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Abstract
Transcriptomic and metabolic profiles of tumor cells and stromal cells in oral squamous cell carcinoma (OSCC)-
derived from oral submucosal fibrosis (OSF) (ODSCC) have been reported. However, the complex intercellular 
regulatory network within the tumor immunosuppressive microenvironment (TISME) in ODSCC remains poorly 
elucidated. Here, we utilized single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics (ST) data from 
GEO database and multiple immunofluorescence staining (mIF) to reveal distinctive TISME of ODSCC. Results found 
that compared to OSCC without OSF history (NODSCC), OSCC derived from OSF (ODSCC) showed a significant 
increase in exhausted CD8+T and Treg cells (Ro/e > 1, p < 0.05) and a decrease in cytotoxic T (CTL) (Ro/e < 1). ODSCC 
enriched in more Inhibin subunit beta A+ Macrophages (INHBA+Mac) and Proinflammatory Cancer-associated 
Fibroblast (iCAF) versus NODSCC. INHBA+Mac possessed strongest immune-suppressive functions, evidenced by 
highest immune checkpoint scores, lowest MHC scores and highest expression of SPP1 among macrophages. 
Moreover, INHBA+Mac in ODSCC presented stronger immune-suppressive functions than that in NODSCC. iCAF 
differentially highly expressed INHBA and enriched in immune-related pathways and collagen/ECM pathways across 
CAF subsets, and possessed stronger immune-suppressive functions, as shown by up-regulated gene expression of 
TDO2, IDO1 and DUSP4 in ODSCC versus in NODSCC. Furthermore, INHBA expression was higher in ODSCC than 
in NODSCC (p < 0.01). The classic OSF-inducing molecule arecoline significantly increases the expression of INHBA 
(p < 0.0001) in vitro experiments stimulating THP-1 cells. ST analysis revealed a close co-location of INHBA+Mac, 
iCAF and Treg and SpaGene identified INHBA-ACVR1/ACVR2A/ACVR2B interaction regions overlapping with 
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Introduction
Oral squamous cell carcinoma (OSCC) is the most 
common malignant tumor in the oral and maxillofa-
cial region. According to Global Cancer Statistics 2022, 
there are 389,458 new cases annually worldwide, with 
188,230 deaths attributed to this disease [1]. The develop-
ment of OSCC is affected by a variety of complex factors 
including heavy use of tobacco, betel quid chewing, con-
sumption of alcoholic beverages, and chronic inflamma-
tion [2]. Some oral mucosal lesions such as leukoplakia, 
erythroplakia, oral submucosal fibrosis (OSF) and lichen 
planus are regarded as oral potential malignant disorder 
(OPMD) [3]. It has been demonstrated that in Southeast 
Asia and in South of China, there is a high prevalence of 
OSCC associated with OSF [4].

Previous studies have revealed distinct clinicopatholog-
ical profiles between OSF-derived OSCC (ODSCC) and 
non-OSF-associated OSCC (NODSCC) [5, 6]. However, 
comparative prognostic analyses yield contradictory find-
ings. Pankaj et al. [6] reported superior disease-specific 
survival (DSS) in ODSCC compared to NODSCC, attrib-
uting this to its favorable clinicopathological features and 
improved oncological outcomes. Similarly, Divya et al. [7] 
observed earlier tumor staging, better differentiation, and 
enhanced prognosis in ODSCC. In contrast, Feng et al. 
[5] demonstrated that ODSCC exhibits heightened clini-
cal aggressiveness, increased metastatic potential, and 
poorer survival rates. These conflicting data underscore 
the necessity of further studying distinct pathogenesis of 
ODSCC.

The tumor microenvironment (TME) plays a crucial 
role in tumor malignancy, immune evasion, and therapy 
resistance [8]. Tumor-infiltrating T cells are often in a 
state of exhaustion, reflecting a tumor immunosuppres-
sive microenvironment (TISME). Macrophages, can-
cer-associated fibroblasts (CAFs), and endothelial cells 
within the TME secrete various cytokines that shape 
the immune landscape while promoting tumor prolif-
eration, invasion, and metastasis [9]. Nevertheless, these 
cells present significant heterogeneity. The integration 
of single-cell RNA sequencing (scRNA-seq) and spa-
tial transcriptomics (ST) are commonly used to unveil 
this kind of heterogeneity and interactions of different 
cell types. Studies by Kurkalang et al. [10] and Zhi et al. 
[11] through scRNA-seq and ST analysis have reported 
the transcriptomic and metabolic profiles of tumor cells, 

CAFs, and immune cells and highlighted the critical roles 
of the p-EMT process and metabolic reprogramming 
in ODSCC. Yet, immunological characteristics of TME, 
especially macrophage and CAF subtypes and their key 
responsible molecules associated with immunosuppres-
sion in ODSCC, remains poorly elucidated.

INHBA, a key subunit of activin A and a member of the 
TGFβ superfamily has been demonstrated to be overex-
pressed in multiple solid tumors (e.g., colorectal, gastric, 
and ovarian cancers) and significantly correlated with 
tumor invasion, metastasis, and poor prognosis [12–14]. 
Additionally, it induces cancer-associated fibroblasts 
(CAFs) to secrete IL-6 and VEGF, fostering angiogen-
esis and immunosuppression [15]. However, whether and 
how INHBA plays immunosuppressive role in ODSCC 
keep to be explored.

In this study, we utilized scRNA-seq and ST data from 
the GEO database and experimental validation to reveal 
the distinctive TME landscape of ODSCC. By comparing 
ODSCC with NODSCC at the single-cell level, we iden-
tified that the high proportion of inhibin subunit beta 
A+ macrophages (INHBA+Mac) and proinflammatory 
cancer-associated fibroblast (iCAF) that highly expressed 
INHBA was significantly associated with the formation 
of a more potent immunosuppressive microenvironment, 
influencing tumor progression in ODSCC. Furthermore, 
our findings suggest that INHBA-driven SMAD signaling 
activation contributes to TISME formation, positioning 
INHBA as a potential therapeutic target for OSCC, par-
ticularly ODSCC.

Materials and methods
Data collection
We downloaded the GSE215403, GSE208253, and 
GSE220978 datasets from the GEO database (​h​t​t​p​​s​:​/​​/​w​
w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/), containing scRNA-seq data 
of 12 samples in the GSE215403 dataset, 9 samples from 
the NODSCC group, and 3 samples from the ODSCC 
group. In addition, ST data of 4 NODSCC samples from 
the GSE208253 dataset, and 4 ODSCC samples from the 
GSE220978 dataset were used for analysis, after perform-
ing data consistency processing between two groups.

scRNA-seq data preprocessing and integration
For gene expression sequencing, the downloaded count 
matrices were imported into the R package Seurat 

distribution of three types of cells. Collectively, ODSCC shows a more severe TISME and potentially poorer sensitivity 
to immunotherapy than NODSCC. The increased INHBA+Mac and iCAF in ODSCC are associated with the observed 
more severe TISME. The upregulated INHBA in ODSCC and its interaction with INHBA-ACVR1/ACVR2A/ACVR2B may 
mediate the modulation effect of INHBA+ Mac and iCAF on Treg differentiation and functionality.
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(v4.1.0). Samples in GSE215403 were merged into a single 
Seurat object for consistent filtering. After quality con-
trol, including removing cells with gene counts less than 
200 and exceeding 5000 or cells with abnormally low 
or high UMI counts and high mitochondrial read per-
centages, genes from red blood cells and any remaining 
multiplets expressing mutually exclusive marker genes, 
“NormalizeData”, “FindVariableFeatures”, and “ScaleData” 
were applied to normalize the scRNA-Seq data.

Cluster annotation and data visualization
Normalized and filtered data were processed using the 
standard Seurat pipeline (v4.1.0). TSNE dimensionality 
reduction was used for visualization, and Seurat’s “Find-
Clusters” function (v4.1.0) was used to separate cells into 
unsupervised clusters. Cell types in clusters were defined 
using the marker genes from references.

Differentially expressed genes (DEGs) analysis
Genes specific to each cluster or group were identified 
using the “FindAllMarkers” function, and adjusted p-val-
ues were calculated using the Wilcoxon rank-sum test. 
Volcano plots and heat maps were used to show the fold 
changes and log-adjusted p-values for DEGs.

Analysis of Single-Cell trajectories
Developmental pseudotemporal ordering of single cells 
was inferred through the Monocle2 computational 
framework within the R statistical environment (v4.1.0).
The “newCellDataSet”, “estimateSizeFactors”, and “esti-
mateDispersions” were used to perform these analyses. 
The “detectGenes” was used to filter low quality cells with 
“min_expr = 0.1”.

Cell–cell communication analysis
The R package CellChat was utilized to analyze cell–cell 
communication, calculating the total number of ligand–
receptor interactions and cell-cell interactions among cell 
types [16].

Functional enrichment analysis
The GO and KEGG pathways were analyzed using the 
ClusterProfiler R package. Analysis was performed 
by GSVA and GSEA algorithm using “c2.cp.kegg.
v7.4.symbols.gmt”, “c5.go.bp.v7.4.symbols.gmt” and 
“h.all.v7.4.symbols.gmt” in MSigDB to get the differences 
in enrichment pathways between different groups [17].

Tissue distribution of specific cell subtypes
Tissue preference of each cluster was estimated by the 
STARTRAC-dist index, in which Ro/e denotes the ratio 
of observed to expected cell number. Re/o indicates 
whether cells of a certain subcluster are enriched or 
depleted in a specific tissue [18].

CIBERSORTx algorithm
CIBERSORTx algorithm is employed to digitally “purify” 
cell-type-specific expression profiles from datasets 
obtained from GEO and TCGA by utilizing our scRNA-
seq-derived reference profiles [19].

10 Survival analysis in TCGA HNSC data set
Prognostic outcome assessment was conducted via the 
GEPIA2 web-based platform (​h​t​t​p​​:​/​/​​g​e​p​i​​a​2​​.​c​a​​n​c​e​​r​-​p​k​​u​
.​​c​n​/​#​i​n​d​e​x), which demonstrated significant differential 
survival outcomes through log-rank testing and con-
firmed expression differences using Student’s t-test.

11 Spearman’s correlation analysis
Nonparametric Spearman’s rank correlation was 
employed to quantify associations between immune cell 
infiltration levels, with statistically significant relation-
ships defined by an absolute coefficient threshold (|Rs| 
> 0.3) and Benjamini-Hochberg adjusted p-values < 0.05.
The R package ggpubr was used to assess and visualize 
the correlation of INHBA+Mac and Treg in GSE65858.

12 Single-cell copy-number variation (CNV) evaluation
The CNV evaluation of each cell was conducted by infer-
cnv R package. The CNVs of Epithelial cells were calcu-
lated and the immune cells were applied as the reference. 
The inferCNV analysis was performed with param-
eters including “denoise”, default hidden Markov model 
(HMM) settings, and a value of 0.1 for “cutoff”.

SCENIC
The transcriptomic factors (TFs) were predicted using 
single-cell regulatory network inference and clustering 
(SCENIC) by performed SCENIC R package [20].

Score according to different gene sets
To calculate module scores and the fraction of enrich-
ment for gene expression of specific gene set in single 
cells, “AddModuleScore” and “AUCell” function were 
performed. Using the ggstatsplot R package, a violin plot 
was created to visualize the scoring results. The heatmap 
R package was utilized to generate a heatmap for visual-
izing gene expression.

