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ARTICLE INFO ABSTRACT
Keywords: Cancer-associated fibroblasts (CAFs) can exert their immunosuppressive effects by secreting
Cancer-afsoc‘iated fibroblasts various effectors that are involved in the regulation of tumor-infiltrating immune cells as well as
Prognostic signature other immune components in the tumor immune microenvironment (TIME), thereby promoting

Immune cell infiltration

. tumorigenesis, progression, metastasis, and drug resistance. Although a large number of studies
Head and neck squamous cell carcinoma

suggest that CAFs play a key regulatory role in the development of head and neck squamous cell
carcinoma (HNSCC), there are limited studies on the relevance of CAFs to the prognosis of
HNSCC. In this study, we identified a prognostic signature containing eight CAF-related genes for
HNSCC by univariate Cox analysis, lasso regression, stepwise regression, and multivariate Cox
analysis. Our validation in primary cultures of CAFs from human HNSCC and four human HNSCC
cell lines confirmed that these eight genes are indeed characteristic markers of CAFs. Immune cell
infiltration differences analysis between high-risk and low-risk groups according to the eight CAF-
related genes signature hinted at CAFs regulatory roles in the TIME, further revealing its potential
role on prognosis. The signature of the eight CAF-related genes was validated in different inde-
pendent validation cohorts and all showed that it was a valid marker for prognosis. The signifi-
cantly higher overall survival (OS) in the low-risk group compared to the high-risk group was
confirmed by Kaplan-Meier (K-M) analysis, suggesting that the signature of CAF-related genes can
be used as a non-invasive predictive tool for HNSCC prognosis. The low-risk group had signifi-
cantly higher levels of tumor-killing immune cell infiltration, as confirmed by CIBERSORT
analysis, such as CD8" T cells, follicular helper T cells, and Dendritic cells (DCs) in the low-risk
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group. In contrast, the level of infiltration of pro-tumor cells such as MO macrophages and acti-
vated Mast cells (MCs) was lower. It is crucial to delve into the complex mechanisms between
CAFs and immune cells to find potential regulatory targets and may provide new evidence for
subsequently targeted immunotherapy. These results suggest that the signature of the eight CAF-
related genes is a powerful indicator for the assessment of the TIME of HNSCC. It may provide a
new and reliable potential indicator for clinicians to predict the prognosis of HNSCC, which may
be used to guide treatment and clinical decision-making in HNSCC patients. Meanwhile, CAF-
related genes are expected to become tumor biomarkers and effective targets for HNSCC.

Summary

We identified a prognostic signature of head and neck squamous cell carcinoma (HNSCC) containing eight Cancer-associated fi-
broblasts (CAFs) related genes by bioinformatic analysis. Our validation in primary cultures of CAFs from human HNSCC and four
HNSCC cell lines confirmed that these eight genes are indeed characteristic markers of CAFs. Immune cell infiltration differences
analysis according to the eight CAF-related genes signature hinted CAFs regulatory roles in the tumor immune microenvironment
(TIME), further revealing its potential role on prognosis. The eight CAF-related genes may be a new potential indicator for HNSCC
prognosis, which used to guide treatment and clinical decision-making in HNSCC patients.

1. Introduction

Head and neck squamous cell carcinoma (HNSCC), the seventh most frequent type of cancer and responsible for many deaths
worldwide, is a major health problem [1]. Cancerous cells, adjacent epithelial, stromal, and immune cells, and their surrounding
matrix together constitute the tumor microenvironment (TME) [2]. Among them, cancer-associated fibroblasts (CAFs) and pheno-
typically altered fibroblasts are the dominant cells of TME, which can facilitate tumor proliferation, angiogenesis, invasion, immune
escape, drug resistance, and metastasis [3,4].

