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SUMMARY
Tumor stromal cells (TSCs) play a crucial yet underexplored role in the tumor microenvironment (TME). This
study uses single-cell sequencing and spatial transcriptomics on paired tumor specimens from 22 patients
with oral squamous cell carcinoma (OSCC) enrolled in a randomized two-arm phase 2 trial, receiving neoad-
juvant anti-PD-1 mono-immunotherapy or anti-PD-1 plus docetaxel-cisplatin-5-fluorouracil (TPF) immuno-
chemotherapy. Single-cell analysis reveals increased TSCs within the TME of responders in immunochemo-
therapy. Notably, significant post-treatment upregulation of SELP+ high endothelial venules (HEVs) and
APOD+ myofibroblastic cancer-associated fibroblasts (myCAFs), alongside a decline in STMN1+ capillary
endothelial cells (cECs), is specific to the immunochemotherapy cohort. In contrast, MYF5+ muscle satellite
cells (MSCs) are upregulated in non-responders to mono-immunotherapy. SELP+ HEVs and APOD+ myCAFs
foster favorable immunomodulatory stromal niches for improved outcomes, while STMN1+ cECs and MYF5+

MSCs form immunosuppressive niches in tumor invasion regions, highlighting therapeutic targets. The trial
was registered at ClinicalTrials.gov, and the registration number is NCT04649476.
INTRODUCTION

The tumor microenvironment (TME) represents a complex

ecosystem, characterized by a heterogeneous mix of resident

and infiltrating immune cells, stromal cells, blood vessels, and

extracellular matrix (ECM) components.1,2 Tumor genesis and

progression are governed by a series of genetic mutations,

disruptions, and modifications within stromal cells and their

surrounding matrix.3 At the forefront of tumor invasion, specific

stromal niches within the TME serve as crucial platforms for

pro-tumorigenic function,4–6 characterized by the increased

expression of genes crucial for tumor-stroma communication.

These niches facilitate an environment in which precancerous

cells can thrive, proliferate, metastasize, and evade immunolog-

ical surveillance. Thus, targeting tumor stromal cells (TSCs) is a

compelling therapeutic approach for the treatment of malignant

tumors,7 underlining the significance of understanding and

manipulating these stromal interactions for cancer therapy.

TSCs predominantly consist of tumor endothelial cells (TECs)

and cancer-associated fibroblasts (CAFs). TECs are crucial for

creatinghyperpermeablebloodvessels thatnot onlynurture tumor
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growth but also forge routes for metastasis. On the other hand,

CAFs significantly influence the behavior of tumor cells and are

key mediators of immune suppression within the TME, directly

affecting the effectiveness of therapeutic interventions. Although

anti-angiogenic therapies (AATs) havebeen foundational in cancer

treatment,8 their benefits are often short-lived, leading to chal-

lenges such as inconsistent efficacy and resistance among

different cancer types.9 While targeting CAFs has shown potential

in preclinical research, the findings have not been consistently

translated into clinical success.10 It is essential to acknowledge

the substantial heterogeneity of both TECs and CAFs within the

TME, which varies according to the tumor type and spatial loca-

tion. Moreover, anti-tumor treatments can induce adaptive

changes in the subtypes and functions of TECs and CAFs. A

deeper exploration of the heterogeneity of TSCs, particularly their

spatial-temporal dynamics during anti-tumor therapies, is essen-

tial for advancing our understanding of TSCs and for improving

the outcomes of cancer therapies.

Historically, our understanding into TSCs has been primarily

based on mouse models and histological analyses. Although

these approaches have laid the groundwork, they often fail to
rch 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Trial design and patients’ tumor response in the subgroups

(A) A total of 68 patients were enrolled in this trial, 34 patients were randomized to arm Im, and 34 patients were randomized to arm ImC. Im, mono-immuno-

therapy; ImC, immunotherapy combined with TPF chemotherapy.

(B) The two-arm design of the clinical trial. Eligible patients were treated with 3 doses of neoadjuvant camrelizumab in arm Im and 3 doses of neoadjuvant

camrelizumab plus 2 cycles of TPF chemotherapy in arm ImC.

(C) Proportion of patients with radiological response in the subgroups. PR, partial response; SD, stable disease; PD, progressive disease; NE, non-evaluable.

(D) Proportion of patients with pathological response in the subgroups. pCR, pathological complete response; MPR, major pathological response; pPR, path-

ological partial response; pNR, pathological non-response; NE, non-evaluable.
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capture the dynamic interactions and specific functions of stro-

mal subsets within clinical contexts. The advent of advanced

transcriptomic methodologies, such as RNA sequencing (RNA-

seq) and single-cell RNA sequencing (scRNA-seq), has signifi-

cantly enhanced our comprehension of the complexity within

TSC populations.11,12 The procurement of samples directly

from individuals enrolled in clinical trials, particularly those under-

going neoadjuvant therapies, provides invaluable insights into

the real-time evolution of TSCs under immune therapeutic pres-

sure. The evaluation of TSCs, particularly those from cancers

receiving immunotherapy, has garnered significant interest for

its potential to identify critical stromal cell subsets and offer

new therapeutic targets to improve outcomes.13,14 However,

the relatively modest success of stand-alone neoadjuvant

immunotherapy has limited our ability to fully understand the

anti-tumor dynamics of the stroma during treatment. Combining

immunotherapy with chemotherapy, referred to as neoadjuvant

immunochemotherapy (NAICT), has been shown to enhance

antigen release, stimulate T cell responses, increase the rate of

patients achieving pathological complete response (pCR), and

significantly prolong survival.15–18 Recent evidence has reported

higher pCR rates and improved event-free survival rates in

oral squamous cell carcinoma (OSCC) patients treated with
2 Cell Reports Medicine 6, 102024, March 18, 2025
NAICT19–21; the detailed mechanisms underlying these out-

comes remain to be elucidated.

In-depthanalysesof thestromal landscapeunderboth immuno-

therapy and immunochemotherapy conditions are critical, partic-

ularly to distinguish between treatment responders and non-re-

sponders. These analyses are key to enhancing our

understanding of how stromal cells react to different therapeutic

interventions and will significantly influence the development of

future treatment strategies. Leveraging theadvantagesofour dou-

ble-arm randomized controlled clinical trial (NCT04649476), we

obtained paired tumor samples from 22 patients diagnosed with

OSCC. Through single-cell sequencing and spatial transcriptom-

ics, this study unveils the dynamic changes within TSCs and

elucidates their roles throughout the course of NAICT and mono-

immunotherapy.

RESULTS

Clinical activity of NAICT in OSCC patients
In our clinical trial (NCT04649476), 68 locally advancedOSCC pa-

tients were enrolled and randomized to either neoadjuvant mono-

immunotherapy (Im) or immunotherapy combinedwith docetaxel-

cisplatin-5-fluorouracil (TPF) chemotherapy (ImC) (Figure 1A). The
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Figure 2. Comprehensive analysis of pathological responses and cellular profiles in OSCC patients undergoing immunotherapy

(A) Workflow diagram outlining the process from sample collection to scRNA-seq and spatial transcriptomic analysis.

(B) Clinical metadata and analyses performed for each patient, including response metrics and sample collection.