ST data preprocessing, integration and data visualization
We followed the standard Seurat workflow for dimen-
sionality reduction and clustering to create the spatial 
transcriptomics dataset. The “AddModuleScore” func-
tion was employed to score the spatial transcriptomics 
data based on gene sets representing specific cell sub-
type characteristics from our annotated single-cell data, 
and visualization was accomplished using the “Spatial-
Plot” function. To visualize the expression of specific 
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ligand-receptor pairs in the slices, we used the “plotLR” 
function from the SpaGene R package.

Cell culture and Arecoline stimulation
THP-1 cells were obtained from the Cell Bank of National 
Collection of Authenticated Cell Cultures. Culturing 
THP-1 cells in RPMI-1640 medium with 10% FBS. Pre-
pare a cell suspension with a density of 1 million cells/ml. 
Add 1 µl of 0.1 mg/ml PMA to each 1 ml of the suspen-
sion and inoculate 4 ml of this cell suspension into each 
6 mm dish. Incubate in a 37 °C incubator for 24 h, then 
add different concentrations of arecoline (0, 0.5, 5 µg/ml) 
for stimulation for 48 h.

Quantitative real-time PCR
Total RNA was extracted using the RNeasy mini kit and 
was reverse-transcribed to cDNA using the QuantiTect 
Reverse Transcription Kit. cDNA was then mixed with 
primers and iQ SYBR Green Supermix in a PCR eight-
row tube. qRT-PCR was performed using the iCycler 
Thermal Cycler (Bio-Rad Laboratories, USA). Relative 
gene expression levels were calculated via the 2 − ΔΔCT 
method with GAPDH as the endogenous control. Gene 
expression data were statistically analyzed using unpaired 
t-tests in GraphPad Prism 9.0 (GraphPad Software, 
USA) and visualized through column graphs depicting 
fold-change values normalized to control groups. The 
unpaired t-test was applied to compare differences in 
INHBA and TGFβ expression levels across THP-1 cells 
treated with varying concentrations of arecoline using 
GraphPad PRISM (version 8.0; GraphPad Software).

Multiple immunofluorescences staining for clinical 
samples
Paraffin tissue sections of 4 patients with NODSCC 
and 4 patients with ODSCC who underwent surgery at 
Qilu Hospital of Shandong University were selected. All 
pathological states were confirmed histopathologically 
by H&E staining. Multiple immunofluorescence (mIF) 
staining of tissue was performed using Opal Chemistry 
(PerkinElmer, Waltham, MA, USA). Briefly, the sections 
were labeled with primary antibodies anti-INHBA (Pro-
teintech, 60352-1-Ig), anti-CD3 (ZSGB-BIO, ZM-0417), 
anti-CD8 (ZSGB-BIO, ZA-0508), and anti-PD-1 (ZSGB-
BIO, ZM-0381), CD4 (Abcam, ab133616), Foxp3 
(Abcam, ab20034), followed by HRP-conjugated second-
ary antibody. Subsequently, the fluorophore-conjugated 
tyramide amplification system (PerkinElmer) was used 
for signal amplification, and DAPI was used to counter-
stain the nuclei. Visualization and quantitation of the 
different fluorophores were achieved with Tissue FAXS 
Spectra Systems and Strata Quest analysis software (Tis-
sue Gnostics).

Additional methodological details are provided in the 
Supplementary Materials (Suppl. Materials. 1).

Result
Global landscape of single-cell transcriptomics and 
intercellular communication in ODSCC and NODSCC
We conducted single-cell RNA sequencing on the 
GSE215403 dataset from the GEO database, includ-
ing samples from 3 ODSCC and 9 NODSCC patients. 
After data preprocessing using standard quality con-
trol metrics (e.g., nCount_RNA < 100000, 7500 > nFea-
ture_RNA > 400), we obtained a total of 30,303 cells, 
with 9,881 from the ODSCC group and 20,422 
from the NODSCC group. Unsupervised cluster-
ing with Seurat (resolution = 0.6) identified 15 dis-
tinct clusters (Suppl. Figure  1A). t-SNE dimensionality 
reduction(perplexity = 15) and manual annotation based 
on classic marker genes categorized these cells into 8 clus-
ters (Fig. 1A): B cells (CD19, CD79A, MS4A1), endothe-
lial cells (PECAM1, VWF), epithelial cells (DSP, KRT18, 
CDH1, KRT8, EPCAM), fibroblasts (FGF7, MME, 
ACTA2, DCN, LUM), mast cells (TPSB2, TPSAB1), 
myeloid cells (C1QA, C1QB, MMP19, FCGR3A, FCN1, 
S100A12, CD1E, CD1C), plasma cells (IGHG1, MZB1), 
and T cells (CD3E, CD3D, PTPRC, NKG7) (Fig.  1B). 
Notable differences in cell type proportions among 
samples reflect strong tumor heterogeneity (Suppl. Fig-
ure 1.B). Ro/e algorithm analysis revealed that in ODSCC 
the epithelial (Ro/e = 1.28) and plasma cells (Ro/e = 1.39) 
were enriched, while endothelial cells (Ro/e = 0.44), B cells 
(Ro/e = 0.58), and mast cells (Ro/e = 0.46) were less preva-
lent compared to the NODSCC group (Fig. 1C). Cellchat 
analysis showed a complex intercellular communication, 
of which fibroblasts had more and stronger communi-
cation with other cell types, particularly myeloid cells 
(communication strength = 2.1, count = 87), endothelial 
cells (communication strength = 2.6, count = 145), T cells 
(communication strength = 1.4, count = 38) et al. (Fig. 1D, 
Suppl. Table 1). Comparative analysis indicated that T 
cells in the ODSCC group receive more regulatory sig-
nals, while epithelial cells had relatively weaker interac-
tions with the other cells, potentially due to obstructive 
effect of more collagen deposition in submucous fibro-
sis (Fig.  1E, Suppl. Figure  1C, Suppl. Table 1). Further 
comparative analysis revealed uniquely activated sig-
naling pathways in the ODSCC group (p < 0.01) (Suppl. 
Figure  1D), including TWEA (TNFSF12-TNFRSF12A) 
pathway, involved in myeloid cells activating CAFs and 
promoting CAF-monocyte interaction [21] and the 
BMP2-(BMPR1A + BMPR2) receptor pathway, associ-
ated with CAF transitioning to a lipid-loaded pheno-
type, thus promoting tumor metastasis and proliferation 
[22] (Fig.  1F). Conversely, the ODSCC group lacked 
an activated FGF pathway (Fig.  1.F), affecting CAF 
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Fig. 1  Global landscape of single-cell transcriptomics and intercellular communication in ODSCC and NODSCC. (A) t-SNE dimensionality reduction-
categorized 8 major cell types (left), 12 samples (middle) and 2 groups (right). (B) Dot plot of the marker genes in each major cell type. (C) Ro/e algorithm 
analysis of tissue distribution of major cell types in each group. (D) Cellchat analysis of intercellular communication in ODSCC and NODSCC. (E) Chord 
chart showing cell-cell interaction among the major cell types in ODSCC and NODSCC (up: numbers of interactions, down: strength of interactions). (F) 
Bubble plot comparing the significant ligand-receptor pairs between ODSCC and NODSCC
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differentiation or interaction with endothelial cells [23]. 
These findings highlight the distinct intercellular com-
munication, especially between fibroblasts and myeloid 
cells or T cells, in ODSCC compared to NODSCC.

The epithelial cells in ODSCC exhibits stronger malignant 
characteristics
29,261 epithelial cells were classified into six subcluster 
(C0-C5) (Suppl. Figure 2 A). Analysis of the epithelial cell 
composition across different samples revealed that clus-
ters C5 (Ro/e = 2.37 vs. 0.02) and C0 (Ro/e = 1.24 vs. 0.83) 
predominantly presented in the ODSCC group, while 
clusters C1 (Ro/e = 1.34 vs. 0.53) and C4 (Ro/e = 1.38 vs. 
0.47) were primarily found in the NODOSCC (Suppl. Fig-
ure 2B). t-SNE (perplexity = 50) was employed to visual-
ize the distribution of benign and malignant cells (Suppl. 
Figure 2 C) and Copy Number Variation (CNV) analysis 
was used to differentiate between benign and malignant 
cells (Suppl. Figure 2D, E). GSVA of Hallmark gene sets 
across different epithelial subpopulations (Suppl. Fig-
ure 2 F) showed that the C4 subcluster, characterized as 
benign based on CNV analysis, had downregulated pro-
liferation-related pathways, suggesting that it represents 
normal epithelial cells. The low representation of C4 in 
ODSCC indicates that even non-malignant epithelium 
in OSF deviates from the normal epithelial expression 
profile. In contrast, C5 enriched in pathways related to 
angiogenesis, cell proliferation, EMT and HIF-A related 
to hypoxia, representing a unique malignant cell subclus-
ter in ODSCC. The increase in this subpopulation reflects 
a stronger malignant phenotype and a more pronounced 
hypoxic microenvironment in ODSCC.

T cells in ODSCC exhibit a more severe immunosuppressive 
landscape
In the TME, T cells can be activated into effector T cells 
to kill tumor cells upon antigen stimulation. However, 
under persistent homologous antigen stimulation, the 
effector functions and proliferation abilities of T cells will 
be impaired, a phenomenon known as T cell dysfunc-
tion [24]. Analysis of the two groups revealed a decrease 
in T cells in ODSCC (Fig. 1C). To validate the distribu-
tion pattern of T cells, we integrated spatial transcrip-
tomic data from 4 cases of NODSCC (GSE208253) and 
4 cases of ODSCC (GSE220978). After scoring and map-
ping the T cell subpopulations, we found that, compared 
to NODSCC, T cells in ODSCC predominantly local-
ized to the stromal region, with very few infiltrating the 
tumor area (Fig. 2A, Suppl. Figure 3 A). The presence of 
T cell exclusion effects suggests an immune-excluded 
tumor microenvironment in ODSCC [25, 26]. Via dimen-
sionality reduction clustering, T cells were categorized 
into eight subclusters: CD4+ exhausted T cells, CD4+ 
naive T cells, CD8+ exhausted T cells (CD8+Tex), CD8+ 

naive T cells (CD8+Tn), CTLs, naive T cells, NK cells, 
and Treg (Fig. 2B, Suppl. Figure 3B). Further analysis of 
the two groups revealed increased Treg (Ro/e = 1.23), 
CD8+Tex (Ro/e = 1.12) and CD8+Tn (Ro/e = 1.32), but a 
decreased CTLs (Ro/e = 0.91) in ODSCC (Fig.  2C). Fur-
ther dimensionality reduction clustering of CD8+T cells 
allowed for the re-classification of CD8+Tex cells into 
Tterm (PD1hiHAVCR2+TOX+) and Tprog (PD1intGZM
A+ITGAE+CTLA4+) which can be reversed by anti-PD-1 
treatment [27] (Fig.  2D, Suppl. Figure  3  C). In ODSCC, 
Tterm exhibited higher expression of exhaustion mark-
ers such as INFG, CXCL13, CCL3, PDCD1, and LAG3 
[28] (P = 1.49e-03, 95% CI [-0.53, -0.13], Fig. 2E, F, Suppl. 
Table 2). Monocle2 analysis of CD8+T cell differentiation 
trajectories confirmed that Tterm represented the ter-
minal differentiation state of CD8+T cells, while Tprog 
represented an intermediate state in the CD8+T cell 
exhaustion process (Suppl. Figure 3D). Although CD8+T 
cells increased in ODSCC, the increase was primarily in 
CD8+Tn (Ro/e = 1.37) and CD8+Tex with a notable rise 
in Tterm (Ro/e = 1.22), while Tprog kept a similar dis-
tribution (Ro/e = 1, Fig.  2G). Additionally, exhaustion 
markers and immune dysfunction-related transcripts 
such as SOX4, FOXP3 and PRDM1 were significantly 
upregulated in ODSCC compared to NODSCC (Suppl. 
Figure 3E, Suppl. Table 2), suggesting a lower sensitivity 
of ODSCC to anti-PD-1 immunotherapy. Notably, the 
MHC-I signaling pathway was upregulated in ODSCC, 
particularly affecting CD8+Tex (Fig.  2H, I). This implies 
that the sustained activation of MHC-I signaling pathway 
might be one of the reasons for the functional impair-
ment of CD8+T cells in ODSCC [29].

