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Antigen-presenting cancer associated
fibroblasts enhance antitumor immunity and
predict immunotherapy response

Junquan Song1,2,3, Rongyuan Wei1,2,3, Chenchen Liu1,2,3, Zhenxiong Zhao1,2,
Xuanjun Liu1,2, Yanong Wang 1,2 , Fenglin Liu 1,2 & Xiaowen Liu 1,2

Cancer-associated fibroblasts (CAF) play a crucial role in tumor progression
and immune regulation. However, the functional heterogeneity of CAFs
remains unclear. Here, we identify antigen-presenting CAFs (apCAF), char-
acterized by high MHC II expression, in gastric cancer (GC) tumors and find
that apCAFs are preferentially located near tertiary lymphoid structures. Both
in vivo and in vitro experiments demonstrate that apCAFs promote T cell
activation and enhances its cytotoxic and proliferative capacities, thereby
strengthening T cell-mediated anti-tumor immunity. Additionally, apCAFs
facilitate the polarization of macrophages toward a pro-inflammatory phe-
notype. These polarized macrophages, in turn, promote the formation of
apCAFs, creating a positive feedback loop that amplifies anti-tumor immune
responses. Notably, baseline tumors in immunotherapy responders across
various cancer types exhibit higher levels of apCAFs infiltration. This study
advances the understanding of CAFs heterogeneity in GC and highlights
apCAFs as a potential biomarker for predicting immunotherapy response in
pan-cancer.

Gastric cancer (GC) is a prevalent neoplasm globally, ranking fifth in
incidence and fourth in mortality1. Current therapeutic interventions
encompass surgical resection, chemotherapy, and radiotherapy, but
these treatments fail to demonstrate sufficient effectiveness for
patients with advanced GC2. Immune checkpoint blockade (ICB)
therapy targeting immune checkpoints, such as programmed death 1
(PD1)/PD1 ligand (PD-L1), can restore the body’s durable anti-tumor
immune response, thereby introducing novel prospects for malignant
tumor treatment3. The Checkmate-649 study disclosed that ICB ther-
apy combined with chemotherapy can significantly prolong the sur-
vival rate of GC patients4. However, subgroup analysis indicated a lack
of survival benefit in the addition of ICI to chemotherapy for GC
tumors exhibiting low or no PD-L1 expression5, which was closely
related to the immunosuppressive tumor microenvironment (TME)6.
Therefore, finding approaches to surmount the immunosuppressive

microenvironment and enhance the efficacy of ICI therapy is an urgent
necessity to ameliorate the prognosis of GC patients.

Cancer-associated fibroblasts (CAF) constitute the most abundant
cells in TME and have a substantial impact on tumor growth, invasion,
and drug resistance7. The effect of CAFs on tumor immunity has also
gained significant attention. CAFs not only directly impede the anti-
tumor function of T cells through the PD-L1/PD1 coordinated receptor
axis, but also upregulate PD-L1 expression in tumor cells and promote
immune evasion8,9. Nonetheless, following the targeted elimination ofα-
SMA+ CAFs in mouse models of pancreatic cancer, tumor growth was
not suppressed, but rather accelerated, and therewas also an increase in
immunosuppressive cell infiltration within TME, suggesting that CAFs
alsoplay a crucial role inmaintaining the anti-tumor immune response10.

Here, antigen-presenting CAFs (apCAF), characterized by high
MHC II expression, is identified in GC, with its spatial localization and
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immune modulatory roles extensively characterized, particularly in
promoting T cell-mediated anti-tumor immune responses. Further-
more, the potential of apCAFs as a biomarker for predicting immu-
notherapy response in pan-cancer is unveiled. This study deepens our
understanding of the immune regulatory functions of CAFs, offering
insights into the development of targeted therapeutic strategies and
identifying a promising biomarker for precise application of
immunotherapy.

Results
Identification of antigen-presenting CAFs in patients with GC
In order to comprehensively characterize the subpopulation compo-
sition of CAFs in GC, we collected scRNA-seq data of 74 samples,
obtained from 38 patients in three public scRNA-seq datasets11–13,
including non-atrophic gastritis, chronic atrophic gastritis, intestinal
metaplasia, adjacent tumor tissue, and primary tumor (Fig. 1A). After
rigorous quality control andmajor cell annotation, we obtained a total
of 3246 high quality CAFs, which consist of 8 subclusters (Fig. 1B).
Next, we explored the frequency of each cluster across various sam-
ples and sample types (Supplementary Fig. 1A, B), and evaluated
marker genes and pathway activities for each subcluster (Fig. 1C).
Basedon the characteristic genes of CAFs subclusters reported in prior
studies14,15, and the profiles of highly expressed genes and active
pathways, we annotated Cluster 0, which is characterized by elevated
expression of matrix remodeling genes (COL3A1, VCAN), as mCAFs.
Clusters 1, 2, and 3, which exhibit high expression of inflammatory
genes (CXCL14, CXCL2, CCL11), were classified as iCAFs. Clusters 4, 6,
and 7, distinguished by high expression of epithelial-like genes (KRT19,
CLDN18), myogenic genes (MYH11, TAGLN), and nerve-related genes
(S100B, PLP1), were designated as eCAFs, myCAFs, and nerve-CAFs,
respectively. Cluster 5, which showed high expression of CD74, HLA-
DRA, HLA-DRB1 and HLA-DPA1 (genes related to MHC class II mole-
cules) and strong activity in the antigen processing and presentation
pathway, was annotated as apCAFs (Fig. 1D). Given the presence of
apCAFs in gastric cancer and the uncertainty regarding its role, we
selected apCAFs as the subject for further investigation. First, we uti-
lized multiplex immunofluorescence staining to identify apCAFs in
FFPE sections of GC (Fig. 1F). Then, through flow cytometry, we iden-
tified the presence of apCAFs (CD45-EPCAM-CD3-PDPN+MHC II+ cells)
in fresh surgical samples of GC (Fig. 1G). Furthermore, by performing
immunofluorescence staining, flow cytometry, and RNA-seq on the
same tumor tissue to assess apCAFs, we found that the results from
immunofluorescence and flow cytometry were highly consistent with
the apCAFs signature derived from single-cell sequencing data (Sup-
plementary Fig. 1C). This consistency further validates the reliability of
our observations regarding apCAFs and reflects the robustness of
these evaluation methods. Altogether, these results indicated the
presence of apCAFs in TME of GC.

apCAFs were enriched in tumor tissues and associated with
favorable prognosis in GC
Next, we investigatedwhether the occurrenceof apCAFswasdriven by
the TME. First, tissue microarrays comprising 71 GC tumor tissues and
71 normal tissues were utilized for multiple immunofluorescence
staining. The results revealed the significantly higher proportion of
apCAFs in tumor tissues compared to normal tissues (Fig. 2A). Sub-
sequently, paired samples of tumor tissues and normal tissues from
the same patients with GC were performed flow cytometry analysis,
and we discovered the significant enrichment of apCAFs in tumor tis-
sues (Fig. 2B). Analysis of RNA-seq data from the Asian Cancer
Research Group (ACRG) cohort also confirmed increased apCAFs sig-
nature expression in tumor tissues (Supplementary Fig. 1D). These
findings indicated the enrichment of apCAFs in GC tumor tissues,
suggesting that the tumor microenvironment drived the formation of
apCAFs.

