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SUMMARY

G protein-coupled receptors (GPCRs) are the largest family of membrane proteins and play a critical role
as pharmacological targets. An improved understanding of GPCRs’ involvement in tumor microenviron-
ment may provide new perspectives for cancer therapy. This study used machine learning to classify
head and neck squamous cell carcinoma (HNSCC) patients into two GPCR-based subtypes. Notably, these
subtypes showed significant differences in prognosis, gene expression, and immune microenvironment,
particularly CD8" T cell infiltration. S1PR4 emerged as a key regulator distinguishing the subtypes, posi-
tively correlated with CD8™ T cell proportion and cytotoxicity in HNSCC. It was predominantly expressed
in CX3CR1*CD8* T cells among T cells. Upregulation of S1PR4 enhanced T cell function during CAR-T cell
therapy, suggesting its potential in cancer immunotherapy. These findings highlight STPR4 as an immune
modulator for favorable prognosis in HNSCC, and offer a potential GPCR-targeted therapeutic option for
HNSCC treatment.

INTRODUCTION

G protein-coupled receptors (GPCRs), which have a seven-transmembrane structure, comprise the largest family of cell-surface signaling pro-
teins. Thus far, the GPCR family has been regarded as the most prominent membrane protein family of pharmacological targets for the treat-
ment of human diseases. For instance, many currently marketed anti-tumor drugs are GPCRs." Meanwhile, GPCRs can be activated by
various important active mediators in the immune or inflammatory response, such as chemokines, S1P, and lysophosphatidic acid (LPA), which
play key roles in cell proliferation, transformation, angiogenesis, and metastasis, as well as in inflammation-associated cancer.! However,
some GPCRs, such as OX1R, have been shown to promote robust apoptosis in various cancer cells.” To date, more than 800 membrane pro-
teins have been identified in the human genome as GPCRs, and the role of numerous GPCRs in tumor formation and progression remains
unclear.” Accordingly, an improved understanding of GPCRs’ involvement in tumor formation and progression may contribute to the devel-
opment of a new generation of anti-tumor drugs.

Owing to the heterogeneity of tumors, different types of tumors often have their characteristics. Therefore, therapeutic targets developed
for specific tumor types often have better clinical effects. In our study, we focused on head and neck squamous cell carcinoma (HNSCC), which
is the sixth most common malignancy worldwide, accounting for approximately 380,000 deaths and 600,000 new cases annually.> Currently,
with limited treatment options, the prognosis of HNSCC patients remains poor. Therefore, a more effective treatment strategy for HNSCC is
still warranted.””” The tumor microenvironment (TME) plays a key role in HNSCC progression. The TME of HNSCC has typical features, such as
amplification of circulating Tregs, high levels of TAMs, and expression of high levels of TGFB and VEGF, which result in Treg cell activation, NK
cell suppression, suppression of DC maturation, and T-lymphocyte inactivation and dysregulation.'”"" High levels of cytotoxic CD8 T lym-
phocytes are a favourable prognostic factor for oropharyngeal cancer.'” Most importantly, some GPCRs, such as CX3CR1, can improve the
cytotoxicity of CD8" T cells.'®'* Therefore, this study aimed to explore the key GPCRs involved in HNSCC development, providing a potential
GPCR-targeted therapeutic option for HNSCC treatment.

Recently, multiple machine learning methods, including non-negative matrix factorization (NMF), least absolute shrinkage and selection
operator (LASSQ), support vector machine (SVM), and Random Forest (RF), have been widely used in bicinformatics."”'” NMF is a machine
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Figure 1. Identification of GPCR-Based Molecular Subtypes via NMF Method

(A) Filtered by univariate Cox analysis, 17 GPCRs were found to have significant prognostic values of 5-year survival (p < 0.05), and were retained for further

analysis.

(B) The NMF rank survey was performed for clustering prediction (rank k was set as 2 to 10). The cophenetic correlation coefficient started decreasing atrank k = 2,
and was found to decrease most sharply at rank k = 2. Similarly, the sharp decrease of dispersion value was also found at rank k = 2.

(C) Consensus map of NMF clustering (rank k = 2). The HNSCC patients were clustered into two GPCR-based molecular subtypes, including 363 patients in
subtype C1, and 137 patients in subtype C2.
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Figure 1. Continued

(D) Gene expression of the 17 featured GPCRs was visualized through heatmap.