(legend continued on next page)
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whole treatment schedule was shown in Figure 1B. In brief, pa-

tients received camrelizumab intravenously for 3 doses in arm Im

and 3 doses of camrelizumab plus 2 cycles of TPF chemotherapy

inarm ImC.For radiological response, 3patients (8.8%)achieveda

partial response (PR) in arm Im according to the response

evaluation criteria in solid tumors (RECIST) criteria and 16 patients

(47.0%) achieved PR in arm ImC (Figures 1C and S1). It was

observed that 5 patients (14.7%) in arm Im and 26 patients

(76.4%) in arm ImC achieved pathological major response (Fig-

ure 1D). The data showed that the addition of TPF chemotherapy

to neoadjuvant immunotherapy in arm ImC significantly improved

the therapeutic efficacy compared to arm Im.

Single-cell analysis reveals increased stromal cells in
the TME of OSCC patients after immunochemotherapy
To gain a comprehensive understanding of the response mecha-

nisms, particularly distinguishing responders in OSCC, 40 tumor

samples from 22 patients including 12 immunotherapy non-

responders, 3 immunotherapy responders, and 7 responders

receiving immunochemotherapy were prepared into single-cell

suspensions for scRNA-seq. Additionally, spatial transcriptomics

was performed on the post-treatment tumor tissues from 5 immu-

notherapy non-responders, 1 immunotherapy responder, and 5

immunochemotherapy responders (Figure 2A). Detailed informa-

tion on the 22 patients enrolled in this study is presented in

Figure 2B and Table S1, while detailed quality control metrics

for individual patient samples are provided in Table S2.

A total of 236,996 high-quality cells were categorized into four

primary groups and eight major populations (malignant, endothe-

lial, fibroblast, T/natural killer [NK], B, macrophage, dendritic, and

mast cells) and visualized using graph-based uniform manifold

approximation and projection (UMAP) (Figures 2C, S2A, and

S2B). Malignant cells were separated based on classical epithelial

malignant genes (Figure 2D) and copy-number variations (CNVs)

(Figure S2C). Representative marker genes of several major clus-

terswere visualized (Figure2D). Thedifferentially expressedgenes

across the eight major subtypes are shown in Figure 2E. High pro-

portions of lymphoid cells (including T/NK and B cells) were

observed inbaseline tumor tissues frommono-immunotherapy re-

sponders, whereas stromal cells were prevalent in patients after

immunochemotherapy (Figure S2D). Paired analysis revealed

that an increase in the proportions of stromal cells post-treatment

was observed only in immunochemotherapy patients, with no sig-

nificant changes inmono-immunotherapypatients (Figures2Fand

S2E). Following immunochemotherapy, there was a significant in-

crease in endothelial and fibroblast cells, along with a decrease in

malignant cells; however, no changes were noted in other cell

types (Figure 2G). Additionally, our data demonstrated a marked

increase in the proportion of endothelial cells in the immunoche-

motherapy group compared to the mono-immunotherapy groups

(Figures S3A–S3C). Next, we focused on subtypes of endothelial

and fibroblast cells.
(C) UMAP plot categorizes all cells (n = 236,996) into malignant, endothelial, fibro

(D) UMAP plots showing representative markers for each cell type.

(E) A detailed heatmap of differential gene expression levels across cell types.

(F) Line plots illustrating the change in cellular fractions in paired samples among

(G) Bar plot comparing cellular fractions pre- and post-immunochemotherapy. Da
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Increase of SELP+ HEVs as well as decrease of STMN1+

cECs after immunochemotherapy
In total 37,284 endothelial cells were re-clustered into eight

populations: three types of high endothelial venules (HEVs)

(SELP+ HEVs, EGR1+ HEVs, and CLU+ HEVs), two capillary

endothelial cell (cEC) clusters (STMN1+ cECs and COL4A1+

cECs), CD52+ vein endothelial cells (vECs), CXCL12+ artery

endothelial cells (aECs), and TFPI+ lymphatic endothelial cells

(LECs) (Figures 3A, 3B, S4A, and S4B). UMAP visualization high-

lighted several hallmark genes unique to TECs (Figure 3C).

Notably, HEVs and vECs harbored high expression levels of

major histocompatibility complex class II (MHC-II) genes, sug-

gesting their potential roles in immunomodulation (Figure S4C).

Subsequent Gene Ontology (GO) analysis further revealed that

HEVs were more actively involved in cell adhesion and antigen

processing and presentation processes than cECs (Figure 3D).

In addition, there was a significant increase in SELP+ HEVs

and CXCL12+ aECs, as well as a decrease in STMN1+ cECs

and COL4A1+ cECs, after immunochemotherapy, but the pro-

portion of EGR1+ HEVs, CLU+ HEVs, vECs, and LECs was not

significantly changed (Figure 3E). Moreover, SELP+ HEVs and

CXCL12+ aECs showed post-treatment increases only in the im-

munochemotherapy group, and SELP+ HEVs showed a pro-

nouncedly increased proportion (Figures 3F, S4D, and S4E).

However, post-treatment decreases in STMN1+ cECs in immu-

notherapy responders and COL4A1+ cECs in immunotherapy

non-responders were detected (Figures 3F and S4D). Trajectory

analysis revealed potential transformation from cECs to HEVs

(Figures S4F and S4G). These data suggest that alternate

SELP+ HEVs, STMN1+ cECs, and CXCL12+ aECs may be asso-

ciated with the response of OSCC patients to NAICT.

We further conducted multiplex immunohistochemistry

(mIHC) on 36 tumor samples to track SELP+ HEVs and

STMN1+ cECs in the TME before and after treatment, aiming

to validate our aforementioned findings. Our analysis revealed

a significant increase in the abundance of SELP+ HEVs in the im-

munochemotherapy group compared to the mono-immuno-

therapy group (Figures 3G and 3H). This difference was espe-

cially pronounced post-treatment, as shown by the higher

density of SELP+ HEVs in immunochemotherapy samples.

Furthermore, we noted an increase in STMN1+ cECs post-treat-

ment in non-responders to mono-immunotherapy. Conversely,

STMN1+ cECs levels decreased in responders, regardless of

whether they received mono-immunotherapy or combination

therapy (Figures 3I and 3J).

Post-treatment increased APOD+ myCAFs in
immunochemotherapy and increased MYF5+ MSCs in
immunotherapy non-responders
A total of 43,880 fibroblast cells were categorized into six distinct

populations: two myofibroblastic CAF (myCAF) clusters (CTSK+

myCAFs and APOD+ myCAFs), inflammatory CAFs (iCAFs),
blast, T/NK, B, macrophage, dendritic cell (DC), and mast cell types.

immunochemotherapy. Two-sided paired t test.

ta are represented as mean ± SD. Wilcoxon test; *p < 0.05; ns, not significant.
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Figure 3. Characterization and dynamics of TEC subpopulations in OSCC during immunotherapy

(A) Visualization of tumor endothelial cell (TEC) subtypes (n = 37,284).

(B) Violin plots of gene expression markers for each subtype.

(C) UMAP plots indicating gene expression levels for classical TEC markers.

(legend continued on next page)
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antigen-presenting CAFs (apCAFs), smooth muscle cells

(SMCs), and muscle satellite cells (MSCs) (Figures 4A, 4B, and

S5A). The UMAP plot also delineated a spectrum of classical

markers associated with the different CAFs (Figure 4C). Notably,

apCAFs were found to harbor significant expression levels of

MHC-II genes, suggesting their potential roles in immunomodu-

lation (Figure 4D). The gene set enrichment analysis data showed

that myCAFs exhibited high scores for ECM remodeling,

whereas apCAFs exhibited high scores for adaptive immunity

(Figure S5B).