After confirming the enrichment of apCAFs in tumor tissues of
GC, we aimed to uncover the clinical implications of apCAFs infiltra-
tion. Using multiple immunofluorescence staining, we quantified the
degree of apCAFs infiltration within our FUSCC cohort. Notably,
patients in the high apCAFs group showed a lower occurrence of
intravascular tumor thrombus, with the majority being clinically
staged at stage I or II. In contrast, the low apCAFs group displayed a
higher rate of intravascular tumor emboli, and the majority of these
patients were clinically staged at stage III (Fig. 2C). Survival analysis
revealed that patients in the high apCAFs group have a significantly
longer overall survival time and recurrence free survival time com-
pared to the low apCAFs group (Fig. 2D, Supplementary Fig. 2A, B).
This finding was further corroborated by data from the ACRG cohort
(Fig. 2E). Together, these data suggested that apCAFs was a prognostic
marker in tumor progression and survival in GC patients.

apCAFs exhibit a predominant localization around TLS
The spatial features of tumor microenvironment is highly associated
with tumor progression and anti-tumor immune response16, we pro-
ceeded to explore the spatial distribution of apCAFs within the tumor
microenvironment. Firstly, spatial transcriptomic sequencing was
performed on the primary tumor of GC using FFPE sections (Fig. 3A).
The distribution of B cells and T cells was assessed with micro-
environment cell populations (MCP)-counter, which estimated cell
type abundances from the transcriptome profiles17. Interestingly,
apCAFs signature was predominantly expressed in regions enriched
with B cells and T cells (Fig. 3B), as identified by pathologists as loca-
tions of tertiary lymphoid structures (TLS). We also found the sig-
nificant positive correlation between the expression of apCAFs
signature and TLS signature in the spatial transcriptome (Fig. 3C). We
further corroborated the spatial relationship between TLS and apCAFs
using multiple immunofluorescence staining. We observed that
apCAFs aggregated near TLS, which was consistent with analysis
results from the spatial transcriptome (Fig. 3D). We also observed this
phenomenon in another spatial transcriptome section from different
patient (Fig. 3E). Notably, patients from high apCAFs group possessed
more TLS within tumor tissues (Fig. 3F). These results reflected the
close association between apCAFs and TLS, and its specific spatial
localization suggested that itmay play a role in the anti-tumor immune
response.

apCAFs modulate immune profile and augment T cell-mediated
anti-tumor immune response
Given the close association of apCAFs with favorable prognosis and
TLS, we subsequently investigated whether manipulating apCAFs
could reprogram the immune landscape in GC. We employed flow
cytometry to isolate apCAFs andMHC II- CAFs frommurine transplant
tumors, and co-implanting them with tumor cells subcutaneously in
mice (Fig. 4A). We found that the apCAFs group exhibited slower
tumor growth rate and lower tumorweight compared to control group
(only tumor cells group) and the MHC II- CAFs group (Fig. 4B, Sup-
plementary Fig. 3A), indicating the tumor-suppressive effect of
apCAFs. To analyze the impact of apCAFs on the tumor immune
landscape, we conducted scRNA-seq on tumors from control group,
apCAFs group and MHC II- CAFs group. After quality control, we
employed the UMAP algorithm to determine the distribution of cell
clusters and annotated their identities based on the expression of
known marker genes (Fig. 4C), we found that tumors in the apCAFs
group were enriched with a higher number of T cells (Fig. 4D). Then,
we used flow cytometry to examine the differences in T cell sub-
populations among the three groups. We observed a significant
increase in activated CD4+ T cells (CD69+CD4+ T cells), effector CD4+

T cells (IFN-γ+CD4+ T cells) and cytotoxic CD4+ T cells (GZMB+CD4+

T cells) in the tumors from the apCAFs group, although immunosup-
pressive regulatory T cells (Treg) also increased (Fig. 4E,
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Supplementary Fig. 3B). The total amount of CD8+ T cells, aswell as the
proportion of cytotoxic CD8+ T cells (GZMB+CD8+ T cells) and effector
CD8+ T cells (IFN-γ+CD8+ T cells and TNF+CD8+ T cells), were also sig-
nificantly increased in tumors from the apCAFs group (Fig. 4F). Addi-
tionally, we found that T cells in the apCAFs group tumors exhibited

the highest cytotoxicity and exhaustion scores (Supplementary
Fig. 3C, D), indicating a stronger tumor reactivity. ELISA experiments
revealed higher levels of IFN-γ and TNF in the tumors from apCAFs
group (Fig. 4G, H). In addition, we further investigated the correlation
between apCAFs and antitumor immune response in clinical cohort.

Fig. 1 | Identification of antigen-presenting CAFs in patients with GC.
A Schematic overview of analytical workflow and experimental design to discover
the presence of apCAFs in patients with GC. Created in BioRender. Song, J. (2024)
https://BioRender.com/n91k593. B UMAP plot depicting and graph-based cluster-
ing of CAFs from 38 patients. C Dotplot displaying the expression of marker genes
for CAFs subclusters. D UMAP showing all identified CAFs subtypes based on

marker genes. E Heatmap showing pathways enriched in CAFs subclusters.
F Representative images of multiplex immunofluorescence characterizing the
apCAFs in FFPE sections (green: CD74; red: PDGFRA). Multiplexed immuno-
fluorescence assays are performed twice on tumor samples following assay opti-
mization. G Flow cytometry of apCAFs and their expression profile in fresh gastric
tumors.
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Through multiple immunofluorescent staining, we discovered the
higher abundance of overall T cells (CD3+ cells), cytotoxic T cells
(GZMB+CD3+ cells) and exhausted T cells (PD1+CD3+ cells) within
tumors from the high apCAFs group in our FUSCC cohort (Fig. 4I, J,
Supplementary Fig. 3E, F), demonstrating the positive association
between apCAFs and anti-tumor response. In summary, these results
illustrated that apCAFs contributed to the formation of the immune-
activated tumor microenvironment.

Next, we further explored the specific effects of apCAFs onT cells.
Given the ability ofMHC-II molecules to specifically bind to the TCR of
CD4+ T cells18, we first assessed the impact of apCAFs on CD4+ T cell
differentiation. Subpopulation analysis of CD4+ T cells in three tumor
groups revealed a significantly lower proportion of naive CD4+ T cells
and a higher proportion of effector CD4+ T cells in the tumors from
apCAFs group (Fig. 5A). Moreover, CD4+ T cells in the apCAFs group

expressed more cytotoxic molecules (Nkg7, Prf1, Gzma, Gzmb) and
immune-activating cytokines (Cxcl13, Ifng, Ccl3, Ccl4, Ccl5) (Fig. 5B).
Pseudotime analysis indicated that most CD4+ T cells in the tumors
from apCAFs group were in an activated state (Fig. 5C). To further
confirm the activation effect of apCAFs onCD4+ T cells, we co-cultured
apCAFs with CD4+ T cells in vitro (Fig. 5D). We found that apCAFs
significantly promoted the expression of activation markers (CD69),
cytotoxic molecules (GZMB), and cytokines (IFN-γ) in CD4+ T cells,
although Treg cells also increased (Fig. 5E, Supplementary Fig. 3G).
These results indicated that apCAFs could significantly promote the
differentiation of CD4+ T cells into an activated state.

The state of CD4+ T cells can profoundly alter the antitumor
immune response by affecting the proliferation and activation of CD8+

T cells18,19, andwe foundCD8+T cells in tumors from apCAFs group had
higher cytotoxicity scores (Fig. 5F), indicating enhanced anti-tumor

Fig. 2 | apCAFs were enriched in tumor tissues and associated with favorable
prognosis in GC. A Representative multiplex immunofluorescence images and the
ratio of apCAFs in tumor (n = 71) and normal tissues (n = 71) (green: CD74; red:
PDGFRA). Error bars represent the mean± SEM. Statistical significance was deter-
mined using Mann–Whitney two-sided test. Source data are provided as a Source
Data file. B The ratio of apCAFs quantified in tumor and normal tissues by flow
cytometry (n = 10). Statistical significancewasdetermined using two-sidedpaired t-
test. Source data are provided as a Source Data file. C Clinical characteristics

associated with apCAFs immunofluorescence staining in FUSCC cohort (n = 140).
Statistical significance was determined using two-sided Chi-square test. Source
data are provided as a Source Data file.D Survival analysis of patients with different
infiltration levels of apCAFs in FUSCC cohort (n = 140). Statistical significance was
determined using log-rank test. Source data are provided as a Source Data file.
E Survival analysis of patients with different infiltration levels of apCAFs assessed
through apCAFs signature in ACRG cohort (n = 300). Statistical significance was
determined using log-rank test. Source data are provided as a Source Data file.
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immune response. To further determinewhether apCAFs influence the
education of CD8+ T cells by CD4+ T cells, in vitro co-cultures of CD4+

