. On the right, heatmap of PUL scores of MSI-
H&TMB-H&TILs-H (n =40), MSS-PR (n=46), and MSS-NR (n = 238) patients in
TCGA-STAD cohort. *P < 0.05; *P < 0.01; **P < 0.001; ***P < 0.0001; ns is
abbreviation for not significant.

MSI-H GCs tended to polarize toward a more activated phenotype,
manifested by a greater activating/resting ratio of memory CD4" T cells
(Fig. 1a, Supplementary Fig. 1a). In EBV" MSS and MSI-H patients,
tumor-associated macrophages (TAM) exhibited an MiI-polarized
phenotype, which is known to exhibit anti-tumor activity by activat-
ing type 1 (Thl) immunity (Fig. 1a, Supplementary Fig. 1a)*. To com-
paring the abundance of T cells infiltration in real-world patients, we
performed mIHC staining on tumor tissue of patients in the GC cohort
(Fig. 1b). In the GC cohort, there is no significant difference in the
abundance of CD8" T cells (P=0.44) or CD4* T cells (P= 0.98) between
MSI-H and MSS patients (Supplementary Fig. 1b). However, we did
observe significant immune infiltration heterogeneity in the TME of
GCs, which is particularly true for the MSS populations, with a Gini
coefficient of 0.527 for CD8" T cells and 0.529 for CD4" T Cells (Sup-
plementary Fig. 1c, d). When most of MSS GCs exhibited an immune-
ignorant status, there is a small percentage of MSS GCs harbored a
TME with abundant tumor-infiltrating T cells (Supplementary
Fig. 1c, d).

To further investigate the functional diversities of TILs in the TME
of GCs, we conducted unbiased single-cell clustering on 6 MSI-H
and 18 MSS GCs, and eventually annotated 14 cell types (Fig. 1c, Sup-
plementary Fig. 2a, b). As expected, the proportions of CD8" T cells
(P=0.22) or CD4" T cells (P=0.49) in immune cells were not
significantly elevated in MSI-H GCs (Fig. 1d, Supplementary Fig. 2c).
However, increased levels of cytotoxic molecules (GZMB, GZMH,
GZMA, GNLY, NKG7) and immune checkpoint molecules (LAG3,
CTLA-4, HAVCR2/TIM-3, TIGIT) were detected in CD8" T cells of MSI-H
GCs (Fig. 1e, Supplementary Fig. 2d). Stimulation of tumor antigens
activates anti-tumor immunity of CD8' T cells, which eventually leads
to T cell exhaustion in MSI-H GCs. All the results above demonstrated
that the immune heterogeneity of different GC subtypes existed not
only inimmune cell compositions but also in functional diversities and
intriguing intracellular interactions.

Semi-supervised learning identifies potential responders in
MSS GCs

An inflamed TME characterized by rich infiltration of cytotoxic lym-
phocytes (CTLs) is the key to ICI susceptibility’**°. Compared to EBV
MSS GCs, MSI-H GCs, and EBV" MSS GCs were noted by a similar
inflamed TME and consequently exhibited higher response rates to ICI
therapy (Fig. 1a, Table 1, Supplementary Fig. 1a). Therefore, we hypo-
thesize that MSS GCs with a similar TME of MSI-H GCs would likely be
potential ICI responders.

Positive-Unlabeled Learning (PUL) is a semi-supervised learning
algorithm that learns from only positive and unlabeled samples. This
machine learning algorithm applies when the available training set
consists of an incomplete dataset of positive samples and an unlabeled

dataset that includes both positive and negative samples” (Fig. 1f).
Therefore, to identify potential ICI responders in MSS GC (MSS-PRs),
PUL was performed regarding MSI-H GC patients with a high TMB and
abundant T-cell infiltration (those most likely to respond to ICIs) as
positive samples, whereas MSS GC patients with undetermined
responses as unlabeled samples (Fig. 1g, Supplementary Fig. 3a). We
first sought to comprehensively characterize the immunologic
contexts of GCs by constructing immune-related features based on
the abundance of immune cells and the activities of immune-related
pathways (Fig. 1g, Supplementary Fig. 3b, Supplementary Data
File 1). We then trained a 1000-iteration bagging supporting vector
machine (SVM) PUL model on a reduced 5-dimensional feature to
identify MSS-PRs from the unlabeled MSS GCs (Fig. 1g, Supplemen-
tary Fig. 3¢, Supplementary Data File 1)*. A PUL score was predicted
for each sample in the unlabeled dataset, which is calculated by the
times of specific sample was predicted as positive divided by the
total literation of 1000. The closer the PUL score is to 1, the more
likely the MSS patient would respond to ICI therapy. To indepen-
dently validate the accuracy of PUL model, MSS GCs from
PRJEB25780 cohort, who have been treated with PD-1 inhibitors,
were included in the validation dataset’®. Surprisingly, the PUL
model performed exceptionally well at identifying ICI responders
from MSS GCs, with an AUC of 0.924, making it currently the most
accurate model for the purpose (Fig. 1h). The optimal cut-off of
0.953 was determined to maximize the sensitivity and specificity for
distinguishing MSS-PRs and non-responders in MSS patients (MSS-
NRs). MSS GCs in PRJEB25780 cohort with a PUL score > 0.953 had an
ORR of 100% to PD-1 inhibitors (Supplementary Fig. 2d, Supple-
mentary Data File 2). The proportion of MSS-PRs in MSS GCs was
19.37% in TCGA-STAD cohort and 11.07% in ACRG cohort, compar-
able with reported ORRs in various clinical trials™" (Fig. 1i, Supple-
mentary Fig. 3e, Supplementary Data File 2). Furthermore, we
include MSI-H GCs from PRJEB25780 and PRJEB40416 cohorts in the
extended datasets'®” (Fig. 1g). The PUL model achieved an AUC of
0.821 at identifying ICI responders in MSI-H GCs, making it the most
accurate model for GCs regardless of patients’ microsatellite status
(Supplementary Fig. 4a-c).

Comprehensive Characteristics of MSS-PRs

To comprehensively depict the characteristics of MSS-PRs, we per-
formed a multi-dimensional differential analysis between MSS-PRs and
MSS-NRs, regarding immune infiltration, single nucleotide poly-
morphism (SNP), copy number alterations (CNV), and transcriptomic
expression. As expected, the immune profile of MSS-PRs resembled
that of MSI-H & TMB-H & TILs-H patients (positive samples), char-
acterized by a higher infiltration of CD8" T cells, activated CD4"
memory T cell and M1-polarized macrophages (Fig. 2a, Supplementary
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Fig. 2 | Comprehensive characteristics of MSS-PRs. a Violin plots of immune
infiltration in MSI-H&TMB-H&TILs-H (n =31), MSI-PR (n=49), and MSS-NR (n =167)
patients in TCGA-STAD cohort, estimated by cibersortX. Two-tailed Mann-Whitney
U test was used to evaluate statistical significance between every two subtypes.

b Heatmap of somatic mutations of MSI-H&TMB-H&TILs-H, MSI-PR, and MSS-NR
patients in TCGA-STAD cohort. Chi-square test was used to evaluate statistical
significance between mutational rates of MSS-PRs and MSS-NRs. Patients were
sorted in descending order of PUL scores. ¢ Heatmap of somatic mutations in MSS
responders and MSS non-responders in PRJEB25780 cohort (PIK3CA, P=0.016,

chi-square test). d Heatmap of chromosome number variations (CNV) in MSS-PRs
of TCGA-STAD cohort. Q values were computed using GISTIC 2.0. e Differential
expression genes between MSS-PRs and MSS-NRs in TCGA-STAD and ACRG
cohorts. The y-axis denotes the fold changes in TCGA-STAD cohort and ACRG
cohort combined. f The ROC curves of top 8 up-regulated genes in MSS-PRs for
predicting ICI outcomes in MSS patients of PRJEB25780 cohort (mean
AUC=0.85+0.08). *P < 0.05; **P < 0.01; **P < 0.00L; ****P < 0.0001, ns is
abbreviation for not significant.