Regarding the proportion of different myCAFs, our results

revealed that immunotherapy patients exhibited a higher

proportion of myCAFs post-treatment, especially after immu-

nochemotherapy (Figures 4E and S5C). Although there was

a significant decrease in IL24+ iCAFs after immunochemother-

apy (Figure 4E), paired analysis revealed a substantial

decrease in immunotherapy non-responders (Figure S5D). In

contrast, post-treatment increases in APOD+ myCAFs were

observed only in the immunochemotherapy group (Figure 4F).

Moreover, a specific and marked increase in MYF5+ MSCs

was detected in immunotherapy non-responders (Figure 4F).

Gene set variation analysis (GSVA) analysis showed the inhib-

itory effects of MYF5+ MSCs on classical collagen fibril orga-

nization (Figure 4G), probably resulting in a physical barrier

to prevent immune cell infiltration. The proportion of other

CAF subsets did not change post-treatment (Figure S5D).

Trajectory analysis revealed potential transformation to

APOD+ myCAFs after immunochemotherapy (Figures S5E

and S5F). These data suggest that alternate APOD+ myCAFs

and MYF5+ SMCs may be associated with the NAICT

response.

We subsequently performed mIHC staining for APOD+ my-

CAFs and MYF5+ MSCs to validate our findings at the protein

level. At baseline, APOD+ myCAFs were particularly abundant

in responders to mono-immunotherapy. Post-treatment, we

observed a significant increase in APOD+ myCAF abundance

in the immunochemotherapy group compared to the mono-

immunotherapy group, underscoring the enhanced response eli-

cited by the combination therapy (Figures 4H and 4I). Further-

more, post-treatment analysis revealed an increase in MYF5+

MSCs in non-responders to mono-immunotherapy, while

MYF5+ MSCs levels remained consistently low in responders,

regardless of whether they received mono- and combination

therapies. This suggests a potential association between

elevated MYF5+ MSC levels and a poor therapeutic response

(Figures 4J and 4K).
(D) Bar plots depicting normalized enrichment scores for Gene Ontology terms, c

antigen presentation.

(E) Changes in endothelial cell subtype proportions pre- and post-immunotherap

applicable. Data are represented as mean ± SD. Wilcoxon test; *p < 0.05; ns, no

(F) Line graphs displaying subtype percentages across patient response categori

**p < 0.01; ns, not significant.

(G) Representative images of mIHC staining for SELP+ HEVs in post-treatment s

(H) Cell density of SELP+ HEVs in baseline and post-treatment samples from mon

(n = 4), and immunochemotherapy patients (n = 6). Horizontal bars indicate med

(I) Representative images of mIHC staining for STMN1+ cECs in post-treatment s

(J) Cell density of STMN1+ cECs in baseline and post-treatment samples frommo

(n = 4), and immunochemotherapy patients (n = 6). Horizontal bars indicate med
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SELP+ HEVs and APOD+ myCAFs contributed to
increased T/NKcell infiltration and antigen presentation
after immunochemotherapy
To visualize the interaction between TSCs and immune cells

within the TME and to investigate TSC function, we conducted

a combined analysis of scRNA-seq and spatial transcriptomics.

Notably, the analysis of cell-type abundance from the spatial

transcriptome data revealed the spatial co-occurrence of stro-

mal cells associated with immunochemotherapy. Specifically,

SELP+ HEVs and APOD+ myCAFs were found to be co-localized

in patients receiving immunochemotherapy (Figures 5A and S6).

Interestingly, SELP+ HEVs and APOD+ myCAFs were observed

to be spatially closer to cytotoxic T and NK cells than to other

cell types (Figure 5A), suggesting that stromal cells favorable

to immunochemotherapy are more likely co-localized with these

cytotoxic immune cells.

CellPhoneDB analysis further revealed that SELP+ HEVs and

APOD+ myCAFs exhibited strong interactions with cytotoxic T

and NK cells through the ICAM1, CD55, and CD34 signaling

pathways (Figure 5B). Notably, cytotoxic T and NK cells demon-

strated robust engagement with SELP+ HEVs via the LTA and

LTB signaling pathways, which may facilitate the formation of

tertiary lymphoid structures (TLSs). Additionally, APOD+ my-

CAFs showed significant interactions with cytotoxic T and NK

cells through the CXCL13 and CXCL16 signaling pathways,

potentially contributing to tumor regression (Figure S7). Alterna-

tively, EGR1+ HEVs strongly interacted with immune cells via

ICAM-related signaling pathways (Figures S8A–S8C). Interest-

ingly, mono-immunotherapy responders displayed higher CD8+

T cell infiltration in tumors compared to immunochemotherapy

responders, potentially enabling tumor remission in these

patients without TLS formation (Figure S8D).

The spatial co-localization of immunochemotherapy-favorable

stromal cells and cytotoxic immune cells was further validated us-

ing mIHC staining on pre- and post-treatment samples from im-

munochemotherapy responders. First, we examined the spatial

relationship between ICAM1+SELP+ HEVs and MHC-II+CD3+

T cells. Post-treatment, ICAM1+SELP+ HEVs were frequently

observed at a closer distance of 120 mm from MHC-II+CD3+

T cells, compared to a more distant interaction of 180 mm pre-

treatment (Figures 5C and 5D). This reduction in distance was

accompanied by a substantial increase in the density of MHC-

II+CD3+ T cells surrounding HEVs (Figure 5E). We also assessed

the association between ICAM1+APOD+ myCAFs and MHC-II+

T/NK cells. Post-treatment, the interaction distance between

ICAM1+APOD+ myCAFs and MHC-II+ T/NK cells decreased
omparing HEVs to cECs and highlighting processes such as cell adhesion and

y were depicted in comparative bar graphs, with statistical significance where

t significant.

es to immunotherapy or combined therapy. Two-sided paired t test; *p < 0.05;

amples. White asterisks highlight SELP+ HEVs. Scale bar, 50 mm.

o-immunotherapy non-responders (n = 9), mono-immunotherapy responders

ian. Two-sided unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

amples. White asterisks highlight STMN1+ cECs. Scale bar, 50 mm.

no-immunotherapy non-responders (n = 8), mono-immunotherapy responders

ian. Two-sided unpaired t test.
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Figure 4. Characterization and dynamics of fibroblast cell subpopulations in OSCC during immunotherapy

(A) UMAP plot showing tumor-associated fibroblast cells (n = 43,880) identified in the study.

(B) Violin plots depicting differential gene expression profiles across fibroblast subtypes.

(C) UMAP plots indicating gene expression levels for classical fibroblast markers.

(D) Dot plots correlate the expression levels of fibroblast markers with dot size reflecting the proportion of cells expressing the gene and color intensity repre-

senting expression level.

(legend continued on next page)
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from 180 mm pre-treatment to 120 mm (Figures 5F and 5G).

Concurrently, there was a notable increase in the density of

MHC-II+ T/NK cells within this interaction range surrounding the

myCAFs in post-treatment samples (Figure 5H). These findings

highlight that ICAM1+ stromal cells, including SELP+ HEVs and

APOD+ myCAFs, play critical roles in attracting and retaining

T/NK cells through ICAM1+ signaling. The increased presence of

MHC-II+ T/NK cells further suggests a potential antigen-present-

ing capacity of ICAM1+ stromal cells, supporting a stronger im-

mune activation response to immunochemotherapy.