T cells treated with apCAFs and CD8+ T cells were conducted. We
found that, compared to untreated CD4+ T cells, CD4+ T cells treated
with apCAFs significantly promoted the proliferation of CD8+ T cells
(Fig. 5G) and facilitated their differentiation into cytotoxic
(GZMB+CD8+ T cells) and effector CD8+ T cells (IFN-γ+CD8+T cells and
TNF+CD8+ T cells) (Fig. 5H). Importantly, these CD8+ T cells showed
significantly enhanced cytotoxicity against tumor cells (Fig. 5I). These
results demonstrated that apCAFs significantly enhance the

proliferative and activating effects of CD4+ T cells on CD8+ T cells.
Overall, through in vivo experiments, in vitro assays, and clinical
cohort analyses, we found that apCAFs significantly promote the
activation of both CD4+ T cells and CD8+ T cells, thereby boosting T
cell-mediated anti-tumor immune response.

apCAFs and pro-inflammation macrophages exhibit positive
feedback regulation
Through cell communication analysis, we discovered that apCAFs
exhibited the strongest interaction activity with macrophages

Fig. 3 | apCAFs exhibited a predominant localization around TLS. A H&E
staining of tissue section for spatial transcriptoms. B Abundance estimation of
various cell populations in spatial transcriptomics. C Abundance estimation and
relationship of tertiary lymphoid structures (TLS) signature and apCAFs signature
in spatial transcriptomics. Correlationwas evaluated using the two-sided Spearman
rank correlation coefficient. D Representative images of multiplex immuno-
fluorescence characterizing the distribution of TLS and apCAFs (green: CD74; red:
PDGFRA; white: CD19; purple: CD3). Multiplexed immunofluorescence assays are

performed twice on tumor samples following assay optimization. E H&E staining
and the abundance estimation and relationship of TLS signature and apCAFs sig-
nature in another spatial transcriptomics section from different patient. Correla-
tion was evaluated using the two-sided Spearman rank correlation coefficient.
FRepresentative H&E staining images of tissue sections (left) and the proportion of
TLS-positive tumors (right) in high apCAFs group (n = 70) and low apCAFs group
(n = 70). Statistical significance was determined using two-sided Chi-square test.
Source data are provided as a Source Data file.
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(Supplementary Fig. 3H), and recent studies also highlighted the cru-
cial role of the interaction between CAFs andmacrophages in the anti-
tumor immune response20–22. Therefore, we delved deeper into eluci-
dating the impact of apCAFs on macrophages. Tumor-associated
macrophages (TAM) can polarize into either pro-inflammatory or anti-
inflammatory phenotypes, thereby regulating T-cell response within

the anti-tumor immune process23. Using the UMAP algorithm, macro-
phages derived from the control group, apCAFs group and MHC II-

CAFs group were partitioned into three subclusters, we observed a
higher proportion of macro_H2-Ab subcluster within the tumors from
the apCAFs group compared to the control and MHC II- CAFs groups
(Fig. 6A).Macro_H2-Ab subcluster exhibitedhigh expressionof antigen
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presentation molecules related to pro-inflammatory phenotype, while
the expression of anti-inflammatory molecules was low (Fig. 6B). This
demonstrated its pro-inflammatory function and indicating the cor-
relation between apCAFs and pro-inflammatory macrophages. Inter-
estingly, we found that the distance between apCAFs and pro-
inflammatory macrophages was significantly shorter than that
between MHC II- CAFs and pro-inflammatory macrophages through
multiplex immunofluorescence staining (Fig. 6C). Moreover, spatial
transcriptomic analysis also confirmed the close spatial distribution of
apCAFs and pro-inflammatory macrophages (Fig. 6D, E, Supplemen-
tary 4A, B), and apCAFs signature was positively associated with pro-
inflammatory macrophages signature in bulk RNA-seq data (Fig. 6F).

Given the close spatial relationship between apCAFs and pro-
inflammatory macrophages, we further explored the regulatory
interactions between them. We found that ligands produced by
apCAFs have the potential to promote the expression of IL1A, IL1B,
IL6, and HLA-DQA1 (marker genes of pro-inflammatory phenotype24

in macrophages (Fig. 6G)), suggesting that apCAFs may promote the
polarization of macrophages towards the pro-inflammatory pheno-
type. To clarify the impact of apCAFs on macrophage status, we
conducted in vitro co-culture experiments with apCAFs and macro-
phages, and performed RNA sequencing on the macrophages post-
co-culture (Fig. 6H). We found that after apCAFs treatment, the
expression of inflammatory cytokines (CD80, CD86, CXCL9, CXCL10,
CXCL11, IL1A, IL1B and IL6) and antigen presentation-related mole-
cules (IRF1 and HLA-DRA) in macrophages was upregulated, while the
expression of anti-inflammatory molecules (MMP9, CD276, MSR1,
SPP1 and TREM2) was downregulated (Fig. 6I), indicating the
enhancement of their pro-inflammatory function. Flow cytometry
results also showed that after apCAFs treatment, the pro-
inflammatory markers (CD86 and MHC-II) were upregulated in
macrophages (Fig. 6J), while anti-inflammatory marker (CD163) were
downregulated (Supplementary Fig. 4C). These results demonstrate
that apCAFs promote the polarization of macrophages towards a
pro-inflammatory phenotype.

Interestingly, through the prediction of cell communication,
“through thepredictionof cell communication,we also found thatpro-
inflammatory macrophages have the potential to regulate apCAFs
through receptor-ligand interactions (Fig. 6K, L), suggesting that they
may also influence the phenotype of apCAFs. Through co-culture
experiment in vitro, we found that pro-inflammatory macrophages
increased the proportion of apCAFs (Fig. 6M, N), indicating that pro-
inflammatory macrophages promoted the generation of the apCAFs
phenotype. In summary, we have identified a bidirectional regulatory

relationship between apCAFs andpro-inflammatorymacrophages, and
this positive feedback loop may contribute to further inducing their
immune-activated state.

Baseline intratumoral apCAFs predicts clinical benefits from
immunotherapy
The tumor immune microenvironment is a decisive factor in ICB
treatment response. The close associationof apCAFswith the immune-
activated microenvironment prompted us to delve deeper into the
role of apCAFs in ICB treatment response. To further explore the
predictive value of apCAFs for immunotherapy, two immunotherapy
cohorts of GC with pre-treatment biopsy tissues to perform bulk RNA-
seq or multiplex immunofluorescence were included. Through the
analysis of the KIM cohort, which included 45 metastatic GC patients
treated with anti-PD1 therapy (Fig. 7A), we found that the apCAFs
signature was significantly upregulated in patients with high immune
signature (Fig. 7B). Patients with high expression of the apCAFs sig-
nature showed a significantly increased immunotherapy response rate
(Fig. 7C), and the apCAFs signature in responders was significantly
higher than in non-responders (Fig. 7D). Next, our cohort consisting of
21 GC patients who received neoadjuvant anti-PD1 plus chemotherapy
was included as validation cohort (Fig. 7E, F). We collected pre-
treatment biopsy samples formultiplex immunofluorescence staining,
and we found that responders have a higher abundance of apCAFs in
their pre-treatment tumors (Fig. 7G, H), and the ratio of apCAFs could
effectively predict the treatment response of patients (Fig. 7I). The
results from these two independent cohorts suggested the potential of
apCAFs as a biomarker for immunotherapy response.