Fig. 5a). EBV" MSS GCs have a higher PUL score than EBV- MSS GCs
in TCGA-STAD cohort, but not in ACRG cohort (Supplementary
Fig. 5b, c). 66.67% of EBV* MSS GCs in TCGA-STAD cohort and 16.67%
of EBV" MSS GCs in ACRG cohort were potential responders

(Supplementary Data File 2). TMB was significantly higher in MSS-PRs
than in MSS-NRs, but its utility as a therapeutic biomarker was limited
by its relatively low accuracy in response prediction (AUC=0.623,
Supplementary Fig. 5d, e).
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Multi-omics analysis revealed several genetic alterations were
more prevalent in MSS-PRs (Supplementary Data File 3). Among them,
PIK3CA mutation was most prominently associated with a better
response to ICIs, with 60% of PIK3CA mutant MSS GCs being potential
responders, compared to 15.44% of PIK3CA wild-type MSS GCs (5. 2b).
In PRJEB25780 cohort, PIK3CA mutant MSS GCs had a 75% ORR to ICls,
while the ORR for PIK3CA wild-type MSS GCs was only 14.6% (Fig. 2c).
Moreover, we found that PIK3CA mutant MSS GCs exhibited an
inflamed TME, characterized by an increase in CD8" T cell infiltration
and CD4" memory cell activation (Supplementary Fig. 5f). We dis-
covered that somatic amplification of 9p24.1, containing multiple cri-
tical genes such as PD-L1 and PD-L2, occurred frequently in MSS-PRs
but not in MSS-NRs (Fig. 2d). Interestingly, we found that 9p24.1
amplification and PIK3CA mutation were not only detected in EBV*
MSS GCs as previously reported, but also exist in other EBV- MSS-PRs,
indicating that these genetic alterations may be potential tumor-
intrinsic mechanism to drive ICI susceptivity, independent of patients’
EBV status®** (Fig. 2d).

Differential expression genes (DEGs) between MSS-PRs and MSS-
NRs implied underlying determinants of ICI responses (Supplementary
Data File 4). We noticed that CXCR3-ligands (CXCL9, CXCL10, and
CXCL11) were among the most significantly up-regulated genes in MSS-
PRs (Fig. 2e). CXCL9/10/11 are known to be up-regulated in an inter-
feron-y (IFN-y) dependent manner®. Intriguingly, MSS-PRs also
exhibited elevated levels of IFNG and numerous other interferon-
stimulating genes (ISGs, including IDO1, CD274/PD-L1, WARS, and
GBP1/4/5) (Fig. 2e). In addition, multiple cytotoxic molecules (GZMB,
GNLY, GZMA, GZMH, NKG7, PRF1) and immune checkpoints (KLRC1,
FASLG, LAG3, KLRD1) were also up-regulated in MSS-PRs (Fig. 2e). Top
up-regulated DEGs demonstrated remarkable accuracy in predicting
ICI responses of MSS patients, with an average AUC of 0.85 (Fig. 2f,
Supplementary Fig. 3g).

T-bet* T cells exhibit superior anti-tumor immunity

The up-regulated genes in MSS-PRs highlighted the importance of IFN-
y signaling pathway and CXCR3-CXCL9/10/11 chemotaxis pair for ICI
outcomes. CXCR3 and IFNG are the direct transcription targets of the
immune cell-specific T-box transcription factor T-bet, which have been
studied exclusively in the past decade® . To our surprise, apart from
classic transcription targets of T-bet, multiple cytotoxic molecules,
such as GZMB, PRF1, NKG7, GZMH, and GNLY, were also upregulated in
tumor-infiltrating T-bet” T cells, verified by both flowcytometry and
ScRNA-Seq (Fig. 3a, b, Supplementary Fig. 6a-f). The vast overlap
between up-regulated genes in MSS-PRs and T-bet-regulated genes
implied a potentially critical role of T-bet” T cells in ICI outcomes and
anti-tumor immunity.

Multiplex IHC confirmed the co-expression of CXCR3 with T-bet
in tumor-infiltrating CD4" and CD8" T cells (Fig. 3c). We speculated that
T-bet" T cells could be chemoattracted to tumor cores via CXCL9/10/
11-CXCR3 chemotaxis and exhibit anti-tumor activity by secreting IFN-
Yy, granzyme B and multiple other cytotoxic molecules (Fig. 3d). To test
the hypothesis, we quantified the proportion of T-bet" and T-bet
T cells in 19 gastric tumors (18 MSS GCs and 1 MSI-H GC) from adjacent
normal tissue (N), normal-tumor margins (M), tumor edges (E), to
tumor cores (C) using mIHC. From N to C, the proportions of CD8"
T cells in the stroma compartments gradually decreased. The pro-
portions of CD4" T cells peaked at tumor edges and dropped pre-
cipitously before entering tumor cores (Fig. 3e). Intriguingly, the
proportions of both T-bet” CD8" and T-bet” CD4" T cells constantly
increased from N to C, demonstrating that T-bet" T cells had a greater
ability to infiltrate into tumor cores, possibly as a result of chemotaxis
by CXCL9/10/11-CXCR3 chemotaxis pair (Fig. 3e).

Consistent with previous studies, IFN-y and granzyme B expres-
sions were dramatically elevated in CD8" T cells following induction of
T-bet expression by IL-12*° (Supplementary Fig. 7a-d). To evaluated

T-bet' T cells’ anti-tumor ability in vivo, we transferred T-bet"&" or
T-bet'" T cells into peripheral circulation of tumor-bearing humanized
mice (Fig. 3f). As expected, mice transferred with T-bet"s" T cells
experienced a significant reduction in tumor sizes compared to the
control mice transferred with T-bet™" T cells (Fig. 3g, Supplementary
Fig. 8a). The TME of T-bet"" T cells-transferred mice were richly
infiltrated with T-bet' CD8" and T-bet’ CD4" T cells, whereas T-bet'™" T
cells-transferred mice remained immune ignorant, as evidenced by
both mIHC and intratumoural flow cytometry (Fig. 3h, i, Supplemen-
tary Fig. 8b). Tumor-infiltrating T-bet” CD4" or CD8" T cells also exhibit
greater cytotoxicity than T-bet CD4" or CD8" T cells with higher levels
of granzyme B and IFN-y. (Fig. 3j, Supplementary Fig. 8c, d).

To verify the anti-tumor activity of tumor-infiltrating T-bet" T cells
in real-world GC patients, we calculated the percentages of T-bet” CD8"
T cellsand T-bet” CD4" T cells in patients in the GC cohort using mIHC.
We found that a higher abundance of T-bet” CD8" T cells in the TME
was associated with significantly longer median OS (77.0 months vs.
24.0 months), indicating a stronger anti-tumor activity of T-bet” CD8"
T cells (Fig. 3k). Our findings strongly suggested that T-bet™ T cells,
especially T-bet” CD8" T cells, are distinct subpopulations of T cells
with greater capacity to infiltrate into tumor cores and elicit superior
anti-tumor activity through secreting IFN-y and granzyme B.

T-bet' CD8" T cells are highly infiltrated in the tumor com-
partments of ICI-sensitive cancers

Surprisingly, we found that although the ratio of T-bet"®" CD8*
T cells/T-bet"" CD4* T cells was 0.36 times before transfer in the
tumor-bearing humanized mice model, the ratio of tumor-infiltrating
T-bet” CD8" T cells/T-bet” CD4" T cells rose to 1.67 times in the TME
(Fig. 4a). Similarly, single-cell analysis of tumor-infiltrating immune
cells in GCs revealed that the majority of tumor-infiltrating T-bet"
cells were CD8" T cells, indicating a more significant role of T-bet”
CD8' T cells in the TME of GCs (Fig. 4b, c¢). To further gain insights
into determinants of ICI responses on a spatial level, we quantified
the proportions of T-bet” CD8" T cells in different compartments of
GCs (Fig. 4d, e). The percentages of T-bet" CD8" T cells continued to
increase from 0.21% in the stroma compartments to 0.25% in the
tumor compartments, whereas the percentage of T-bet* CD4" T cells
decreased to approximately 50% that of T-bet” CD8" T cells in the
tumor compartments, suggesting closer proximity of T-bet" CD8"
T cells with tumor cells (Fig. 4f).

ICI responders and MSS-PRs were noted by a similar spatial
distribution of T-bet® CD8" T cells in their tumor compartments,
whereas non-responders exhibit little infiltration despite being MSI-
H (Fig. 4g, Supplementary Fig. 9a). In the GC cohort, MSI-H GCs
showed a tendency of increased T-bet* CD8" T cells infiltration, and
14.16% (16/113) MSS GCs have more T-bet® CD8" T cells infiltration
than the majority of MSI-H GCs (Supplementary Fig. 9b, Supple-
mentary Data File 5). We did not observe a difference in T-bet" CD8"
T cells infiltration between EBV* MSS GCs and EBV" MSS GCs (Sup-
plementary Fig. 9b, Supplementary Data File 5). To test whether
tumor-infiltrating T-bet” CD8" T cells could predict ICI responses for
a broader range of GC patients, we deconvoluted the proportions of
tumor-infiltrating T-bet” CD8" T cells in patients treated by ICIs,
using an immune cell matrix generated from scRNA-seq data (Sup-
plementary Data File 6). We found that a higher abundance of T-bet”
CD8" T cells was associated with better ICI responses in both MSS
and MSI GCs, with an AUC of 0.800 and 0.775, respectively
(Fig. 5h, i).