(E) Volcano plot of the 17 featured GPCRs. The GPCRs which were differentially expressed between the subtypes were highlighted in red. GPCR, G protein-
coupled receptor; NMF, Non-negative Matrix Factorization; HNSCC, head and neck squamous cell carcinoma.

learning algorithm that is often used to reduce the dimensionality of data in an unsupervised manner. It decomposes a nonnegative matrix
into two nonnegative matrices that represent the features and how they contribute to the original dataset. NMF's primary strength is its ca-
pacity to produce interpretable, parts-based data representations, which can facilitate the analysis and comprehension of intricate datasets.'®
Currently, NMF has been applied in various fields such as image analysis, astronomy, speech recognition, and bioinformatics. For bioinfor-
matics research, the NMF is commonly used for molecular pattern discovery, class comparison, and class prediction.'”?? In this study, we used
NMF to classify the patients into different molecular subtypes.

Here, we first classified HNSCC patients into two different GPCR-based molecular subtypes. We then compared the differences between
the two subtypes from clinical and biological perspectives and identified potential key GPCRs in determining these two subtypes. We also
explored the prognostic value of key GPCRs and their associations with the immune microenvironment. We validated our findings using an
independent cohort of 59 HNSCC patients from our institution using immunohistochemistry (IHC), immunofluorescence (IF), and Kaplan-
Meier survival analysis (K-M analysis). We evaluated the immunotherapeutic potential of STPR4 using CAR-T cells and the S1PR4 inhibitor/
agonist. We found that S1PR4 could be a key regulator of the anti-tumor response of CAR-T cells.

RESULTS

Identification of GPCR-Based molecular subtypes via NMF method

NMEF is an effective machine learning method, which has been widely used in computational biology for molecular pattern discovery, class
comparison, and class prediction.'®”" Here, we applied the NMF method to explore the GPCR-based molecular subtypes in the TCGA-
HNSCC cohort.

First, we obtained a list of currently known GPCRs from the GPCR NaVa database (http://nava.liacs.nl). Ninety GPCRs with an average
expression >1 in the TCGA-HNSCC cohort were filtered for further analysis. Further filtering procedures were performed using univariate
Cox analysis; 17 GPCRs with significant prognostic value for 5-year survival were retained for NMF clustering (p < 0.05, Figure 1A). We per-
formed the NMF rank survey (Figures 1B and S1) for clustering prediction, and noticed that the magnitude of the cophenetic correlation co-
efficient began to fall sharply at rank k = 2 (Figure 1B). According to the sharp decrease, substantially less stability is achieved with more than
two clusters. The consensus maps of NMF clustering (rank k was set from 2 to 10) also indicated that the clustering results were better when
rank k = 2 (Figure S1). Therefore, we decided to select rank k = 2 as the optimal value and clustered HNSCC patients into two GPCR-based
molecular subtypes (C1 and C2, Figure 1C). After NMF clustering, there were 363 patients in subtype C1, and 137 patients in subtype C2. The
gene expression of 17 featured GPCRs used in NMF clustering was visualized using a heatmap (Figure 1D) and a volcano plot (Figure 1E). In
addition, we also created a heatmap (Figure S2A) and a volcano plot (Figure S2B) to visualize the gene expression of the differentially ex-
pressed GPCRs.

Differences in the characteristics between GPCR-based molecular subtypes
Because NMF is a machine learning method that does not consider biological significance, we further explored the differences between the
identified subtypes (C1 and C2) from the perspective of biomedicine.

First, we compared the prognostic differences between the two subtypes. According to the K-M analysis, the overall survival (OS) time of
HNSCC patients in subtype C1 was significantly shorter (p < 0.05, Figure 2A). Similarly, we also found that the progression free survival (PFS)
time of subtype C1 tended to be shorter (p < 0.05, Figure 2B). Considering both the OS and PFS times, we found that the prognosis of patients
in subtype C2 was significantly better.

We then explored the differences in gene and pathway expression between these two subtypes. Using the R package edgeR, 914
genes were identified as differentially expressed genes (DEGs), including 681 and 233 upregulated and downregulated DEGs, respec-
tively (Figures 2C and 2D). To explore the differences in pathway expression, we performed the GSEA algorithm on KEGG and
HALLMARK pathways. As shown in Figures 2E and 2F, many immune-related pathways were found to be upregulated in the subtype
C2 (p < 0.05). We also compared several classical series of genes related to antigen presentation, cell receptors, ligands, cell adhesion,
co-inhibition, and co-stimulation between the two subtypes. Most of these genes were significantly upregulated in subtype C2 (Fig-
ure 2G). Therefore, we hypothesized that differences in the tumor immune microenvironment (TIME) might be one of the primary dif-
ferences between the two subtypes.