Given the promising prospects of immunotherapy in the treat-
ment of malignant tumors, we further investigated whether apCAFs
could also predict immunotherapy responses in pan-cancer. First, we
obtained scRNA-seq data from pre-treatment and post-treatment
biopsy tissues of patients with triple negative breast cancer (TNBC)
receiving pembrolizumab (Anti-PD1 antibody) in ClinicalTrials.gov:
NCT0319738925. After quality filtering, 10,825 fibroblasts were inclu-
ded in subsequent analysis. Using the UMAP algorithm, we divided
fibroblasts into five subgroups, including apCAFs, inflammatory CAFs
(iCAFs), matrix-associated CAFs (mCAFs), myofibroblasts (myCAFs),
and proliferative fibroblasts (Prolif_CAFs). Interestingly, we found that,
after receiving immunotherapy, responders exhibited the significant
expansion of apCAFs, while non-responders did not display the
noticeable increase in apCAFs (Fig. 7J). We further analyzed changes in
the apCAFs signature within fibroblasts and observed that both before
and after immunotherapy, responders had higher apCAFs signature

Fig. 4 | apCAFs modulated immune profile and promoted antitumor immune
response. A Schematic representation of apCAFs adoptive transfer in vivo
experiments. Created in BioRender. Song, J. (2024) https://BioRender.com/
j06i038. B Tumor growth curves showing tumor volume in mice from control
group, apCAFs group and MHC II- CAFs group (n = 5 mice/per group). Error bars
represent the mean± SD. Statistical significance was determined using one-way
ANOVA, followed by a two-sided Dunnett’s test to compare the specific differences
between the groups. Source data are provided as a Source Data file. C Distribution
of immune cell clusters in tumors from control, apCAFs and MHC II- CAFs groups
(n = 2 mice/per group). D The proportion immune cell clusters in tumors from
control, apCAFs and MHC II- CAFs groups (n = 2 mice/per group). E Relative pro-
portion of total CD4+ T, CD69+CD4+ T cells, IFN-γ+CD4+ T cells and GZMB+CD4+

T cells in tumors from control, apCAFs and MHC II- CAFs groups (n = 5 mice/per
group). Error bars represent the mean ± SEM. Statistical significance was deter-
mined using one-way ANOVA, followed by a two-sided Dunnett’s test to compare
the specific differences between the groups. Source data are provided as a Source
Data file. F Relative proportion of total CD8+ T, GZMB+CD8+ T cells, IFN-γ+CD8+

T cells and TNF+CD8+ T cells in tumors from control, apCAFs and MHC II- CAFs
groups (n = 5 mice/per group). Error bars represent the mean± SEM. Statistical
significance was determined using one-way ANOVA, followed by a two-sided

Dunnett’s test to compare the specific differences between the groups. Source data
are provided as a SourceData file.G The concentration of IFN-γwithin tumors from
control, apCAFs and MHC II- CAFs groups (n = 5 mice/per group). The box is
bounded by the first and third quartile with a horizontal line at the median and
whiskers extend to the maximum and minimum value. Statistical significance was
determined using one-way ANOVA, followed by a two-sided Dunnett’s test to
compare the specific differencesbetween the groups. Source data are providedas a
Source Data file. H The concentration of TNF within tumors from control, apCAFs
and MHC II- CAFs groups (n = 5 mice/per group). The box is bounded by the first
and third quartile with a horizontal line at the median and whiskers extend to the
maximum and minimum value. Statistical significance was determined using one-
way ANOVA, followed by a two-sided Dunnett’s test to compare the specific dif-
ferences between the groups. Source data are provided as a Source Data file.
I Representative images of multiplex immunofluorescence showing T cell marker
(green: CD3) and cytotoxic molecule (red: GZMB) expression in the high apCAFs
group (n = 80) and low apCAFs group (n = 60) from the FUSCC cohort. J Relative
proportion of overall T cells (CD3+ cells) and cytotoxic T cells (GZMB+CD3+ cells) in
high apCAFs group (n = 70) and low apCAFs group (n = 70) in FUSCC cohort. Error
bars represent the mean ± SEM. Statistical significance was determined using
Mann–Whitney two-sided test. Source data are provided as a Source Data file.
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expression in fibroblasts compared to non-responders. Furthermore,
following immunotherapy, responders showed a further increase in
the expression of the apCAFs signature in fibroblasts, which was not
observed in non-responders (Fig. 7K). These findings suggested that
apCAFs was involved in the tumor’s response to immunotherapy and
could serve as potential biomarkers for immunotherapy response in

TNBC. Furthermore, we found that responders had a significantly
higher apCAFs signature compared to non-responders in melanoma
patients receiving anti-PD1 or anti-PD1 combined with anti-CTLA4
treatment, and apCAFs signature could predict immunotherapy
response (Fig. 7L, M). Similar results were observed in non-small cell
lung cancer (NSCLC) patients receiving anti-PD1 treatment (Fig. 7N). In
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summary, these findings supported the value of apCAFs as an immu-
notherapy biomarker in pan-cancer.

Discussion
In addition to myCAFs and iCAFs, apCAFs characterized by high
expression of MHC II molecules and the upregulation of antigen pre-
sentation pathway have been identified in pancreatic cancer26, lung
cancer27, and breast cancer28, but it remains unclear whether apCAFs
exist in GC. Here, we have uncovered the existence of apCAFs within
GC, which correlates with favorable patient outcomes and contributes
to the anti-tumor immune response within the tumor microenviron-
ment. Increasing the ratio of apCAFs in GC can activate the anti-tumor
immune response, thereby inhibiting tumor growth. In line with our
research results, apCAFs in lung cancer directly engage the T-cell
receptor (TCR) of effector CD4+ T cells, simultaneously generating
C1q, which functions on T-cell C1qbp to rescue them from apoptosis.
The specific absenceofMHC II or C1q in fibroblasts compromises CD4+

T cell immunity and expedites tumor growth27. In breast cancer, the
infiltration of apCAFs is associated with a better prognosis for
patients28. However, apCAFs promote the generation of Treg, which
could potentially undermine anti-tumor immunity29,30. We also
observed that increasing the presence of apCAFs leads to an increase
in the number of Treg in TME. The absence of co-stimulatory mole-
cules may be the reason for the increased Treg population induced by
apCAFs31. These studies suggest the intricate regulatory role of apCAFs
in the anti-tumor immune response. Importantly, we found that after
co-culturewith apCAFs, the proliferative and activating effects of CD4+

T cells on CD8+ T cells were significantly enhanced, indicating that the
overall effect of apCAFs on T cell-mediated anti-tumor immunity is
activation. Future studies shouldexplorehowto inhibit theproduction
of Treg to further enhance the immune-activating effects of apCAFs.
Additionally, apCAFs have been found to be associated with an
increase in exhaustedT cells in this study, likelydue toprolongedT cell
activation32. While T cell exhaustion indicates tumor reactivity, the
upregulation of terminal exhaustion molecules impairs their anti-
tumor immune function33. Immune checkpoint therapy offers the
potential to rescue T cells from this exhausted state34,35. Thus,
exploring strategies to increase apCAFs levels to activate T cells, while
concurrently using immune checkpoint therapy to prevent exhaus-
tion, presents a promising approach to further enhance anti-tumor
immune responses.

Interestingly, we observed that apCAFs often appear near TLS,
which primarily consist of CD20+ B cells and CD3+ T cells. The forma-
tion of TLS in tumors is often associated with improved prognosis and
enhanced immune therapy response36. Despite the incomplete eluci-
dation of TLS formation mechanisms, the crucial roles of lymphoid
tissue inducer (LTi) cells and lymphoid tissue organizer (LTo) cells in

the early stages of TLS formation have been confirmed36,37. In the
context of chronic inflammation, the formation and maintenance of
TLS primarily depend on stromal cells, predominantly composed of
fibroblasts38. In the B16-OVA melanoma model, the PDPN+FAP- CAFs
subset within the tumor can act as stromal LTo cells to induce TLS
formation39. Moreover, Ludewig and his colleagues demonstrated that
targeted deletion of CCL19 expression in lung fibroblasts disrupted T
cell infiltration and lymphoid aggregate formation, promoting the
progression of lung cancer, which alsounderscored the significant role
of CAFs in the formation of TLS40. The proximity of apCAFs to TLS
spatially suggests their potential involvement in TLS formation and
maintenance. It’s worth noting that recent study has suggested that
CAFs promoted the expression of CXCL13 by T cells through TGF-β
secretion, thereby inducing the formation of TLS41, which indicated
that CAFs could also facilitate TLS formation through interactions with
immune cells. Our research indicates that apCAFs have a strong cor-
relationwith TLS and can activates T cells, which suggests apCAFsmay
contribute to the formation of TLS. While further research is required
to substantiate this hypothesis, our study has offered a fresh per-
spective on the correlation between CAFs and TLS.