T-bet' CD8" T cells sensitize immune-ignorant GCs to ICI
therapy

Tumor-infiltrating T-bet” CD8" T cells exhibited superior anti-tumor
activity and were predictive of ICI responses in MSS GCs, as evi-
denced by their greater ability to infiltrate into tumor cores
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(Fig. 4a, d-f) and a stronger association with longer OS in GC patients
(Fig. 3k). We sought to evaluate whether adoptive transfer of T-bet"e"
CD8" T cells could improve ICI outcomes in immune-ignorant MSS
GCs. To mimic the TME of immune-ignorant patients, human MSS GC
cells were subcutaneously injected into immunodeficient NYG mice
to generate immune-ignorant tumor grafts, which were then evenly
transplanted subcutaneously into humanized mice (Fig. 5a). T-bet"e
CDS8* or T-bet®” CD8" T cells were injected through the tail vein of
tumor-bearing humanized mice on two consecutive occasions. PD-1
inhibitor or IgG4 isotype was administrated every two days (Fig. 5a).
At the endpoints, we observed that ICI efficacy was significantly
enhanced in T-bet"" CD8" T cells-transferred mice (Fig. 5b,

50 100
OS (months)

50 100
OS (months)

Supplementary Fig. 10a). In T-bet'™ CD8" T cells-transferred mice,
anti-PD-1 antibody decreased tumor sizes by 45.2% compared to
isotype administration. This number went up to 68.3% in T-bet"e"
CDS8' T cells-transferred mice (Fig. 5b). Combined therapy of T-bethe"
CD8" T cell transfer and anti-PD-1 antibody significantly increased
immune infiltration in mice’s tumor cores, confirmed by both mIHC
and intratumoural flow cytometry (Fig. 5c, d, Supplementary
Fig. 10b). We conclude that T-bet"s" CD8* T cells improve anti-tumor
immunity and confer ICI susceptibility in immune-ignorant GCs. This
combined regimen could revolutionize the current treatment
options for immune-ignorant GCs, which account for the majority of
advanced GC cases.
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Fig. 3| T-bet’ T cells exhibit superior anti-tumor immunity. a Flow cytometer
analysis of expression of IFN-y, GZMB, and CXCR3 in T-bet" CD8" (n=1675) and
T-bet CD8" T cells (n=12,852). b Flow cytometer analysis of expression of IFN-y,
GZMB, and CXCR3 in T-bet* CD4"* (n=1778) and T-bet CD4" T cells (n=19,704).
cT-bet" CD4' T cells, T-bet" CD8' T cells, and T-bet" CXCR3" cells exist in the TME of
GC tumors. MIHC images were taken from GC patients in the GC cohort.

d Downstream genes of the transcription factor T-bet. In T cells, GZMB, PRF1, IFNG
and CXCR3 are the direct targets of T-bet (Created in BioRender. Tang, Shiying.
(2025): https://biorender.com/y38v503). e Line plots of average percentages of
CD4" T cells, CD8" T cells, T-bet" CD4" T cells, and T-bet” CD8" T cells in the stroma
compartments of normal tissue (N), normal-tumor margins (M), tumor edges (E),
and tumor cores (C) (n=19, 1 MSI-H GC, 4 EBV* MSS GCs, 14 EBV- MSS GCs). Gray
margins indicate standard errors. Original line plots were interpolated using
interpld function in SciPy (v 1.8.1). f Schematic graph of constructing tumor-
bearing humanized mice model (Created in BioRender. Tang, Shiying. (2025):
https://biorender.com/r39f251). g Line plot of tumor volumes over time (P=2.197e-
04, two-tailed two-way ANOVA test, using time and group as two independent
variables). Tumor volumes were calculated as 1/2 x (Length x Width?). On the right,
box plot of tumor weights at endpoints of mice transfused with T-bet"&" or T-bet'"
T cells (P=0.0292, two-tailed paired-wise t-test. n =5 biologically replicates from 5

different healthy PBMC donors). h mIHC of tumor-infiltrating T-bet" CD4" T cells
and T-bet' CD8" T cells in humanized mice transfused with T-bet"e" or T-bet'"

T cells. i Box plots of percentages of T-bet" CD8 T cells (P=2.434e-03, two-tailed
paired-wise t-test) and T-bet" CD4" T cells (P=9.848e-03, two-tailed paired-wise t-
test) in tumor-infiltrating immune cells, comparing mice transfused with T-bet""
T cells with mice transfused with T-bet'" T cells (n = 5, biologically replicates from 5
different healthy PBMC donors). Original data was generated by flow cytometer
analysis. j Box plots of geometric mean fluorophore intensities (gMFIs) of IFN-y
(P=7.685e-04, two-tailed Mann-Whitney U test) and GZMB (P=2.461e-04, two-
tailed Mann-Whitney U test) in T-bet" CD8" T cells and T-bet CD8" T cells from 10
CDX GC tumors. k Kaplan-Meier curves of overall survival in patients in the GC
cohortin relationship to T-bet” CD8" T cell abundance (on the left) and T-bet* CD4"
T cell abundance (on the right). The percentages were calculated as the number of
T-bet' CD8" or CD4" T cells divided by the number of all cells in respective patient. A
percentage of 0.2% was set as the cutoff to distinguish high or low infiltration of
T-bet* CD8" and T-bet CD4" T cells. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001,
ns is abbreviation for not significant. g, i, j In the box plots, the bounds of the box
span from 25% to 75% percentile, the line represents the median, and the whiskers
show the 1.5 Interquartile range (IQR) of the data points.

Positive-feedback loop between T-bet™ T cells and PD-L1* tumor
cells drives ICI sensitivity

We then sought out to identify the intracellular communications
between T-bet" CD8' T cells and other cell types in GCs, using SCRNA
sequencing. Not surprisingly, T-bet” CD8" T cells are the most important
overall incoming signaling receivers in both MSI-H and MSS GCs (Sup-
plementary Fig. 11a). However, only in MSI-H GCs, T-bet* CD8"* T cells
interact with a wide range of other cell types (such as macrophages,
dendritic cells, cancerous epithelial cells, CD8" T cells, and Treg),
whereas in MSS GCs, the communications are limited within fibroblasts
and vascular endothelial cells (Supplementary Fig. 11b). T-bet® CD8"
T cells in MSI-H GCs also show higher expression of cytotoxic molecules
and HLA molecules than those in MSS GCs, implicating a stronger
cytotoxic phenotype of T-bet" CD8" T cells could also be driven by
tumor innate characteristics (Supplementary Fig. 11c).

We further examined the TME of ICl-sensitive GCs, and found
that T-bet"-PD-L1" niches were frequently observed in patients and
humanized mice with abundant infiltration of T-bet" CD8" T cells
(Figs. 5e, 6a, Supplementary Fig. 12a). We hypothesized that higher
expression of PD-L1 (and other ISGs) was induced by IFN-y-secreting
T-bet" T cells in the niches. We calculated the percentage of PD-L1" cells
in the neighboring cells (within a radius of 50um) of T-bet" or T-bet”
T cells (Fig. 6b). There was a significantly increased proportion of PD-
L1* cells in T-bet" T cells’ neighboring cells: 1.19% of T-bet” CD8" cells’
neighboring cells were positive for PD-L1, and 4.82% for T-bet" CD8"
cells’ neighboring cells; 0.86% of T-bet” CD4" T cells’ neighboring cells
were positive for PD-L1, and 2.93% for T-bet” CD4" T cells’ neighboring
cells (Fig. 6¢). To further dissect the transcriptional characteristics of
T-bet™-PD-L1" niches, spatial RNA-seq analysis was performed on an ICI
responder and an MSS-PR patient (Fig. 6d, Supplementary Fig. 12b).
From the edge to the center of T-bet*-PD-L1" niches, there was a con-
tinuous increased level of numerous genes (e.g., IDO1, CXCL9/10/11,
IFNG, GZMB, GNLY, and CCL18), creating a chemotaxis gradient for
T-bet" T cells to migrate (Fig. 6e). In T cell migration assay, the che-
motaxis of T-bet” CD8" T cells to HGC-27 gastric cancer cells was sig-
nificantly decreased after adding IFN-y neutralizing antibody or CXCR3
antagonist to the medium (Supplementary Fig. 13a, b). This result
suggests that chemotaxis of T-bet” CD8" T cells to tumor cells were
orchestrated by IFN-y.