STMN1+ cECs and MYF5+ MSCs enhanced immune
resistance to T/NK cells in non-responders after mono-
immunotherapy
A combined analysis of scRNA-seq and spatial transcriptomics

revealed an abundance of STMN1+ cECs and MYF5+ MSCs at

the tumor invasion front in mono-immunotherapy non-re-

sponders (Figures 6A and S9). Notably, STMN1+ cECs and

MYF5+ MSCs were found to be spatially closer to cancer cells

than to other cell types (Figure 6A), particularly in Pt27 and

Pt59, who exhibited progressive disease. CellPhoneDB analysis

indicated strong interactions between these non-responders’

favorable stromal cells and cancer cells through transforming

growth factor b (TGF-b) and NOTCH signaling pathways (Fig-

ure 6B). STMN1+ cECs and MYF5+ MSCs were also likely to

co-localize with cytotoxic T and NK cells. In addition, they ex-

pressed immunosuppressive molecules such as PVR and

NECTINs, engaging with T and NK cells via PVR/NECTIN-TIGIT

signaling, whichmay drive adaptive immune suppression. These

findings suggest that STMN1+ cECs and MYF5+ MSCs

contribute to immune evasion and tumor progression by promot-

ing interactions with cancer cells and creating an immunosup-

pressive microenvironment.

Using mIHC analysis, we investigated the spatial distribution

and interactions between immune and stromal cells within the

TME of mono-immunotherapy non-responders, both pre- and

post-treatment. We observed that STMN1+ cECs frequently

co-localized with CD3+ T cells, with the average interaction dis-

tance decreasing from 175 mm before treatment to 130 mm after

treatment (Figures 6C and D). This closer proximity was accom-

panied by a notable increase in TIGIT+CD3+ T cells within this

frequent interaction range in post-treatment samples, suggest-

ing enhanced immune modulation through PVR-TIGIT signaling.

Density distribution analysis further confirmed a notable clus-

tering of PVR+CD3+ T cells around STMN1+ cECs, highlighting

their role in creating a localized immune-suppressive niche (Fig-

ure 6E). Similarly, MYF5+ MSCs, identified by MYF5 and
(E) Comparative bar graphs showing the proportion of each fibroblast subtype be

test; *p < 0.05; **p < 0.01; ns, not significant.

(F) Line graphs demonstrating the key increased subtypes post-immunotherapy in

*p < 0.05; ns, not significant.

(G) GSVA analysis revealing a strongly negative correlation between MYF5+ MSC

(H) Representative images of mIHC staining for APOD+ myCAFs in post-treatme

(I) Cell density of APOD+myCAFs in baseline and post-treatment samples frommo

(n = 4), and immunochemotherapy patients (n = 6). Horizontal bars indicate med

(J) Representative images of mIHC staining for MYF5+ MSCs in post-treatment s

(K) Cell density of MYF5+ MSCs in baseline and post-treatment samples from mo

(n = 4), and immunochemotherapy patients (n = 6). Horizontal bars indicate med
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DESMIN, showed a close association with TIGIT+CD3+ T cells,

with the interaction distance decreasing from 160 mm pre-treat-

ment to 120 mm post-treatment (Figures 6F and 6G), indicating a

tighter spatial association. After treatment, the density of

TIGIT+CD3+ T cells surrounding MYF5+ MSCs significantly

increased, reflecting a strengthened immune-suppressive inter-

action. Density distribution analysis corroborated these findings,

showing an enriched connection of PVR+CD3+ T cells near

MYF5+ MSCs in post-treatment samples (Figure 6H). Collec-

tively, these results demonstrate that both STMN1+ cECs and

MYF5+ MSCs play pivotal roles in establishing a suppressive

TME by facilitating tighter spatial interactions and recruiting

TIGIT+CD3+ T cells, which may substantially compromise the

efficacy of immune checkpoint blockade therapy in non-

responders.

SELP+ HEVs and APOD+ myCAFs create immune-
favorable regions, while STMN1+ cECs andMYF5+MSCs
form immunosuppressive niches in the TME following
immunotherapy
In patients undergoing immunochemotherapy, the tumor regres-

sion region displayed significant formation of TLSs and extensive

immune cell infiltration (Figure S6). Notably, abundant SELP+

HEVs and APOD+myCAFs were prominently present in these re-

gions (Figure 7A). Spatial analysis further highlighted an enrich-

ment of key signaling pathways, including LTB, ICAM1, CD55,

and CXCL16 (Figure 7B), which are essential for facilitating T

and NK cell infiltration, promoting TLS formation, and enhancing

antigen processing and presentation, especially via MHC-II.

However, immunohistochemistry (IHC) staining showed no sig-

nificant differences in CD74 and LTB signaling between immuno-

chemotherapy and mono-immunotherapy non-responders (Fig-

ure S10), likely due to the limited immune cell infiltration in the

restoring regions. Additionally, spatial analysis indicated

elevated levels of T cell-mediated cytotoxicity and antigen pre-

sentation within the tumor regression region (Figure 7C). Collec-

tively, these findings emphasize the critical roles of SELP+ HEVs

and APOD+ myCAFs in facilitating T/NK cell infiltration and

enhancing antigen presentation, thereby contributing to effective

tumor regression.

In non-responders to mono-immunotherapy, several key

signaling pathways were identified within tumor invasion regions,

which may adversely impact immune response (Figures 7D, 7E,

and S10). Malignant cells exhibited strong interactions with

STMN1+ cECs and MYF5+ MSCs through JAG-NOTCH path-

ways, with STMN1+ cECs predominantly engaging via NOTCH1

signaling and MYF5+ MSCs via NOTCH2 signaling (Figure 7E).
fore and after immunotherapy. Data are represented as mean ± SD. Wilcoxon

paired samples, with statistical significance indicated. Two-sided paired t test;

s and collagen organization processes.

nt samples. White asterisks highlight APOD+ myCAFs. Scale bar, 50 mm.

no-immunotherapy non-responders (n = 9), mono-immunotherapy responders

ian. Two-sided unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001.

amples. White asterisks highlight MYF5+ MSCs. Scale bar, 50 mm.

no-immunotherapy non-responders (n = 9), mono-immunotherapy responders

ian. Two-sided unpaired t test.



A

D

E

F G

H

CB

(legend on next page)

Cell Reports Medicine 6, 102024, March 18, 2025 9

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
Additionally, cytotoxic T and NK cells displayed strong interac-

tions with STMN1+ cECs and MYF5+ MSCs through PVR

signaling pathways, with these immunosuppressive stromal

niches particularly interacting with cytotoxic T cells via TIGIT

signaling (Figure 7E). Spatial analysis further revealed elevated

levels of ECMorganization and degradation, particularly within tu-

mor invasion regions, which were associated with a suppressed

immune response and may adversely impact overall immune ac-

tivity (Figure 7F) Collectively, these findings suggest that STMN1+

cECs and MYF5+ MSCs play critical roles in promoting

immune resistance and facilitating tumor progression by medi-

ating ECM remodeling and immunosuppressive interactions

within the TME.

DISCUSSION

Immunecheckpoint blockade therapies haveushered in a newera

in the treatment of advanced cancers. However, only a few pa-

tients experiencedurable benefits from these therapies.22,23 A sig-

nificant challenge arises from the dynamic and heterogeneous na-

ture of the TME, which evolves as cancer progresses. Stromal

cells, including endothelial cells and fibroblasts, play a dominant

role in shaping the TME structure and characteristics. These cells

supply oxygen and nutrients and secrete ECMproteins. Emerging

evidence also suggests that these two cell types have specific

immune-modulating functions, indicating their complex roles in

tumor immune evasion and response to immunotherapy.24,25

TECs often exhibit reduced expression levels of adhesionmole-

cules such as ICAM1 and VCAM-1, which facilitate lymphocyte

homing. Additionally, TECs can upregulate the expression of

immune inhibitory molecules such as PD-L1.26,27 This creates a

barrier that prevents lymphocytes fromefficiently infiltrating the tu-

mor, thus weakening the overall immune response. In our present

study, we found that patients with OSCC who did not respond to

immunotherapy showed an increase in cECs within the TME.