While apCAFs are prominently marked by the high expression of
MHC II molecules, existing research studies have consistently con-
cluded that apCAFs alter tumor immunity that extends beyond their
role in antigen presentation42. The interaction between CAFs and
macrophages represents a crucial pathway for CAFs to exert their
influence in TME43. Our research revealed that apCAFs are spatially
closer to pro-inflammatory macrophages and exhibit positive feed-
back regulation with pro-inflammatory macrophages, deepening the
comprehension of the immunomodulatory functions attributed to
apCAFs and pro-inflammatory macrophages. In accordance with our
research findings, a program involving interferon response and
antigen cross-presentation mediated by CD4+ T cells, CD8+ T cells,
macrophages, and CAFs was identified at the tumor-malignant
boundary44. The interaction between CAFs and TAM is recognized
as one of themost crucial interactions in TME45, with various types of
CAFs and TAM forming distinct cellular niches that influence anti-
tumor immune responses46. ECM-producing myCAFs polarizes
TREM2+ TAM to create immunosuppressive EcoCellTypes, while
detoxification-associated iCAFs is associated with FOLR2+ macro-
phages, contributing to an immune-protective EcoCellType46. This
illustrates the complexity of CAFs-TAM interactions, and our findings
regarding the interaction between apCAFs and pro-inflammatory
TAM further enhance the understanding of these dynamics. How-
ever, the specificmechanisms still require further investigation and it
is worth exploring whether apCAFs-mediated immune activation in
GC relies on pro-inflammatory macrophages through macrophage-
specific depletion in vivo models.

Fig. 5 | apCAFs augmented T cell-mediated anti-tumor immune response.
A Distribution (up) and proportion (down) of CD4+ T cells subclusters in tumors
from control, apCAFs and MHC II- CAFs groups (n = 2 mice/per group). B Genes
expression heatmap of CD4+ T cells in tumors from control, apCAFs and MHC II-

CAFs groups (n = 2 mice/per group). C Gene expression dynamics along the CD4+

T cells trajectory. D Schematic representation of apCAFs and CD4+ T cells co-
cultured experiments. OVA: ovalbumin. Created in BioRender. Song, J. (2024)
https://BioRender.com/l34h504. E The expression of CD69, GZMB and IFN-γ in
CD4+ T cells co-cultured with apCAFs orMHC II- CAFs, which wasmeasured by flow
cytometry (n = 3 biological replicates for each experiment. Data are representative
of 3 independent experiments.). Error bars represent the mean± SEM. Statistical
significance was determined using one-way ANOVA, followed by a two-sided
Dunnett’s test to compare the specific differences between the groups. Source data
are providedas a SourceDatafile.FThecytotoxicity scores ofCD8+ T cells (n = 889)
in tumors from control, apCAFs and MHC II- CAFs groups. Statistical significance
was determined using one-way ANOVA, followed by a two-sided Dunnett’s test to
compare the specific differences between the groups. G Representative images of

CFSE-labeled CD8+ T cells and the proportion of proliferated CD8+ T cells after co-
culture with control CD4+ T cells or apCAFs-treated CD4+ T cells (n = 3 biological
replicates for each experiment. Data are representative of 3 independent experi-
ments.). Error bars represent the mean± SEM. Statistical significance was deter-
mined using unpaired two-sided t-test. Source data are provided as a Source Data
file. H Representative flow cytometry strategy and relative proportion of
GZMB+CD8+ T cells, IFN-γ+CD8+ T cells and TNF+CD8+ T cells in total CD8+ T cells
after co-culture with control CD4+ T cells or apCAFs-treated CD4+ T cells (n = 3
biological replicates for each experiment. Data are representative of 3 independent
experiments.). Error bars represent the mean ± SEM. Statistical significance was
determined using Mann–Whitney two-sided test. Source data are provided as a
Source Data file. I The proportion of tumor cells killed by CD8+ T cells after co-
culture with control CD4+ T cells or apCAFs-treated CD4+ T cells (n = 3 biological
replicates for each experiment. Data are representative of 3 independent experi-
ments.). Error bars represent the mean± SEM. Statistical significance was deter-
mined using Mann–Whitney two-sided test. Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-025-57465-7

Nature Communications |         (2025) 16:2175 9

https://BioRender.com/l34h504
www.nature.com/naturecommunications


Our research also emphasized the close association between
apCAFs and the response to ICB therapy. In our study, we observed
that the infiltration of apCAFs before ICB treatment was higher in
responders than in non-responders. Additionally, following ICB ther-
apy, a substantial expansion of apCAFs was evident in responders,
while non-responders did not exhibit such an increase. These results

highlighted the significant role of apCAFs in the response to ICB
therapy. Indeed, both TLS andM1-likemacrophages are crucial factors
in the response to ICB therapy47–49. Therefore, it is understandable that
apCAFs closely associated with them plays important role in ICB
therapy response. Our research also provided promising evidence that
apCAFs had the potential to predict ICB response in GC. Through the
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retrospective clinical cohorts, we found that tumors with high apCAFs
infiltration exhibited a higher response rate to immunotherapy in pan-
cancer.While thepotential of apCAFs asapredictor of immunotherapy
efficacy still requires further elucidation through prospective clinical
trials, our study has introduced a fresh perspective on predicting
immunotherapy response. Using simple assays such as multiplex
immunohistochemistry to assess the baseline levels and treatment-
induced changes in apCAFs infiltration offers clinically valuable
insights into predicting patient responses to immunotherapy. More-
over, the prospect of combining apCAFs with established immu-
notherapeutic response biomarkers, including MSI status and PD-L1
expression, heralds an advanced stratification approach for pinpoint-
ing patients poised to gain from immunotherapy treatments.

In this study, a syngeneic transplantation tumor model was used
to investigate the function of apCAFs in vivo. However, this model
lacks gastric cancer-specific signaling pathways and microenviron-
mental pressures, limiting its ability to fully replicate the complexity
of the gastric cancer tumor microenvironment. Future research
should explore the use of spontaneous gastric cancer models to
provide a more physiologically relevant context. Moreover, there is
significant heterogeneity in different microregions within GC50, and
our study also found that apCAF exhibited a predominant localiza-
tion around TLS and pro-inflammatory macrophages. However, the
reasons behind apCAF’s distribution heterogeneity and its potential
relationship with immune-regulatory function of apCAFs remain
unclear. Further understanding of this distribution heterogeneity will
help elucidate the regulatory mechanisms of apCAFs. In addition, the
dynamic changes of apCAFs during immunotherapy and whether
increasing apCAFs infiltration can enhance immunotherapy need to
be further elucidated.

In conclusion, we have identified the presence of apCAFs in GC
and demonstrated that apCAFs can promote anti-tumor immune
response. This advances the understanding of heterogeneity and
immunoregulatory roles of CAFs. Furthermore, the uncoveredpositive
correlation between apCAFs and immunotherapy response making
apCAFs as a potential predictor for immunotherapy response, which
helps guiding the application of immunotherapy.