CAFs interact with nearby cells through various mechanisms, including autocrine, paracrine, and direct actions. Especially, through
the secretion of exosomes, CAFs can form complex networks and perform their biological functions [5]. CAFs interact with
tumor-infiltrating immune cells and other immune components within the TME through the secretion of various cytokines, growth
factors, chemokines, exosomes, and other effector molecules, thus resulting in an immunosuppressive TME that allows cancer cells to
evade the surveillance of the immune system. In-depth studies of CAFs and immune microenvironment interactions, particularly the
complicated mechanisms connecting CAFs with immune cells, might provide novel strategies for subsequent targeted immunother-
apies [6].

For many cancers, the presence of CAFs means a boost in malignancy features as they interact with cancer cells and other com-
ponents of the TME to shape a tumor-supportive environment [7-9]. CAFs can be used as biomarkers of immunosuppressive TME [10]
and be associated with the poor prognosis of many different types of cancer [3]. In a recent study, correlational analysis of clinical oral
squamous cell carcinomas (OSCC) datasets with TGFf axis differentially expressed genes revealed that the summed expression of FN1,
TGFp2, TGFBR2, and TGFBI, dubbed as the CAF index, is a powerful predictor in dichotomized survival analysis for patients of diverse
cancer subtypes [11]. This study confirmed the significant advantages of the CAF index compared to the epithelial mesenchymal
transition (EMT) score. However, it also had its limitations, such as being validated only in OSCC and the absence of studies on the
mechanisms of immune cell regulation. To assess the prognosis of HNSCC patients more comprehensively and accurately, and to
provide a reliable basis for further exploration of the immunomodulatory mechanisms of CAFs on HNSCC, we constructed a
CAF-related prognosis signature and validated it in multiple HNSCC validation cohorts. In our current study, we integrated bioin-
formatics analyses to construct and validate a prognosis signature of eight CAF-related genes for HNSCC through univariate regression,
lasso regression, stepwise regression, and multivariate regression analysis in training and testing cohorts. The immune cell infiltration
analysis suggested that CAF-related genes might regulate tumorigenesis and progression through their immunomodulatory effects.
These results might provide potential therapeutic targets for HNSCC patients.

2. Materials and methods
2.1. Acquisition and processing of data sets

The RNA-seq and clinical data of patients with HNSCC were obtained from The Cancer Genome Atlas (TCGA, https://portal.gdc.
cancer.gov/), and TCGA-HNSCC were downloaded from UCSC Xena (http://xena.ucsc.edu/) database. GSE41613, GSE42743, and
GSE65858 datasets were obtained from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database. To
ensure the accuracy of the follow-up analysis, we re-annotated the expression matrix and homogenized the gene symbol of the four
queue matrices. The FPKM values were converted to transcripts per kilobase million (TPM) values and normalized and standardized by
transforming the expression matrix into log2 (x + 1). This study included patients with complete follow-up data, a survival time of
more than 30 days, and complete clinicopathological data. The TCGA cohort was divided into a training cohort and an internal
verification cohort at the ratio of 1:1, and the three GEO data sets were used as external independent verification cohorts. The
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GSE41613 dataset consisting of 96 HNSCC patients was set as verification cohort 1. The GSE42743 dataset consisting of 69 HNSCC
patients was set as verification cohort 2. The GSE65858 dataset consisting of 267 HNSCC patients was set as verification cohort 3

(Fig. 1).
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2.2. The relationship between CAF score and HNSCC prognosis

We calculated the CAF score of TCGA-HNSCC patients through TIDE online website (http://tide.dfci.harvard.edu/) [12], Based on
tumor expression profiles, TIDE can score multiple transcriptomic biomarkers of CAFs. TCGA-HNSCC patients were divided into high
and low CAF score groups [13-15], based on the best intercept value, and the prognosis of the high and low CAF score groups was
analyzed by the Survminer package in R software [16].