To validate the distribution patterns of CD8+T cell, 
we performed CD3, CD8 and PD1 mIF staining on four 
ODSCC and four NODSCC tissue slices. We found 
that the proportion of CD8+Tex cells (CD3+CD8+PD1+) 
in ODSCC was significantly higher than in NODSCC 
(p < 0.05) (Fig.  2J), and this result was revalidated using 
spatial transcriptomics data (Fig. 2K, Suppl. Figure 3 F), 
indicating a high exhausted T cell state in ODSCC.

Tregs, as crucial regulators of the TIME, were more 
prevalent in ODSCC (Fig.  2C). Immune suppression 
function analysis showed that the co-inhibitory mole-
cule score of Tregs in ODSCC was higher than in NOD-
SCC (P < 0.001, 95% CI [-0.41, -0.19], Fig.  3A, B, Suppl. 
Table 2), Further mIF analysis revealed that ODSCC 
had a higher number of Tregs (p < 0.05 Fig. 3C), further 
validated via using spatial transcriptomics data (Fig. 3D). 
These results suggest that the increased proportion 
and stronger immune-suppressive function of Tregs in 
ODSCC may be significant factors contributing to the 
more severe TISME in ODSCC.

Overall, these findings demonstrate that total T 
cell infiltration levels are lower in ODSCC, yet, the 
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Fig. 2  T cells in ODSCC exhibit a more severe immunosuppressive landscape. (A) Distribution of T cells in ODSCC and NODSCC revealed by spatial tran-
scriptomics data. (B) t-SNE of major subclusters of T cells. (C) Tissue distribution of major T cell subtypes in each group. (D) Further dimensionality reduc-
tion and clustering-categorized CD8 + Tex cells into Tterm and Tprog subtypes. (E) Heatmap comparing the expression of marker genes associated with 
T cell exhaustion in Tterm between ODSCC and NODSCC. (F) Violin plot comparing the expression of marker genes associated with T cell exhaustion in 
Tterm between ODSCC and NODSCC. (G) Tissue distribution of CD8 + T subsets. (H, I) Heatmap illustrating the differences in MHC-I signaling regulation 
between ODSCC (H) and NODSCC (I). mIFC demonstrating a higher prevalence of exhausted T cells in ODSCC than NODSCC. (J) mIFC demonstrating 
a higher prevalence of exhausted T cells in ODSCC than NODSCC. (K) Spatial feature plots of the signatures of CD8 + Tex in ODSCC and NODSCC tissue 
sections
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Fig. 3  Enrichment of Tregs with stronger immune suppression functions in ODSCC. (A) Heatmap showing a higher co-inhibitory molecule expression 
of Tregs in ODSCC than in NODSCC. (B) Violin plot showing a higher co-inhibitory molecule score of Tregs in ODSCC than in NODSCC. (C) mIFC showing 
increased enrichment of Tregs in ODSCC. (D) Spatial feature plots of the signatures of Treg in 4 ODSCC and 4 NODSCC tissue sections
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distribution of T cell subgroups shows a more severe 
immune-suppressive landscape compared to NODSCC. 
This may predict a poorer response to anti-PD-1 immu-
notherapy and potentially worse prognosis for ODSCC.

INHBA+Mac regulates the TIME in ODSCC and is associated 
with a poorer prognosis
Macrophages play a central role in immune regula-
tion in TME [30]. To explore the impact of macro-
phage in the TIME in ODSCC, macrophages were 
divided into 6 subclusters. (Fig.  4A). Based on the top 
10 marker gene (Suppl. Figure  4A) and GSVA func-
tional enrichment analysis (Suppl. Figure  4B), the six 
subclusters were respectively defined as IDO1+Mac, 
CCL18+Mac, CCL2+Mac, S100A2+Mac, CXCL10+Mac, 
and INHBA+Mac. IDO1+Mac was characterized by high 
expression of CLEC10A, AREG and IDO1, immune 
evasion-related genes [31–33], and enriched in the 
Th17 differentiation pathway. CCL18+Mac exhibited 
high expression of CCL18, APOE and SLC40A1, which 
is associated with immunosuppression, pro-cancer and 
tumor cell metabolism [34–36], and enriched in lipid 
metabolism pathways. CCL2+Mac was characterized by 
the expression of chemokines such as CCL2, CCL8, and 
CXCL1 and primarily enriched in chemokine pathways 
related to immune cell infiltration. S100A2+Mac showed 
high expression of genes related to angiogenesis, such 
as S100A2and LGALS3 [37, 38], and enriched in muco-
sal innate response and vascular endothelial growth 
factor-related pathways. CXCL10+Mac was marked by 
high expression of genes such as TNFSF10, LGALS2, 
and mainly enriched in pathways related to B cell pro-
liferation and immune suppression. INHBA+Mac exhib-
ited high expression of matrix remodeling genes e.g. 
TNFAIP6, SERPINB2 and MMP1 [39–41] and primarily 
enriched in pathways related to angiogenesis.

INHBA+Mac was more prevalent in ODSCC 
(Ro/e = 1.3) compared to NODSCC (Ro/e = 0.88), mak-
ing it the most significantly different subcluster between 
the two groups(Fig.  4B). In the TCGA HNSCC data, 
analysis using deconvolution methods revealed that 
INHBA+Mac was significantly associated with poorer 
prognosis (HR = 1.37, 95% CI [1.05, 1.8], P = 0.0219, 
Fig.  4C). The relationship between the top 10 marker 
genes of INHBA+Mac and HNSCC prognosis in TCGA 
database was evaluated using GEPIA2, revealing that 
INHBA is most significantly negatively correlated with 
prognosis (Logrank p = 0.0011, p(HR) = 0.0012, Suppl. 
Figure  4C). The common immunosuppressive molecule 
SPP1 is also highly expressed in INHBA+Mac (p < 0.0001, 
FDR < 0.0001) [42] (Suppl. Figure  5  A, Suppl. Table 3). 
Immune checkpoint scoring showed the highest score 
for INHBA+Mac among macrophages (P = 1.62e-37, 
95% CI [0.16, 1.00], Fig.  4D, Suppl. Table 2). Moreover, 

INHBA+Mac in ODSCC significantly increased expres-
sion of immunosuppressive molecules such as CD274/
PD-L1, ADORA2A, and PVR (Fig.  4E, Suppl. Table 2), 
while specifically reduced co-stimulatory molecules like 
CD86, CD40 and TNFSF8 (Suppl. Figure  5B) compared 
with that in NODSCC. MHC sensitivity scores related to 
immune therapy showed that ODSCC had a lower score 
overall versus NODSCC (p < 0.001) (Suppl. Figure 5 C, D), 
with INHBA+Mac in particular having the lowest MHC 
score among macrophage subclusters [43] (P = 7.95e-21, 
95% CI [0.08, 1.00], Fig. 4F, Suppl. Figure 5E, Suppl. Table 
2). To show the modulation of INHBA+Mac on Treg, we 
used CIBERSORT to deconvolute the expression matri-
ces of macrophage subclusters, and then analyzed the 
correlation between INHBA+Mac and Treg. We found 
that INHBA+Mac was significantly positively correlated 
with Treg enrichment (Rs = 0.18, P = 2.4e-03; Suppl. Fig-
ure 5 F). mIF further validated distribution correlation of 
Treg and INHBA+Mac (p < 0.05 Fig. 4G).

All the above results suggest that INHBA+Mac is a 
main subset in ODSCC among macrophages and more 
prevalent than in NODSCC. INHBA+Mac in ODSCC 
exhibits more pronounced immunosuppressive func-
tions and lower sensitivity to immune therapy than that 
in NODSCC.

The pro-cancer and immunosuppressive functions of iCAF 
in ODSCC
CAFs are crucial regulators in the TME, particularly in 
cancer cell proliferation and invasion, neovasculariza-
tion, inflammation, extracellular matrix (ECM) remod-
eling [44] and immunosuppression [45]. To explore the 
distinct subset of CAFs and its special roles in ODSCC, 
fibroblasts were re-clustered into six distinct clusters 
(0–5) based on high-variance genes. Cluster 0, char-
acterized by elevated expression of cytokines and che-
mokines IL6, IL11, CXCL1 and CXCL8, was identified 
as iCAF. Clusters 1, 2, and 4 were classified as myCAF, 
marked by ACTA2, MYL9, and MYLK. Cluster3 repre-
sented mCAF, identified by POSTN, COL1A1, COL1A2 
and COMP. Cluster5 was classified as apCAF, defined by 
HLA-DRB1, HLA-DRA, and CD74 (Fig.  5A, B, Suppl. 
Figure 6 A). Analysis of CAF distributions revealed that 
iCAF level was significantly higher (Ro/e = 1.25), while 
apCAF level lower (Re/o = 0.5) in ODSCC compared to 
NODSCC (Fig. 5C). GSVA enrichment analysis indicated 
that iCAF mainly enriched in immune-related pathways 
and collagen/ECM pathways, correlating with collagen 
deposition in the matrix (Fig.  5D). Further analysis of 
the differential iCAF gene expression between the two 
groups revealed that genes involved in collagen metab-
olism and promoting tumor cell invasion and prolif-
eration, such as WNT5A (p < 0.001, FDR < 0.001), CTSK 
(p < 0.001, FDR < 0.001), LUM (p < 0.001, FDR < 0.001), 
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Fig. 4  INHBA + Mac regulates the TIME in ODSCC. (A) t-SNE plot showing the classification of macrophage subclusters. (B) Tissue distribution of macro-
phage subclusters in each group. (C) The relationship between the INHBA+Mac subcluster and patient overall survival (OS) in the TCGA database. (D) Violin 
plot showing the immunosuppression scoring of macrophage subsets. (E) Heatmap showing the expression of immunosuppressive ligand and receptor 
molecules in macrophage subclusters of ODSCC and NODSCC. (F) Violin plot showing reduced MHC scoring for INHBA+Mac among macrophage sub-
clusters. (G) mIFC-confirmed distribution correlation of Tregs (CD4 + FOXP3+) and INHBA+Mac (INHBA + CD68+)
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Fig. 5  iCAF significantly increased and possessed stronger immune-suppressive functions in ODSCC. (A) t-SNE dimensionality reduction-categorized 4 
subtypes of CAFs. (B) Heatmap showing TOP 5 markers in indicated CAF subclusters (C) Tissue distribution of CAF subclusters in each group. (D) Bubble 
plot of representative GO pathways enrichment in CAF subclusters predicted by GSVA. (E) Volcano plot of differentially expressed genes between NOD-
SCC and ODSCC groups in CAFs. (F) The regulation of T cells and macrophages by iCAF through immune-suppressive signals. (G) Pseudotime analysis of 
CAFs (cell types, pseudotime)
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DCN (p < 0.001, FDR < 0.001) and COL7A1 (p < 0.001, 
FDR < 0.001) [46, 47], associated with immune-suppres-
sion, e.g. TDO2 (p < 0.001, FDR < 0.001) [33, 48], and the 
T-cell activation pathway inhibitor DUSP4 (p < 0.001, 
FDR < 0.001) [49], were upregulated in iCAF from the 
ODSCC group (Fig. 5E, Suppl. Figure 6B, Suppl. Table 4). 
Further Cellchat analysis revealed that iCAF exerted inti-
mate communication with T cells and macrophages via 
immunosuppressive receptor-ligand pairs (Fig. 5F, Suppl. 
Figure  6  C). Pseudotime analysis of CAFs subclusters 
revealed that iCAF were the starting point of the CAFs 
pseudotime trajectory, with the endpoint being apCAF 
and myCAF (Fig. 5G). This further shows out the impor-
tance of iCAF, in that myCAF enrich in ACTA2, S100A2 
and RGS5 and have been demonstrated to exert pro-can-
cer [50–52] and immune-suppression [53, 54].

