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ABSTRACT
Background  Perineural invasion (PNI) is a hallmark of 
malignancy in solid tumors, including oral squamous 
cell carcinoma (OSCC), and is closely associated with 
poor prognosis. Emerging evidence suggests a critical 
association between PNI and the tumor immune 
microenvironment (TME).
Methods  In this study, we used spatial transcriptomics, 
in vitro and in vivo experiments, and clinical specimen 
validation to systematically study the interplay between 
neural infiltration and immune modulation in OSCC.
Results  Our results suggest that intratumoral nerves 
may enhance the recruitment of regulatory T cells (Tregs) 
through C-C motif chemokine ligand 5 (CCL5)-mediated 
chemotaxis and further promote the acquisition of an 
immunosuppressive phenotype in Tregs by activating the 
RAMP1 signaling pathway. Through these coordinated 
mechanisms, neural components in the TME contribute 
to immune suppression and facilitate tumor progression. 
Therapeutically, both combination of CCL5 blockade with 
anti-CTLA-4 antibody and the combination of RAMP1 
blockade with anti-PD-1 antibody exhibited significantly 
enhanced anti-tumor efficacy.
Conclusions  This study highlights a previously 
underappreciated neural-Treg axis in the TME and provides 
new insights into potential combinatorial strategies for 
cancer immunotherapy.

INTRODUCTION
Oral squamous cell carcinoma (OSCC) is the 
most prevalent malignant tumor in the head 
and neck region, accounting for over 90% 
of head and neck cancers.1 2 Patients often 
face challenges with chewing, speaking, and 
breathing postsurgery, and the 5-year survival 
rate is particularly low for those diagnosed at 
advanced stages. Risk factors for OSCC include 
tobacco and alcohol use, areca nut chewing, 
and poor oral hygiene, which contribute to 
chronic local inflammation induced by phys-
ical, chemical, or biological factors. Although 
studies have revealed numerous molecular 
events associated with OSCC, a thorough 

understanding of the spatial characteristics 
and interactions within the tumor microenvi-
ronment (TME) remains incomplete.

Besides the genome instability and muta-
tions that occur during tumorigenesis and 
tumor-promoting inflammation from the 
microenvironment,3 the interactions between 
the tumor and the nervous system are consid-
ered an important factor that promotes cancer 
cell growth and inhibits cytotoxic immune 
cells.4 Numerous studies have revealed that 
the activities of the nervous system or neurons 
support the process of cancer in central 
nervous system-related tumors, including 
glioma,5 by promoting proliferation and 
resistance to cell death. However, away from 
the central nervous system, the neural-related 
activities such as perineural invasions (PNIs) 
in other tumors were reported to interact 
with tumor and immune cells,6 and multiple 
cancer cell types exhibited the potential to 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Peripheral nerves contribute to tumor progression 
and immune regulation. Although neural interac-
tions with tumor cells and immune subsets have 
been described, the role of Tregs in the neural niche 
of perineural invasion (PNI+) tumors remains poorly 
understood.

WHAT THIS STUDY ADDS
	⇒ This study provides evidence that sensory nerves 
promote a Treg-enriched immunosuppressive mi-
croenvironment and clarifies the mechanistic basis 
of neural-Treg interactions in head and neck cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Targeting neural-Treg interactions may represent a 
potential approach to enhance immunotherapy effi-
cacy in tumors with PNI.

https://jitc.bmj.com/
https://orcid.org/0000-0002-7126-5976
https://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2025-013958&domain=pdf&date_stamp=2026-05-08


2 Wu K, et al. J Immunother Cancer 2026;14:e013958. doi:10.1136/jitc-2025-013958

Open access�

hijack neural signals.7 In fact, interactions in the periph-
eral neural-TME have been considered a candidate thera-
peutic target for cancer.8 In OSCC, neurogenic calcitonin 
gene-related peptide (CGRP) is associated with poor 
prognosis and induces resistance to nutrient starvation 
therapies in OSCC.9 However, research on the interac-
tions between neural and immune microenvironments in 
OSCC remains limited.

Immune checkpoint blockade, an emerging immu-
notherapeutic strategy, has demonstrated unexpectedly 
promising efficacy in clinical trials for advanced OSCC; 
nevertheless, its therapeutic benefit is limited to approx-
imately 15% of patients.10 Tregs have been well known as 
the key effector to inhibit immune response and maintain 
immune tolerance.11 In the cancer microenvironment, 
the cytotoxic effect of CD8+T cells is depleted by Tregs 
through co-inhibitory signals via cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) or through the secretion 
of inhibitory cytokines such as interleukin (IL)-10 and 
tumor growth factor (TGF)-β; therefore, Tregs are consid-
ered an optimal target for immune therapy.12 However, 
the regulatory mechanisms of Treg function are highly 
complex and include a series of events involving transcrip-
tion, post-translational modification, and metabolism.13 
Tumor evolution endows tumors with diverse strategies 
to modulate Treg function, including hypoxia, lactate, 
and others.14 Signal from nociceptive nerves in the tumor 
was reported to mediate inhibitory microenvironment 
through macrophages9 and T cells15 16; however, reports 
on regulating Tregs by nerves in the TME are scarce.