2.3. Acquisition of CAF-related genes

Two subpopulations of CAFs were identified in the study of Sidharth V. Puram et al. through re-evaluating the bulk RNA-seq data of
6000 cells from 18 patients [17]. In the study of Phillip M. Galbo Jr et al., six CAF subtypes were also identified according to their
differentially expressed marker genes through FindMarkers function with a Wilcoxon rank-sum test [18]. All the related genes of those
CAF subsets were sorted out and combined, which were called CAF-related genes. Afterwards, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of CAF-related genes were performed using clusterProfiler package
in the R software.

2.4. Screening of CAF-related genes signature

To determine the prognosis related genes, we performed univariate Cox analysis of the CAF-related genes. In univariate Cox
analysis, genes with P < 0.05 were included in Lasso regression. To further improve the prediction efficiency of signatures, genes with
significant values were reconfirmed using stepwise regression and finally incorporated into subsequent multivariate Cox analysis to
establish a prognostic signature.

2.5. Construction and evaluation of the prognostic signature based on eight CAF-related genes

The multivariate Cox regression model was used to establish an independent prognostic signature. The risk score of each HNSCC
patient was calculated as the expression value of each gene multiplied by the sum of their weights in the multivariable Cox model.
According to the optimal intercept value, HNSCC patients were divided into high- and low-risk groups. Kaplan-Meier (K-M) survival
analysis was used to compare the survival differences between high- and low-risk groups using the Survminer R package, and the
“timeROC” R package was used to evaluate the predictive value of the model. To further verify the effectiveness of our prognostic
markers, we verified them in the internal verification cohort and three external verification cohorts.

2.6. Clinical independent prognostic factors analysis

Univariate and multivariate Cox regression analyses were used to analyze the relationship between clinical data, such as age, sex,
TNM stage, risk score, and survival prognosis, to determine whether the risk score was an independent prognostic indicator. We
constructed a prediction signature with the help of a nomogram and used the calibration curves of 3 years and 5 years to test the
accuracy of the prediction model using the RMS and survival packages in the R software [16].

2.7. GSEA enrichment analysis and immune infiltration level analysis

Evaluation of gene enrichment function in the high- and low-risk groups was performed using Gene Set Enrichment Analysis
(GSEA) by the clusterProfiler package in the R software. We constructed protein-protein interaction networks and screened the hub-
genes in prognostic signature using the String database (https://cn.string-db.org/). Moreover, the relationships between immune cells
and prognostic hub-genes were explored through the TIMER database (https://cistrome.shinyapps.io/timer/). To quantify the pro-
portion of immune cells in HNSCC patients, we used CiberSort (https://cibersort.stanford.edu/) to compare the level of immune cell
infiltration in the high- and low-risk groups.

2.8. Cell culture

Human HNSCC cancer tissue (patient samples were ethically approved by Yantai Yuhuangding Hospital and informed consent was
obtained from patients) was cut into 1 mm? pieces, suspended in DMEM/F12 medium (Biological Industries, Israel) with 0.1% type I
collagenase (Coolaber, China), incubated for 2 h at 37 °C in a shaker, filtered through a 70 pm filter, and centrifuged to pellet cells
(1500r, 5 min). Cell precipitates were resuspended in DMEM/F12 medium containing 10% fetal bovine serum (Biological Industries,
Israel) and 1% penicillin + streptomycin (Sparkjade, China) and incubated at 37 °C in a 5% CO; incubator.

Human hypopharyngeal carcinoma cells (FaDu), human laryngeal carcinoma cells (AMC-HN-8, TU212), and human nasopha-
ryngeal carcinoma cells (5-8F) were purchased from ATCC (Virginia, USA), and were cultured in DMEM medium (Biological
Industries, Israel) containing 10% fetal bovine serum (Biological Industries, Israel). All Cells were incubated at 37 °C in a 5% COa
incubator.
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Fig. 3. The acquisition of CAF-related genes signature. (A) Lasso coefficient distribution in the training cohort. (B) The coefficient profile is
generated according to the logarithmic A sequence. Selection of optimal parameter A in the lasso model. (C) Forest plot of eight CAF-related genes
signature. (D) GEPIA2 database analysis of the expression of eight CAF-related genes in HNSCC. (E) qPCR validation of the expression of eight CAF-
related mRNAs in primary cultured HNSCC CAFs versus human hypopharyngeal carcinoma cells (FaDu), human laryngeal carcinoma cells
(‘AMcfHNfs, TU212) and human nasopharyngeal carcinoma cells (5-8F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