Cytotoxicity and proportion of CD8" T cells were enhanced in subtype C2

We then explored the differences in TIME between GPCR-based molecular subtypes. The ESTIMATE scores were important indicators of
overall changes in TIME. We found that three immune-related ESTIMATE scores (ESTIMATEScores, ImmuneScores, and StromalScores)
were significantly increased in subtype C2, whereas the tumor-related ESTIMATE score (TumorPurity) was relatively lower in subtype C2
(p < 0.001, Figure 3A). We also used the method proposed by Petitprez et al.”” to estimate the gene signatures related to the functions
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Figure 2. Differences of the Characteristics between GPCR-Based Molecular Subtypes

(A) Kaplan-Meier plot showed that the OS time of HNSCC patients in subtype C1 was significantly shorter (p < 0.05). Patients in Subtype C2 tended to have better

prognosis of OS.

(B) Kaplan-Meier plot showed that the PFS time of HNSCC patients in subtype C1 was significantly shorter (p < 0.05). Patients in Subtype C2 tended to have better

prognosis of PFS.

(Cand D) A total of 914 genes were identified as DEGs between the subtypes. The gene expression of DEGs was visualized through heatmap (C). The DEGs
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between subtype C1 and subtype C2 were highlighted in red (D), including 681 and 233 upregulated and downregulated, respectively.
(Eand F) GSEA analysis was performed on KEGG pathways (E) and HALLMARK pathways (F). The p < 0.05 was considered significant.
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Figure 2. Continued

(G) Seven classical series of genes were compared between the two subtypes. Scattered dots represented the relative gene expression values.

GPCR, G protein-coupled receptor; OS, overall survival;, HNSCC, head and neck squamous cell carcinoma; PFS, progression free survival; DEG, differentially
expressed gene; GSEA, Gene Set Enrichment Analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. Data are represented as
mean + SEM.

of TIME and the expression of genes related to immune checkpoints. Genes associated with T cell activation and survival, Class | MHC, reg-
ulatory gene signatures, tertiary lymphoid structures (TLSs), and several immune checkpoint-related genes were all found to be higher in sub-
type C2 (Figure 3B). The previous findings indicated that subtype C2 had an “immune and TLS high” characteristic, which was once described
and shown to be correlated with better prognosis by Petitprez et al.?” in sarcoma.

After discovering the differences in the overall level of TIME, we further investigated the differences in tumor-infiltrating immune cell (TIIC)
proportions between the two subtypes. To render the TIICs of each HNSCC patient comparable, we estimated the scaled proportion of TIICs
using the MCPcounter algorithm (Figure 3C). The proportion of TIICs differed significantly between the subtypes (Figures 3C and 3D). The
volcano plot indicated that among all TIICs, the largest difference in proportion was CD8" T cells (Figure 3E). Significant differences in CD8"
T cells were validated using four algorithms: CIBERSORT (Figure 3F), CIBERSORT-ABS (Figure 3G), QUANTISEQ (Figure 3H), and TIMER (Fig-
ure 3I). All the algorithms previously confirmed that CD8" T cells had the highest range of changes in proportion between the two subtypes.
Therefore, the subtype C2 had a significantly higher proportion of CD8" T cells. Moreover, GSEA analysis was performed to demonstrate
differences in T cell functions. The functional pathways of CD8" T cells were significantly upregulated in subtype C2 (p < 0.05, Figure 3J).
In summary, both the proportion and cytotoxicity of CD8" T cells were significantly elevated in the subtype C2, which was consistent with
our previous finding that subtype C2 had a better prognosis.