All these results indicate that iCAF exhibit stron-
ger pro-cancer and immune-suppressive functions in 
ODSCC than in OSCC.

INHBA is involved in the modulation effect of INHBA+Mac 
and iCAF on Treg through the SMAD pathway in ODSCC
The above presented results clearly show that both 
INHBA+Mac and iCAF were associated with the TISME 
formation whereas INHBA+Mac has the highest INHBA 
expression among macrophage subsets (Suppl. Fig-
ure  4  A) and iCAF, the predominant CAF subtype in 
ODSCC, also highly express INHBA (Fig. 5E, Suppl. Fig-
ure 6B). This pushed us to find the key role of INHBA in 
inducing TISME. INHBA has been revealed to induce 
Foxp3 expression and Treg generation by activating 
SMAD2/3 phosphorylation [55]. Here, gene differential 
expression analysis revealed that INHBA presented the 
highest expression in myeloid cells, followed by CAFs 
and epithelial cells and INHBA expression in myeloid 
cells and CAFs from ODSCC was higher than from 
NODSCC (p < 0.001, FDR < 0.001, Fig.  6.A, Suppl. Fig-
ure 7 A, Suppl. Table 5). Analysis of INHBA expression 
in four samples of ODSCC from the GSE220978 spatial 
transcriptomics data revealed that INHBA expression 
was primarily concentrated in the tumor region and 
in the OSF regions (Suppl. Figure  7B), mIF analysis in 
clinical tissues revealed that the expression of INHBA is 
higher in ODSCC than in NODSCC (P < 0.01, Fig.  6B). 
Interestingly, arecoline, a primary alkaloid found in betel 
nuts and a classic inducer for OSF, significantly increased 
the mRNA expression of INHBA and TGFβ in in vitro 
cultured THP-1-derived macrophages (p < 0.001), with a 
more pronounced increase in INHBA mRNA expression 
(100 to 10,000 times) (Fig. 6C).

To investigate if INHBA is involved in the modulation 
effect of INHBA+Mac and iCAF on Treg, spatial tran-
scriptomic analysis was performed to observe spatial 
organization of INHBA+Mac, iCAF and Treg in spatial 

transcriptomics slices. Results revealed a close colocation 
of three types of cells and more interestingly, using Spa-
Gene we identified the ligand INHBA-receptor ACVR1/
ACVR2A/ACVR2B interaction regions overlapping 
with distribution of three types of cells (Fig.  6D, Suppl. 
Figure  7B). Moreover, our further validation using mIF 
revealed that INHBA is in close proximity to Treg, and 
this finding is statistically significant (p < 0.01) (Fig. 6E, F). 
These results suggest that INHBA is potentially related to 
the regulatory effect of INHBA+Mac and iCAF on Treg.

TGFβ/SMAD activation plays a crucial role in Treg [56] 
and TGFβ1 is the most representative subtype among 
three isoforms of TGFβ in tumor immune suppression 
[57]. INHBA, a member of the TGFβ superfamily, shares 
similar structure and canonical SMAD2/3 pathway to 
TGFβ and when TGFβ signaling is compromised, INHBA 
can compensate for the deficiency in SMAD2/3 phos-
phorylation [55]. GSEA enrichment analysis of CD4+Tn 
and Treg revealed that SMAD-related pathways were 
enriched in Treg (Fig. 6G). This underscores the crucial 
role of the TGFβ/SMAD pathway in the activation of 
Treg in OSCC. To analyze whether the effect of INHBA 
on Treg is related to ActivinRI/II-SMAD signaling path-
way, the activated TGFβ superfamily members acting 
through SMAD2/3 pathway were compared between 
ODSCC and NODSCC. Results discovered that INHBA 
was most obviously upregulated among TGFβ superfam-
ily members in ODSCC versus NODSCC (Fig. 6H, Suppl. 
Table 5). Correspondingly, the moderate expression level 
of ActivinRI/II was found in Treg in both ODSCC and 
NODSCC (Fig. 6I). However, TGFβ1 was downregulated 
(Fig. 6F), whereas GSEA enrichment analysis showed no 
significant difference in SMAD2/3-related signaling acti-
vation (Suppl. Figure 8 A), indicating that INHBA com-
pensates for the insufficient TGFβ1 expression to activate 
SMAD2/3 pathway.

In summary, these results highlights the critical role 
of INHBA in activating the SMAD pathway to promote 
Treg formation in ODSCC.

Discussion
Previous studies have identified clinical and pathological 
differences between ODSCC and NODSCC [5, 6]. How-
ever, the differential features of TME, especially TIME 
between the both are not fully understood. Here, we 
conducted an in-depth analysis of the data, focusing on 
differences in transcriptomic profiles between ODSCC 
and NODSCC. Our analysis revealed a higher proportion 
of tumor epithelial cells, a reduced presence of stromal 
components such as B cells and endothelial cells, and a 
more pronounced TISME in ODSCC. Especially, we 
propose for the first time that increased proportion and 
immune suppression activity of INHBA+Mac and iCAF 
are characteristics of ODSCC. INHBA is involved in the 
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Fig. 6  INHBA is involved in the modulation effect of INHBA+Mac and iCAF on Treg through the SMAD pathway in ODSCC. (A) Mountain plot of the ex-
pression of INHBA in different cell subsets in ODSCC and NODSCC.(B) mIFC demonstrating a higher expression of INHBA in ODSCC than NODSCC. (C) Bar 
chart of the relationship between different concentrations of arecoline stimulation and TGF(Left)/ INHBA (Right) expression in macrophages. (D) Spatial 
transcriptomics analysis of the overlapping area of INHBA-ACVR1/ACVR2A/ACVR2B and iCAF/Tregs/INHBA+Mac. (E) mIFC confirmed that the distribution 
of Tregs (CD4 + FOXP3+) is correlated with INHBA (left). (F) Statistical graph showing the spatial distribution of Treg around INHBA. (G) GSEA analysis of 
SMAD2/3-related signaling pathways in Tregs. (H) Mountain plot of the expression distribution of TGFβ superfamily members in two groups. (I) Heatmap 
of the expression distribution of the receptor of INHBA in different cell types of CD4 + T cells
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modulation effect of INHBA+Mac and iCAF on Treg (see 
Fig. 7).

In the TIME, cytotoxic T cells are commonly mani-
fested by dysfunction, presenting an exhausting sta-
tus and the number and immune suppression function 
of Treg are generally enhanced [57]. In present study, 
compared to NODSCC, ODSCC showed a significant 
increase in CD8+Tn, CD8+Tex and Treg cells, while CTLs 
were reduced. These findings suggest a potentially more 
severe immune-suppressive landscape in ODSCC than in 
NODSCC.

Immune checkpoint blockade (ICB) aims to boost 
CD8+T cell responses against cancer [24] and different 
exhausting status of CD8+T cells exerts varied influence 
on ICB sensitivity [27]. Exhausted CD8+T cells contain a 
subset of progenitor exhausted and terminally differenti-
ated T cells (Tterm) that differentiated from the former. 
Progenitor exhausted T cell can well respond to anti-
PD-1 therapy, but Tterm cannot [27]. Our analysis reveals 
a marked increase in Tterm in ODSCC (Ro/e = 1.22). 
Moreover, Tterm (PD1hiHAVCR2+TOX+) in ODSCC 
exhibited higher expression of exhaustion markers 

(p < 0.001) such as INFG, CXCL13, CCL3, PDCD1, and 
LAG3 than that in NODSCC. Additionally, exhaustion 
markers and immune dysfunction-related transcripts 
such as SOX4, FOXP3 and PRDM1 were significantly 
upregulated in ODSCC compared to NODSCC. All these 
results suggest that ODSCC may be less amenable to 
reversal by anti-PD1 immunotherapy than NODSCC.

Macrophages are central regulators in the TIME, while 
M2 is one of the key immune suppressive cells [30]. With 
the advancement of single-cell sequencing technol-
ogy, more precise classification methods based on gene 
expression profiles have gradually replaced the tradi-
tional M1/M2 macrophage classification [34] and more 
macrophage subsets have been identified, including 
TREM2+TAMs related to immunosuppressive TME [58], 
the SPP1+TAMs associated with angiogenesis in colon 
cancer [59], and PD-L1+macrophage mediating immune 
evasion in melanoma [60]. Our previous study also found 
that Macro-IDO1 was main macrophage subset in oral 
leukoplakia-derived OSCC and had a strong immunosup-
pressive role and contributed to oral carcinogenesis [33]. 
However, pro-cancer activity of INHBA + monocytes/

Fig. 7  Graphical illustration of the working model. In ODSCC, upregulated INHBA mediates crosstalk between INHBA+Mac and iCAF via the INHBA-
ACVR1/ACVR2A/ACVR2B ligand-receptor axis, activating the SMAD signaling pathway to induce Treg differentiation and functionally exert immunosup-
pressive activity
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macrophages has been seldom evaluated until recently to 
our limited knowledge [61, 62]. The present study novelly 
found that INHBA+Mac was more prevalent in ODSCC 
(Ro/e = 1.30) compared to NODSCC (Ro/e = 0.88), mak-
ing it the most significantly different subcluster between 
the two groups.

In addition to INHBA high expression, INHBA+Mac 
highly expressed common immunosuppressive molecule 
SPP1 (p < 0.001), and possessed strong immune-suppres-
sive functions, evidenced by higher immune checkpoint 
scores, increased expression of immunosuppressive mol-
ecules such as CD274, ADORA2A, and PVR, and having 
the lowest MHC score among macrophage subclusters. 
This implies that the increase in INHBA+macrophages is 
potentially responsible for the stronger immunosuppres-
sion in ODSCC.