Methods
Patients and tissue sample
All samples were obtained from the Department of Gastric Surgery,
Fudan University Shanghai Cancer Center (FUSCC), Shanghai, China.
The tissue microarray utilized in this study was sourced from the

FUSCCcohort, consisting of 140samples frompatients diagnosedwith
GC who underwent gastrectomy without neoadjuvant chemotherapy
or radiotherapybetweenNovember 2008 and June 2010. Patientswere
followed up every 6months until November 2015, with overall survival
(OS) defined as the time from surgery to death or the end of follow-up,
and recurrence free survival (RFS) defined as the time from surgery to
recurrence/metastasis or the end of follow-up. Baseline tumor samples
from 21 GC patients who received neoadjuvant anti-PD1 plus che-
motherapy treatment were collected during pre-treatment gastric
endoscopy procedures. Informed consent was obtained from all
patients prior to tissue collection, and the study protocol was
approved by the Clinical Research Ethics Committee of FUSCC.

Spatial transcriptomics sequencing
Two paraffin-embedded gastric cancer tissue blocks with DV200 >50
were selected for spatial transcriptomic sequencing. The Visium FFPE
Spatial platform (10× Genomics) was employed with spatially bar-
coded mRNA-binding oligonucleotides in the default protocol to
capture comprehensive gene expression information for spatial tran-
scriptomics slides. Each capture area (6.5 × 6.5mm²) contains 5,000
barcode spots with a diameter of 55 µm. H&E image preparation was
performed according to the recommended protocol. Raw sequencing
reads of spatial transcriptomics were quality checked and mapped by
Space Ranger package. The generated gene-spot matrices were ana-
lyzed with the Seurat package. Signature scores were calculated based
on the average expression levels of relevant genes while spatial feature
expression plots were generated through the “SpatialFeaturePlot”
function in Seurat.

Mouse model
The mouse gastric cancer cell line MFC was obtained from Pricella
Life Science & Technology Co., Ltd (cat.no. CL-0156). Female 615
mice51 (6 weeks) were obtained from Hangzhou Ziyuan Laboratory
Animal Care Co., Ltd, and OT-II mice52 were obtained from Shanghai
Model Organisms Center. They were housed in the pathogen-free
environment with a temperature of 24 °C, humidity of 50%, and a
light-dark cycle of 12 h–12 h. Female mice were used in this study,
because no sex-specific differences were observed in clinical
cohorts and female mice were mostly used for tumor experiments
due to their reduced fighting behaviors which facilitates group
housing. All mice were randomly assigned to the control or
experimental groups. For the gastric cancer model, 1 × 106 MFC cells
resuspended in 200 μL of PBS were injected into the left flank of 615

Fig. 6 | apCAFs and pro-inflammatory macrophages exhibit positive feedback
regulation in the tumormicroenvironment. A Distribution (left) and proportion
(right) of macrophages subclusters in tumors from control, apCAFs and MHC II-

CAFs groups (n = 2 mice/per group). B Expression levels of pro-inflammatory
phenotype and pro-inflammatory phenotype related genes among various sub-
clusters of macrophages. C Representative images of multiplex immuno-
fluorescence (green: CD74; red: PDGFRA; white: CD68; purple: CD86) and distance
from apCAFs or MHC II- CAFs to pro-inflammatory macrophages. Statistical sig-
nificance was determined using Mann–Whitney two-sided test. Multiplexed
immunofluorescenceassays areperformed twice on tumor samples following assay
optimization.D Spatial feature plot of pro-inflammatorymacrophages signature in
sample 1. ST: Spatial transcriptomics. E Correlation of signature score of apCAFs
and pro-inflammatory macrophages in spatial transcriptomics data of sample 1.
Correlation was evaluated using the two-sided Spearman rank correlation coeffi-
cient. F Correlation of signature score of apCAFs and pro-inflammatory macro-
phages in ACRG cohort (n = 300). Correlation was evaluated using the two-sided
Spearman rank correlation coefficient. G Heatmap showing ligands activity and
regulatory potential of the prioritized ligands in apCAFs to macrophages.
H Schematic representation of apCAFs or MHC II- CAFs and macrophages co-
cultured experiments. Created in BioRender. Song, J. (2024) https://BioRender.
com/r25u487. I The expression of pro-inflammatory genes and anti-inflammatory

genes in macrophages after co-culture with apCAFs or MHC II- CAFs (n = 3 in each
group). J The proportion of pro-inflammatorymacrophages (CD86+ cells and MHC
II+ cells) in macrophages after co-culture with apCAFs or MHC II- CAFs from five
different patients. Error bars represent themean± SEM. Statistical significance was
determined using one-way ANOVA, followed by a two-sided Dunnett’s test to
compare the specific differencesbetween the groups. Source data are providedas a
Source Data file. K The prediction of ligand-receptor interaction activity from
macrophage subclusters to apCAFs through “CellChat” algorithm. Pro-inflam
Macro: pro-inflammation macrophages; Anti-inflam Macro: Anti-inflammation
macrophages. L The prediction of ligand-receptor interactions activity between
pro-inflammatory macrophages and apCAFs through “CellCall” algorithm. Pro-
inflam Macro: pro-inflammation macrophages; Anti-inflam Macro: Anti-
inflammation macrophages. M Schematic representation of control macrophages
or pro-inflammatory macrophages and pan-CAFs co-cultured experiments. Pro-
inflam Macro: pro-inflammation macrophages. Created in BioRender. Song, J.
(2024) https://BioRender.com/h05n316. N The proportion of apCAFs in pan-CAFs
from five different patients after co-culture with control macrophages or pro-
inflammatory macrophages. Error bars represent the mean ± SEM. Statistical sig-
nificancewasdeterminedusingunpaired two-sided t-test. Sourcedata areprovided
as a Source Data file. Pro-inflam Macro: pro-inflammation macrophages.
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mice. For co-transplantation experiments, MFC cells (1 × 106) and
apCAFs (1 × 105) or MHC II- CAFs (1 × 105) were jointly injected into
the left flank of mice. The tumor volume (V) of the mice was mea-
sured using a digital caliper to assess the length and width every
2 days, and the volume was calculated as V = (length × width2) / 2.
The maximum tumor size allowed is 1000mm³, and all experiments

were conducted in accordance with this limit, which has been
approved by Animal Care and Use Committee of FUSCC. Early ter-
mination was performed if mice exhibited signs of severe distress,
weight loss exceeding 15%, or tumor ulceration. Euthanasia was
carried out using CO2 inhalation. All of the mouse experiments were
approved by the Animal Care and Use Committee of FUSCC.
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Sample preparation
For both human andmouse tumor tissues, fresh samples were washed
with PBS and then minced into small pieces. These tissues were
digested with collagenase IV (1mg/ml; Sigma, cat. no. C1889), Dispase
II (1mg/ml; Roche, cat. no. SCM133), and DNase I (0.1mg/ml; Sigma,
cat. no. DN25) with continuous stirring at 37 °C for 1 h. Single-cell
suspensions from human tumors were filtered through a 100 μm
strainer, while those frommouse tumorswerefiltered through a 70μm
strainer. Mouse spleens were mechanically dissociated and the
resulting single-cell suspensions were filtered through a 40 μm strai-
ner. All single-cell suspensions were washed twice with PBS prior to
further experimentation.