In this study, OSCC tissue samples with or without PNI 
were identified by pathological diagnosis and submitted 
for 10×Visium spatial transcriptomic sequencing. The 
cell composition and gene expression in the cancer area 
with or without nerve bundles were compared, and it was 
observed that the cancer area with PNI was infiltrated 
with more immune cells, and Tregs were the dominant 
cell lineage in the area, which promoted an inhibitory 
microenvironment. The ex vivo and in vivo study iden-
tified that the stimulation from nerves upregulated the 
expression levels of immune checkpoints in Tregs. The 
results of the cell–cell communication analysis suggested 
that CCL5 secreted by the neural niche recruits Tregs, 
subsequently activating the CGRP-RAMP1 axis. Tregs 
further reinforced the immunosuppressive TME, thereby 
promoting tumor progression. The mouse tumor-bearing 
model indicated that CCL5 and RAMP1 are candidate 
targets for combined therapy with immune checkpoint 
blockade in OSCC. To conclude, our study explored 
the spatial characteristics of PNI areas and proposed a 
novel immunotherapy strategy targeting neural invasion-
related targets in OSCC, contributing to advancements in 
the potential cure of the disease.

MATERIALS AND METHODS
Sample collection
Fresh tumor tissues were obtained from patients with 
OSCC who underwent surgical resection at the Ninth 
People’s Hospital. The inclusion criteria were as follows: 
(1) Histopathologically confirmed diagnosis; (2) no 
prior anti-tumor treatment before surgery; and (3) suffi-
cient tissue available for analysis. Patients with recurrent 
tumors or incomplete clinical data were excluded from 
the study. A total of 60 tumor specimens were collected, 
including 17 females and 43 males, with ages ranging 
from 27 to 84 years. Among them, 30 were diagnosed 
with PNI, while the remaining 30 exhibited no evidence 
of PNI. All diagnoses were confirmed by experienced 
histopathologists. Written informed consent was obtained 
from all participants.

Sample preparation and data generation
For spatial transcriptomics, surgically resected tissues 
were placed in an OCT-filled mold and snap-frozen 
using isopentane and liquid nitrogen. Cryosections were 
stored at –80°C until further use. Between five and ten 5 
µm-thick sections were prepared, and RNA was extracted 
using the RNeasy Mini Kit (#74104; Qiagen, Hilden, 
Germany) for immediate analysis. Samples with an RNA 
integrity number greater than seven were deemed suit-
able for analysis. The Visium Spatial Tissue Optimization 
slide was used to determine the optimal permeabilization 
conditions for tumor and normal tissues, following the 
10×Visium spatial tissue optimization protocol. During 
cryosectioning, samples were equilibrated at –20°C, and 
tissue blocks were trimmed to dimensions smaller than 
6.5×6.5 mm before being sectioned directly onto the 
optimization slide. The permeabilization time for the 
different tissue blocks ranged from 6 to 30 min. After 
establishing the optimal conditions, three cryosections 
per patient, each 10 µm thick, were mounted onto spatial 
slides and immediately processed.

The 10×Visium spatial gene expression protocol was 
strictly followed. The sectioned slides were stored at 
–20°C for 30 min. For staining, the slides were incubated 
sequentially with hematoxylin (#BCCC7207, SIGMA) for 
10 min, bluing buffer (#091824, Dako) for 2 min, and 
eosin (#17372-87-1, Merck) diluted 1:9 in Tris-base for 
1 min. Each staining step was followed by rinsing with 
RNase- and DNase-free water. Finally, the slides were 
imaged at 40× magnification using a microscope (Leica 
DMI8 and CS2).

The slides were placed in slide cassettes to partition 
the tissue sections into individual reaction chambers. 
The permeabilization enzyme from the 10×Visium Gene 
Expression Kit (PN-1000184) was applied to the tissue on 
the gene expression slide for the time determined during 
the tissue optimization step. Following incubation, the 
enzyme was removed, and the wells were rinsed with 
0.1×SSC (#SLCF2892, SIGMA) before reverse transcrip-
tion (RT) on a PCR instrument. After RT, the wells were 
washed again with 0.1×SSC. Subsequently, 75 µL of 0.08 
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M potassium hydroxide (KOH) was added to each well 
and incubated for 5 min at 25℃, after which the Second 
Strand Mix from the 10×Visium Gene Expression Kit 
(PN-1000184) was added to synthesize the second strand. 
Another 0.08 M KOH solution was added to each well 
for 10 min at 25℃. The cDNA yield was quantified using 
qPCR, and the double-stranded DNA was amplified by 
PCR based on the Cq values. Library preparation involved 
fragmentation, end repair, A-tailing, adapter ligation, 
and index PCR. The prepared libraries were sequenced 
using an Illumina NovaSeq platform. Data processing was 
performed using SpaceRanger (V.1.1.0; 10×Genomics, 
Pleasanton, California, USA), including the manual 
alignment of fiducial markers and manual identification 
of tissue boundaries.