CAFs, another key component of the TME that exert 
a crucial effect on TIME [44, 45], present complex het-
erogeneity [33, 48]. Based on highly variable genes 
and functional enrichment, CAFs were classified into 
four subclusters (iCAF, mCAF, myCAF, apCAF) in this 
study. We unveiled that iCAF, characterized by elevated 
expression of cytokines and chemokines IL6, IL11, 
CXCL1 and CXCL8, represented a high proportion 
among the identified CAF subsets and was obviously 
enriched (Ro/e = 1.25), while apCAF depleted in ODSCC 
(Ro/e = 0.50) compared to NODSCC (Ro/e = 1.23). GSVA 
enrichment analysis indicated that iCAF mainly enriched 
in immune-related pathways and collagen/ECM path-
ways. More importantly, further analysis demonstrated 
that iCAF in ODSCC possessed stronger immune-sup-
pressive functions than those in NODSCC, as shown by 
differential immune-suppression gene expression, e.g. 
TDO2 and IDO1, between the two groups, the upregu-
lated T-cell activation pathway inhibitor DUSP4 in the 
ODSCC group. apCAF, defined by HLA-DRB1, HLA-
DRA, and CD74, can activate T cells and induce tumor 
suppression [63]. The present analysis showed that 
apCAF mainly enriched in pro-angiogenic and antigen-
presenting functions. Thus, the reduction in apCAF may 
be partial causes of the immunosuppressive microenvi-
ronment exacerbation and the reduced number of blood 
and lymphatic vessels in ODSCC relatively to NODSCC. 
Anyway, this study suggests that the increase in iCAF and 
the decrease in apCAF may be another distinctive TIME 
landscape of ODSCC from NODSCC.

INHBA is a member of the TGFβ superfamily and has 
been reported to promote the formation of a TISME [64], 
promoting lapatinib resistance [65]. In HNSCC, INHBA 
is expressed at higher levels in tumors compared to nor-
mal tissues, and its overexpression is associated with a 
poor prognosis [66, 67]. The classical TGFβ signaling 
pathway regulates tumor immunity through the activa-
tion of the SMAD pathway [57]. Recent clinical trials 

have validated the role of TGFβ-targeted drugs in inhib-
iting Treg production and enhancing the cytotoxicity 
of CD8+T cells [68]. Targeting TGFβ signal (anti-TGFβ 
antibodies, TβR inhibitors) can synergistically enhance 
the effects of other immunotherapy approaches [69]. 
Similar to TGFβ, INHBA can activate the downstream 
SMAD pathways through its receptor, exhibiting similar 
functions to TGFβ and compensating for the functional 
defects caused by TGFβ molecule deficiency [55]. Inter-
estingly, significant overexpression of INHBA in iCAF 
was observed. Nagaraja et al. show that inhibin β A is 
an important regulator of the CAF phenotype in ovar-
ian cancer [70]. Hu et al. identified an INHBA(+) subset 
of immunomodulatory pro-tumoral CAFs as a potential 
therapeutic target in advanced ovarian cancers which 
typically show a poor response to immunotherapy [55]. 
The bioinformatics by Zheng et al. demonstrated that 
CAFs producing INHBA promotes colorectal cancer 
development and correlates with poor prognosis [14]. 
Yu et al. by bioinformatics reveal that INHBA expression 
strongly correlated with various markers of monocytes/
macrophages and cancer-associated fibroblasts in breast 
cancer [71]. Our study revealed that both INHBA+Mac 
and iCAF are main origins of INHBA in ODSCC, both of 
which are related to the formation of a TISME, in keep-
ing with the previous studies [55, 61, 62]. Moreover, in 
ODSCC, although TGFβ1 expression is relatively low 
(p < 0.001), INHBA expression is elevated (p < 0.01) and 
the degree of SMAD pathway activation remains similar 
between ODSCC and NODSCC (p > 0.05). This further 
emphasizes the role of INHBA in OSCC, particularly 
in ODSCC, where it may partially substitute for TGFβ, 
thereby activating SMAD and downstream pathways, 
affecting the tumor microenvironment and patient sur-
vival. Analysis in the TCGA database showed that, simi-
lar to TGFβ, INHBA expression has a significant negative 
correlation with prognosis (p = 0.0012). All these results 
suggest that INHBA is a distinctive immunosuppressive 
molecule, highlighting the potential of INHBA as a thera-
peutic target, especially in ODSCC.

In summary, we utilized scRNA-seq and ST data from 
the GEO database and experimental validation to reveal 
the distinctive TIME landscape of ODSCC, a subtype 
of OSCC with relatively poor prognosis [5]. Our results 
suggest that compared to NODSCC, ODSCC shows a 
more severe TISME and the poorer sensitivity to immu-
notherapy. The increased INHBA+Mac and iCAF seem 
to be responsible for these immune characteristics 
in ODSCC. The upregulated INHBA in ODSCC and 
INHBA-ACVR1/ACVR2A/ACVR2B interaction may 
mediate the modulation effect of INHBA+Mac and iCAF 
on Treg differentiation and functionality. This under-
scores the therapeutic potential of INHBA and provides 
a theoretical basis for developing personalized treatment 
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plans for OSCC. However, there are some limitations in 
our study. Firstly, the analysis of ODSCC data is based 
on only 3 cases, which may lead to internal errors and 
less generalizability of sequencing results. Secondly, 
single-cell RNA sequencing, while powerful, has inher-
ent limitations in detecting low-abundance transcripts 
and resolving rare cell subsets. Manual cell annotation 
based on marker genes may also introduce subjectivity. 
Thirdly, our proposed INHBA-SMAD-Treg axis is pri-
marily supported by spatial co-localization and pathway 
enrichment analyses. Direct experimental validation (e.g., 
SMAD2/3 phosphorylation assays or Treg differentiation 
assays with INHBA blockade) is needed to establish cau-
sality. Fourthly, another important issue is the absence of 
a stable and reliable ODSCC tumor model, which pre-
vented us from validating our findings in vivo. The recent 
emergence and maturation of organoid models may par-
tially replace animal models and further validate our dis-
coveries in future.

Abbreviations
OSCC	� Oral Squamous Cell Carcinoma
OSF	� Oral Submucous Fibrosis
OPMD	� Oral Potentially Malignant Disorders
ODSCC	� OSF-derived OSCC
NODSCC	� Non-OSF-derived OSCC
TME	� The tumor microenvironment
TISME	� Tumor immunosuppressive microenvironment
TIME	� Tumor immune microenvironment
CAFs	� Cancer-associated fibroblasts
scRNA-seq	� Single-cell RNA sequencing
ST	� Spatial transcriptomics
iCAF	� Proinflammatory cancer-associated fibroblast
OS	� Overall survival
HR	� Hazard ratio
HMM	� Hidden Markov model
SCENIC	� Single-cell regulatory network inference and clustering
TFs	� Transcriptomic factors
mIF	� Multiple immunofluorescence
CNV	� Copy Number Variation
Tex	� Exhausted T cells
Tn	� Naive T cells
Mac	� Macrophages
ECM	� Extracellular matrix
myCAF	� Myofibroblastic cancer-associated fibroblast
mCAF	� Matrix cancer-associated fibroblast
apCAF	� Antigen-presenting cancer-associated fibroblast
ICB	� Immune checkpoint blockade
Tterm	� Terminally differentiated T cells
Tprog	� Progenitor-like T cell
Treg	� T-regulatory cells
INHBA	� Inhibin subunit beta A

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​8​5​-​0​2​5​-​1​4​2​6​1​-​2.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Supplementary Material 8

Supplementary Material 9

Supplementary Material 10

Supplementary Material 11

Supplementary Material 12

Supplementary Material 13

Supplementary Material 14

Acknowledgements
We thank Xingxing Shao at Translational Medicine Core Facility of Shandong 
University for consultation and instrument availability that supported this 
work. We thank the picture materials by Figdraw (www.figdraw.com).

Author contributions
Simin Zhao designed the experiments, analyzed the data, performed 
the experiments and drafted the manuscript. Yu Zhang conducted the 
experiments and participated in the experimental design. These two authors 
contributed equally to this work. Xiaoqin Meng, Yahui Li, Hao Li and Xingyu 
Zhao performed the experiments partly. Pishan Yang revised and commented 
the manuscript. Shaopeng Liu and Ye Wang conducted data analysis and 
contributed to the experimental design. Chengzhe Yang designed, supervised 
the study, and revised the manuscript. Chengzhe Yang and Shaopeng Liu 
made equal contributions. All authors read and approved the final manuscript.

Funding
This work was supported by the Province Natural Science Foundation of 
Shandong Province (No. ZR2022MH136), the Key R&D Program of Shandong 
Province, China (No. 2021SFGC0502).

Data availability
The raw sequence data included in this study was retrieved from the Gene 
Expression Omnibus (GEO) database under accession number GSE215403, 
GSE208253, and GSE220978. The codes used to analyze data and generate 
figures are available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Human tissue acquisition and subsequent use were approved by the Ethics 
Committee of Scientific Research of Shandong University Qilu Hospital (No. 
KYLL-202210-052), and informed consent was obtained from patients/family 
members. Human data was performed in accordance with the Declaration of 
Helsinki.

Consent for publication
Not Applicable.

Competing interests
The authors have declared that no competing interest exists.

Author details
1Department of Oral and Maxillofacial Surgery, Qilu Hospital of Shandong 
University, Jinan, Shandong, China
2School and Hospital of Stomatology, Cheeloo College of Medicine, 
Shandong University, Shandong, China
3Department of Stomatology, Shandong Provincial Hospital, Shandong 
Provincial Hospital Affiliated to Shandong First Medical University 
&Department of Stomatology, Shandong University, Jinan, Shandong, 
China

https://doi.org/10.1186/s12885-025-14261-2
https://doi.org/10.1186/s12885-025-14261-2
http://www.figdraw.com


Page 17 of 19Zhao et al. BMC Cancer          (2025) 25:857 

4Department of Periodontology, School and Hospital of Stomatology, 
Cheeloo College of Medicine, Shandong Key Laboratory of Oral Tissue 
Regeneration & Shandong Engineering Research Center of Dental 
Materials and Oral Tissue Regeneration & Shandong Provincial Clinical 
Research Center for Oral Diseases, Shandong University, Jinan, Shandong, 
China
5Research Center for Basic Medical Sciences, Qilu Hospital of Shandong 
University, Jinan, Shandong, China
6Department of Plastic, Aesthetic, and Burn Surgery, Qilu Hospital of 
Shandong University, Jinan, Shandong, China

Received: 21 February 2025 / Accepted: 2 May 2025

References
1.	 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, Jemal A. 

Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortal-
ity worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2024;74:229–
63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​2​2​​/​c​​a​a​c​.​2​1​8​3​4.

2.	 Shen Y-W, Shih Y-H, Fuh L-J, Shieh T-M. Oral submucous fibrosis: A review 
on biomarkers, pathogenic mechanisms, and treatments. Int J Mol Sci. 
2020;21:7231. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​1​1​9​7​2​3​1.

3.	 Abati S, Bramati C, Bondi S, Lissoni A, Trimarchi M. Oral Cancer and precancer: 
A narrative review on the relevance of early diagnosis. Int J Environ Res Public 
Health. 2020;17:9160. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​e​r​p​h​1​7​2​4​9​1​6​0.