Therefore, we propose a positive-feedback loop between T-bet" T
cells and PD-L1" tumor cells (ISGs®), mediated by IFN-y signaling
pathway and CXCL9/10/11-CXCR3 chemotaxis pair, which eventually
drives ICI sensitivity in GC patients (Fig. 6f). T-bet" CD8" T cells are
chemoattracted to the tumor cores through CXCL9/10/11-CXCR3

chemotaxis pair and consequently form a niche of high IFN-y envir-
onment. IFN-y up-regulate CXCL9/10/11, PD-L1, and other ISGs in
neighboring tumor cells. As a result, more T-bet™ T cells are che-
moattracted into the niches to exhibit cytotoxicity, and IFN-y further
up-regulate T-bet expression in other T cells, and at the meantime,
drives a stronger cytotoxic phenotype of T-bet" T cells. Induction of
PD-L1 expression on neighboring cells and antigen-driving exhaustion
of CD8" T cells provide optimal pre-conditions for ICIs to exert their
therapeutic effects. This positive-feedback loop, visualized in mIHC as
a distinct T-bet*-PD-L1" niche, is the landmark of pre-existing sup-
pressed anti-tumor immunity and conceptualizes the complex inter-
play between anti-tumor immunity and ICI susceptibility.

Discussion

In this study, we challenged the long-established problem of the lack of
ICI responses in MSS GCs, by stratifying patients into MSS-PRs and
MSS-NRs. The positive-unlabeled learning model demonstrated an
AUC of 0.924 for predicting ICI responses in MSS GCs, making it the
most accurate model currently available. We identified 19.37% of MSS
GCs in TCGA-STAD cohort and 11.07% in ACRG cohort as potential
responders, aligning with published data that approximately 10-15% of
MSS GCs respond to ICIs’". Here, we demonstrate how cutting-edge
machine learning can be effectively applied to medical research to
solve an otherwise challenging clinical problem.

Our GC-ICI cohort observed a 25% ORR in advanced EBV* MSS GCs
treated with standard-of-care ICI regimens; divergent ORRs ranging
from 25%-100% were reported in other clinical trials®. Using the PUL
model, we found that 62.96% of EBV* MSS GCs in TCGA-STAD cohort
and 16.67% in ACRG cohort were potential ICI responders. The diver-
gent proportions of responders in EBV* MSS GCs between cohorts may
be due to small sample sizes, the use of inconsistent testing methods,
different demographic characteristics of patients, or different prior
lines of treatment patients have received. While standardized testing
protocols can be optimized to validate EBV status’s significance on ICI
responses, we found that PIK3CA mutation and 9q24 amplification that
were once considered common features of EBV" MSS GC were asso-
ciated with a better response to ICls in MSS GCs regardless of patients’
EBV status. In this regard, we propose that these specific genetic
alterations are more appropriate than EBV status as therapeutic bio-
markers and, hopefully, potential drug targets.

Several studies have addressed the importance of CXCR3 and its
ligands CXCL9/10/11 in anti-tumor immunity. Using bone marrow
chimeric mouse models, Chow et al. demonstrated the necessity of
intratumoural CXCR3* CD8" T cells for anti-tumor activity and ICI
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efficacy®. Through spatial scRNA-seq of colorectal cancers (CRCs),
Pelka et al. found that the CXCR3-ligand" multicellular hub is unique
in dMMR CRCs, not in pMMR CRCs™. Previous studies reported that
T-bet is the direct transcription factor for CXCR3 and granzyme B in
CD8" T cells®***°, We observed that T-bet" CD8" T cells were also
positive for CXCR3 and were abundant in the tumor compartments
of ICI responders, MSI-H GCs, and MSS-PRs. Consistent with pub-
lished data, we proved that T-bet” CD8" T cells are capable of pro-
ducing large quantities of cytotoxic granzymes and IFN-y both
in vitro and in humanized mice, resulting in their superior anti-tumor
activity. Recent studies reported that MSI-H patients deficient in
cGAS-STING or IFN-y signaling pathway fail to respond to ICIs**,
T-bet is the master transcription factor of Thl phenotype and is
responsible for the rapid production of IFN-y****, We demonstrate an
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underlying relationship between CXCR3 chemotaxis pair and
interferon-signaling pathway, coupled by T-bet” CD8" T cells, that
eventually shapes an ICl-sensitive TME. After chemoattracted to the
tumor cores through CXCL9/10/11 chemotaxis, T-bet® CD8" T cells
consequently formed a niche of high IFN-y and ISGs (e.g., CXCL9/10/
11, PD-L1) environment. The positive-feedback loop between CXCR3-
ligands® tumor cells and T-bet" T cells, manifested as T-bet"-PD-L1*
niches in mIHC, can be observed in patients with increased sus-
ceptibility to ICIs.

CPS of PD-L1 is currently the most used biomarker of ICI
responses across cancer types*. However, its accuracy is still relatively
low and there is insufficient evidence to support the use of CPS as
opposed to other PD-L1 scoring methods. Several studies also suggest
that inducible PD-L1 has a better predictive value than constitutive
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Fig. 4 | Tumor-infiltrating T-bet’ CD8" T cells are predictive of ICIs responses in
GC patients. a On the left, bar plots of CD8/CD4 ratio prior to transfusion (n=5).
The proportion of CD8" T cells is 0.36 times that of CD4" T cells (P=0.008, two-
tailed Mann-Whitney U test). On the right, bar plots of CD8/CD4 ratio in the TME of
GCs (n=>5). The proportion of T-bet" CD8" T cells rose to 1.67 times that of T-bet*
CD4" T cells (P=0.016, two-tailed Mann-Whitney U test). Data were acquired by
flow cytometry. Data are presented as mean + standard error of the mean (s.e.m.).
b UMAP plot of TBX21 (encoding T-bet) expression across cell types in GC tumors.
¢ Box plots of numbers of T-bet" cells in different cell types in GC tumors. In the
TME of GC patients (n =24), most T-bet" cells are CD8" T cells. d Process of tissue
segmentation using inFrom software (v 2.3.0). Red areas represent the tumor
compartments, and green areas represent the stroma compartments. Tissue seg-
mentation was performed based on the expression pattern of pan-CK. e Scoring
maps in the tumor and stroma compartments. Cells with green nucleus and yellow
membrane were T-bet* CD8" T cells; cells with green nucleus and red membrane
were T-bet" CD4" T cells. f Box plots of proportion of T-bet” CD8" T cells and T-bet*
CD4" T cells in the stroma compartments and tumor compartments in the GC
cohort (n=120). The percentage was calculated by dividing the number of non-
tumor cells in respective compartments. The triangles mark the mean value of each
group. In the stroma compartments, T-bet* CD8" T cells were more abundant than
T-bet’ CD4" T cells (0.21% vs. 0.19%, P= 0.068, two-tailed Mann-Whitney U test). In

the tumor compartments, T-bet” CD8" T cells were more abundant than T-bet* CD4*
T cells (0.25% vs. 0.14%, P=0.0018, two-tailed Mann-Whitney U test). g MIHC of
TME of an ICI responder (ICI-12), an ICI non-responder (ICI-7), an MSS-PR patient
(GC-97), and an MSS-NR patient (GC-24). T-bet” CD8" T cells were richly infiltrated
into the tumor compartments of the ICI responder and the MSS-PR patient, as
indicated by the white arrows. h The ROC curve for predicting of ICI responses in
MSS patients based on cell fractions of tumor-infiltrating T-bet” CD8" T cells, esti-
mated by CibersortX (AUC = 0.816). On the right, box plot of fractions of tumor-
infiltrating T-bet* CD8" T cells in MSS responders (n=7) and MSS non-responders
(n=31) in PRJEB25870 cohort (P=0.010, two-tailed Mann-Whitney U test). The
mean value of T-bet” CD8" T fraction in MSS responders is 0.090. i The ROC curve
for predicting ICI responses in MSI-H patients based on cell fractions of tumor-
infiltrating T-bet* CD8' T cells, estimated by CibersortX (AUC = 0.775). On the right,
box plot of fractions of tumor-infiltrating T-bet* CD8" T cells in MSI responders
(n=12) and MSI non-responders (n =10) in PRJEB25870 and PRJEB40416 cohorts.
(P=0. 032, two-tailed Mann-Whitney U test). The mean value of T-bet* CD8" T
fraction in MSI-H responders is 0.069. R, responders; NR, non-responders.
*P<0.05, *P<0.01, **P<0.001, ***P< 0.0001, ns is abbreviation for not sig-
nificant. ¢, f, h, i In the box plots, the bounds of the box span from 25% to 75%
percentile, the line represents the median, and the whiskers show the 1.5 Inter-
quartile range (IQR) of the data points.