Identification of the key GPCR S1PR4 in HNSCC

Next, we aimed to identify potential key GPCRs by analyzing the principle of grouping two GPCR-based molecular subtypes. Considering that
the subtypes were clustered based on GPCRs, we further investigated the 17 featured GPCRs used in the initial NMF clustering. First, the
survival analysis indicated that all 17 GPCRs showed prognostic value for the OS of HNSCC patients (Figure S3). These GPCRs were further
processed using the LASSO method (Figures 4A and 4B). Based on the results of LASSO regression, five GPCRs (CXCR6, GPR87, MRGPRF,
S1PR4, and S1PR5) were considered eligible and were further included in the reduced-Cox regression model (C-index = 0.61, p < 0.05, Fig-
ure 4C). The reduced-Cox model indicated that GPR87 (p = 0.048), S1PR4 (p = 0.030), and STPR5 (p = 0.029) could effectively evaluate the
prognosis of OS. More specifically, HNSCC patients with higher STPR4 or S1PR5 expression tended to have a better prognosis for OS (hazard
ratio <1), whereas patients with higher GPR87 expression tended to have a poorer prognosis for OS (hazard ratio >1). Furthermore, we
compared the previous GPCR-based model with other models from previous studies.”*® As indicated by C-index comparison, the
GPCR-based model outperformed them in predicting OS for HNSCC patients (Figure S4). Moreover, we constructed a nomogram based
on GPR87, S1PR4, and S1PR5 expressions (Figure 4D). The acceptable accuracy of this nomogram was validated by the calibration curves
of the 3-year survival (Figure 4E) and 5-year survival (Figure 4F) of HNSCC patients.

Considering GPR87, S1PR4, and S1PR5 are potential key GPCRs in HNSCC, we further compared these three genes from several perspec-
tives to identify the most important ones. First, all three GPCRs effectively evaluated the prognosis of OS (p < 0.05, Figure 5A) and PFS
(p < 0.05, Figure 5B) in HNSCC patients. Second, only GPR87 (p < 0.05) and S1PR4 (p < 0.05) were identified as DEGs between the two sub-
types (Figure 5B). Although STPR5 was one of the featured GPCRs in NMF clustering, it was not differentially expressed between subtypes
(Figure 5B). Third, we performed another machine learning approach, the RF method, to compare the importance of these three genes in
classifying the two molecular subtypes. The results of the RF method identified S1PR4 as the most important GPCR (Figure 5D), suggesting
that S1PR4 is a key GPCR that determines the aforementioned subtypes. Most patients in subtype C1 belonged to the S1PR4-Low-Expression
groups (Figure S5). In particular, the correlation analysis indicated that, among the three GPCRs, only S1PR4 was significantly correlated with
the proportion and cytotoxicity markers of CD8" T cells (r > 0.4, p < 0.05, Figure 5E). Collectively, we identified S1PR4 as a potential key GPCR
in HNSCC and selected S1PR4 for further analysis.

S1PR4 as a key indicator for cytotoxicity and proportion of CD8 T cells

In aforementioned results, we had identified the correlations between S1PR4 and CD8" T cell-related markers (CD8A, CD8B, IFNG, and
GZMB). To confirm these correlations, we used several algorithms to estimate the scores of the cytotoxicity and proportion of CD8"
T cells. Consistent with our previous results, S1TPR4 was found to be significantly correlated with these scores (p < 0.05, Figure 6A), which indi-
cated that STPR4 might be a key indicator of cytotoxicity and the proportion of CD8" T cells. Therefore, we decided to explore the relationship
between S1PR4 and CD8" T cells more comprehensively.

On the one hand, we used the single-cell dataset containing data for 397,810 T cells from 316 donors to explore the STPR4 expression in
CD8" T cells. In previous studies, the CX3CR17CD8" T cells were proven to have the highest cytotoxicity score among CD8* T cells."*'*
Notably, in our study, STPR4 was found to be mainly expressed in a subset of CX3CR1"CD8" T cells among CD8" T cells (Figure 6B). The
correlation between S1PR4 and CX3CR1 was also validated using the bulk RNA-seq profiles of TCGA (p < 0.05, Figure 6C). On the other
hand, recent studies have shown that TLS structure is an important indicator for the cytotoxicity and proportion of CD8" T cells in TIME.
And the gene signatures of TLS had been already defined by either a single gene (CXCL13) or multiple genes (CCL2, CCL3, CCL4, CCL5,
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Figure 3. Cytotoxicity and Proportion of CD8* T Cells were Upregulated in Subtype C2

(A) Violin plot showed the ESTIMATE scores of the two subtypes. Three immune-related ESTIMATE scores (ESTIMATE Scores, Immune Scores, and Stromal
Scores) were significantly upregulated in subtype C2, while the tumor-related ESTIMATE score (TumorPurity) was relatively lower in subtype C2 (p < 0.05).