2.9. RNA isolation and quantitative PCR

Total RNA in CAFs, FaDu cells, AMC-HN-8 cells, TU212 cells, and 5-8F cells was extracted using TRIzol reagent (SparkJade, China)
according to the manufacturer’s instructions. cDNA was synthesized using an Evo M-MLV Reverse transcription Kit (Applied Biological
Materials, Canada). Quantitative PCR reactions were performed using a SYBR Green qPCR Mix kit (SparkJade, China) on a FTC-3000A
fluorescence quantitative PCR instrument (Funglyn Biotech, Canada). Gene expression levels were quantified using the 2-AACT
method based on CT values and normalized to a reference gene, GAPDH. All samples were prepared in triplicates, and the mean value
was used for comparative analyses. The primers used for amplification of mRNA and genes were synthesized by Sango Biotech, China,
and are listed in Supplementary Table 1.

3. Results
3.1. CAF score was associated with poor prognosis of HNSCC, and acquisition and function analysis of CAF-related genes

The CAF score of TCGA-HNSCC patients is shown in Supplementary Table 2. Through the survminer package in the R software, the
best intercept value (cut-off = —0.14) was calculated. Based on the cut-off value, the 452 patients were divided into the high CAF score
group (314 patients) and the low CAF score group (138 patients). The K-M curve showed that the prognosis of patients with high CAF
score was poorer than that in patients with low CAF score (p = 0.017) (Fig. 2A).

Based on the study by Sidharth V. Puram et al. [17] and Phillip M. Galbo Jr et al. [18], a total of 661 CAF-related genes were
identified (Supplementary Table 3). As illustrated in Fig. 2B and C, GO enrichment analysis indicated that the 661 CAF-related genes
were mainly enriched in extracellular matrix organization, collagen fibril organization, collagen-containing extracellular matrix, and
extracellular matrix structural constituent ( Supplementary Table 4 ) , while KEGG analysis showed that these 661 CAF-related genes
were mainly enriched in focal adhesion, ECM-receptor interaction, complement, and coagulation cascades, proteoglycans in cancer,
and PI3K-Akt signaling pathway (Supplementary Table 5).

3.2. Construction of a prognostic signature based on CAF-related genes

Compared with the TCGA expression matrix of the training cohort, 472 CAF-related genes were included in the follow-up analysis.
50 genes related to prognosis were screened from the CAF-related mRNAs by univariate Cox analysis (Supplementary Table 6). 21
genes were obtained by Lasso regression (Fig. 3A and B). To further screen the meaningful influencing factors and eliminate the
unrelated factors, we conducted a stepwise regression analysis and obtained eight genes with the highest prognostic values, including
RCN1, MRPL32, STC1, SFRP1, EBF1, GAS6, CDC42EP4, and THBS1, which were considered to have significant characteristic values.

Multivariate Cox analysis was used to construct prognostic biomarkers using the eight mRNA (Fig. 3C). Five risk factors, namely
RCN1, MRPL32, STC1, GAS6, and THBS1, were identified for the prognosis of patients with HNSCC using the cutoff value of Hazard
Ratio (HR) > 1. Meanwhile, three protective factors (SFRP1, EBF1, and CDC42EP4) were identified for the prognosis of patients with
HNSCC with the cut-off value of HR < 1. Expression status of the eight CAF-related genes in HNSCC derived from the Gene Expression
Profiling Interactive Analysis (GEPIA2) database (http://gepia2.cancer-pku.cn/#index (Fig. 3D) and their expression status in the
CAFs of HNSCC as verified by our experiments were shown (Fig. 3E). The overall risk score for prognosis was calculated as Risk score =
> :Expi(mRNA;) * Coef(mRNA;) where Expi is the expression value of each mRNA, and Coef is the regression coefficient of the
multivariate Cox analysis for the target mRNA.