PD-L1 on tumor cells, emphasizing the importance of IFN-y signaling
pathway*¢. Our mechanism-based proposal to use T-bet*-PD-L1" niches
as indicators for ICI susceptibility is more scientifically intuitive and
likely more accurate than CPS of PD-L1, as it implies the adequacy of
tumor-instinct IFN-y signaling pathway, the presence of drug-targeted
molecule PD-L1, and the abundance of tumor-infiltrating cytotoxic
T cells.

Although stratifying MSS-PRs for ICI therapy can substantially
broaden the benefiting spectrum of GC patients, the majority of
advanced GCs remain immune-ignorant. Here, we propose to use
adoptive T cell transfer (ACT) to tackle the problem. Several reasons
limit the application of ACT in solid tumors: transferred T cells are
difficult to be trafficked and infiltrate into tumor cores; even though
they manage to infiltrate, they quickly become dysfunctional due to the
hostile TME”. We hypothesized that T-bet” CD8" T cells could cir-
cumvent these obstacles due to enhanced tumor-infiltrating capability
and the formation of a local immune-active microenvironment. Using
humanized mice model, we demonstrated that transfer of T-bet" CD8"
T cells into tumor-bearing mice could augment anti-tumor immunity
and sensitize immune-ignorant tumors to ICI treatment. Here, we
provided pre-clinical evidence that combined regime of adoptive
transfer of T-bet* CD8" T cells and PD-1 inhibitors can be leveraged to
improve the clinical outcomes of immune-ignorant MSS GCs.

Given the lack of immunotherapy responses in MSS GCs, either
due to the lack of reliable biomarkers to pre-select ICI candidates or
due to the immune-ignorant nature of most GC cases, we approached
the problem in two ways. First, we comprehensively depicted the
genetic and immunologic characteristics of potential MSS GCs
responders. Specific genetic alterations such as PIK3CA mutation and
9p24 amplification, as well as spatial TME features such as the abun-
dance of T-bet" CD8" T cells and the presence of T-bet*-PD-L1" niches,
can be used to stratify MSS GCs for ICI treatment. Second, we
demonstrated that adoptive transfer of T-bet” CD8" T cells could
augment anti-tumor activity and confer susceptibility to ICIs in
immune-ignorant MSS GCs. Altogether, our study provides insights
into the underlying determinants of ICI responses in MSS GCs and
offers remedies to optimize immunotherapy for immune-ignorant
cancers.

Methods

Study approval

Human Study protocols were approved by the Research Ethics Com-
mittee of the First Hospital of China Medical University (#2017-207)
and were conducted in accordance with the Declaration of Helsinki for

Human Research. Human pemcs were isolated from the peripheral
blood of healthy donors. All participants provided written informed
consent for obtaining biological specimens. Our patient cohorts
included both sexes. Sex was not considered in our study design
regarding patients’ cohorts. All animal experiment protocols were
approved by the Research Ethics Committee of China Medical Uni-
versity (#CMUXN2021712). To avoid the influence of hormones on
mice, only female mice were used in animal studies.

Patient Characteristics and Clinical Outcome

We retrospectively collected clinical information of advanced gastric
cancer patients who have received PD-1 inhibitor treatment (GC-ICI
cohort) (n=25, Table 1) at First Hospital of China Medical University
from May 2019 to December 2021. Patients in the GC-ICI cohort have
completed at least two cycles of standard-of-care PD-1 inhibitor
treatment and were evaluated for response according to RECIST 1.1,
with a median follow-up time of 135 days. Complete response (CR) was
not achieved in our cohort; 7 patients achieved partial response (PR);
15 patients achieved stable disease (SD), and 3 patients had progressed
disease (PD). Responders were defined as patients with a RECIST CR or
PR, while non-responders were defined as those with SD or PD. One
hundred and twenty patients with stage I-lll gastric adenocarcinoma
who received surgery at the First Hospital of China Medical University
were included in the GC cohort, with a median follow-up time of
117 months (Supplementary Table 1). EBV status of patients in the GC
cohort and GC-ICI cohort was determined by IHC staining of anti-EBV
LMP1 protein (Abcam, ab7502).

Evaluation of MMR Status

Patients’ MMR status was evaluated by IHC staining of four MMR
proteins, MLH1 (MXB Biotechnologies, MAB-0789), MSH2 (MXB Bio-
technologies, MAB-0789), MSH6 (MXB Biotechnologies, MAB-0831)
and PMS2 (MXB Biotechnologies, MAB-0859). A deficiency in MMR
was determined when any one of MMR proteins was absent in the
nuclear staining of tumor cells, with adjacent normal tissue as positive
internal control.

Bulk RNA-seq data preprocessing

Original fasta files of PRJEB25780 and PRJEB40416 were downloaded
from https://www.ebi.ac.uk/**?°. RNA sequencing reads were aligned to
human reference genome (GRCh38) using STAR (version 2.6.1), fol-
lowed by standard quality control and gene-level quantification to
reads counts and transcript per million (TPM) by RSEM (version 1.3.1),
according to the suggestions of GTEx project (https://github.com/
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Fig. 5 | Adoptive transfer of T-bet* CD8" T cells confers ICIs susceptibility in
immune-ignorant GCs. a Schematic graph of constructing immune-ignorant
tumor-bearing humanized mice model. Details are described in the methods sec-
tion (Created in BioRender. Tang, Shiying. (2025): https://biorender.com/
m80m221). b Line plot of tumor sizes overtime (T-bet'" + IgG4 vs. T-bet"®" + IgG4,
P=0.012; T-bet™” + anti-PD-1 vs. T-bet"e" + anti-PD-1, P = 1.191e-07; T-bet'™™ + IgG4 vs.
T-bet' + anti-PD-1, P=3.099¢-08; T-bet"e" + IgG4 vs. T-bet"" + anti-PD-1,
P=2.201e-06. All statistical significance was tested by two-tailed two-way ANOVA).
Data are presented as mean + standard error of the mean (s.e.m.). ¢ mIHC of TME of
different groups of humanized mice models. From left to right, T-bet® + IgG4,

+ anti-PD-1 antibody

«T-bethis" CD8+
+ anti-PD-1 antibody

T-bet"is" CD8+
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T-bet® + anti-PD-1, T-bet"®" + IgG4, and T-bet"®" + anti-PD-1. d Box plots of per-
centages of T-bet” CD8" T cells (P=0.040, two-tailed paired-wise t-test) or PD-1"
CDS8' T cells (P=0.026, two-tailed paired-wise t-test) in tumor-infiltrating immune
cells. Data was generated by flow cytometer analysis. The bounds of the box span
from 25% to 75% percentile, the line represents the median, and the whiskers show
the 1.5 Interquartile range (IQR) of the data points. e mIHC images from mice
treated with T-bet"®" CD8" T cells + anti-PD-1. On the left, composite image of dapi,
CD4, CD8, PD-1, PD-L1, and T-bet were shown. On the right, only dapi, PD-L1, and
T-bet were shown. T-bet*-PD-L1" niche can be observed. *P < 0.05, **P< 0.01,

***P < 0.001, ***P < 0.0001, ns is abbreviation for not significant.

broadinstitute/gtex-pipeline/blob/master/TOPMed_RNAseq_pipeline.
md)***. Raw counts of TCGA-STAD cohort were downloaded from
GDC data portal (https://portal.gdc.cancer.gov/), and clinical data was
retrieved from the original publication®’. Read counts of PRJEB25780,
PRJEB40416, and TCGA-STAD datasets were normalized using
ComBat-seq to remove batch effects from different experiments™.