These cells were less able to bind to lymphocytes and were

more likely to suppress the immune response via the TIGIT

pathway. These findings suggest that combining AAT, which can

help normalize the tumor vasculature, with immunotherapy could

significantly improve patient outcomes by enhancing lymphocyte

infiltration and their ability to attack the tumor. In fact, in a previ-

ously reported clinical trial, patients with locally advanced resect-

able OSCC who received camrelizumab and apatinib, an anti-

angiogenic treatment targeting VEGFR, as neoadjuvant therapy
Figure 5. Spatial transcriptomic analysis revealed immunomodulatory

(A) Estimated cell abundance is depicted by color intensity for all cell types (top le

the Kullback-Leibler (KL) divergence comparing the observed values between tw

(B) CellPhoneDB illustrating the intensity of ligand-receptor interactions across c

(C) Representative image of ICAM1+SELP+ HEVs andMHC-II+CD3+ cells. Elliptica

cells. Scale bar, 20 mm.

(D) Comparison of average distance from MHC-II+CD3+ cells to ICAM1+SELP+ H

bars indicate median. Two-sided unpaired t test; **p < 0.01.

(E) Quantification of MHC-II+CD3+ cell numbers at varying radial distances from

(F) Representative image of ICAM1+APOD+myCAFs andMHC-II+CD3+/CD56+ ce

MHC-II+CD3+/CD56+ cells. Scale bar, 20 mm.

(G) Comparison of average distance from MHC-II+CD3+/CD56+ cells to ICAM1+A

Horizontal bars indicate median. Two-sided unpaired t test.

(H) Quantification of MHC-II+CD3+/CD56+ cell numbers at varying radial distance
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demonstrated a high major pathological response (MPR) rate

with an acceptable safety profile.28

The endothelial cell compartment within the TME is diverse,

and certain subsets may benefit from immunotherapy. Recent

studies have reported the presence of a specialized subset of

endothelial cells that form vessel structures resembling HEVs

within or near TLSs at tumor sites. These HEV-like vessels are

equipped to facilitate the entry of lymphocytes into the tumor,

play a crucial role in the formation of TLSs, and boost the body’s

immune surveillance against tumors.29 The presence of strong

antigens in the TME leads to the spontaneous development of

HEVs in murine tumor models.30,31 In our study, a significant

number of patients treated with immunochemotherapy

experienced complete remission, which was closely linked to

increased tumor antigen release and subsequent expansion of

specialized SELP+ HEV-like endothelial cells. In addition, we

found that enhancing ICAM1 signaling in these endothelial cells

is key to attracting more immune cells to the tumor sites. Inter-

estingly, the interaction between SELP+ HEV-like endothelial

cells and T/NK cells through the lymphotoxin (LTa/LTb) path-

ways seems to encourage HEV formation and stimulate the

development of TLS. Studies have shown that tumor necrosis

factor (TNF)-a and lymphotoxins, mainly produced by activated

lymphocytes and NK cells, are essential for the formation of

tumor-associated HEVs in mouse models.32 It has also been

suggested that macrophages may help initiate the formation

of HEVs through TNF signaling pathways.33 In our study, we

observed that cytotoxic T/NK cells triggered TNF pathways,

leading to the formation of HEVs, and possibly improved immune

cell infiltration into the tumor.

Cancer cells transform the surrounding connective tissue into

CAFs. These CAFs actively remodel the ECM, a scaffold-like

structure in the TME.10 This remodeling is linked to lower survival

rates and the reduced effectiveness of PD-1 blockade therapy.34

Specifically, a type of CAF known as myCAFs, which are often

found close to cancer cells, stand out because they express

genes related to muscle and produce high levels of TGF-b, a

substance that suppresses the immune system’s ability to fight

cancer.35,36 Contrary to previous studies that explored the role

of myCAFs in mediating resistance to immunotherapy, our study

identified a distinct population of MYF5+ MSCs associated with

immunotherapy resistance.MSCs, ormuscle stem cells, encom-

pass various subtypes, one of which is characterized by high

MYF5 expression, indicating that these MSCs are primed
niches in OSCC post-immunochemotherapy

ft) as well as individually for each cell type (top right). The density plots illustrate

o clusters against the null distribution (bottom left).

ytotoxic T/NK cells and immunochemotherapy-friendly stromal cells.

l regions highlight ICAM1+SELP+ HEVs.White asterisks highlight MHC-II+CD3+

EVs pre- and post-treatment in immunochemotherapy responders. Horizontal

ICAM1+SELP+ HEVs.

lls. Elliptical regions highlight ICAM1+APOD+myCAFs.White asterisks highlight

POD+ myCAFs pre- and post-treatment in immunochemotherapy responders.

s from ICAM1+APOD+ myCAFs.
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for early activation.37 Previous research has suggested that

MYF5+MSCsmay contribute to the development of rhabdomyo-

sarcoma.38,39 Notably, the epithelial-to-mesenchymal transition

(EMT) transcription factor Snail has been reported to regulate

MYF5 expression, thereby promoting rhabdomyosarcoma

progression, indicating a potential link between tumor EMT pro-

cesses and MYF5 expression.40 However, the role of MYF5+

MSCs within the TME of immunotherapy-resistant cancers re-

mains unclear. In our analysis, the MYF5+ MSCs were notably

enriched at the invasive edges of tumors in patients resistant

to mono-immunotherapy, particularly those with clinical disease

progression. Furthermore, these cells interacted with tumor cells

via TGF-b and NOTCH signaling pathways, contributing to ECM

remodeling, while also suppressing immune responses through

the PVR-TIGIT signaling axis. These dual roles in promoting tu-

mor advancement and immune evasion suggest that MYF5+

MSCs represent an underexplored stromal subset driving immu-

notherapy resistance, highlighting their potential as a therapeutic

target warranting further investigation.

On the other hand, fibroblasts were also reported to play a

crucial role in tumor-promoting inflammation.41 It has been shown

that immune-regulatory or inflammatory CAFs can foster cancer

progression, facilitate immune evasion, and accelerate metas-

tasis, largely mediated by the secretion of cytokines and chemo-

kines. These factors recruit immunosuppressive myeloid cells,

such as myeloid-derived suppressor cells and T regulatory cells,

which further suppress the infiltration of cytotoxic lymphocytes

and dendritic cells, and promote the polarization of macrophages

toward an M2, pro-tumoral phenotype.42–44 However, recent

studies using scRNA-seq or novel markers have illuminated the

heterogeneity of the CAF subpopulations. For instance, it has

been reported that CAFs expressing complement regulatory fac-

tors enhance inflammation and immune response within the TME,

which were observed proximal to pancreatic cancer cells but

diminished as tumors progressed.45 Moreover, CAFs stimulated

by T cells can reshape the immunoregulatory landscape of

OSCC. These CAFs mitigated CD8+ T cell exhaustion, bolstered

residentmemory phenotypes, and amplified the cytolytic capabil-

ities of T cells.13 Recent research has also highlighted the preva-

lence of COL15A1+ myCAFs in head and neck squamous cell

carcinoma (HNSCC) patients, particularly in the peritumoral tis-

sues across various cancers, where they are associated with tis-

sue repair and regeneration.46 These myCAFs show upregulation

of genes related to adipogenesis, basement membrane compo-
Figure 6. Spatial transcriptomic analysis revealed immunosuppressive

(A) Estimated cell abundance is depicted by color intensity for all cell types (top le

the Kullback-Leibler (KL) divergence comparing the observed values between tw

(B) Dot plot analysis showing significant coinhibitory interactions between cytoto

(C) Representative image of PVR+STMN1+ cECs and TIGIT+CD3+ cells. Elliptica

cells. Scale bar, 20 mm.