(B) Heatmap for the expression of gene signatures, which were related to the functions of TIME or to the immune checkpoints. The gene signatures associated
with T cell activation and survival, Class | MHC, regulatory gene signatures, TLSs, and several immune checkpoint-related genes were all found to be higher in
subtype C2.

(C) Heatmap for the proportion of TIICs, which were estimated by the MCPcounter algorithm.

(D) PCA plot showed that the proportion of TlICs differed significantly between subtypes.

(E) Volcano plot of the TIICs, which were estimated by the MCPcounter algorithm. The CD8" T cells showed the largest value of fold-change, and the smallest
value of p value, indicating that among all the estimated TIICs, the largest difference in proportion was CD8"* T cells. The proportion of CD8" T cells was
significantly higher in subtype C2 (p < 0.0001).

(F-1) Volcano plots of the TIICs, which were estimated by four algorithms, including CIBERSORT (F), CIBERSORT-ABS (G), QUANTISEQ (H), and TIMER (l). The
CD8" T cells were all found to have the largest value of fold-change, as well as the smallest value of p value.

(J) GSEA analysis of the GO pathways indicated that functional pathways, especially the cytotoxic function, of CD8" T cells were significantly upregulated in
subtype C2 (p < 0.05). TIME, tumor immune microenvironment; TLS, tertiary lymphoid structure; TIIC, tumor-infiltrating immune cell. ***p < 0.001; ****p < 0.0001.

CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and CXCL13).?*?’ Therefore, we also investigated the correlation between TLS and
S1PR4 expression. We found that the expression of S1PR4 was significantly correlated with all TLS signatures (p < 0.05, Figure 6D), including
CXCL13 (r = 0.5, p < 0.05, Figure 6E).
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Figure 4. GPR87, S1PR4, and S1PR5 were the potential key GPCRs in HNSCC

(Aand B) LASSO regression was applied to prevent overfitting. Trajectories of the independent variables were visualized in (A), showing the coefficient of each
independent variable at different lambda. The confidence interval at each lambda was visualized in (B).

(C) Reduced multi-cox regression model was constructed based on the results of LASSO regression (C-Index = 0.61, p < 0.05). Three variables, including GPR87
(Hazard ratio >1, p = 0.048), STPR4 (Hazard ratio <1, p = 0.030), and S1PR5 (Hazard ratio <1, p = 0.029), were identified as the potential key GPCRs predicting the
prognosis of HNSCC.

(D) According to the reduced multi-cox model in (C), a nomogram was constructed based on GPR87, STPR4, and S1PR5.

(E and F) Calibration curves of 3-year survival (E) and 5-year survival (F) indicated the acceptable accuracy. GPCR, G protein-coupled receptor; HNSCC, head and
neck squamous cell carcinoma; LASSO, Least absolute shrinkage and selection operator. *p < 0.05.

Multiple database validation

To prevent the bias from only using a single database, multiple databases were used for validation. The prognostic value of S1PR4 was vali-
dated by using the TIMER database (p < 0.05, Figure &F), the LinkedOmics database (p < 0.05, Figure 6G), and the Human Protein Atlas data-
base (p < 0.05, Figure 6H), respectively. Moreover, we validated the correlations between S1PR4 and CD8*T cell-related markers (CD8A,
CD8B, IFNG, GZMB, and CX3CR1) using the Gepia database (Figures 61-6M). Similarly, the correlations between S1PR4 and TLS signatures
were also validated (Figures 6N and S6). We also investigated the genetic alterations of STPR4 using the cBioportal database, and found that
S1PR4 gene mutations occur at a higher frequency than amplification and deep deletion in HNSCC patients, as determined by alteration fre-
quency (Figure S7A). The sites of S1PR4 mutations were visualized in Figure S7B. In addition, we used the LinkedOmics database to explore
the DNA methylation level of S1PR4 and found it to be significantly positively correlated with tumor purity in HNSCC patients (r = 0.49,
p < 0.0001, Figure S7C). Furthermore, we observed a significant negative correlation between S1PR4 DNA methylation level and S1PR4
expression level in HNSCC (r = —0.63, p < 0.0001, Figure S7D). These findings support our previous conclusion that lower S1PR4 expression
levels are associated with worse prognosis in HNSCC patients.

Independent HNSCC cohort validation
To validate our bioinformatic findings, an independent cohort from our institution was used. A total of 59 HNSCC patients, with a median
follow-up time of 4.17 years, were included in this independent cohort.