Spatial transcriptomics data processing
Quality control results were obtained for all 18 527 spatial 
spots. The gene-spot matrices obtained from ST data 
processing of ST and Visium samples were analyzed using 
the ‘Seurat’ package (V.4.1.1) in R (V.4.1.0). Spot normal-
ization was conducted with the ‘SCTransform’ function, 
and data from all four samples were integrated using 
the ‘FindIntegrationAnchors’ function. Dimensionality 
reduction and clustering were performed using principal 
component analysis (PCA) with the ‘RunPCA’ function. 
The cell proportion of each spot was calculated using the 
robust cell type decomposition (RCTD) method, and the 
reference single-cell RNA sequencing data were obtained 
from GSE200996.

Functional pathway enrichment analysis
ClusterProfiler17 was used to perform gene set enrichment 
analysis (GSEA) and gene set variation analysis. Gene sets 
were obtained from the official GSEA database.18 19 The 
enrichment results were integrated into the Seurat object 
and visualized using the SpatialFeaturePlot function to 
display their spatial distribution across tissue sections.

Single-cell data analysis
Seurat was used for preprocessing and analysis of the 
single-cell transcriptomic data. The unique molecular 
identifier (UMI) count matrix was processed using the 
Seurat R package, retaining genes expressed in more 
than three cells. Cells with fewer than 200 detected genes 
or with mitochondrial gene content exceeding 10% were 
excluded. PCA was performed on the 2000 most vari-
able genes, and the top 25 principal components were 
subsequently used for dimensionality reduction with 
t-distributed stochastic neighbor embedding (t-SNE) 
and uniform manifold approximation and projection 
(UMAP) implemented using RunTSNE and RunUMAP 
functions in Seurat under default settings. Cell type anno-
tation was conducted using SingleR 20 (V.1.8.1) and Cell-
Marker (V.2.0).21

Visium spots annotation and nearest neighbors’ analysis
RCTD22 was applied to deconvolute the cellular compo-
sition of OSCC Visium spots. For spatial neighborhood 

estimation, the six nearest Visium spots were defined as 
spatial neighbors. Molecular and cellular neighborhood 
relationships were further identified using the Density-
Based Spatial Clustering of Applications with Noise 
algorithm.23

Tumor boundary identification
Malignancy of spatial transcriptomics spots was assessed 
with Cottrazm.24 Copy number variation (CNV) profiles 
were inferred using STInferCNV with non-malignant cell 
types as reference, and malignancy scores were calculated 
from CNV amplitudes (STCNVScore). Spots were further 
classified into malignant core (Mal), boundary (Bdy), 
and non-malignant (nMal) regions by BoundaryDefine 
for downstream analyses.

Spatial cell–cell communications
The Python package COMMOT25 (COMMunication 
analysis by Optimal Transport) was used to infer cell–
cell interactions from spatial transcriptomics data. Raw 
10 x Visium data were processed following the standard 
Scanpy workflow.26 The CellChat database27 was used to 
annotate ligand–receptor interactions and to perform 
spatial signaling stream analysis.

Bulk RNA-seq
Total RNA was extracted from cells using standard proto-
cols, and RNA quality was assessed before library prepa-
ration. Sequencing libraries were constructed following 
the manufacturer’s instructions and sequenced on an 
Illumina platform to generate paired-end reads. Raw 
reads were quality-controlled and aligned to the mouse 
reference genome (mm10). Gene expression levels were 
quantified, and differential expression analysis between 
groups was performed using DESeq2. Genes with an 
adjusted p<0.05 were considered significantly differ-
entially expressed. Pathway enrichment analysis was 
conducted in R.

H&E staining and immunohistochemistry
Paraffin-embedded tissue sections (3 µm) were depa-
raffinized in xylene and rehydrated through graded 
ethanol. For H&E staining, sections were stained with 
H&E, dehydrated, cleared, and mounted. For immuno-
histochemistry (IHC), sections underwent heat-induced 
antigen retrieval in citrate buffer, followed by blocking 
of endogenous peroxidase with 0.3% hydrogen peroxide 
and non-specific binding with 3% goat serum albumin. 
Sections were incubated overnight at 4℃ with primary 
antibodies against S100 (ORIGENE, ZM-0224, 1:100) 
and FOXP3 (ABCAM, ab20034; 1:200), followed by 
horseradish peroxidase-conjugated secondary antibody 
(Beyotime, A0208, 1:50) for 1 hour at room temperature. 
Nuclei were counterstained with hematoxylin, and slides 
were dehydrated, cleared, and mounted. Images were 
captured using a panoramic digital slide scanner (3D 
HISTECH, Hungary).
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Multiple immunofluorescence staining and analysis
To prevent non-specific staining from antibodies of the 
same species, multiplex immunofluorescence staining 
was conducted using the TSA Plus kit, following the 
manufacturer’s protocol for Tyramide Signal Amplifica-
tion. After antigen retrieval, spontaneous fluorescence in 
the paraffin sections was eliminated using a tissue fluores-
cence quencher. All tissue sections were scanned using a 
Pannoramic Scanner, including the Pannoramic DESK, 
P-MIDI, and P250 models (3D HISTECH, Hungary), and 
the results were analyzed using ImageJ software.