3.3. Verification of the prognostic signature based on the CAF-related genes

According to the optimal intercept value (cut-off = 1.217744), the HNSCC samples were divided into high- and low-risk groups.
The K-M curve showed that the overall survival (OS) rate of the high-risk group was poorer than that of the low-risk group (Fig. 4A),
indicating that the prognostic signature of the risk score was effective. For the 1-, 3- and 5-year survival rates, the AUC values analyzed
by receiver operating characteristic (ROC) were 0.726, 0.776, and 0.783 (Fig. 4F), respectively. To further verify the reliability of these
prognostic markers, we carried out verification in the external independent verification cohorts. The results showed that in different
independent verification cohorts, according to the risk stratification of the best intercept value, the K-M curve showed that the OS of
the high-risk group was poorer than that of the low-risk group (Fig. 4B-E), indicating that the prognostic signature of the risk score was
effective. For 1-, 3-, and 5-year survival rates, the AUC values of ROC analysis were in the range of 0.6-0.8 (Fig. 4G-J).
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3.4. The eight CAF-related genes signature as an independent predictive factor

Univariate and multivariate Cox regression analyses were used to explore whether the above eight CAF-related genes were
prognostic factors independent of age, sex, pathological stage, and other clinicopathological factors. The HR of risk scores in univariate
Cox regression analysis and multivariate Cox regression were 1.301 and 1.220-1.388 (P < 0.001) (Fig. 5A), 1.315 and 1.231-1.405 (P
< 0.001) (Fig. 5B), respectively, suggesting that the eight genes were independent prognostic factors in patients with HNSCC. In
addition, to improve the accuracy of prediction, a nomogram was integrated and constructed based on the statistically significant
eigenvalues of the above multivariate Cox analysis results, including gender, M, and risk score (Fig. 5C). The calibration curves of 3-
year and 5-year survival probabilities predicted by nomogram were in good agreement with the actual observation results (Fig. 5D).

3.5. Gene enrichment analysis

To explore the potential mechanism of prognostic signals, GSEA was used to analyze the functional enrichment of different sub-
groups. The results showed that the high-risk group was significantly enriched in cell adhesion molecules, Thl and Th2 cell differ-
entiation, and Th17 cell differentiation, while the focal adhesion, IL-17 signaling pathway, biosynthesis of amino acids, and ECM-
receptor interaction of the low-risk group were more abundant (Fig. 6A). Moreover, high-risk patients were significantly less
enriched than the low-risk patients in adaptive immune response, activation of the immune response, cell activation involved in the
immune response, lymphocyte activation involved in immune response, and T cell activation involved in the immune response. These
findings suggested that there were differences in these related genes and signal pathways between the high-risk and low-risk groups,
which may partly explain the significant differences in prognosis between subgroups (Fig. 6B).
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Fig. 7. Correlation between genes and HNSCC immune microenvironment. (A) Correlation analysis of EBF1 and immune cell infiltration in HNSCC.
(B) Correlation analysis of STC1 and immune cell infiltration in HNSCC. (C) Correlation analysis of SFRP1 and immune cell infiltration in HNSCC.
(D) Correlation analysis of THBS1 and immune cell infiltration in HNSCC. (E) Correlation analysis of GAS6 and immune cell infiltration in HNSCC.
(F) The difference in the expression of infiltrating immune cells between the high-risk group and the low-risk group. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.