Single-cell RNA sequencing
Fresh mouse tumor tissues were collected 15 days after inoculation,
and tissue samples were washed with phosphate buffered saline (PBS)
and then minced into small pieces. Then, these tissues were digested
with collagenase IV (1mg/ml; Sigma, cat. no. C1889), Dispase II (1mg/
ml; Roche, cat. no. SCM133), and DNase I (0.1mg/ml; Sigma, cat. no.
DN25) with continuous stirring at 37 °C for 1 h. Single cell suspensions
were washed twice with flow cytometry buffer, followed by anti-CD45
(Biolegend, cat. no. 103131) staining for 20min. Sorted by flow cyto-
metry, all immune cells were collected and libraries were constructed
according to 10× Genomics single cell sequencing kit following the
recommended protocol, and sequenced on Illumina platform.

scRNA-seq data processing and clustering
Raw gene expression matrices were merged and processed by Seurat.
To define the fibroblasts in GC, we conducted quality control and
performed two rounds of unsupervised clustering. In brief, the first
round analysis pertained to distinguishing fibroblasts from other cell
types in each dataset separately, based on highly expressing canonical
fibroblasts marker genes (COL1A1, PDGFRA, DCN). Mural cells were
excludeddue to their prominent expressionof ACTA2, TAGLN,MYH11,
PDGFRB and noticeable distance between the mural cell clusters and
fibroblasts clusters in UMAP plot. In order to exclude doublets, we
firstly filtered out cells with low quality based on threemetrics: (1) cells
with fewer than 200 genes or >6000 genes. (2) cells with fewer than
500 or >30000 unique molecular identifiers (UMIs). (3) cells with
mitochondrial gene percentages exceeding 20%. Then, “Dou-
bletFinder”packagewas utilized to estimate potential doublets in each
sample and potential doublets were removed. The integration of

different sample batches was performed using the harmony method.
Scaled data after normalization were used for principal component
analysis (PCA) using 2000 highly variable genes. The first 15 principal
components were utilized for UMAP embedding, with the first 2
principal components serving as UMAP initialization. Differentially
expressed genes were identified using the “FindAllMarkers” to func-
tionally characterize the clusters.

The “AddModuleScore” function from the “Seurat” package was
used to compute the average expression of genes in specific gene sets.
For the cytotoxic score, eightmarker genes for cytotoxic T cells (Nkg7,
Gzma,Gzmb, Ifng,Ccl4,Cst7, Prf1, andCcl3)53 were used to calculate the
cytotoxicity score. For the exhausted score, seven marker genes for
exhausted T cells (Pdcd1, Ctla4, Havcr2, Lag3, Tigit, Tox and Layn)53

were used to calculate the exhausted score. The final value as the input
for further analysis were calculated by Z= ðX� �XÞ=S, where X is the
value from the above procedures. For trajectory analysis, the “mono-
cle” R package was employed to perform pseudotime ordering and
infer the state evolution of CD4+ T cells.

Cell communication analysis
To decipher which cell cluster potentially interacts with the cell clus-
ters of interest, the R package “Cellchat”54 and R package “CellCall”55

were employed to systematically infer and visualize the abundance of
ligand-receptor interactions among different cell clusters. This toolkit
leveraged a database of ligand-receptor interactions to deduce biolo-
gically significant cell-cell communication from scRNA-seq data. The R
package “NicheNet”56 could predict active ligand and regulatory target
gene between interacting cells according to combination of expres-
sion data and gene regulatory networks. We applied
NicheNet algorithm to infer which ligand and receptor genes poten-
tially impact the cell clusters of interest.

Calculation of the signature in bulk RNA-seq datasets
To identify the apCAFs signature, the “FindAllMarkers” function was
used to calculate apCAFs marker genes in the single-cell sequencing
dataset. Genes expressed in >75% of apCAFs cells, with expression in
<50%of the remainingCAFs cells, andwith expression levels in apCAFs
cells >1.5 times higher than in other cells were selected as core marker
genes for apCAFs. Additionally, characteristic apCAFs features from
pan-cancer studies were incorporated57, resulting in a total of 16 genes
being included as the apCAFs signature. The TLS signature58 and pro-
inflammatory macrophages signature59 are sourced from the previous

Fig. 7 | Baseline intratumoral apCAFs predicts clinical benefits from immu-
notherapy. A Schematic of GC patients treated with anti-PD1 therapy used as
discovery cohort. Created in BioRender. Song, J. (2024) https://BioRender.com/
m64n940. B Bar chart representing apCAFs signature in patients with high
immune signature (n = 22) or low immune signature (n = 23) in discovery cohort.
Error bars represent the mean ± SEM. Statistical significance was determined
using unpaied t-test. Source data are provided as a Source Data file. C Bar chart
representing apCAFs signature in responders (n = 12) and non-responders (n = 33)
in discovery cohort. Error bars represent the mean ± SEM. Statistical significance
was determined using unpaired two-sided t-test. Source data are provided as a
Source Data file. R: responders; NR: non-responders. D ROC curves showing the
value of apCAFs in predicting therapeutic response in discovery cohort. Source
data are provided as a Source Data file. E Schematic of GC patients treated with
neoadjuvant anti-PD1 plus chemotherapy used as validation cohort. Created in
BioRender. Song, J. (2024) https://BioRender.com/a10h486. F Representative CT
images of patients with different responses to neoadjuvant anti-PD1 plus che-
motherapy in validation cohort. R: responders; NR: non-responders.
G Representative images of multiplex immunofluorescence characterizing the
apCAFs in patients with different responses in validation cohort (green: CD74;
red: PDGFRA). H Bar chart representing the proportionof apCAFs in all cells of
tumors with different responses to neoadjuvant anti-PD1 plus chemotherapy in
validation cohort (n = 21). Error bars represent the mean ± SEM. Statistical sig-
nificance was determined using unpaired two-sided t-test. Source data are

provided as a Source Data file. R: responders; NR: non-responders. I ROC curves
showing the value of apCAFs in predicting therapeutic response in validation
cohort. Source data are provided as a Source Data file. J UMAP plots and pro-
portion of CAFs clusters in pre-treatment and post-treatment tissues from
patients with different responses in triple negative breast cancer cohort (n = 22).
TNBC: triple negative breast cancer; R: responders; NR: non-responders. K Violin
plots showing apCAFs signature in CAFs (n = 10825) from pre- and post-treatment
tissues of patients with different responses. The box is bounded by the first and
third quartile with a horizontal line at the median and whiskers extend to the
maximum and minimum value. Statistical significance was determined using
Mann–Whitney two-sided test. R: responders; NR: non-responders. L Predictive
value of apCAFs to clinical benefits in melanoma patients receiving anti-PD1
therapy (n = 41). Error bars represent the mean ± SEM. Statistical significance was
determined using unpaired two-sided t-test. Source data are provided as a Source
Data file. R: responders; NR: non-responders. M Predictive value of apCAFs to
clinical benefits in melanoma patients receiving anti-PD1 and anti-CTLA4 therapy
(n = 32). Error bars represent the mean ± SEM. Statistical significance was deter-
mined using unpaired two-sided t-test. Source data are provided as a Source Data
file. R: responders; NR: non-responders. N Predictive value of apCAFs to clinical
benefits in non-small cell lung cancer patients receiving anti-PD1 therapy (n = 16).
Error bars represent the mean ± SEM. Statistical significance was determined
using Mann–Whitney two-sided test. Source data are provided as a Source Data
file. NSCLC: non-small cell lung cancer; R: responders; NR: non-responders.
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studies (Supplementary Data 2). We quantified the TLS, pro-
inflammatory macrophages and apCAFs abundance in each sample
by calculating the average expression of all genes in the signature.

Spatial transcriptomics sequencing analysis
For the integration analysis of spatial transcriptomic data from two
different tumor sections, after quality control, we utilized MCP-
counter method (which allows the robust quantification of the abso-
lute abundance of eight immune populations from transcriptomic
data17) and signatures derived from the integrated scRNA-seq data to
assess the abundance scores of each cell type.

Flow cytometry
Before antibody staining, we incubated the cells with anti-Fc receptor
antibody to block non-specific staining. For surface staining, single
cell suspensions were washed for twice with FACS buffer, followed by
antibody staining for 20min. For cytokine staining, treated with
protein transport inhibitor cocktail (Invitrogen, cat. no. C5138) for
6 h, single cell suspensions were then surface stained as above, fixed
and resuspended with 10% permeabilization buffer (Biolegend, cat.
no. 421002). After flow antibody staining, 7-AAD dye (Biolegend, cat.
no. 420403) was used to exclude dead cells. During the flow sorting
and analysis process, CD45-EPCAM-CD31-PDPN+MHC II+ cells were
defined as apCAFs, CD45-EPCAM-CD31-PDPN+MHC II- cells were
defined as MHC II- CAFs, and CD45-EPCAM-CD31-PDPN+ were defined
as pan-CAFs. The antibodies used for flow cytometry were included
in Supplementary Data 3. The gating strategies used for cell sorting
and flow cytometry have been shown in Supplementary Fig. 5 and
Supplementary Fig. 6.