Mouse trigeminal ganglion and Tregs co-culture models
The trigeminal ganglia (TGs) were dissected, rinsed with 
ice-cold phosphate-buffered saline (PBS) containing 4% 
penicillin/streptomycin, and preserved in neurobasal 
medium supplemented with B-27 and 4% penicillin/
streptomycin. TGs were cultured for 1 week before experi-
mentation, with half of the medium replaced every 2 days. 
Subsequently, half of the TGs were treated with 1 mM 
capsaicin (CAP) for three consecutive days and served 
as the control group. Following treatment, all TGs were 
washed thrice with PBS and cultured in 2.5 mL of Dulbec-
co’s modified Eagle medium (DMEM) containing varying 
concentrations of glucose or glutamine for 72 hours. The 
conditioned medium (CM) was collected, centrifuged at 
1500×g for 5 min, filtered through a 0.22 µm filter, and 
diluted 1:1.5 with fresh medium to ensure sufficient 
nutrients for the Tregs.

Transwell migration assay
A Transwell assay was performed to evaluate CCL5-
induced migration of purified Tregs. Sorted Tregs were 
resuspended in serum-free medium and seeded into the 
upper chamber of Transwell inserts (5 µm pore size). The 
lower chamber contained (1) vehicle control, (2) recom-
binant CCL5, or (3) recombinant CCL5 plus a neutral-
izing anti-CCL5 antibody. After incubation at 37°C with 
5% CO2 for the indicated time, cells that migrated to the 
lower chamber were collected and counted. The number 
of migrated Tregs was compared among the groups. All 
experiments were performed in triplicate.

In vivo tumorigenicity assay
The mouse head and neck squamous cell carcinoma 
(HNSC) cell lines MOC1 and SCC7 were cultured in 
DMEM supplemented with 10% fetal bovine serum 
and 1% penicillin-streptomycin at 37°C in a humidified 
atmosphere containing 5% CO2. Cells were passaged on 
reaching 80%–90% confluency.

C57BL/6 or C3H/HE mice aged 4–6 weeks were 
bought from Suzhou Cyagen Bioscience and housed in 
a specific pathogen-free environment for 1 week before 
experimentation. A total of 5×104 tumor cells mixed with 
Matrigel were injected into the submucosa of one side 
of the tongue. The mice were maintained for approxi-
mately 7 days before being randomly assigned to different 
treatment groups. Mice were treated with anti-CTLA-4 

antibody (BioXcell, BE0164, 5 mg/kg, intraperitoneal 
injection, every 3 days), anti-CCL5 antibody (R&D, 
MAB478-500, 5 mg/kg, intraperitoneal injection, every 
3 days), anti-PD-1 antibody (BioXcell, BE0146, 10 mg/
kg, intraperitoneal injection, every 3 days), or rimegepant 
(MCE, HY-15498, 10 mg/kg, intraperitoneal injection, 
every day), as indicated. The mice were then subjected 
to the corresponding treatments and sacrificed at desig-
nated time points following the experimental design.

Flow cytometry
Samples from tissues or cultured cells were first processed 
into a single-cell suspension. The cells were washed with 
pre-cold PBS and stained with antibodies for 20 min. 
For intracellular staining, BD Cytofix/Cytoperm (BD 
Pharmingen, San Diego, California, USA) was used. The 
suspension was centrifuged for 5 min at 1000×g, and the 
cell pellet was resuspended in 400 µL PBS and evaluated 
using a flow cytometer. CD45+ CD3+ CD8+ cells were used 
to gate CD8+ T cells, and CD45+ CD3+ CD4+ cells were 
used to gate CD8+ T cells. Moreover, CD45+ CD3+ CD4+ 
CD25+ Foxp3+ cells were used to gate Tregs. Besides, the 
expressions of RAMP1, CD274, PDCD1, and TIM3 were 
detected. Zombie Green Fixable Viability Kit was used to 
gate viable cells.

Statistical analysis and data visualization
All statistical analyses were conducted using R soft-
ware (V.4.1.2). Differences in gene expression 
between the two groups were evaluated using the 
Wilcoxon rank-sum test, with statistical significance 
set at p<0.05. Data visualization was conducted using 
‘ggplot2’ and ‘ggsci’ packages.