First, we explored the correlations among S1PR4, CD8" T cells, and several cytotoxic markers (IFNG and GZMB). Based on IHC staining, the
IFNG and GZMB expression was quantified at the protein level (Figure 7A). Similarly, the protein expression of CD8 and S1PR4 was quantified
in 59 HNSCC patients by IF staining (Figure 7B). The heatmap showed the relative expression of these markers (Figure 7C). The correlation
heatmap revealed that S1PR4 was significantly correlated with CD8 (r = 0.82, p < 0.05), IFNG (r = 0.25, p < 0.05), and GZMB (r = 0.38, p < 0.05),
indicating that S1PR4 is essential for both the proportion and cytotoxicity of CD8" T cells (Figure 7D).

Then, we performed K-M analysis, confirming that HNSCC patients with higher STPR4 protein expression tended to have a better OS
(p < 0.05, Figure 7E), which was consistent with our bioinformatics findings.

After statistically confirming the correlations among S1PR4, CD8" T cells, and the cytotoxic markers, we further explored the spatial dis-
tributions among S1PR4 protein, CD8" T cells, and the cytotoxic markers. Based on IF staining experiments, the co-localization of S1PR4 with
CD8" T cells was confirmed (Figure 7B), suggesting that STPR4 might be essential for CD8" T cells. In addition, considering that we had found
that STPR4 was mainly expressed in a subset of CX3CR1"CD8" T cells, we further validated the co-localization between S1PR4 and CX3CR1
(Figure 7F). According to the aforementioned literature research results, the CX3CR1"CD8" T cells had already been identified as the most
cytotoxic subset of CD8" T cells. Therefore, we also confirmed the co-localization of STPR4 and the important cytotoxic markers of CD8"
T cells IFNG and GZMB, Figure 7G). Collectively, STPR4 was found to be expressed in the most cytotoxic subset of CD8" T cells
(CX3CR1*CD8" T cells), and was also found to have co-localizations with important cytotoxic markers (IFNG and GZMB) of CD8" T cells.
In short, STPR4 might play an important role in the CX3CR17CD8" T cell-mediated tumor killing, which is essential for anti-tumor immune
regulation in TME.

Evaluation of the function of STPR4 in cancer immunotherapy

To further evaluate S1PR4's function in cancer immunotherapy, we generated S1PR4-downregulated and S1PR4-upregulated PSMA-CAR-T
cells using an ST1PR4 inhibitor (CYM50358) and a S1PR4 agonist (CYM50308), respectively. Figure 8A shows the chemical structures of
CYM50308 and CYM50358. The cytotoxicity of CAR-T cells was significantly repressed in the S1PR4-downregulated group, and enhanced
in the STPR4-upregulated group (Figure 8B). Moreover, we also measured the expression of GZMB in PSMA-CAR-T cells using flow cytometry
after co-incubation with PC3 cells (Figure 8C). The STPR4 inhibitor (CYM50358) significantly decreased GZMB release, whereas the STPR4
agonist (CYM50308) increased GZMB release (Figure 8D). Similarly, the STPR4 agonist (CYM50308) could considerably increase the release
of IFNG (Figure 8E). Collectively, the upregulation of STPR4 enhanced the cytotoxicity of CAR-T cells and promoted the release of important
cytotoxic markers (GZMB and IFNG).

DISCUSSION

The GPCR superfamily is one of the most important families of human proteins. Regulating a wide range of physiological processes, the GPCR
superfamily is known to be essential in the progression of multiple tumor types, including HNSCC. Additionally, as cell surface proteins,
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Figure 5. Identification of the Key GPCR S1PR4

(A) Kaplan-Meier plots revealed that all three GPCRs (GPR87, S1PR4, and S1PR5) could effectively evaluate the prognosis of OS for the HNSCC patients. HNSCC
patients with higher STPR4 (p < 0.0001) or S1PR5 (p < 0.05) expression tended to have a better prognosis of OS, while patients with higher GPR87 (p < 0.05)
expression tended to have a poorer prognosis of OS.

(B) Kaplan-Meier plots revealed that all of the three GPCRs (GPR87, S1PR4, and S1PR5) could effectively evaluate the prognosis of PFS for the HNSCC patients.
HNSCC patients with higher STPR4 (p < 0.001) or S1PR5 (p < 0.01) expression tended to have a better prognosis of PFS, while patients with higher GPR87
(p < 0.01) expression tended to have a poorer prognosis of PFS.