Microarray data preprocessing

Raw expression matrix of ACRG cohort was downloaded from
https://www.ncbi.nlm.nih.gov/geo/ (accession number: GSE62254)*.
Probes were annotated using Affymetrix Human Genome U133plus
2.0 Array. RMA normalization was applied to remove background
noises. For genes matched to multiple probes, the probe with the
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Fig. 6 | Positive feedback loop between T-bet" T cells and PD-L1* tumor cells
drives ICIs susceptibility. a T-bet'-PD-L1" niches are present in patients with rich
infiltration of T-bet” CD8" T cells (GC-44). b Schematic graph of neighboring cells of
T-bet CD8' T cells and T-bet' CD8' T cells. Neighboring cells were defined as cells
with a distance closer than 50um to the original cell. Orange denotes PD-L1" cells,
and blue denotes PD-L1- cells. ¢ Box plots of mean PD-L1 intensity of the neigh-
boring cells of T-bet* CD8" T cells, T-bet CD8" T cells, T-bet" CD4" T cells, and T-bet’
CD4" T cells in the GC cohort (T-bet" CD8" T cells vs. T-bet CD8" T cells, P=0.015;
T-bet” CD4" T cells vs. T-bet' CD4" T cells, P=2.06e-15, two-tailed Mann-Whitney U
test). d Selection of ROIs in the TME of an ICI responder (ICI-12). T-bet'-PD-L1"

niches were identified using adjacent mIHC images (staining for T-bet, CD4, CDS8,
PD-1, PD-L1, pan-CK, and dapi). e Expression of MSS-PR-related genes (CXCL9,
CXCL10, CCL3, CCLS5, IFNG, GZMB, CXCR3, and IDO1) from the centers to the edges
of T-bet'-PD-L1" niches. Four niches were taken from an ICI responder (ICI-12), and
another four were taken from an MSS-PR patient (GC-97). f Schematic graph of
positive feedback loop between T-bet* T cells and PD-L1* tumor cells (Created in
BioRender. Tang, Shiying. (2025): https://biorender.com/050y390; https://
biorender.com/d93b442; https://biorender.com/n49h689; https://biorender.com/
c07s866).*P<0.05, **P < 0.01, **P < 0.001, **P < 0.0001, ns is abbreviation for not
significant.

highest mean value across samples was chosen for downstream
analysis.

Single-cell RNA-seq data analysis

Raw counts files of scRNA sequencing of 26 primary tumor samples
were downloaded from https://www.ncbi.nlm.nih.gov/geo/ (accession
number: GSE183904)%. As the original papers described, genes shared
by less than three cells were filtered out; cells showing less than 500 or
more than 6000 genes and cells with a mitochondrial RNA percentage
of >20 were filtered out. We further filtered out samples with less than
1000 cells. Eventually, 26,571 genes of 119,878 cells remained for
downstream analysis. SCRNA analysis was conducted by scanpy 1.8.1,
according to the suggested protocol®. Gene expressions were nor-
malized by dividing the size factors of cells estimated by

calculateSumFactors function, followed by log transformation. Unsu-
pervised clustering was conducted using Leiden algorithm (resolution
=1) on PC-reduced 10-dimensional features of 4000 highly-variable
genes. Data was visualized using Uniform Manifold Approximation and
Projection (UMAP). Cell types were manually annotated according to
the expression pattern of the following markers: CD4" T Cells (PTPRC',
CD3D’, IL7R*, CD8A", FOXP’); CD8" T Cells (PTPRC', CD3D’, IL7R",
CD8A"); Natural Killer cells (PTPRC*, CD3D", KLRD1*, NCAMI’); Treg
Cells (PTPRC*, CD3D", IL7R*, CD8A", FOXP*); B Cells (PTPRC*, CD19*,
CD79A*, SSR3"", SSR4"¥, CD83"); Plasma Cells (PTPRC¥, CD19"",
CD79A", SSR3"e" SSR4"e" SDCI"); Monocytes/Macrophages (PTPRCY,
CD14*, CD68', CD83", CD86", CD163"); Dendritic Cells (PTPRC', CD14",
CD16°, CD1637, CD74*, HLA-DR"); Mast Cells (PTPRC", TPSB2*); Can-
cerous Epithelial Cells (FPCAM*, KRTS*, KRT18', KRT19*, CLDN4"e",
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CLDN7"e" TFF2'*, MUC5AC""); Normal Epithelial Cells (EPCAM®,
KRTS8', KRT18*, KRT19*, CLDN4"", CLDN7"", TFF2"e" MUC5AC"e");
Fibroblasts (COL1A1*, COL1A2*, COL3AI’); Vascular Endothelial Cells
(PECAMI", CD34").

Raw counts of scRNA sequencing of tumor-infiltrating T cells were
downloaded from https://www.ncbi.nlm.nih.gov/geo/ (accession
number: GSE156728)*. Only tumor-infiltrating T cells in solid tumors
were included for downstream analysis. We filtered out cells with fewer
than 200 genes detected or >10% mitochondrial UMI counts and genes
detected in <3 cells, as the original paper suggested. Gene expressions
were normalized by dividing the size factors of cells estimated by
calculateSumFactors function, followed by log transformation. T-bet*
CD4' T cells or T-bet” CD8" T cells were defined as CD4" T cells or CD8"
T cells with a normalized expression of TBX21>0. The R package
“CellChat” was applied to construct and visualize intercellular com-
munication networks. CellChat database for humans was used which
includes 1939 validated interactions®. Downstream analysis included
inferring cell-cell communication probability (computeCommunProb
and filterCommunication), and communication probability at CXCL
signaling pathway.

Whole exon sequencing data preprocessing

Original fasta files of PRJEB25780 cohort were downloaded from
https://www.ebi.ac.uk/. WES reads were aligned to the reference
human genome GRCh38 using BWA-MEM, followed by indel realign-
ment and base recalibration using the Genome Analysis Toolkit (GATK,
version 4.2.4.1) to generate analysis-ready BAM files*®.

Immune infiltration estimation

The fractions of 22 immune cells were estimated using CibersortX
(absolute mode) run for 1000 permutations for both RNA-seq and
microarray data®. Samples with a P value <0.05 were included in
downstream analysis. QuanTiseq was applied to calculate the fraction
of tumor-infiltrating T cells, using aggerates of CD4" T cells, CD8"
T cells, and Treg®. Fractions of T-bet” CD8" T cells in PRJEB25780 and
PRJEB40416 cohorts were inferred by CibersortX using a GC-specific
signature matrix built on annotated scRNA-seq data (Supplementary
Data File 6).

Positive Unlabeled Learning (PUL)

Two separate positive unlabeled machine learning models were con-
structed due to the substantial difference in RNA-seq and microarray
data structure.

Identification of positive labeled samples and unlabeled samples
Positive samples in TCGA-STAD cohort were defined as MSI-H patients
whose TMB is at the top 20% of all patients and whose fraction of
tumor-infiltrating T cells is also at the top 20% estimated by QuanTiseq.
Positive samples in ACRG were defined as MSI-H patients whose frac-
tion of tumor-infiltrating T cells is at the top 20% of all patients, as
estimated by QuanTiseq, due to the absence of TMB information. All
MSS patients in TCGA-STAD, ACRG, and PRJEB25780 were defined as
unlabeled samples, regardless of their TMB, T cell infiltration, or clin-
ical outcomes.

Construction of immunologic features

4872 immunologic signature gene sets (ImmuneSigDB subset of C7)
were downloaded from https://www.gsea-msigdb.org/gsea/msigdb/.
Signature gene sets of 28 immune cell types were retrieved from
published data*’. The original immunologic features were constructed
using single-sample GSEA running on the combined 5000 gene sets®’.
High-variance features were selected using sklearn.feature_selection
function, setting variance threshold at 5e-04. Principal Component
analysis was conducted on those selected high-variance features to
comprise a finalized 5-dimensional immunologic feature.

Construction of training and validation PUL models

Training dataset (TCGA or ACRG data), validation dataset (MSS
patients in PRJEB25780), and an extended validation dataset (MSI-H
patients in PRJEB25780 and PRJEB40416) were included in the study.
The training PUL models predict the PUL scores of MSS patients TCGA-
STAD data (RNA-seq data) and MSS patients in ACRG data (microarray
data), respectively. Then the validation PUL models were constructed
using positive and unlabeled samples in TCGA-STAD data plus one
sample from the validation/extended validation dataset, the PUL score
of the respective sample of the validation datasets was predicted one
at a time. After iteration of all samples in the validation/extended
validation dataset, their PUL scores were used to assess their specificity
and sensitivity for predicting ICI responses.