3.6. Immune infiltration analysis

Five hub-genes from the signature were screened by reviewing a large amount of literature and combining correlation analysis with
the String database. To better understand the characteristics of immune cells and their relations with CAF-related signature, the TIMER
database was used to analyze the correlation between the abundance of immune cells and the five prognostic genes (EBF1, STC1,
SFRP1, THBS1, and GAS6). The results showed that the five prognostic genes were positively associated with CD4" T cell. Moreover,
EBF1 and STC1 were positively associated with Macrophages and Dendritic cells (DCs). SFRP1 was positively associated with neu-
trophils. THBS1 and GAS6 were positively associated with DCs (Fig. 7A-E). To study the role of a prognostic signature in TME,
CiberSort result showed that there were significant increases in naive B cells, CD8™ T cells, memory activated CD4 T cells, follicular
helper T cells, T regulatory cells (Tregs), and resting Mast cells (MCs) in the low-risk group. Activated MCs and MO macrophages were
more common in the high-risk group than in the low-risk group. These results suggested that low-risk patients had a better immune
microenvironment than high-risk patients (Fig. 7F).

4. Discussion

CAFs have immunomodulatory effects by interacting with T lymphocytes, B lymphocytes, macrophages, DCs, natural killer cells,
and MCs in the TME, and play roles in immune escape and resistance to immunotherapy in solid cancers, thereby regulating
tumorigenesis and progression [19]. In recent years, accumulating studies have confirmed the importance of CAF-related genes
expression on the prognosis and immune cell infiltration of non-small cell lung cancer [20], bladder cancer [21], glioma [22], and
OSCC [11] cancer, suggesting that CAF-related genes signature might help optimize risk stratification and provide new insight into
individual treatment for cancers. However, whether CAF-related genes play important roles in HNSCC prognosis remains not deep
enough. In our study, we identified and validated a CAF-related genes prognostic signature that could contribute to a more person-
alized risk assessment for the treatment of HNSCC through its modulatory effects on immune cells. The prognostic reliability of the CAF
signature was confirmed and validated by K-M analysis, ROC analysis, and multivariate Cox regression analysis. Eight genes closely
associated with prognosis were screened from a relevant database of CAF-related genes, which were considered as the most possible
candidate genes for prognosis. The eight CAF-related genes signature was constructed and verified to be a prognostic factor for HNSCC,
independent of the clinicopathological factors. And immune infiltration analysis was performed to further explore potential immune
regulatory mechanisms of the eight CAF-related genes signature. However, the clinical decision-making effect of the prognostic
signature for cancer patients is still unclear and needs further studies.

The eight CAF-related genes were RCN1, MRPL32, STC1, SFRP1, EBF1, GAS6, CDC42EP4, and THBS1, and our results confirmed
that RCN1, MRPL32, STC1, GAS6, and THBS1 were upregulated in HNSCC when compared with control, while SFRP1, EBF1, and
CDC42EP4 were down-regulated. Except for MRPL32 and CDC42EP4, which are rarely reported, aberrant expression of six other genes
correlates with the prognosis of a variety of tumors. In general, overexpression of RCN1, STC1, and GAS6 in various tumors always
predict a poor prognosis, indicating a role in tumorigenesis and invasion [23-25]. In contrast, due to the loss of its expression in many
human cancers, THBS1, EBF1 and SFPR1 have been classified as tumor suppressor genes [26-28]. However, expression was incon-
sistent in breast cancer, gastric cancer, and urothelial cancer [29-32]. These genes play critical regulatory roles in the development of
multiple types of cancers, including ovarian cancer, pancreatic cancer, liver cancer, lung cancer, thyroid cancer, esophageal cancer,
colorectal cancer, breast cancer, prostate cancer, gastric cancer, and HNSCC [33-38].