(D) Comparison of average distance from TIGIT+CD3+ cells to PVR+STMN1+ cEC

indicate median. Two-sided unpaired t test; ***p < 0.001.

(E) Quantification of TIGIT+CD3+ cell numbers at varying radial distances from P

(F) Representative image of PVR+MYF5+ MSCs and TIGIT+CD3+ cells. Elliptical re

Scale bar, 20 mm.

(G) Comparison of average distance from TIGIT+CD3+ cells to PVR+MYF5+ MSC

indicate median. Two-sided unpaired t test.

(H) Quantification of TIGIT+CD3+ cell numbers at varying radial distances from P
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nents (such as COL15A1, LAMA2, and COL18A1), and tissue

regeneration and proliferation (such as APOD, APOE, IGF1, and

MDK), suggesting a role in maintaining epithelial cell regeneration

and tissue homeostasis, consistent with their peri-epithelial loca-

tion.47 In our study, we observed an increase in APOD+ myCAFs,

which exhibit a gene expression profile similar to COL15A1+ my-

CAFs among patients who responded positively to immunoche-

motherapy. These myCAFs exhibited strong interactions with

cytotoxic T/NK cells through the ICAM1, CD55, CXCL13, and

CXCL16 signaling pathways, suggesting a potential contribution

to tumor regression.

Stromal cells, including endothelial cells and fibroblasts,

interact with each other and other cell components, such as

cancer cells and immune cells, creating a complex microenvi-

ronment ecosystem known as a niche. Using spatial transcrip-

tomics, our study has revealed two distinct immunomodulatory

niches within the tumor landscape that may be associated with

the pathological response and durable survival outcomes of

patients. The first niche, predominantly observed in patients re-

sponding positively to immunochemotherapy, is characterized

by the notable presence of SELP+ HEV-like vessels and a

dense population of APOD+ myCAFs within the tumor recovery

zones. These anti-tumor stromal cells are not only intimately

associated with TLS but also foster a TME that is conducive

to effective immune responses, enhancing T cell penetration

and antigen presentation. Conversely, the second niche, iden-

tified primarily in patients who did not respond to mono-immu-

notherapy, is distinguished by the proliferation of STMN1+

cECs and a significant accumulation of MYF5+ MSCs at the

invasive frontiers of the tumor. This pro-tumor stromal configu-

ration, aside from its close association with cancer cells,

promotes an immunosuppressive TME by releasing inhibitory

signals, particularly PVR, which engages with TIGIT on immune

cells and suppresses their functions. Intriguingly, regions rich in

STMN1+ cECs and MYF5+ MSCs also contained malignant

cells with an activated NOTCH signaling pathway. This may

indicate a potential for the relapse of these stem-like cancer

cells, even among patients who initially responded to immuno-

chemotherapy. However, long-term follow-up is critical for

verifying this hypothesis. Going forward, research efforts

should be directed toward remodeling these immunomodula-

tory stromal niches toward a more immune-friendly orientation,

thus enhancing the efficacy of neoadjuvant immunotherapy

strategies.
niches in non-responders of OSCC post-immunotherapy

ft) as well as individually for each cell type (top right). The density plots illustrate

o clusters against the null distribution (bottom left).

xic T/NK cells and immunosuppressive stromal cells.

l regions highlight PVR+STMN1+ cECs. White asterisks highlight TIGIT+CD3+

s pre- and post-treatment in immunotherapy non-responders. Horizontal bars

VR+STMN1+ cECs.

gions highlight PVR+MYF5+ MSCs. White asterisks highlight TIGIT+CD3+ cells.

s pre- and post-treatment in immunotherapy non-responders. Horizontal bars

VR+MYF5+ MSCs.
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In summary, taking advantage of the two-arm design of our

clinical trial, the present study revealed critical TSC subsets

and their spatial-temporal dynamics during neoadjuvant immu-

notherapy and immunochemotherapy. We identified that the

dynamic formation of immunostimulatory stromal niches, char-

acterized by enrichment in SELP+ HEVs and APOD+ myCAFs,

is associated with favorable responses to NAICT. In contrast,

increased numbers of STMN1+ cECs and MYF5+ MSCs seem

to promote immunosuppressive stromal niches, which are

associated with poor outcomes in patients undergoing mono-

immunotherapy.

Limitations of the study
One limitation of our study is that it is a single-center clinical trial

with a relatively limited number of participants, which may

restrict the generalizability of our findings. Additionally, our sam-

ple collection was primarily limited to pre-treatment biopsies and

post-surgical specimens, lacking intermediate samples during

the neoadjuvant treatment period, particularly after the first

dose. This limitation prevents us to fully capture the dynamic

changes in the TME. Furthermore, while our study offers valuable

insights into clinical samples, it lacks in-depth functional valida-

tion, particularly regarding the potential therapeutic targets

identified. Nonetheless, our study successfully identifies distinct

tumor stromal niches in OSCC post-immunotherapy using

single-cell and spatial transcriptomics.
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Post-treatment resected samples This study N/A

Critical commercial assays

Opal 6-plex manual detection kit Akoya Cat# NEL811001KT

Visium Spatial Gene Expression Slide Kit 10x Genomics Cat# 1000188

Deposited data

Single-cell sequencing data This study GSA-Human: HRA00597

Spatial transcriptomic data This study GSA-Human: HRA009391

Software and algorithms

CeleScope Singleron https://github.com/singleron-RD/

Python v3.10.6 Python.org www.python.org/

Scanpy v1.9.3 Wolf et al.50 https://github.com/theislab/scanpy

BBKNN v1.3.6 Pola�nski et al.51 https://github.com/Teichlab/bbknn

cell2location 0.1 Kleshchevnikov et al.52 https://github.com/

BayraktarLab/cell2location

GraphPad Prism v9.4.1 GraphPad Software,

La Jolla California, USA

www.graphpad.com

Akoya Phenoptics inForm Akoya https://www.akoyabio.com

Other

Akoya Vectra3 system Akoya N/A
EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

This study was approved by the Ethics Committee of the Hospital of Stomatology, Wuhan University ([2020] Ethics No.2). Eligible

participants, both male and female, were between the ages of 18 and 70 years and had no prior treatments. All had newly diagnosed,

histologically confirmed oral squamous cell carcinoma, staged clinically as III-IVA (T1-2N1-2M0 or T3-4aN0-2M0, based on the 8th

edition of the American Joint Committee on Cancer (AJCC) staging system). To rule out distant metastasis, all patients underwent

chest CT and whole-body bone scintigraphy. Additionally, all participants had an ECOG performance status of 0–1, demonstrated
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normal major organ function, and were deemed capable of tolerating the prescribed treatment regimen. The primary endpoint was

the pathological response rate. Secondary endpoints included radiological response, 2-year event-free survival (EFS) rate, 2-year

overall survival (OS) rate and treatment-related adverse events (TRAEs). Written informed consent was obtained from all participants,

ensuring voluntary involvement and the absence of financial incentives. We collected 40 tumor samples from patients with OSCC

between March 2021 to September 2022. Diagnosis was confirmed by seasoned pathologists using a comprehensive approach

that included clinical assessment, phenotype analysis, and immunohistochemistry. The radiological response was evaluated by

radiographic examinations and defined by Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. In this clinical trial,

patients were divided into two categories based on their pathological response: those showing a pathological response rate

>50% were classified as responders, whereas those showing a pathological response rate less than 50% were classified as non-

responders.