4.	 Jian X, Jian Y, Wu X, Guo F, Hu Y, Gao X, Jiang C, Li N, Wu Y, Liu D. Oral submu-
cous fibrosis transforming into squamous cell carcinoma: a prospective study 
over 31 years in Mainland China. Clin Oral Invest. 2021;25:2249–56. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​7​8​4​-​0​2​0​-​0​3​5​4​1​-​9.

5.	 Guo F, Jian X, Zhou S, Li N, Hu Y, Tang Z. [A retrospective study of oral squa-
mous cell carcinomas originated from oral submucous fibrosis]. Zhonghua 
Kou Qiang Yi Xue Za Zhi. 2011;46:494–7.

6.	 Chaturvedi P, Malik A, Nair D, Nair S, Mishra A, Garg A, Vaishampayan S. Oral 
squamous cell carcinoma associated with oral submucous fibrosis have bet-
ter oncologic outcome than those without. Oral Surg Oral Med Oral Pathol 
Oral Radiol. 2017;124:225–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​o​o​o​o​.​2​0​1​7​.​0​4​.​0​1​4.

7.	 Divya B, Vasanthi V, Ramadoss R, Kumar AR, Rajkumar K. Clinicopathological 
characteristics of oral squamous cell carcinoma arising from oral submucous 
fibrosis: A systematic review. J Cancer Res Ther. 2023;19:537–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​4​1​0​3​​/​j​​c​r​t​.​j​c​r​t​_​1​4​6​7​_​2​1.

8.	 Pitt JM, Marabelle A, Eggermont A, Soria J-C, Kroemer G, Zitvogel L. Targeting 
the tumor microenvironment: removing obstruction to anticancer immune 
respt cell dysfunction ionses and immunotherapy. Ann Oncol. 2016;27:1482–
92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​a​​n​n​o​n​c​/​m​d​w​1​6​8.

9.	 de Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer 
initiation to metastatic outgrowth. Cancer Cell. 2023;41:374–403. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​​e​l​l​​.​2​0​2​​3​.​​0​2​.​0​1​6.

10.	 Kurkalang S, Roy S, Acharya A, Mazumder P, Mazumder S, Patra S, Ghosh S, 
Sarkar S, Kundu S, Biswas NK, Ghose S, Majumder PP, Maitra A. Single-cell 
transcriptomic analysis of gingivo-buccal oral cancer reveals two dominant 
cellular programs. Cancer Sci. 2023;114:4732–46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​c​​a​s​.​
1​5​9​7​9.

11.	 Zhi Y, Wang Q, Zi M, Zhang S, Ge J, Liu K, Lu L, Fan C, Yan Q, Shi L, Chen P, Fan 
S, Liao Q, Guo C, Wang F, Gong Z, Xiong W, Zeng Z. Spatial transcriptomic 
and metabolomic landscapes of oral submucous Fibrosis-Derived oral 
squamous cell carcinoma and its tumor microenvironment. Adv Sci (Weinh). 
2024;11:e2306515. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​a​​d​v​s​.​2​0​2​3​0​6​5​1​5.

12.	 Loumaye A, de Barsy M, Nachit M, Lause P, van Maanen A, Trefois P, Gruson 
D, Thissen J-P. Circulating activin A predicts survival in cancer patients. J 
Cachexia Sarcopenia Muscle. 2017;8:768–77. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​c​s​m​.​1​2​
2​0​9.

13.	 Dean M, Davis DA, Burdette JE. Activin A stimulates migration of the fallopian 
tube epithelium, an origin of High-Grade serous ovarian cancer, through 
Non-Canonical signaling. Cancer Lett. 2017;391:114–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​
1​6​​/​j​​.​c​a​​n​l​e​​t​.​2​0​​1​7​​.​0​1​.​0​1​1.

14.	 Zheng N, Wen R, Zhou L, Meng Q, Zheng K, Li Z, Cao F, Zhang W. Multiregion 
single cell analysis reveals a novel subtype of cancer-associated fibroblasts 
located in the hypoxic tumor microenvironment in colorectal cancer. Transl 
Oncol. 2022;27:101570. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​t​r​​a​n​o​​n​.​2​0​​2​2​​.​1​0​1​5​7​0.

15.	 Bashir M, Damineni S, Mukherjee G, Kondaiah P. Activin-A signaling promotes 
epithelial–mesenchymal transition, invasion, and metastatic growth of breast 
cancer. Npj Breast Cancer. 2015;1:1–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​p​j​b​c​a​n​c​e​r​.​2​
0​1​5​.​7.

16.	 Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan C-H, Myung P, 
Plikus MV, Nie Q. Inference and analysis of cell-cell communication using 
cellchat. Nat Commun. 2021;12:1088. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​7​-​0​2​1​-​2​1​
2​4​6​-​9.

17.	 Hänzelmann S, Castelo R, Guinney J. BMC Bioinformatics. 2013;14:7. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​1​0​5​-​1​4​-​7. GSVA: gene set variation analysis for ​m​i​c​r​o​a​r​r​
a​y and RNA-Seq data.

18.	 Zhang L, Yu X, Zheng L, Zhang Y, Li Y, Fang Q, Gao R, Kang B, Zhang Q, Huang 
JY, Konno H, Guo X, Ye Y, Gao S, Wang S, Hu X, Ren X, Shen Z, Ouyang W, 
Zhang Z. Lineage tracking reveals dynamic relationships of T cells in colorec-
tal cancer. Nature. 2018;564:268–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​8​6​-​0​1​8​-​0​6​9​
4​-​x.

19.	 Steen CB, Liu CL, Alizadeh AA, Newman AM. Profiling cell type abun-
dance and expression in bulk tissues with CIBERSORTx. Methods Mol Biol. 
2020;2117:135–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​9​​7​8​-​​1​-​0​​7​1​6​-​​0​3​​0​1​-​7​_​7.

20.	 Bravo González-Blas C, De Winter S, Hulselmans G, Hecker N, Matetovici I, 
Christiaens V, Poovathingal S, Wouters J, Aibar S, Aerts S. SCENIC+: single-cell 
multiomic inference of enhancers and gene regulatory networks. Nat Meth-
ods. 2023;20:1355–67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​2​-​0​2​3​-​0​1​9​3​8​-​4.

21.	 Matellan C, Kennedy C, Santiago-Vela MI, Hochegger J, Ní Chathail MB, Wu 
A, Shannon C, Roche HM, Aceves SS, Godson C, Manresa MC. The TNFSF12/
TWEAK modulates colonic inflammatory fibroblast differentiation and pro-
motes fibroblast-Monocyte interactions. J Immunol. 2024;212:1958–70. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​0​4​9​​/​j​​i​m​m​u​n​o​l​.​2​3​0​0​7​6​2.

22.	 Niu N, Shen X, Wang Z, Chen Y, Weng Y, Yu F, Tang Y, Lu P, Liu M, Wang L, Sun Y, 
Yang M, Shen B, Jin J, Lu Z, Jiang K, Shi Y, Xue J. Tumor cell-intrinsic epigenetic 
dysregulation shapes cancer-associated fibroblasts heterogeneity to meta-
bolically support pancreatic cancer. Cancer Cell. 2024;42:869–e8849. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​​e​l​l​​.​2​0​2​​4​.​​0​3​.​0​0​5.

23.	 Teng Y, Guo B, Mu X, Liu S. KIF26B promotes cell proliferation and migration 
through the FGF2/ERK signaling pathway in breast cancer. Biomed Pharma-
cother. 2018;108:766–73. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​p​h​​a​.​2​0​​1​8​​.​0​9​.​0​3​6.

24.	 Xia A, Zhang Y, Xu J, Yin T, Lu X-J. T cell dysfunction in Cancer immunity and 
immunotherapy. Front Immunol. 2019;10:1719. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​i​m​m​
u​.​2​0​1​9​.​0​1​7​1​9.

25.	 Hornburg M, Desbois M, Lu S, Guan Y, Lo AA, Kaufman S, Elrod A, Lotstein A, 
DesRochers TM, Munoz-Rodriguez JL, Wang X, Giltnane J, Mayba O, Turley SJ, 
Bourgon R, Daemen A, Wang Y. Single-cell dissection of cellular components 
and interactions shaping the tumor immune phenotypes in ovarian cancer. 
Cancer Cell. 2021;39:928–e9446. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​​e​l​l​​.​2​0​2​​1​.​​0​4​.​0​0​4.

26.	 Desbois M, Udyavar AR, Ryner L, Kozlowski C, Guan Y, Dürrbaum M, Lu S, 
Fortin J-P, Koeppen H, Ziai J, Chang C-W, Keerthivasan S, Plante M, Bourgon 
R, Bais C, Hegde P, Daemen A, Turley S, Wang Y. Integrated digital pathology 
and transcriptome analysis identifies molecular mediators of T-cell exclusion 
in ovarian cancer. Nat Commun. 2020;11:5583. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​
7​-​0​2​0​-​1​9​4​0​8​-​2.

27.	 Miller BC, Sen DR, Abosy RA, Bi K, Virkud YV, LaFleur MW, Yates KB, Lako A, 
Felt K, Naik GS, Manos M, Gjini E, Kuchroo JR, Ishizuka JJ, Collier JL, Griffin GK, 
Maleri S, Comstock DE, Weiss SA, Brown FD, Panda A, Zimmer MD, Manguso 
RT, Hodi FS, Rodig SJ, Sharpe AH, Haining WN. Subsets of exhausted CD8 + T 
cells differentially mediate tumor control and respond to checkpoint Block-
ade. Nat Immunol. 2019;20:326–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​0​-​0​1​9​-​0​3​1​
2​-​6.

28.	 Zhang Q, Liu Y, Wang X, Zhang C, Hou M, Liu Y. Integration of single-cell RNA 
sequencing and bulk RNA transcriptome sequencing reveals a heteroge-
neous immune landscape and pivotal cell subpopulations associated with 
colorectal cancer prognosis. Front Immunol. 2023;14:1184167. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​8​9​​/​f​​i​m​m​u​.​2​0​2​3​.​1​1​8​4​1​6​7.

29.	 McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaustion during 
chronic viral infection and Cancer. Annu Rev Immunol. 2019;37:457–95. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​4​6​​/​a​​n​n​u​​r​e​v​​-​i​m​m​​u​n​​o​l​-​0​4​1​0​1​5​-​0​5​5​3​1​8.

30.	 Qian B-Z, Pollard JW. Macrophage diversity enhances tumor progression and 
metastasis. Cell. 2010;141:39–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​l​l​.​2​0​1​0​.​0​3​.​0​1​4.

31.	 Szczykutowicz J. Ligand recognition by the macrophage Galactose-Type 
C-Type lectin: self or Non-Self?-A way to trick the host’s immune system. Int J 
Mol Sci. 2023;24:17078. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​4​2​3​1​7​0​7​8.