Numerous studies have demonstrated that these genes are intricately cross-linked to CAFs in TME. Overexpression of THBS1 in
gastric cancer was significantly associated with CAFs and positively correlated with immunosuppressive genes, causing an unfavorable
prognosis [39]. CAFs derived STC1 affects metastasis in lymph nodes and distant organs and enhances the ability of cancer cells to
intravasate, which in turn drives metastasis in colorectal cancer [40]. Additionally, STC1 upregulated several markers of EMT and
could mediate the transformation of normal fibroblasts (NFs) to CAFs in the TME, suggesting that STC1 plays a crucial role in the tumor
environment on the metastasis of ovarian cancer [41]. SFRP1 strongly decreased the number of CAFs and induced an EMT phenotype
in colorectal cancer cells [42]. CAF derived GAS6 is a key factor in enhancing the metastasis and survival of gastric cancer cells by
stimulating many signal transduction pathways, including AKT, STAT3, and ERK signaling [43]. In recent years, corresponding studies
on the mechanisms of these eight genes in HNSCC have been reported. THBSL1 is the major tumor-specific extracellular matrix protein
that is specifically induced in the TME. THBS1 produced by OSCC cells can stimulate cancer cell migration and expression of matrix
metalloproteinases with TGFp1, thereby promoting OSCC invasion [44]. OSCC cells release exosomal THBS1 to polarize macrophages
into M1-like tumor-associated macrophages (TAMs), promoting tumor cell migration in OSCC [45]. And a positive feedback loop was
formed between M1-like TAMs and OSCC cells in the regulation of EMT and cancer stem cells (CSCs) [46]. Multiple studies have shown
that THBS1 expression is negatively associated with inferior disease-free survival and cancer progression and recurrence in patients
with HNSCC [47]. It has also been shown that methylation and silencing of the SFRP1 in OSCC contribute to the activation of the Wnt
signaling pathway, which leads to cell proliferation during oral carcinogenesis [48]. RCN1 dysregulation is present in nasopharyngeal
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and OSCC [49,50], and RCN1 knockdown inhibits the migration and invasive ability of laryngeal cancer cells [51]. Our findings are
consistent with the regulatory roles of these genes as mentioned above.

Gene function and pathway enrichment analyses showed that these eight genes were enriched in Th1l and Th2 cell differentiation,
Th17 cell differentiation, IL-17 signaling pathways, ECM-receptor interactions, cell adhesion molecules, focal adhesion, and other
pathways that are closely associated with CAFs and play important roles in cancers [52-59]. Researches have shown that CAFs
facilitate Th17 cell differentiation in vivo and promote disease development by producing TGFf1 [52,53]. Cytokines and chemokines
produced by CAFs in the absence of IL17A favor the recruitment of Thl and cytotoxic CD8" T cells and restrict the recruitment of
suppressive myeloid cells and Tregs [54]. Altogether, CAFs modulate the transformation of most Th cells into immunoinhibitory
subpopulations in tumors to create an immunosuppressive and cancer-adaptive TME and then exert a pro-invasive effect on cancer
cells [6]. The interaction between CAFs and ECM also plays a very important role in tumor progression [55]. A positive feedback loop
between CAFs and the ECM has been identified [56]. CAFs are capable of upregulating the expression of several cytoskeletal regulators
such as anillin and diaphanous-related formin-3 through activated YAP, to contribute to ECM stiffening. When the matrix becomes
stiffer in the ECM, isometric tension within CAFs significantly increases and further facilitates YAP activation by stimulating Src family
kinases, consequently maintaining the CAF phenotype and its cancer-promoting properties [56]. It has been shown that CAFs exert
physical forces on cancer cells that enable their collective invasion [57]. Force transmission is mediated by a heterophilic adhesion
involving N-cadherin on the CAFs membrane and E-cadherin on the cancer cell membrane [58]. Impairment of E-cadherin/N-cadherin
adhesion abrogates the ability of CAFs to guide collective cell migration and blocks cancer cell invasion [58] In addition, studies have
shown that focal adhesion kinase deficiency reduces the ability of CAFs to promote tumor cell migration by impairing CAFs derived
exosomes, which significantly inhibits breast cancer metastasis [59]. These suggest that differentially expressed genes between the
high- and low-risk subgroup patients may regulate mostly immune cell responses, ECM, and focal transmission to mediate prognosis
for HNSCC.