The main exclusion criteria were as follows: patients who had experienced immune-related adverse events; those who had pre-

viously received antibody or drug targeting T cells or immune checkpoint pathways; and those requiring systemic steroid treatment

due to autoimmune diseases. The detailed inclusion and exclusion criteria could be found in supplemented Method S1. After

screening, sixty-eight eligible patients were randomly assigned (1:1) to receive camrelizumab (arm Cam) or camrelizumab plus

TPF chemotherapy (arm Cam+TPF).

METHOD DETAILS

Tissue dissociation and preparation process
After biopsy or surgical extraction, the tissues were immediately immersed in sCelLive Tissue Preservation Solution (Singleron) and

maintained under icy conditions. The tissueswere rinsed three times in Hank’s Balanced Salt Solution (HBSS) prior to fine cutting. For

enzymatic dissociation, the chopped tissues were treated with 3 mL of sCelLive Tissue Dissociation Solution (Singleron) and pro-

cessed using the Singleron PythoN Tissue Dissociation System at 37�C for 15 min. The obtained cell mixture was filtered using a

sterile 40 mm pore-sized strainer and then treated with an equal volume of GEXSCOPE RBC Lysis Buffer (Singleron). After centrifu-

gation for 5 min at 300 3 g at 4�C, the supernatant was discarded, and the cell sediment was carefully resuspended in PBS. Cell

viability was evaluated under a microscope after Trypan Blue staining.

Reverse transcription, amplification, and library formation
In the single-cell RNA sequencing (scRNA-seq) process, we adjusted cell suspensions to 200,000 cells/mL in PBS and then pro-

cessed them using the Singleron Matrix Single Cell Processing System. The system’s microwell chip isolated barcode beads and

captured mRNA. This step guided the progress to the synthesis of complementary DNA (cDNA) via reverse transcription and ampli-

fication using PCR. The synthesized cDNA was fragmented and prepared for next-generation sequencing by attaching sequencing

adapters. Following the protocol of the GEXSCOPE Single Cell RNA Library Kit (Singleron Biotechnologies),53 the libraries were con-

structed, diluted to a concentration of 4 nM, combined, and finally subjected to sequencing on the Illumina NovaSeq 6000 platform,

using 150 bp paired-end sequencing.

Initial processing of scRNA-seq raw data
Primary analysis of raw single-cell RNA sequencing (scRNA-seq) data was performed using the CeleScope pipeline (version 1.5.2,

https://github.com/singleron-RD/CeleScope). To ensure quality, Cutadapt54 (version 1.17) was applied to trim poly A tails and re-

move adapter sequences. This step also involved the extraction of cell barcodes and Unique Molecular Identifiers (UMIs). For the

alignment of reads, the STAR55 software (version 2.6.1a) was used and mapped them to the GRCh38 human reference genome

(sourced from Ensembl release 92). Subsequently, FeatureCounts56 (version 2.0.1) for the quantification of genes and UMI counts

were instrumental in generating expression matrices for later stages of analysis (Table S2). Additionally, cells further selected with

UMI counts below 30,000, gene counts within a range of 200 to 5,000, andmitochondrial DNA content less than 20%. Following these

filtration steps, the Scanpy50 software suite was used for more advanced analysis. We chose Scanorama57 (version 1.7.4) for inte-

grating scRNAseq data with ST data primarily to correct for potential batch effects that could arise, even among homogeneous tissue

samples. By using both Scanorama and BBKNN51 (version 1.3.6), we aimed to ensure that any technical variability across samples

was minimized, thereby enhancing the accuracy of our spatial mapping. This approach allowed us to better explore the potential

spatial distribution of phenotypes identified in the scRNAseq data within the tissue context. To identify malignancy, we assessed

copy number variations (CNVs) using scRNA-seq data. This involved the interpretation of large-scale chromosomal CNVs in individ-

ual cells based on averaged expression profiles across chromosomal segments.

Analysis of differentially expressed genes and cell type identification
The ‘rank_genes_groups’ function within the Scanpy framework was used to pinpoint differentially expressed genes (DEGs) by

applying the Wilcoxon rank-sum test with its standard settings. A gene was classified as differentially expressed if it appeared in

more than 10% of the cells in any given cluster and had an average logarithmic (fold change) value above 0.25. To annotate cell types

within each cluster, we integrated canonical markers found in DEGswith existing literature. The expression patterns of thesemarkers

were visualized using heatmaps and violin plots crafted through the ‘pl.rank_genes_groups_heatmap’ and ‘pl.stacked_violin’
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functions of Scanpy, respectively. The average Z score for each cluster was used to create heatmaps. Additionally, various cell types

have been identified, including malignant cells (KRT5, KRT7, KRT14), endothelial cells (CLDN5, FLT1, PECAM1, CDH5), fibroblast

cells (COL1A1, DCN, C1R), T cells (CD3D, CD4, CD8A), B cells (CD79A,MS4A1,MZB1), macrophages (CD68, CD163, C1QA), den-

dritic cells (CD1C, CD1E, HLA-DQA1), and mast cells (CPA3, TPSAB1, TPSB2). Furthermore, endothelial cells were classified into

five main subtypes based on their unique gene expression profiles: venous endothelial cells (vECs; CD52), capillary endothelial cells

(cECs; RGCC, SPARC, SGK1, COL15A1), arterial endothelial cells (aECs; SEMA3G, HEY1, GJA5), high endothelial venules (HEVs;

ACKR1, SELP), and lymphatic endothelial cells (LECs; PROX1, FTL4, PDPN). Fibroblasts were similarly divided into five subtypes:

myofibroblastic CAFs (myCAFs; LRRC15, FAP,POSTN, COL1A1), inflammatory CAFs (iCAFs; CXCL8, IL6, CCL2), antigen-present-

ing CAFs (apCAFs;CD74, HLA-DRA), smooth muscle cells (SMCs;MYH11, MYLK, TAGLN), and muscle satellite cells (MSCs;MYF5,

PAX7, DES).

Gene set enrichment and gene set variation analysis
In our study, gene regulatory networks in single-cell RNA sequencing data were analyzed usingDecoupleR58 (version 1.4.0), a Python

framework. DecoupleR utilizes the PROGENy method to convert changes in gene expression into pathway activity scores.

ClusterProfiler (version 4.7.0) was used to determine biological and molecular functions. GSVA59 (version 1.46.0) was used to calcu-

late pathway activity scores according to calculate pathway activity scores for each cell, drawing on gene set enrichment analysis

data fromMsigDB (available at http://www.gsea-msigdb.org/gsea/msigdb/). The LIMMA package (version 3.54.0) was used to iden-

tify differences in the signaling pathways among the various groups. Pathways with adjusted p values greater than 0.05 were

excluded from our analysis. Bar plots represent both the upregulated and downregulated pathways.