(C) Relative expression of all the three GPCRs (GPR87, S1PR4, and S1PR5) in subtype C1 and C2. GPR87 was significantly downregulated in subtype C2
(p < 0.0001), while the expression of S1PR4 was significantly higher in subtype C2 (p < 0.0001). STPR5 was not differentially expressed between two subtypes
(p > 0.05).

(D) The RF method was performed to compare the importance of the three GPCRs (GPR87, S1PR4, and S1PR5), revealing that S1PR4 was the most important
GPCR in determining the two subtypes.

(E) Correlation heatmap of the three GPCRs (GPR87, S1PR4, and S1PR5) and the CD8" T cell-related markers. S1PR4 was strongly correlated with the proportion
(CD8A and CD8B) and cytotoxicity markers (IFNG and GZMB) of CD8" T cells (r > 0.4). However, both of GPR87 and S1PR4 were weakly correlated with the
previous CD8" T cell-related markers (r < 0.2). GPCR, G protein-coupled receptor; OS, overall survival; HNSCC, head and neck squamous cell carcinoma;
PFS, progression free survival; RF, Random Forest. ****p < 0.0001; ns, not significant. Data are represented as mean + SEM.

GPCRs have broad prospects in the field of drug development. However, currently, the biological functions of many GPCRs remain unclear,
and further study of their involvement in tumor progression is still warranted. Therefore, this study aimed to explore the key GPCRs involved in
HNSCC progression and provide a potential GPCR-targeted therapeutic option for tumor treatment.

The NMF algorithm is a popular technique used in machine learning and data analysis. It is particularly useful for decomposing large data-
sets into smaller, more manageable components. The algorithm works by factorizing a non-negative matrix into two smaller matrices, which
can then be used to identify patterns and relationships within the data. In this study, we used NMF algorithm to classify the HNSCC patients
into two molecular subtypes based on their GPCR expression patterns. Then, from clinical and biological perspectives, we comprehensively
compared the two subtypes in terms of prognosis, gene expression, pathway expression, TIME, and immune cell infiltration. By exploring the
featured genes between the two subtypes, we identified S1PR4 as a potential key GPCR in HNSCC.

The GPCR S1PR4 belongs to the endothelial differentiation G protein-coupled (EDG) receptors, which ligands include lysophosphingo-
lipids and sphingolipids.”® In the past decades, EDG receptors have been shown to be participate in signal transduction in multiple cell types,
indicating their importance in physiological and pathological regulation. As a member of EDG receptors, STPR4 binds sphingosine-1-phos-
phate (S1P) as the ligand, and has been found to play a role in immune regulation.

In previous studies, S1PR4 has been reported to regulate the migration and proliferation of immune cells, especially T cells. For instance,
Graeler et al. and Xiong et al. showed that S1PR4 plays an important role in promoting T cell migration.””*° And Schulze et al. demonstrated
that deletion of S1PR4 would affect S1P-induced CD8" T cell migration.*’ Meanwhile, Olesch et al. showed that the ablation of STPR4 pro-
motes the expansion of CD8" T cells.* In short, S1PR4 could not only promote CD8" T cell migration, but also inhibit CD8" T cell expansion.
Therefore, the relationship between S1PR4 and the proportion of tumor-infiltrating CD8" T cells depends on the joint action of the previous
two regulatory mechanisms, which have opposite effects on the regulation of CD8" T cell proportion. Notably, a previous study presumed
that STPR4 might play a minor role in lymphocyte migration rather than expansion.” And a recent study further endorsed the possibility that
S1PR4 could drive CXCRA4, affecting lymphocyte differentiation (for example, expansion) rather than lymphocyte trafficking.* However, the
relationship between S1PR4 and the proportion of CD8" T cells in HNSCC remains largely unknown. Our study identified that, at the tissue
level in HNSCC samples, S1PR4 is positively correlated with the proportion of tumor-infiltrating CD8" T cells, which contributes to anti-tumor
immunity. Considering that HNSCC is a special tumor type with relatively high lymphocyte infiltration, we hypothesized that STPR4 might play
a major role in CD8" T cell migration rather than expansion in HNSCC patients.