CAFs and T cells co-cultured experiment
First, seed the flow-sorted apCAFs or MHC II- CAFs cells into a 96-well
plate. Incubate the cells at 37 °C with complete culture medium con-
taining 25μg/ml ovalbumin (OVA) peptide (OVA 323-339; GenScript;
cat.no. RP10610) for 4 h. After incubation, wash the cells three times
with PBS. Next, obtain the single-cell suspension by mechanically
grinding the spleen of OT-II mice. Filter and wash the suspension, then
usemouseCD4+ T cells isolation kit (Biolegend; cat.no.480006) to sort
the CD4+ T cells from the suspension.Wash the sorted CD4+ T cells and
seed them into the 96-well plate containing apCAFs or MHC II- CAFs at
a T cell to CAFs ratio of 1:1. Co-culture the cells for 24 h and proceed
with subsequent flow cytometry analysis.

To assess the impact of CD4+ T cells on CD8+ T cells proliferation
and function, CD8+ T cells were first isolated from the spleens of 615
mice using mouse CD8+ T cells isolation kit (Biolegend; cat.no.480008),
and labeled with CellTrace CFSE dye (1μM; Thermo Fisher Scientific;
cat.no.C34570) for 20min. After washing the cells three times with
complete DMEM medium, they were resuspended in a medium con-
taining mouse T-Activator CD3/CD28 beads (25μl/ml; Thermo Fisher
Scientific; cat.no.11452D) and mouse recombinant IL-2 (100 IU/ml;
STEMCELL; cat.no.78081). CD4+ T cells, which hadbeen co-culturedwith
apCAFs, were collected and washed. CD4+ T cells and CD8+ T cells were
then co-cultured at a 1:1 ratio for 72 h, followed by flow cytometry
analysis. For assessing CD8+ T cells function, CD4+ T cells, previously co-
cultured with apCAFs, were co-cultured with CD8+ T cells cells at a 1:1
ratio for 48h. Cell stimulation cocktail plus protein transport inhibitors
(2μl/ml; Thermo Fisher Scientific; cat.no. 00-4975-93) was then added
to the co-culture system, and flow cytometry analysis was performed
after an additional 6 h. To assess the cytotoxicity of CD8+ T cells, tumor
cells were first labeled with CellTrace CFSE dye (1μM; Thermo Fisher
Scientific; cat.no.C34570) and then plated in a 96-well plate. CD8+

T cells, which hadbeen co-culturedwithCD4+ T cells, were collected and
co-cultured with the tumor cells at a ratio of 5:1 (T cells to tumor cells).
After 48h, the cells were stained with 7-AAD dye and analyzed by flow
cytometry.

Isolation and co-culture of CAFs with macrophages
The humanmonocytic cell line THP-1 was purchased from Pricella Life
Science & Technology Co., Ltd (cat.no. CL-0233). The macrophages
were obtained by treating THP-1 cells with PMA (150 nM; MedChem-
Express; cat.no. HY-18739) for 24 h. FreshGC tissues frompatientswho
underwent surgery in Fudan university shanghai cancer center were
washed with phosphate-buffered saline (PBS) in three times and then
digested. The obtained single-cell suspension was subjected to flow
cytometry sorting, and the obtained apCAFs andMHC II- CAFswere co-
cultured with macrophages in a 1:1 ratio for 48 h before flow analysis.

For the co-culture experiment with pro-inflammatory macro-
phages and pan-CAFs, macrophages were first induced with LPS
(10 ng/ml; MedChemExpress; cat.no. HY-D1056) and IFN-γ (20 ng/ml;
MedChemExpress; cat.no. HY-P7025) for 48 h. Fresh gastric cancer
surgical sampleswere thenused to isolate pan-CAFs viaflowcytometry
sorting, and they were seeded at a 1:1 ratio into culture plates with the
pro-inflammatory macrophages. After 48 h of co-culture, flow cyto-
metry analysis was performed.

Survival analysis
The median value was employed as the threshold to distinguish
between the high apCAFs and lowapCAFs groups. Survival curveswere
generated using the Kaplan-Meier method, and p-values were derived
from the log-rank test. A multivariable Cox proportional hazards
model was utilized to calculate hazard ratios, with survival analysis
performed using the R package “survival”.

Multiplex immunofluorescence staining
FFPE sections were subjected to dewaxing and epitope retrieval. After
incubation with primary antibodies, slides were dealt with signal ampli-
fication and antibody stripping. Then nuclei were stained with DAPI
(5 µg/ml; Thermo Fisher Scientific; cat.no. D1306). The stained slides
were imaged and scanned using the 3DHISTECH fluorescence imaging
scanner and the quantification of cell proportions was performed using
HALO pathology analysis system (Indica Lab). All the antibodies were
purchased from Abcam and included in Supplementary Data 3.

Statistical analysis
For comparisons of more than two groups, one-way analysis of var-
iance (ANOVA) was used, assuming the data followed a normal dis-
tribution. When comparing two independent groups, the unpaired t-
test was applied for normally distributed data, while the
Mann–Whitney test was used for non-normally distributed data. For
paired samples, the paired t-test was used to compare two groups.
Differences in proportions between groups were assessed using the
Chi-square test. All statistical tests were two-sided unless otherwise
specified, and a P-value of <0.05 was considered statistically sig-
nificant. Error bars in the figures represent the standard deviation (SD)
or standard error of themean (SEM). GraphPadPrismversion 9.0.1 and
R software version 4.1.2 were used for statistical analysis.

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

Data availability
The raw sequencing data for single-cell RNA sequencing of mouse
gastric tumors generated in this study have been deposited at the
Genome Sequence Archive (GSA) at the National Genomics Data
Center (Beijing, China) under accession code CRA022852. The raw
sequencing data for transcriptomic and spatial transcriptomic
sequencing of human gastric cancer tissues, as well as transcriptomic
sequencing of THP-1 cells co-cultured with human antigen-presenting
cancer-associated fibroblasts, have been deposited at GSA-Human
database under accession codes HRA010368, HRA010384, and
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HRA010356, respectively. Due to data privacy laws, access to the raw
sequencing data is available for non-commercial use under controlled
access, and requests for access can be made to the corresponding
authors. The expression matrices from single-cell RNA sequencing of
mouse gastric tumors generated in this study are available in the Open
Archive forMiscellaneous Data (OMIX) database under accession code
OMIX007266. The expressionmatrices frombulk RNA sequencing and
spatial transcriptomics sequencing of human gastric cancer tissues are
available in the OMIX database under accession code OMIX007961.
The expression matrices of THP-1 cells co-cultured with antigen-
presenting cancer-associated fibroblasts are available in the Science
Data Bank [https://doi.org/10.57760/sciencedb.18610]. Additionally,
three publicly available single-cell RNA-seq datasets of human gastric
cancer are from the Gene Expression Omnibus (GEO) under accession
codes GSE134520, GSE167297, and GSE150290. The immunotherapy
single-cell RNA-seq dataset is available from the public database
[https://lambrechtslab.sites.vib.be/en/single-cell]. The Asian Cancer
Research Group bulk sequencing dataset and non-small cell lung
cancer immunotherapy cohort are available from the GEO database
under accession codes GSE62254 and GSE126044, respectively. The
immunotherapy cohorts for gastric cancer (KIMcohort) andmelanoma
(Gide cohort) are available from the Tumor Immune Dysfunction and
Exclusion (TIDE) database [http://tide.dfci.harvard.edu/download/]. All
data supporting the findings of this study are included in the Supple-
mentary Information or are available from the authors. Unique
reagents used in this study are also available upon request. The raw
numbers for charts and graphs are provided in the Source Data file,
where applicable. Source data are provided with this paper.

Code availability
Codes used in this study are available at GitHub (https://github.com/
SongJunquan/GC-apCAF).
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