Implementation of positive unlabeled learning
A bagging support vector machine positive unlabeled learning model
is constructed as originally described by Mordelet et al. and imple-
mented using the python package pulearn https://pulearn.github.io/
pulearn/doc/pulearn/?®. A PUL score of an unlabeled sample was cal-
culated as the mean value of 1000 permutations of predictions
(positive as 1, negative as 0).

Patients with a PUL score >0.953 were considered potential
responders in MSS patients (MSS-PRs).

Somatic Mutation Calculation

VarScan2 calculated mutation data of TCGA-STAD cohort were
downloaded from GDC data portal (https://portal.gdc.cancer.gov/).
For PRJEB25780 and PRJEB40416 cohorts, a panel of normals (PON)
was first created using all adjacent normal samples in PRJEB25780
cohort by Mutect2 tumor-only mode. Then somatic mutations of
tumor samples were calculated using Mutect2 on tumor-normal match
mode (using tumor bam, matched normal bam, and PON as inputs).
Only moderate or high-impact mutations were included for down-
stream analysis.

Copy number variation (CNV) analysis

Original CNV segment data of TCGA-STAD cohort were downloaded
from GDC data portal (https://portal.gdc.cancer.gov/). CNV segments
of MSS-PRs or MSS-NRs were aggerated into two separate segment
files to infer CNVs on a subgroup level. GISTIC 2.0 analysis was con-
ducted on the public server provided by GenePattern (https://www.
genepattern.org/), using parameters suggested by GDC documenta-
tion (https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/CNV_
Pipeline/)®. A q value < 0.05 was considered significant for CN deletion
and amplification.

Differential expression gene (DEG) analysis

Differential expression analysis of RNA-seq data was conducted on raw
counts of respective datasets using ‘DESeq2"’. Differential expression
analysis of microarray data was conducted on log2 normalized data
using ‘Limma®>. P values were adjusted using Benjamini-Hochberg
methods; an adjusted P value <0.05 was considered significant. Up-
regulated genes in MSS-PR were defined as DEGs with significant
P values and positive log fold changes in both TCGA-STAD and ACRG
cohorts. Down-regulated genes in MSS-PR were defined as DEGs with
significant P values and negative log fold changes in both TCGA-STAD
and ACRG cohorts.

Multiplex immunohistochemistry (mIHC)

Opal 7-Color Manual IHC Kit (Akoya Biosciences, NEL811001KT) was
used for mIHC. 4 um-thick FFPE sections were dewaxed and rehy-
drated. In the first round of antigen retrieval, slides were immersed in
preheated EDTA solution (PH = 8.0, 95 °C) and heated with a microvan
for 15min at low power, then cooled to room temperature (RT),
washed with TBST/0.5% Tween (3 times, 5 min). Slides were washed

Nature Communications | (2025)16:3905

13


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62254
https://www.ebi.ac.uk/
https://www.gsea-msigdb.org/gsea/msigdb/
https://pulearn.github.io/pulearn/doc/pulearn/
https://pulearn.github.io/pulearn/doc/pulearn/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.genepattern.org/
https://www.genepattern.org/
https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/CNV_Pipeline/
https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/CNV_Pipeline/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58958-1

and blocked with a blocking buffer for 10 min. Primary antibody, CD4"
(MXB Biotechnologies, MAB-0251, prediluted), was incubated at RT for
1h. Slides were washed and incubated with an HRP-conjugated sec-
ondary antibody (1:1000) at RT for 10 min. Opal 650 fluorophore
(1:200) was applied for 10 min after washes. The procedure described
above was repeated five more times using the following antibody-
fluorophore combinations: PD-1 (Cell Signaling Technology, 86163,
1:100) with opal 620 fluorophore (1:100), CD8" (MXB Biotechnologies,
MAB-0021, prediluted) with opal 540 fluorophore (1:300), pan-CK
(MXB Biotechnologies, kit-0009, prediluted) with opal 690 fluor-
ophore (1:60), PD-L1 (Cell Signaling Technology, 13684, 1:200) with
opal 570 fluorophore (1:150) and T-bet (Abcam, ab154200, 1:100) with
opal 520 fluorophore (1:100). To visualize the co-localization of CXCR3
and T-bet, PD-L1 primary antibody was replaced with CXCR3 primary
antibody (R&D, MABI160, 10 ug/ml), with other conditions unchanged.

Analysis of mIHC images

Nice or more images were acquired from each slide at 20x using a
Mantra 2 Quantitative Pathology Workstation (Akoya Biosciences). For
slides with a distinct tumor-normal interface, images of adjacent nor-
mal tissues (N), margins at the tumor-normal interface (M), tumor
edges near the interface (E), and tumor cores (C) were acquired too.
Acquired images were analyzed using inFrom 2.3.0 (Akoya Bios-
ciences), following tissue segmentation, cell segmentation, and cell
phenotyping. A supervised machine learning model was trained on
pre-defined tumor compartments, stroma compartments, and blank
areas based on the expression patterns of pan-CK. Cell segmentation
of tumor and stroma compartments were trained separately, due to
the substantial difference in cellular morphology, based on the coun-
terstain DAPI. Every individual cell in the tumor and stroma compart-
ments was phenotyped using the following cutoff intensities: T-bet
(opal 520) =2, CD8" (opal 540)>2, PD-L1 (opal 570)>2, PD-1 (opal
620) =2, CD4" (opal 650) =2, pan-CK (opal 690) > 2.

Quantification of neighboring cells of T-bet" /T-bet™ T cells

To evaluate whether T-bet’ T cells can up-regulate PD-L1 on neigh-
boring cells, coordination information of 132,241 T cells in the GC
cohort was retrieved. The neighboring cells of a specific T cell were
defined as any cells within a 50um radius. The percentage of PD-L1*
neighboring cells was calculated for each T cell.

Spatial transcriptomic profiling

FFPE samples of ICI-12 (partial response, MSI-H) and GC-97 (potential
responder, MSS) were firstly stained with mIHC protocol described
above to identify the locations of T-bet"-PD-L1" niches. Four niches
were identified from each slide. Then adjacent FFPE slides were pro-
cessed following the GeoMx® DSP slide preparation user manual.
Slides were baked in an oven at 60 °C for at least 3 h to retrieve anti-
gens. Proteinase K was added to digest the proteins after depar-
affination and hydration. The slides were incubated with WTA probe
mix overnight. On the second day, the slides were stained with PD-L1
(OriGene, CF809809), CD45 (CST, 13917), PanCK (Novus, NBP2-
33200AF532), and Sytol3 (ThermoFisher, S7575) for 2 h. Three con-
centric circles on each T-bet" - PD-L1 niche were chosen as regions of
interest (ROIs). For each ROI, areas of interest (AOIs) were further
divided into immune cells and cancer cells, based on CD45 and PanCK
protein expression. Each Oligoes from ROIs were collected by UV-
cleavage. PCR reactions were purified. Libraries were paired-end
sequenced. Raw counts of all ROIs were obtained by GeoMx® DSP data
analysis software. Reads were further normalized using Q3 normal-
ization approach with background subtraction.

T cells culture and expansion
Human pemcs from healthy donors were isolated by centrifugation
400 g for 30 min in Ficoll solution (Tbd science, LTS1077). Non-CD3*

cells or non-CDS8" cells in remcs were depleted by incubating with the
biotin antibody cocktail, followed by incubation with magnetic
Streptavidin Nanobeads (Biolegend, 480022, 480012). Untouched
CD3" or CDS8' cells were collected using a magnetic separator
(StemCell Technologies, 18000). CD3" cells or CD8" cells were then
washed and resuspended with human lymphocyte media (Takara,
GT-T551) * 10% FBS (Gibco, 10099) at 1x10%ml concentration. 1ng/
ml CD3 antibody (BD Biosicences, 566685) and 5ng/ml CD28 anti-
body (BD Biosicences, 555725) were coated on non-TC treated 12-well
plate (Nest, 712011) at 4 °C overnight. T cells were activated using
CD3/CD28 antibodies-coated plate for 48 h. After activation, IL-2
(100 IU/ml, Peprotech, 200-02) was added to the media to expand
T cells rapidly. Fresh IL-2 was added daily, and cell densities were
maintained at 0.5-2x10%ml throughout the in-vitro culture pro-
cess. T cells were reactivated every 7 days using CD3/CD28 anti-
bodies coated plate, and dead cells were removed using Dead Cell
Removal Kit, following the manufacturer’s instructions (Miltenyi
Biotec, 130-090-101).