RESULTS

Spatial transcriptomics features of OSCC samples
Four OSCC samples were collected during surgery 
and submitted to 10X Visium spatial transcriptomics 
sequencing. Transcriptomics data of 18 527 spots were 
gained (figure 1), and reference single-cell sequencing 
data were analyzed and annotated in online supple-
mental figure S1A). Survival analysis based on The 
Cancer Genome Atlas (TCGA) HNSC data from 448 
samples revealed that patients with PNI had a worse 
prognosis online supplemental figure S1B. H&E 
images of the four samples (TN0: without PNI; TN1-3 
with PNI) are presented in figure 1B. The nerve tissue 
areas were labeled, and IHC staining results of S100 
in three samples with PNI are presented in online 
supplemental figure S1C). Based on transcriptomic 
expression, the 18 527 spots were distributed into 23 
clusters (figure 1C). Combining with the pathological 
diagnosis, the spots were further identified as neural 
niche, nerve-independent tumor, epithelial tissue, 
stroma, muscle, and immune cells enriched areas, 
as exhibited in figure  1D. The results revealed that 
the three samples with PNIs had larger nerve-related 
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Figure 1  Spatial transcriptomics analysis of PNI samples. (A) OSCC sample spatial transcriptomics analysis flowchart; (B) H&E 
image of spatial transcriptomics samples with annotated nerve locations, TN0 is PNI− and TN1-3 are PNI+; (C) clustering of 
spatial transcriptomics spots; (D) annotation of spatial transcriptomics spots; (E) proportion of annotated spots in each sample; 
(F) spatial distribution of annotated spots. OSCC, oral squamous cell carcinoma; PNI, perineural invasion; TN0, tumor sample 
without PNI; TN1-3, tumor samples with PNI; UMI, unique molecular identifier.
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tumor (neural niche) areas; however, the sample 
without PNIs had larger nerve-independent tumor 
areas (figure  1E). The spatial distribution of the 
different areas on samples with or without PNI is 
exhibited in figure 1F; the representative markers are 
presented in online supplemental figure S1D).

OSCC with or without PNI exhibited different oncogenesis 
mechanisms
The transcription levels of S100A and the sensory nerve 
marker TRPV1 were significantly higher in the neural 
niche area than in the tumor area (figure 2A). Commot 
was applied for signaling stream analysis in OSCC 
samples, and it was observed that the nerve growth factor 
(NGF) signaling pathway was only enriched in samples 
with PNI (figure 2B). Kyoto Encyclopedia of Genes and 
Genomes enrichment results for differentially expressed 
genes revealed that neural niche areas were more related 
to T cell differentiation and functions than the tumor 
area (figure 2C,D). Marker genes from the neural niche 
and tumor areas were also enriched using Metascape 
algorithm (online supplemental figure S2A) and GOBP 
terms (online supplemental figure S2B). Compared 
with tumor areas, marker genes in neural niche areas 
exhibited enrichment in a greater number of immune 
response-related pathways. We analyzed the copy number 
variations of the sample based on the infercnv algorithm 
(figure 2E and online supplemental figure S2C); the CNV 
level in the tumor area was significantly higher than that in 
the neural niche area. We then performed cell–cell inter-
action analysis using CellChat, and the results revealed 
that in the tumor area (figure 2F), the signals were more 
associated with the proliferation of tumor cells, including 
the EGF (Epidermal Growth Factor) signaling pathway 
network. However, in the neural niche areas (figure 2G), 
cytokines or chemokines, such as the TGFβ (Trans-
forming Growth Factor-beta) signaling pathway, were 
more important. Further analysis of the EGF signaling 
pathway network (figure 2H), the TGFβ signaling pathway 
network (figure 2I), and the overall statistics of the inter-
action strength revealed that the neural niche area has 
more interactions with immune cells (figure 2G). These 
results indicate that although neural niche and tumor 
area were identified as malignant by pathologists, their 
inner drivers were different from each other, leading us 
to explore the relationship between PNI and the immune 
microenvironment.

PNI led to an inhibitory microenvironment by Treg infiltration
RCTD and cell neighbor methods were used to calculate 
the cell composition of each spot in the Visium sample. In 
samples with PNI, the neural niche areas were enriched 
with the most abundant immune cells (figure 3A,B), and 
Treg cells were the most dominant cell lineage among 
them (figure  3C). Visium data also revealed that Treg 
features were more abundant in the neural niche area 
than in the tumor area, and in the sample without PNI, 
there were fewer infiltrated Tregs (figure 3D). Then, we 

checked the expression levels of the immune checkpoint 
inhibitors (ICIs) genes and Treg markers on Visium 
data. The results revealed that PDCD1, CTLA-4, TIGIT, 
HAVCR2, LAG3, FOXP3, and IL2RA were mainly expressed 
in neural niche areas but not tumor areas (online supple-
mental figure S3A). Pathway analysis revealed that neural 
niche regions were characterized by enhanced metabolic 
activities, including glycolysis, oxidative phosphorylation, 
and fatty acid metabolism. Furthermore, inflammatory 
responses and cytokine production pathways were signifi-
cantly enriched in these areas, whereas reactive oxygen 
species-related pathways were more prominently enriched 
in the tumor regions (online supplemental figure S3B). 
We adopted two gene signatures (anti-tumoral immunity 
and immunosuppression) from a recent study.28 The 
overall activities of these two signatures were reflected in 
OSCC samples, revealing that anti-tumor immunity and 
immunosuppression were more enriched in the neural 
niche area; however, the immunosuppressive signals were 
more pronounced (online supplemental figure S3C).