HNSCC patients were divided into the high-risk group and the low-risk group according to the eight CAF-related genes prognostic
signature, and significant differences in immune cell infiltration in the two groups were found. For example, anti-tumor T cells such as
CD8™ T cells, CD4 memory-activated T cells, follicular helper T cells, Treg cells, B cells, and DCs were significantly more infiltrated in
the low-risk group compared to the high-risk group. Tumor-promoting cells such as macrophages and activated MCs were detected in
patients in the high-risk group compared to the low-risk group. CAFs facilitate the cancer-promoting phenotype transition of naive T
cells, enhancing immune inhibitory T lymphocyte function, and suppressing the activity of effector T lymphocytes, thereby resulting in
immune suppression in the TME [5,6,60,61]. Adaptive immune CD8" and CD4" T cells are considered to be the main driver of
anti-tumor immunity [62], and they could reshape the tumor immune microenvironment (TIME) and promote tumor clearance [63,
64]. CAFs induce the expression of immune checkpoint proteins on CD4" and CD8" T cells, which contributes to a diminished immune
function [65]. Increased infiltration of CD8™ T cells and activated CD4 T cells favors the prognosis of HNSCC [66], which is consistent
with our results as much more CD8" and CD4™" T cell infiltration was observed in the low-risk HNSCC patients. In addition, CAFs have
been found to stimulate the migration of Treg cells and induce Treg cells by releasing growth factor VEGF-A, resulting in a significant
increase in their frequency of appearance at tumor sites [67-69]. CAFs also promote phase transformation to ultimately induce
immunosuppression [70]. Innate immune cells such as macrophages, MCs, and DCs could be regulated by CAFs. CAFs regulate
macrophages recruitment, polarization, and functions [71]. Additionally, CAFs preferentially induce the transformation of MO mac-
rophages into a tumor-promoting (M2) phenotype in vitro [72]. CAFs can potentiate MCs proliferation, migration, and inflammatory
cytokine secretion in the TME and thus increases intra-tumor microvessel density, promotes tumor growth and tumor invasion, and
contributes to an overall poor clinical outcome [73,74]. Meanwhile, MCs are also capable of promoting the activity of CAFs, such as
enhancing the proliferation and secretion of CAFs through the TGFf signaling pathway, thereby increasing the protumor effects of
CAFs [75]. In recent years, several investigations have illustrated that CAFs can drive immune evasion of tumor cells by blocking DCs
maturation, antigen presentation, and their associated adaptive immune responses [6]. The results of our study are consistent with
these reports. It is thus suggested that the CAF signature has important implications in the prognosis of HNSCC patients.

Unlike NFs, CAFs suppress the immune response in the TME [76]. High levels of CAFs in tumors are associated with poorer
treatment outcomes and prognosis [77-80]. This theory was also confirmed in our study, where the TIME was more conducive to
tumor killing in the low-risk group. In our study, we combined bioinformatics analysis with knowledge of the TIME to identify and
validate CAF signature for HNSCC prognosis. We believe that the CAF signature is a good indicator of the TIME, allowing new stra-
tegies for the stratification of patients with HNSCC.

5. Limitations of the study

This study proposes a non-invasive predictive tool, an eight CAF-related genes signature, which provides clinicians with a valuable
tool for predicting the prognosis of HNSCC. However, the clinical decision-making role of the CAF prognostic signature for HNSCC
patients has not been clinically validated, and the regulatory mechanisms of CAF-related genes on TME in HNSCC are unclear, and
require further clinical studies and mechanistic exploration. Future studies should attempt to clarify the mechanisms by which CAF-
related genes regulate TIME in HNSCGC, so as to further improve the discriminatory efficacy of the signature and provide new targets for
HNSCC immunotherapy in the future.
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