32.	 Sun R, Zhao H, Gao DS, Ni A, Li H, Chen L, Lu X, Chen K, Lu B. Amphiregulin 
couples IL1RL1 + regulatory T cells and cancer-associated fibroblasts to 

https://doi.org/10.3322/caac.21834
https://doi.org/10.3390/ijms21197231
https://doi.org/10.3390/ijerph17249160
https://doi.org/10.1007/s00784-020-03541-9
https://doi.org/10.1007/s00784-020-03541-9
https://doi.org/10.1016/j.oooo.2017.04.014
https://doi.org/10.4103/jcrt.jcrt_1467_21
https://doi.org/10.4103/jcrt.jcrt_1467_21
https://doi.org/10.1093/annonc/mdw168
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1111/cas.15979
https://doi.org/10.1111/cas.15979
https://doi.org/10.1002/advs.202306515
https://doi.org/10.1002/jcsm.12209
https://doi.org/10.1002/jcsm.12209
https://doi.org/10.1016/j.canlet.2017.01.011
https://doi.org/10.1016/j.canlet.2017.01.011
https://doi.org/10.1016/j.tranon.2022.101570
https://doi.org/10.1038/npjbcancer.2015.7
https://doi.org/10.1038/npjbcancer.2015.7
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/s41586-018-0694-x
https://doi.org/10.1038/s41586-018-0694-x
https://doi.org/10.1007/978-1-0716-0301-7_7
https://doi.org/10.1038/s41592-023-01938-4
https://doi.org/10.4049/jimmunol.2300762
https://doi.org/10.4049/jimmunol.2300762
https://doi.org/10.1016/j.ccell.2024.03.005
https://doi.org/10.1016/j.ccell.2024.03.005
https://doi.org/10.1016/j.biopha.2018.09.036
https://doi.org/10.3389/fimmu.2019.01719
https://doi.org/10.3389/fimmu.2019.01719
https://doi.org/10.1016/j.ccell.2021.04.004
https://doi.org/10.1038/s41467-020-19408-2
https://doi.org/10.1038/s41467-020-19408-2
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.3389/fimmu.2023.1184167
https://doi.org/10.3389/fimmu.2023.1184167
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.3390/ijms242317078


Page 18 of 19Zhao et al. BMC Cancer          (2025) 25:857 

impede antitumor immunity. Sci Adv. 2023;9:eadd7399. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​
2​6​​/​s​​c​i​a​d​v​.​a​d​d​7​3​9​9.

33.	 Zhang Y, Zhang J, Zhao S, Xu Y, Huang Y, Liu S, Su P, Wang C, Li Y, Li H, Yang 
P, Yang C. Single-cell RNA sequencing highlights the immunosuppression 
of IDO1 + macrophages in the malignant transformation of oral leukoplakia. 
Theranostics. 2024;14:4787–805. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​1​5​0​​/​t​​h​n​o​.​9​9​1​1​2.

34.	 Sui X, Chen C, Zhou X, Wen X, Shi C, Chen G, Liu J, He Z, Yao Y, Li Y, Gao Y. 
Integrative analysis of bulk and single-cell gene expression profiles to identify 
tumor-associated macrophage-derived CCL18 as a therapeutic target of 
esophageal squamous cell carcinoma. J Exp Clin Cancer Res. 2023;42:51. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​4​6​-​0​2​3​-​0​2​6​1​2​-​5.

35.	 Hui B, Lu C, Li H, Hao X, Liu H, Zhuo D, Wang Q, Li Z, Liu L, Wang X, Gu Y, Tang 
W. Inhibition of APOE potentiates immune checkpoint therapy for cancer. Int 
J Biol Sci. 2022;18:5230–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​1​5​0​​/​i​​j​b​s​.​7​0​1​1​7.

36.	 Chen F, Cai X, Kang R, Liu J, Tang D. Autophagy-Dependent ferroptosis in 
Cancer. Antioxid Redox Signal. 2023;39:79–101. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​9​​/​a​​r​s​.​2​0​
2​2​.​0​2​0​2.

37.	 Larionova I, Kazakova E, Gerashchenko T, Kzhyshkowska J. New angiogenic 
regulators produced by TAMs: perspective for targeting tumor angiogenesis. 
Cancers. 2021;13:3253. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​c​​a​n​c​e​r​s​1​3​1​3​3​2​5​3.

38.	 Randi AM, Smith KE, Castaman G. Von Willebrand factor regulation of blood 
vessel formation. Blood. 2018;132:132–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​2​​/​b​​l​o​o​​d​-​2​​0​1​
8​-​​0​1​​-​7​6​9​0​1​8.

39.	 Guo F, Yuan Y. Tumor necrosis factor Alpha-Induced proteins in malignant 
tumors: progress and prospects. Onco Targets Ther. 2020;13:3303–18. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​4​7​​/​O​​T​T​.​S​2​4​1​3​4​4.

40.	 Harris NLE, Vennin C, Conway JRW, Vine KL, Pinese M, Cowley MJ, Shearer RF, 
Lucas MC, Herrmann D, Allam AH, Pajic M, Morton JP, Australian Pancreatic 
Cancer Genome Initiative, Biankin AV, Ranson M, Timpson P, Saunders DN. 
SerpinB2 regulates stromal remodelling and local invasion in pancreatic 
cancer. Oncogene. 2017;36:4288–4298. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​o​​n​c​.​2​0​1​7​.​6​3

41.	 Daulagala AC, Cetin M, Nair-Menon J, Jimenez DW, Bridges MC, Bradshaw AD, 
Sahin O, Kourtidis A. The epithelial adherens junction component PLEKHA7 
regulates ECM remodeling and cell behavior through miRNA-mediated 
regulation of MMP1 and LOX. bioRxiv. 2024. 596237. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​1​​/​
2​​0​2​4​.​0​5​.​2​8​.​5​9​6​2​3​7

42.	 Zhao Y, Chen C, Chen K, Sun Y, He N, Zhang X, Xu J, Shen A, Zhao S. Multi-
omics analysis of macrophage-associated receptor and ligand reveals a 
strong prognostic signature and subtypes in hepatocellular carcinoma. Sci 
Rep. 2024;14:12163. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​4​-​6​2​6​6​8​-​x.

43.	 Feng H, Shen X, Zhu X, Zhong W, Zhu D, Zhao J, Chen Y, Shen F, Liu K, Liang L. 
Unveiling major histocompatibility complex-mediated pan-cancer immune 
features by integrated single-cell and bulk RNA sequencing. Cancer Lett. 
2024;597:217062. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​a​​n​l​e​​t​.​2​0​​2​4​​.​2​1​7​0​6​2.

44.	 Chen X, Song E. Turning foes to friends: targeting cancer-associated fibro-
blasts. Nat Rev Drug Discov. 2019;18:99–115. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​7​
3​-​0​1​8​-​0​0​0​4​-​1.

45.	 Mao X, Xu J, Wang W, Liang C, Hua J, Liu J, Zhang B, Meng Q, Yu X, Shi S. 
Crosstalk between cancer-associated fibroblasts and immune cells in the 
tumor microenvironment: new findings and future perspectives. Mol Cancer. 
2021;20:131. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​4​3​-​0​2​1​-​0​1​4​2​8​-​1.

46.	 Fang Y, Xiao X, Wang J, Dasari S, Pepin D, Nephew KP, Zamarin D, Mitra AK. 
Cancer associated fibroblasts serve as an ovarian cancer stem cell niche 
through noncanonical Wnt5a signaling. Npj Precis Onc. 2024;8:1–17. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​6​9​8​-​0​2​3​-​0​0​4​9​5​-​5.

47.	 Li R, Zhou R, Wang H, Li W, Pan M, Yao X, Zhan W, Yang S, Xu L, Ding Y, Zhao L. 
Gut microbiota-stimulated cathepsin K secretion mediates TLR4-dependent 
M2 macrophage polarization and promotes tumor metastasis in colorectal 
cancer. Cell Death Differ. 2019;26:2447–63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​1​8​-​0​1​
9​-​0​3​1​2​-​y.

48.	 Hu S, Lu H, Xie W, Wang D, Shan Z, Xing X, Wang X-M, Fang J, Dong W, Dai W, 
Guo J, Zhang Y, Wen S, Guo X-Y, Chen Q, Bai F, Wang Z. TDO2 + myofibroblasts 
mediate immune suppression in malignant transformation of squamous cell 
carcinoma, J Clin Invest 132 (n.d.) e157649. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​2​​/​J​​C​I​1​5​7​6​4​
9.

49.	 Huang C-Y, Lin Y-C, Hsiao W-Y, Liao F-H, Huang P-Y, Tan T-H. DUSP4 deficiency 
enhances CD25 expression and CD4 + T-cell proliferation without impeding 
T-cell development. Eur J Immunol. 2012;42:476–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​
e​​j​i​.​2​0​1​0​4​1​2​9​5.

50.	 Park S, Karalis JD, Hong C, Clemenceau JR, Porembka MR, Kim I-H, Lee SH, 
Wang SC, Cheong J-H, Hwang TH. ACTA2 expression predicts survival and is 
associated with response to immune checkpoint inhibitors in gastric cancer. 

Clin Cancer Res. 2023;29:1077–85. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​1​​0​7​8​​-​0​4​​3​2​.​C​​C​R​​-​2​
2​-​1​8​9​7.

51.	 Kan T, Zhang S, Zhou S, Zhang Y, Zhao Y, Gao Y, Zhang T, Gao F, Wang X, Zhao 
L, Yang M. Single-cell RNA-seq recognized the initiator of epithelial ovarian 
cancer recurrence. Oncogene. 2022;41:895–906. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​
8​8​-​0​2​1​-​0​2​1​3​9​-​z.

52.	 Chen Q, Guo H, Jiang H, Hu Z, Yang X, Yuan Z, Gao Y, Zhang G, Bai Y. S100A2 
induces epithelial–mesenchymal transition and metastasis in pancreatic 
cancer by coordinating transforming growth factor Β signaling in SMAD4-
dependent manner. Cell Death Discov. 2023;9:356. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​
1​4​2​0​-​0​2​3​-​0​1​6​6​1​-​1.

53.	 Li E, Cheung HC, Ma S, editors. CTHRC1 + fibroblasts and SPP1 + macrophages 
synergistically contribute to pro-tumorigenic tumor microenvironment in 
pancreatic ductal adenocarcinoma, Sci Rep 14 (2024) 17412. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​4​-​6​8​1​0​9​-​z

54.	 Mucciolo G, Araos Henríquez J, Jihad M, Pinto Teles S, Manansala JS, Li W, 
Ashworth S, Lloyd EG, Cheng PSW, Luo W, Anand A, Sawle A, Piskorz A, Biffi 
G. EGFR-activated myofibroblasts promote metastasis of pancreatic cancer. 
Cancer Cell. 2024;42:101–e11811. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​​e​l​l​​.​2​0​2​​3​.​​1​2​.​0​0​2.

55.	 Hu Y, Recouvreux MS, Haro M, Taylan E, Taylor-Harding B, Walts AE, Karlan 
BY, Orsulic S. INHBA(+) cancer-associated fibroblasts generate an immuno-
suppressive tumor microenvironment in ovarian cancer. NPJ Precis Oncol. 
2024;8:35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​6​9​8​-​0​2​4​-​0​0​5​2​3​-​y.

56.	 Ni X, Tao J, Barbi J, Chen Q, Park BV, Li Z, Zhang N, Lebid A, Ramaswamy A, 
Wei P, Zheng Y, Zhang X, Wu X, Vignali P, Yang C-P, Li H, Pardoll D, Lu L, Pan D, 
Pan F. YAP is essential for Treg-Mediated suppression of antitumor immunity. 
Cancer Discov. 2018;8:1026–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​2​​1​5​9​​-​8​2​​9​0​.​C​​D​-​​1​7​-​1​1​
2​4.

57.	 Abdel Mouti M, Pauklin S. TGFB1/INHBA Homodimer/Nodal-SMAD2/3 
signaling network: A pivotal molecular target in PDAC treatment. Mol Ther. 
2021;29:920–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​y​m​​t​h​e​​.​2​0​2​​1​.​​0​1​.​0​0​2.