We classified nerves into three categories: Peritumoral, 
intratumoral non-invaded, and intratumoral invaded. 
IHC results demonstrated that FOXP3 staining inten-
sity increased progressively and significantly across the 
three groups (figure  3E). The differences in Treg cell 
percentage were analyzed in the presence or absence of 
PNI (figure 3F), depth of invasion (DOI) (figure 3G), and 
percentage of Tregs around nerve fascicles at different 
DOI levels (figure  3H). The results revealed that the 
percentage of Treg cells was significantly higher in tissue 
sections with PNI compared with those without. More-
over, the overall percentage of Tregs and the percentage 
of Tregs around nerve fascicles increased with greater 
DOI. To further assess whether Tregs were influenced by 
the PNI, immunofluorescence staining was performed 
to visualize the spatial distribution of nerves (PGP9.5 in 
yellow) and Tregs (FOXP3 in green). The tissue area was 
segmented based on the distance from nerve fascicles 
into three zones: <150 µm, 150–300 µm, and 300–450 µm 
(figure  4I). A progressive decrease in the number of 
FOXP3+ cells was observed with increasing distance 
from the nerve fascicles, and this difference was statisti-
cally significant (figure 4J). Since Tregs were considered 
important anti-inflammation regulators in the TME, it 
was deduced that the interaction between nerves and 
Tregs was the main factor contributing to poor prognosis.

Neural niche region-derived CCL5 recruited Tregs to promote 
tumor growth
We further studied the mechanisms by which nerves 
might recruit Tregs and observed that the CCL signaling 
pathway may play an important role, particularly with 
a marked enhancement in the neural niche region 
compared with the tumor region alone (figure  4A and 
online supplemental figure S4A). Further analysis of 
the ligands and receptors involved in the CCL signaling 
pathway (figure  4B) revealed that CCL5 might be the 
most potent neural niche secreted ligand responsible for 
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Treg recruitment. Its spatial expression level is also signifi-
cantly elevated in the neural niche region (figure 4C and 
online supplemental figure S4B); therefore, we specu-
late that the neural niche in the TME may recruit Tregs 
by promoting CCL5 secretion. The Transwell migration 
assay was used to validate the chemotaxis ability of CCL5 
to Treg cells; the result revealed that CCL5 significantly 
promotes the Treg cell migration (figure  4D,E). CCL5 
revealed high spatial colocalization with its receptor 
ACKR1 in the neural niche region (online supplemental 
figure S4C). The colocalization of ACKR1-CCL5 and 
ACKR1-Treg was validated by multiple immunofluo-
rescence (mIF) result (figure  4F). Another mIF anal-
ysis further demonstrated that CCL5 was preferentially 
enriched near the sensory nerve marker CGRP, whereas 
its spatial association with fibroblast-related structures was 
limited. Notably, the macrophage marker CD68 was also 
highly enriched in the same region (online supplemental 
figure S4D). Taken together with the previous findings, 
these results suggest that sensory nerves within the neural 
niche region may enhance the local capacity for CCL5 
production.

To further assess the anti-tumor efficacy of CCL5 
blockade, we used a mouse orthotopic tongue cancer 
model. Tumor sizes were compared among the groups 
treated with the CCL5 antibody alone, CTLA-4 anti-
body alone, and a combination of both antibodies 
(online supplemental figure S4E). IHC results of PGP9.5 
confirmed the presence of nerve tissue in the tumor 
(online supplemental figure S4F). Figure  4G reveals 
that treatment with CCL5 antibody alone significantly 
reduced tumor volume compared with the vehicle group. 
However, its efficacy was not superior to that of the CTLA-4 
antibody alone. Notably, the combination of CCL5 and 
CTLA-4 antibodies exhibited greater tumor suppression 
than either treatment alone and significantly reduced the 
amount of Tregs, indicating a synergistic anti-tumor effect 
(figure 6H,I).

Nerves promoted the inhibitory function of Treg through the 
CGRP-RAMP1 axis
Visium data were screened with a series of nerve-derived 
ligands, and we observed that the RAMP1 signaling 
pathway is a potential contributor to the interactions 
between nerves and Tregs (figure 6A and online supple-
mental figure S5A). RAMP1 is the classic receptor of 
nerve-derived CGRP; its enrichment in PNI samples indi-
cated the nerve-immune cell interactions in the TME. 
The colocalization of RAMP1 and Treg cells was vali-
dated with spatial transcriptomics data (figure  6B and 
online supplemental figure S5B). Figure  6C presents 
mIF staining results (FOXP3 in green, PGP9.5 in yellow, 
and CGRP in red) in a single field of view, comparing 
regions with and without PNI. Notably, the PNI-positive 
area exhibited much stronger FOXP3 and CGRP signals, 
whereas these signals were weak in the PNI-negative area. 
A line was drawn across PNI− and PNI+ regions within 
the field, and the fluorescence intensity along this line 

was quantified. The analysis revealed significantly higher 
FOXP3 and CGRP signals in the PNI+region (figure 6D).