Inducing T-bet expression in T cells

The expression of T-bet is up-regulated by IFN-y and IL-12 stimulation
in T cells®*. 72h after CD3/CD28 antibodies withdrawal, IL-12
(50 ng/ml, Peprotech, 200-12H) was added to the medium to induce
T-bet"s" CD3* T cells (or T-bet"" CD8* T cells), and the same volume of
PBS was added to maintain low expression of T-bet in the control
group. Fresh IL-12 was added every day for at least two successive days.
CD3/CD28 antibodies were depleted in both groups throughout the
process. Up-regulation of T-bet and downstream cytokines in T cells
was confirmed by intracellular flow cytometry.

Tumor-bearing humanized mouse model

Four to six-week-old female NYG (Prkdc”IL2RG”NOD, stock number:
091202) mice were purchased from Liaoning Changsheng Bio-
technology and housed under pathogen-free conditions. 5 x 10° pemcs
of five different healthy donors were intravenously injected into mice
at day O. After the reconstruction of mice’s immune system, 5x10°
HGC-27 cells were subcutaneously implanted into the right flank
of mice on day 5. Mice were randomly assigned to T-bet"&" group and
T-bet"" group on day 8. On day 8 and day 10, 1 x 107 T-bet"&" or T-bet'"
CD3" T cells derived from the same healthy donor (as the pemcs donor)
were injected through tail veins. Tumor width and diameter
were measured by an independent investigator blinded to treatment
conditions every 2 days. Tumor volume was calculated as
1/2 x (Length x Width?). The maximal tumor size permitted in this
study is 20 mm at largest diameter. All animal experiment protocols
were approved by the Research Ethics Committee of China Medical
University (#CMUXN2021712).

Immune-ignorant tumor-bearing humanized mouse model
HGC-27 cells were subcutaneously implanted into the right flank of
multiple NYG mice. Immune-ignorant tumors were harvested when
their lengths exceeded 1cm. Tumors were evenly cut into 20mm?
grafts and were subcutaneously transplanted into the right flank of
humanized mice engineered as described above. On day 5 and day 7
after transplantation, 5 x 10° T-bet"®" or T-bet™ CD8" T cells derived
from the same healthy donor (as the pemcs donor) were injected
through tail veins. Every 2 days after transplantation, anti-PD-1
(200ug/injection, Toripalimab, Junshi Pharma) or human IgG4 iso-
type control (50ug/injection, Sigma-Aldrich, 14640) was admini-
strated through tail vein. Tumor width and diameter were measured
by an independent investigator blinded to treatment conditions
every 2 days. The maximal tumor size permitted in this study is
20 mm at largest diameter. All animal experiment protocols were
approved by the Research Ethics Committee of China Medical Uni-
versity (#CMUXN2021712).
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T cells migration assay

CD8* T Cells from 5 different healthy donors were isolated and acti-
vated as described above. T-bet expression was induced using IL-12
(50 ng/ml, Peprotech, 200-12H) on two successive days. A total of
1x10° T-bet"" CD8* T cells or T-bet” CD8"* T cells were seeded in 0.4
1m pore size membrane upper chambers of transwell plate with 1 x 10°
pre-seeded HGC-27 cells in the lower chambers. IFN-y neutralizing
antibody (0.5 ug/ml, Proteintech, 69007-1-Ig) or AMG487 (1uM, Sell-
eckchem, S8682) were added in the lower chambers as needed fol-
lowed by another 16 h incubation in RPMI11640 * 10% FBS medium in a
37 °C incubator for. Migrated cells were fix with 95% alcohol for 1 min.
Wright-Giemsa Quick Stain Kit (Phygene,PH1793) was used for cell
staining.Three fields of view were randomly selected under a 200 x
high power microscope, the number of migrated cells was defined as
the cells in the lower surface of the upper chamber.

Isolation of tumor-infiltrating immune cells

Tumors of GC patients and CDX mice models were cut into small
pieces with sterile scissors in HBBS containing calcium and magnesium
(Solarbio, H1025). Tissue was dissociated in 200 U/ml Collagenase
Type IV (Gibco, 17104019), 3 mM CacCl2 (Solarbio, C7250), 0.01 mg/mL
DNAse I (Solarbio, D8071), and 0.025 mg/mL Hyaluronidase (Solarbio,
H8030) using GentleMACS C tubes on the GentleMACS Dissociator
(Miltenyi Biotec, 130-093-235), followed by incubation at 37 °C for 1 h.
The resulting cell suspension was passed through a 70-um filter (MACS
SmartStrainers, 5201110409) and pelleted by centrifugation at 350 g
for 5 minutes. Red blood cells were removed by incubating in RBC lysis
buffer (Biolegend, 420301) for 10 min at room temperature. Cells were
washed twice and resuspended in calcium/magnesium-free HBBS
(Solarbio, H1040). CD45" cells were then isolated using CD45" positive
beads (StemCell Technologies, 100-0107) with a magnetic separator.

Multi-color flow cytometry

Single-cell suspensions were stained with Sug/ml human Fc receptor
blocking solution (Biolegend, 422302) for 5 min at 4 °C. The cells were
stained with fluorochrome-conjugated antibodies cocktail for
40 minutes at 4 °C. Multi-color flow cytometry was performed using a
Spectral Analyzer (Sony, SA3800), and the data were analyzed using
FlowJo V10.4 software. For intracellular staining of T-bet, surface-
stained cells were fixed and permeabilized using Transcription Factor
Buffer Set (BD Biosciences, 562574) according to the manufacturer’s
instructions. For intracellular staining of cytokines, PMA (Sigma-
Aldrich, P8139) and ionomycin (Sigma-Aldrich, 13909) were added for
12 h followed by brefeldin A (Biolegend, 420601) for another 4 h to
enhance intracellular staining signals before proceeding to cell surface
staining.

Statistics & reproducibility

Statistical significance was determined using two-tailed Mann-Whitney
U test for comparison between 2 groups unless otherwise indicated in
the figure legends. Chi-square test was used to compare gene mutation
frequency between MSS-PRs and MSS-NRs. Kaplan-Meier Analysis of
overall survival in the GC cohort was conducted by R package ‘survival’
(version 3.5). To compare tumor sizes between 2 groups, data collected
at different time points were included for two-way ANOVA analysis, with
time and interference as two independent variables. The Benjamini-
Hochberg correction method was applied to decrease false discovery
rates for multiple comparisons. P values lower than 0.05 were con-
sidered statistically significant (*P<0.05, *P<0.01, **P<0.001,
P < 0.0001). All statistical analyzes were performed using R 4.1.1 or
SciPy 1.8.1 (Python 3.9.7). No statistical method was used to pre-
determine sample size. No data were excluded from the analyzes. For
mice studies, randomization was applied before assigning treatment
groups, and tumor volumes were measured by investigators blinded to
treatment conditions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Original data to construct the PUL model was available in Supple-
mentary Data File 1; Original data of mIHC images were available in
Supplementary Data File 5; Clinical information of patients in the GC
cohort and the GC-ICI cohort was available in the extended data
tables. Spatial RNA-seq data generated in this study have been
deposited in the Genome Sequence Archive for Human (GSA-Human)
database under accession code HRA005361 (https://ngdc.cncb.ac.cn/
bioproject/browse/PRJCA019016). The Data is under restricted access
for privacy reason. Access will be granted for academic use only.
Access can be granted by request from the corresponding author
(Yunpeng Liu, ypliu@cmu.edu.cn). The expected timeframe for pro-
cessing access requests is 2 weeks. Bulk RNA-seq data of ACRG cohort
(https://www.ncbi.nlm.nih.gov/geo/, accession code: GSE62254
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62254);
Bulk RNA-seq data and mutational data of TCGA-STAD cohort
(https://portal.gdc.cancer.gov/); ScRNA-seq data of GCs (https://
www.ncbi.nlm.nih.gov/geo/, accession code: GSE183904 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183904); ScRNA-
seq data of tumor-infiltrating T cells (https://www.ncbi.nlm.nih.gov/
geo/, accession code: GSE156728 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE156728); WES and bulk RNA-seq data of
PRJEB25780 and PRJEB40416 cohorts (https://www.ebi.ac.uk/, acces-
sion codes: PRJEB25780 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB25780), PRJEB40416 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB40416). Source data are provided with this paper.

Code availability
Codes used in the study can be accessed at https://github.com/Tsy97/
TbetCDS8_paper.git®*.
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