58.	 Binnewies M, Pollack JL, Rudolph J, Dash S, Abushawish M, Lee T, Jahchan NS, 
Canaday P, Lu E, Norng M, Mankikar S, Liu VM, Du X, Chen A, Mehta R, Palmer 
R, Juric V, Liang L, Baker KP, Reyno L, Krummel MF, Streuli M, Sriram V. Target-
ing TREM2 on tumor-associated macrophages enhances immunotherapy. 
Cell Rep. 2021;37:109844. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​​l​r​e​​p​.​2​0​​2​1​​.​1​0​9​8​4​4.

59.	 Z ZLL, Km S, Q F, Sa ZWO, Y H, L W, Q Z, A K, R G, D OJWTS, J K, D B, D L, Cm 
L, As R, K P, Y Y, X WSH, X R, W O, Z S, Jg E, Z Z. Single-Cell analyses inform 
mechanisms of Myeloid-Targeted therapies in Colon cancer. Cell. 2020;181. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​l​l​.​2​0​2​0​.​0​3​.​0​4​8.

60.	 Nirmal AJ, Maliga Z, Vallius T, Quattrochi B, Chen AA, Jacobson CA, Pelletier RJ, 
Yapp C, Arias-Camison R, Chen Y-A, Lian CG, Murphy GF, Santagata S, Sorger 
PK. The Spatial landscape of progression and immunoediting in primary 
melanoma at Single-Cell resolution. Cancer Discov. 2022;12:1518–41. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​2​​1​5​9​​-​8​2​​9​0​.​C​​D​-​​2​1​-​1​3​5​7.

61.	 Sun L, Kang X, Wang C, Wang R, Yang G, Jiang W, Wu Q, Wang Y, Wu Y, Gao 
J, Chen L, Zhang J, Tian Z, Zhu G, Sun S. Single-cell and Spatial dissection of 
precancerous lesions underlying the initiation process of oral squamous cell 
carcinoma. Cell Discov. 2023;9:28. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​2​1​-​0​2​3​-​0​0​5​3​
2​-​4.

62.	 Taniguchi S, Matsui T, Kimura K, Funaki S, Miyamoto Y, Uchida Y, Sudo T, Kikuta 
J, Hara T, Motooka D, Liu Y-C, Okuzaki D, Morii E, Emoto N, Shintani Y, Ishii M. 
In vivo induction of activin A-producing alveolar macrophages supports the 
progression of lung cell carcinoma. Nat Commun. 2023;14:143. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​7​-​0​2​2​-​3​5​7​0​1​-​8.

63.	 Huang H, Wang Z, Zhang Y, Pradhan RN, Ganguly D, Chandra R, Murimwa G, 
Wright S, Gu X, Maddipati R, Müller S, Turley SJ, Brekken RA. Mesothelial cell-
derived antigen-presenting cancer-associated fibroblasts induce expansion 
of regulatory T cells in pancreatic cancer. Cancer Cell. 2022;40:656–e6737. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​​e​l​l​​.​2​0​2​​2​.​​0​4​.​0​1​1.

64.	 De Martino M, Daviaud C, Diamond JM, Kraynak J, Alard A, Formenti SC, Miller 
LD, Demaria S, Vanpouille-Box C. Activin A promotes regulatory T cell–medi-
ated immunosuppression in irradiated breast cancer. Cancer Immunol Res. 
2021;9:89–102. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​8​​/​2​​3​2​6​​-​6​0​​6​6​.​C​​I​R​​-​1​9​-​0​3​0​5.

65.	 Hamalian S, Güth R, Runa F, Sanchez F, Vickers E, Agajanian M, Molnar J, 
Nguyen T, Gamez J, Humphries JD, Nayak A, Humphries MJ, Tchou J, Zervan-
tonakis IK, Kelber JA. A SNAI2-PEAK1-INHBA stromal axis drives progression 
and lapatinib resistance in HER2-positive breast cancer by supporting 
subpopulations of tumor cells positive for antiapoptotic and stress signaling 
markers. Oncogene. 2021;40:5224–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​8​8​-​0​2​1​-​0​1​
9​0​6​-​2.

https://doi.org/10.1126/sciadv.add7399
https://doi.org/10.1126/sciadv.add7399
https://doi.org/10.7150/thno.99112
https://doi.org/10.1186/s13046-023-02612-5
https://doi.org/10.1186/s13046-023-02612-5
https://doi.org/10.7150/ijbs.70117
https://doi.org/10.1089/ars.2022.0202
https://doi.org/10.1089/ars.2022.0202
https://doi.org/10.3390/cancers13133253
https://doi.org/10.1182/blood-2018-01-769018
https://doi.org/10.1182/blood-2018-01-769018
https://doi.org/10.2147/OTT.S241344
https://doi.org/10.2147/OTT.S241344
https://doi.org/10.1038/onc.2017.63
https://doi.org/10.1101/2024.05.28.596237
https://doi.org/10.1101/2024.05.28.596237
https://doi.org/10.1038/s41598-024-62668-x
https://doi.org/10.1016/j.canlet.2024.217062
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1038/s41698-023-00495-5
https://doi.org/10.1038/s41698-023-00495-5
https://doi.org/10.1038/s41418-019-0312-y
https://doi.org/10.1038/s41418-019-0312-y
https://doi.org/10.1172/JCI157649
https://doi.org/10.1172/JCI157649
https://doi.org/10.1002/eji.201041295
https://doi.org/10.1002/eji.201041295
https://doi.org/10.1158/1078-0432.CCR-22-1897
https://doi.org/10.1158/1078-0432.CCR-22-1897
https://doi.org/10.1038/s41388-021-02139-z
https://doi.org/10.1038/s41388-021-02139-z
https://doi.org/10.1038/s41420-023-01661-1
https://doi.org/10.1038/s41420-023-01661-1
https://doi.org/10.1038/s41598-024-68109-z
https://doi.org/10.1038/s41598-024-68109-z
https://doi.org/10.1016/j.ccell.2023.12.002
https://doi.org/10.1038/s41698-024-00523-y
https://doi.org/10.1158/2159-8290.CD-17-1124
https://doi.org/10.1158/2159-8290.CD-17-1124
https://doi.org/10.1016/j.ymthe.2021.01.002
https://doi.org/10.1016/j.celrep.2021.109844
https://doi.org/10.1016/j.cell.2020.03.048
https://doi.org/10.1016/j.cell.2020.03.048
https://doi.org/10.1158/2159-8290.CD-21-1357
https://doi.org/10.1158/2159-8290.CD-21-1357
https://doi.org/10.1038/s41421-023-00532-4
https://doi.org/10.1038/s41421-023-00532-4
https://doi.org/10.1038/s41467-022-35701-8
https://doi.org/10.1038/s41467-022-35701-8
https://doi.org/10.1016/j.ccell.2022.04.011
https://doi.org/10.1016/j.ccell.2022.04.011
https://doi.org/10.1158/2326-6066.CIR-19-0305
https://doi.org/10.1038/s41388-021-01906-2
https://doi.org/10.1038/s41388-021-01906-2


Page 19 of 19Zhao et al. BMC Cancer          (2025) 25:857 

66.	 Wu Z, Tang Y, Niu X, Cheng Q. Expression and gene regulation network of 
INHBA in head and neck squamous cell carcinoma based on data mining. Sci 
Rep. 2019;9:14341. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​9​-​5​0​8​6​5​-​y.

67.	 Zhang S, Jin K, Li T, Zhou M, Yang W. Comprehensive analysis of INHBA: A 
biomarker for anti-TGFβ treatment in head and neck cancer. Exp Biol Med 
(Maywood). 2022;247:1317–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​1​​5​3​5​3​7​0​2​2​2​1​0​8​5​2​0​3.

68.	 MaruYama T, Chen W, Shibata H, TGF-β and, Immunotherapy C. Biol Pharm 
Bull. 2022;45:155–61. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​4​8​​/​b​​p​b​.​b​2​1​-​0​0​9​6​6.

69.	 Peng D, Fu M, Wang M, Wei Y, Wei X. Targeting TGF-β signal transduction for 
fibrosis and cancer therapy. Mol Cancer. 2022;21:104. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​
s​​1​2​9​4​3​-​0​2​2​-​0​1​5​6​9​-​x.

70.	 Nagaraja AS, Dood RL, Armaiz-Pena G, Kang Y, Wu SY, Allen JK, Jennings NB, 
Mangala LS, Pradeep S, Lyons Y, Haemmerle M, Gharpure KM, Sadaoui NC, 

Rodriguez-Aguayo C, Ivan C, Wang Y, Baggerly K, Ram P, Lopez-Berestein 
G, Liu J, Mok SC, Cohen L, Lutgendorf SK, Cole SW, Sood AK. Adrenergic-
mediated increases in INHBA drive CAF phenotype and collagens, JCI Insight 
2 (n.d.) e93076. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​2​​/​j​​c​i​.​i​n​s​i​g​h​t​.​9​3​0​7​6

71.	 Yu Z, Cheng L, Liu X, Zhang L, Cao H. Increased expression of INHBA is 
correlated with poor prognosis and high immune infiltrating level in breast 
Cancer. Front Bioinform. 2022;2:729902. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​3​3​​​8​9​​/​f​b​​i​n​f​.​2​​0​2​2​.​7​2​
9​9​0​2.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/s41598-019-50865-y
https://doi.org/10.1177/15353702221085203
https://doi.org/10.1248/bpb.b21-00966
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1172/jci.insight.93076
https://doi.org/10.3389/fbinf.2022.729902
https://doi.org/10.3389/fbinf.2022.729902

	﻿INHBA﻿+﻿ macrophages and Pro-inflammatory CAFs are associated with distinctive immunosuppressive tumor microenvironment in submucous Fibrosis-Derived oral squamous cell carcinoma
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Data collection
	﻿scRNA-seq data preprocessing and integration
	﻿Cluster annotation and data visualization
	﻿Differentially expressed genes (DEGs) analysis
	﻿Analysis of Single-Cell trajectories
	﻿Cell–cell communication analysis
	﻿Functional enrichment analysis
	﻿Tissue distribution of specific cell subtypes
	﻿CIBERSORTx algorithm
	﻿10 Survival analysis in TCGA HNSC data set
	﻿11 Spearman’s correlation analysis
	﻿12 Single-cell copy-number variation (CNV) evaluation
	﻿SCENIC
	﻿Score according to different gene sets
	﻿ST data preprocessing, integration and data visualization
	﻿Cell culture and Arecoline stimulation
	﻿Quantitative real-time PCR
	﻿Multiple immunofluorescences staining for clinical samples

	﻿Result
	﻿Global landscape of single-cell transcriptomics and intercellular communication in ODSCC and NODSCC
	﻿The epithelial cells in ODSCC exhibits stronger malignant characteristics
	﻿T cells in ODSCC exhibit a more severe immunosuppressive landscape
	﻿INHBA﻿+﻿Mac regulates the TIME in ODSCC and is associated with a poorer prognosis
	﻿The pro-cancer and immunosuppressive functions of iCAF in ODSCC
	﻿INHBA is involved in the modulation effect of INHBA﻿+﻿Mac and iCAF on Treg through the SMAD pathway in ODSCC

	﻿Discussion
	﻿References