Cellular trajectory analysis
For the trajectory analysis of our combined dataset compiled with Seurat, we employedMonocle3 v.1.3.160 within RStudio. The initial

step of the data processing involved the preprocess_cds function. Dimension reduction and cell clustering were performed using the

reduce_dimension and cluster_cell functions, respectively. These processes have enabled the identification of cell clusters with

similar gene expression profiles. Plot cell function is pivotal in visualization, arranging cells in a pseudo-time sequence. To further

explore the developmental paths of the cells, we used the learning-graph function.

Analysis of intercellular communication
The CellPhoneDB61 Python package (version 2.1.7) was used to explore and quantify potential communication networks between

cell clusters. This package integrates the principles of molecular biology and bioinformatics. A CellPhoneDB object was created

based on the mean expression levels of ligands, receptors, and associated cofactors in various cell groups. The normalized expres-

sionmatrix was analyzed in detail. The cellphonedb plot dot_plot and cellphonedb plot heatmap_plot functionswere used to visualize

the intricate cell-to-cell communication network.

Generation of spatial transcriptomics data
Spatial transcriptomics was conducted on 11 samples, including five from immunochemotherapy patients (P10, P14, P62, P64, P66),

one mono-immunotherapy responder (P13), and five mono-immunotherapy non-responders (P22, P27, P59, P65, P67), utilizing the

advanced Visium spatial technology from 103Genomics. For regions of interest (ROIs), we selected tumor restorative regions in im-

munochemotherapy patients and tumor invasive regions in mono-immunotherapy non-responders. RNAwasmeticulously extracted

from 10 mm sections of FFPE tissue, using the Qiagen RNeasy FFPE Kit. RNA quality was assessed using an Agilent RNA 6000 Pico

Kit. Blocks with DV200 values >50%were selected for additional processing. In the spatial capture stage, a single tissue section was

carefully aligned in the capture zone of each Visium Spatial Gene Expression Slide Kit (PN-1000188, 10x Genomics). The tissue was

subjected to a series of treatments, including deparaffinization, staining, and decrosslinking, followed by hybridization, ligation,

release, and extension steps. Visium spatial gene expression FFPE libraries were meticulously assembled using both the Visium

Human Transcriptome Probe Kit (PN-1000363) and Visium FFPEReagent Kit (PN-1000363), according to themanufacturer’s instruc-

tions. These libraries were then sequenced on the Illumina NovaSeq 6000 system, aiming for a depth of at least 75,000 read pairs per

spot and identification of approximately 2,000 genes per spot. Further analysis of the spatial transcriptomic data was conducted

using Scanpy.

Cell type deconvolution based on scRNA-seq data
Spatial transcriptomics data were processed using Spaceranger (v1.2.2). Tomap fibroblast and immune cell subsets in ST slides, we

integrated 103 Visium data with scRNA-seq data through the cell2location package.52 This approach estimates the abundance of

each cell population at specific spatial locations by deconstructing mRNA counts in Visium data based on reference transcriptional

profiles. Reference cell type signatures were trained using a negative binomial regression model within cell2location on scRNA-seq

datasets. The model, trained with default parameters, provided posterior distributions of cell-type abundance for each spatial spot,

facilitating downstream analysis. The cell type proportion for each specific cell type was then calculated as the proportion of spots

with higher-than-average cell abundance across all selected spots on the ST slides.
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Cell type co-localization analysis
To analyze the spatial co-localization of stromal and immune cell subsets in spatial transcriptomics (ST) slides, we used spatial co-

ordinates of clusters identified via the cell2location algorithm as inputs for a custom Python function that computed spatial density

distributions of each cell subset using 30-bin histograms. For each cluster pair, we calculated the Kullback-Leibler (KL) divergence to

quantify dissimilarities in spatial distributions. If histograms for any cluster pair were empty, the calculation was skipped, and NaN

values were recorded. For valid pairs, density distributions were normalized, and KL divergence values were stored in a matrix.

We visualized spatial dissimilarities using a KL divergence heatmap and a density plot of KL values. To determine statistical signif-

icance, we created a null distribution by shuffling spatial locations 1000 times and recalculating KL divergence for randomly selected

groups representing 80% of the spots each time. Empirical p values were calculated as the fraction of permutations where the KL

divergence exceeded the observed value, providing statistical validation of spatial co-localization patterns.

To identify ligand-receptor pairs and functional gene sets with elevated expression in favorable stromal subsets (SELP+ HEVs and

APOD+ myCAFs), we computed signature scores and co-expression levels of ligand-receptor pairs within and outside ROIs. ROIs

were defined as spatial locations where the estimated abundance of a specific cell subset exceeded the population average. Signa-

ture scores were calculated using the scanpy.tl.score_genes function, and co-expression scores for ligand-receptor pairs were

determined by averaging the expression levels of the two genes in each pair. Statistical significance was assessed using the Wil-

coxon rank-sum test. Similarly, we applied the ROI concept to unfavorable stromal subsets (STMN1+ cECs and MYF5+ MSCs) to

evaluate ligand-receptor co-expression in these regions.

Multiplex immunohistochemistry (mIHC) staining
We collected 36 FFPE specimens from patients who had undergone single-cell RNA sequencing and performed immunofluores-

cence staining on these tumor sections to examine significantly altered patterns. The paraffin-embedded, paraformaldehyde-fixed

tissues were sectioned into 2 mm slices. After deparaffinization and rehydration, the sections were re-fixed in 10% paraformaldehyde

for 20min.Multiplex immunohistochemistry (mIHC) was then conducted using theOpal 6-PlexManual IHCKit (NEL811001KT, Akoya

Biosciences). To prepare for antibody incubation, tumor sections were blocked with Opal Antibody Diluent/Block for 10 min at room

temperature, and then primary antibodies were applied for 1 h at 37�C. Following TBST and ddH2Owashes, sections were incubated

with the secondary antibody (Opal Polymer HRP Ms + Rb) for 10 min at 37�C, rinsed in TBST and ddH2O, and subsequently stained

with a fluorescent dye (1:100 dilution in 13 Plus Amplification Diluent) for 10 min. DAPI (40,6-diamidino-2-phenylindole) staining was

then applied to all slides for 10 min at room temperature prior to imaging on the Akoya Vectra3 system. Finally, the images were pro-

cessed and spectrally unmixed in sequence using Akoya Phenoptics inForm 1.0.2 software. The primary antibodies used for mIHC

included: anti-human DARC (ab137044, Abcam, 1:200), PNAd (553863, BD, 1:400), SELP (ab6632, Abcam, 1:200), ICAM1 (67836S,

CST, 1:200), CD3 (85061S, CST, 1:400), MHC-II (ab180779, Abcam, 1:200), PDGFRa+b (ab32570, Abcam, 1:400), APOD (ab256496,

Abcam, 1:400), CD56 (99746S, CST, 1:200), PVR (ab267788, Abcam, 1:400), PAN-CK (4545S, CST, 1:800), CD34 (A13929, Abclonal,

1:200), STMN1 (ab52630, Abcam, 1:400), TIGIT (ab243903, Abcam, 1:200), MYF5 (MA5-26654, ThermoFisher, 1:400), and DESMIN

(ab227651, Abcam, 1:400).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9 (version 9.4.1, GraphPad Software) was used for statistical analysis. Comparisons of cell frequencies were per-

formed using the nonparametric Wilcoxon rank-sum test. Additionally, two-sided t-tests, including paired and unpaired tests, were

applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001. p < 0.05 was considered statistically significant. Detailed statistical strategies and

p values are provided in the relevant figures and their legends.

ADDITIONAL RESOURCES

This clinical trial has been registered on https://clinicaltrials.gov (NCT04649476).
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