RAMP1+ Tregs were isolated from the total Treg popu-
lation using flow cytometry. Compared with total Tregs, 
RAMP1+ Tregs exhibited significantly elevated expres-
sion of immune checkpoint molecules, including TIM-3, 
PD-L1, and PD-1 (online supplemental figure S5C and 
D). To investigate the effect of nerves on Tregs, TG were 
extracted from mice and co-cultured with Tregs sorted 
from peripheral blood. The percentage of RAMP1+ Tregs 
increased significantly after co-culture; however, this 
increase was abolished when CAP was added to inhibit 
the neural activity (figure 6E). We also assessed the mean 
fluorescence intensity (MFI) of immune checkpoint 
molecules and RAMP1. MFIs of RAMP1, FOXP3, CTLA-4, 
PD-1, and TIM-3 were enhanced following co-culture with 
TG but decreased when neural activity was suppressed by 
capsaicin (figure 6F–J). In an in vivo experiment using a 
mouse tongue tumor model (online supplemental figure 
S5E), CAP was injected subcutaneously into the suboc-
cipital region to block the nerve function. The size and 
volume of the tumors in the CAP group were significantly 
lower than those in the vehicle group (figure  6K–M). 
However, the overall percentage of Tregs remained 
unchanged, and the proportion of RAMP1+ Tregs in the 
Treg population decreased significantly following CAP 
treatment (figure  5N,O). Moreover, CAP treatment led 
to increased infiltration of CD8+ T cells (figure 6P). To 
investigate the effect of blocking the CGRP-RAMP1 axis 
on Tregs, we redesigned an in vitro co-culture system and 
included the following treatment groups: vehicle, TG 
alone, CGRP alone, TG plus rimegepant, and CGRP plus 
rimegepant. The results revealed that RAMP1 expres-
sion and immune checkpoint levels were significantly 
upregulated under TG or CGRP stimulation. However, 
adding rimegepant effectively reversed these increases, 
suggesting that inhibition of the CGRP-RAMP1 axis atten-
uates Treg activation and immune checkpoint upreg-
ulation (figure  6Q–U). Using the GEPIA3 online tool, 
multivariate Cox regression analysis was performed based 
on TCGA-HNSC data. The results demonstrated that 
CGRP, compared with RAMP1, served as a more signif-
icant independent predictor of poor prognosis (online 
supplemental figure S5F).

Blockade of the CGRP-RAMP1 signaling axis alleviated the 
suppressive TME
In figure 5A, the spatial relationship between CD8+ T cell 
Tregs was studied. In the neural niche regions, CD8+ T 
cells were surrounded by Tregs.

The mIF results revealed that in cases with PNI, higher 
CGRP signals were associated with stronger FOXP3 signals 
and vice versa (figure 5B), indicating a positive correla-
tion between CGRP expression and Treg infiltration. To 
clarify the intratumoral molecular events mediated by 
CGRP, T cells from mice treated with CGRP or CGRP 
plus rimegepant were subjected to RNA sequencing 
(figure  5C). Compared with the control group, CGRP 
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treatment significantly upregulated the expression of 
immune checkpoint molecules, Ramp1, and the canon-
ical immunosuppressive cytokines of Tregs, Il10, and 
Tgfb1. Conversely, the cytotoxic effector molecule Gzmb 
and Ifng in CD8+ T cells were markedly downregulated. 
Notably, these alterations were partially reversed in the 
CGRP plus rimegepant group. Differential gene enrich-
ment analysis further revealed that CGRP treatment 
activated multiple immune-related pathways, consistent 
with our previous findings (online supplemental figure 
S6A). We designed an in vivo experiment to evaluate the 
therapeutic efficacy of CGRP-RAMP1 blockade in combi-
nation with an anti-PD-1 antibody (online supplemental 
figure S6B). The results revealed that CAP treatment, 
rimegepant monotherapy, and anti-PD-1 monotherapy 
significantly reduced tumor growth, whereas the combi-
nation of rimegepant and anti-PD-1 therapy achieved 
the most pronounced anti-tumor effect (figure  6D,E). 
From the perspective of Tregs, the combination therapy 
markedly decreased Treg infiltration, reduced RAMP1 
expression, and lowered the levels of multiple ICI mole-
cules (figure 5F–K). Conversely, regarding CD8+ T cells, 
combination therapy significantly increased CD8+ T cell 
infiltration and enhanced the expression of cytotoxic 
markers GZMB and IFN-γ, whereas PD-1 expression was 
significantly reduced (figure  5L–O). These findings 
suggest a synergistic effect of CGRP-RAMP1 blockade 
and PD-1 inhibition in remodeling the tumor immune 
microenvironment.

DISCUSSION
Pain is suggested to be the initial symptom of oral cancer 
and is reported to be a common complaint in patients 
both pretreatment and post-treatment.29 Pretreatment 
pain is a signal of poor pathological features, including 
PNI and lymph node metastasis in OSCC. Immune modu-
lation of the microenvironment affects cancer progres-
sion and pain signaling, indicating the important role of 
nerve tissue in cancer development.30 Tumor-associated 
nerves induce local inflammation and promote resis-
tance to anti-PD-1 therapy. The results revealed that 
non-responders had higher rates of PNI, nerve damage, 
and degeneration, together with more infiltration of M2 
macrophages and Tregs.31 Neuroinflammation, mito-
chondrial dysfunction, and cellular metabolism were 
also observed in OSCC.32 Although the prognostic value 
of PNI remains debated, emerging evidence indicates its 
role in promoting head and neck cancer.33 In this study, 
our evidence depicted that PNI is associated with the 
poor prognosis of patients with OSCC, and the depth of 
tumor invasion has the greatest impact on PNI.

Recently, there has been a growing number of studies 
reporting on the mechanisms underlying the regula-
tion of the neural and immune microenvironments in 
tumors. Among the studies, CGRP derived from nocicep-
tive neurons is most well studied; the CGRP and neural 
growth factor in gastric tumors stimulate the cancer cell 

growth.34 NGF secretion from cancer-associated fibro-
blasts promotes the invasion of neural tissue around the 
invasion margin and further accelerates CRC prolifera-
tion.35 The neural and matrix interactions also inhibit the 
function of natural killer cells in PDAC.36 In head and 
neck cancer, neurogenic CGRP induces cytoprotective 
autophagy in cancer cells.9 T cells are important members 
of the TME, and their activities are also affected by CGRP. 
For example, the CGRP-RAMP1 signal promotes the T 
helper type 1 differentiation to increase the antiviral func-
tion.15 Conversely, the interaction between CGRP and 
RAMP1 receptor on CD8+ T leads to the upregulation of 
PD-1 and CTLA-4, affecting cancer immunosurveillance.16 
In our study, Tregs were recruited to the PNI region, and 
the levels of RAMP1 and immune checkpoint molecules 
increased after co-culture with nerve tissue, establishing 
a relationship between nerves and Tregs. The enhanced 
expression of RAMP1 and immune checkpoint molecules 
observed in PNI+ regions may reflect intensified neuro-
immune interactions within the neural niche micro-
environment.37 In the context of PNI, sensory neurons 
release neuropeptides, including CGRP, which signals 
through the CGRP receptor complex containing RAMP1. 
Increased RAMP1 expression may sensitize immune cells 
to CGRP-mediated signaling, thereby amplifying down-
stream cAMP-dependent pathways.38 Such activation 
may promote an immunosuppressive phenotype charac-
terized by Treg recruitment and functional stabilization, 
accompanied by increased expression of immune check-
point molecules, including PD-1 and CTLA-4. Addition-
ally, CGRP signaling may indirectly enhance checkpoint 
expression by upregulating immunoregulatory cytokines, 
including IL-10 and TGF-β.39 Together, these findings 
suggest that neural signaling in PNI+ regions contributes 
to the reinforcement of immune checkpoint activation 
and immune evasion.

The feasibility of targeting the interactions between 
peripheral nerves and the tumor immune microenviron-
ment as a therapeutic strategy is increasingly being recog-
nized, particularly by disrupting the connections between 
nerves and immune cells or nerves and tumor cells.8 
Potential targets include adrenergic signaling,40 GABA,41 
acetylcholine,42 dopamine,43 and CGRP signaling.9 
Blockade of tumor-associated neural activities impairs the 
tumor’s survival capacity by inhibiting the tumor growth 
signaling, altering its metabolism status, and reversing 
the immunosuppressive microenvironment. In this study, 
we designed two combination immunotherapy strate-
gies targeting distinct mechanisms within the neural 
niche. The first combined a neutralizing anti-CCL5 anti-
body with anti-CTLA-4 to inhibit Treg recruitment and 
enhance CD8+ T cell activation. The second approach 
targeted the CGRP–RAMP1 axis by combining rimege-
pant with anti-PD-1 to suppress Treg function and restore 
anti-tumor immunity. Both regimens revealed significant 
therapeutic efficacy. Notably, rimegepant plus anti-PD-1 
achieved significant anti-tumor effects and was also asso-
ciated with a reduction in Treg infiltration. Given that 
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anti-CTLA-4 therapy is associated with a higher risk of 
immune-related adverse events affecting major organs 
such as the heart, liver, lungs, kidneys, and gastrointes-
tinal tract due to the disruption of immune tolerance, the 
combination of rimegepant and anti-PD-1 may represent 
a safer and effective therapeutic strategy.44 45

With advances in single-cell RNA sequencing and 
spatial transcriptomics, we can elucidate the differences 
in the TME between oral cancers with and without PNI. 
However, neuronal cells are relatively difficult to capture 
during single-cell RNA sequencing, making it challenging 
to directly visualize neurons in spatial transcriptomics 
data. Future research may leverage high-resolution 
spatial transcriptomics to enable finer characterization 
of tumor tissue structures and deeper investigation into 
the underlying biological mechanisms. In summary, our 
findings demonstrate that PNI facilitates the formation 
of an immunosuppressive microenvironment through 
its impact on Tregs, thereby providing a theoretical and 
experimental foundation for future investigations.
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