Moreover, we also identified that S1PR4 was positively correlated with the cytotoxicity of CD8" T cells in HNSCC, and further found that
S1PR4 was mainly expressed in a subset of CX3CR1*CD8" T cells. Interestingly, in the literature, the CX3CR*CD8" T cells were identified as a
high migration subset, and were further reported to have the highest cytotoxicity score among CD8" T cells.”*'* On the other hand, in recent
years, many studies have confirmed that the TLS is an important effector of anti-tumor immunity, and could promote the cytotoxicity of CD8"
T cells.??2>% In our study, $1PR4 was also found to be positively correlated with gene signatures of TLSs in HNSCC. Collectively, our findings
are in accordance with the previous literatures, suggesting that S1PR4, which is mainly expressed in CX3CR17CD8" T cells, might be essential
for the cytotoxic functions of tumor-infiltrating CD8" T cells.

In summary, we used machine learning to identify S1PR4 as a key GPCR for HNSCC patients. We found that S1PR4 was a key GPCR
affecting HNSCC patient prognosis, and further constructed a prognosis-predicting nomogram based on three variables, including
S1PR4. We also found that S1PR4 was mainly expressed in CX3CR1°CD8" T cells, and was positively correlated with the proportion and cyto-
toxicity of CD8" T cells. Moreover, S1PR4 enhanced CAR-T cell cytotoxicity and promoted the release of important cytotoxic markers (GZMB
and IFNG). Our findings contribute to the knowledge of S1PR4 in anti-tumor immunity, and might provide a potential GPCR-targeted ther-
apeutic option for future HNSCC treatment.

Limitations of the study

Several limitations in this study need to be addressed. First, this study only used TCGA-HNSCC cohort for NMF clustering, and did not split
the samples into a training set and a validation set. Additionally, the setting of the rank parameter in NMF is uncertain. The aforementioned
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Figure 6. Multiple Database analysis of the relationship between S1PR4 and CD8* T cells

(A) Correlation heatmap indicated that S1PR4 was significantly correlated with the algorithm-estimated scores of CD8" T cell cytotoxicity and proportion
(p < 0.05). The score of CD8" T cell cytotoxicity was estimated using the MCPcounter algorithm. The scores of CD8" T cell proportion were estimated using
five algorithms, including MCPcounter, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, and TIMER.

(B) STPR4 was mainly expressed in a subset of CX3CR17CD8™ T cells (marked in dark green).

(C) The dot plot indicated that STPR4 was significantly correlated with CX3CR1 (r = 0.2, p < 0.0001).

(D) Correlation heatmap of S1PR4 and the gene signatures of TLS (CCL2, CCL3, CCL4, CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and
CXCL13). S1PR4 was significantly correlated with all the TLS signatures (p < 0.05).

(E) The dot plot indicated that STPR4 was significantly correlated with CXCL13 (r = 0.5, p < 0.0001).

(F-H) The TIMER database (F) indicated that S1PR4 could effectively evaluate the prognosis of HNSCC patients (p < 0.05). Similarly, the prognostic value of S1TPR4
was validated using the LinkedOmics database (G) and the Human Protein Atlas database (H). All three databases indicated that patients with higher STPR4
expression tended to have a better prognosis (p < 0.05).

(I-N) The Gepia database was used to validate the correlations between S1PR4 and CD8" T cell-related markers, including CD8A (I), CD8B (J), IFNG (K), GZMB (L),
and CX3CR1 (M). Similarly, the Gepia database was also used to validate the correlation between S1PR4 and the TLS signature CXCL13 (N). TLS, tertiary lymphoid
structure; head and neck squamous cell carcinoma.

factors might lead to the uncertainty of the model. However, targeted experimental validation of the bioinformatic findings was conducted in
this study, which ensured the reliability of the conclusions. Second, this study only focused on the relationship between S1PR4 and CD8*
T cells, and did not further investigate the underlying mechanisms. In future studies, the biological mechanisms of S1PR4 regulating CD8"
T cells’ cytotoxicity should be further investigated. Despite the aforementioned limitations, this study is the first to infer that STPR4 might
be a key GPCR in HNSCC. We found that S1PR4 could effectively evaluate the prognosis of both OS and PFS in patients with HNSCC.
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Figure 7. Independent HNSCC Cohort Validation

(A) Representative images of GZMB and IFNG IHC staining in the independent HNSCC cohort. Scale bar 1 represents 100 pm, and scale bar 2 represents 20 um.
(B) Representative images of STPR4 and CD8 IF staining in the independent HNSCC cohort, showing the co-localization between S1PR4 and CD8. Scale bar

represents 50 um.

(C) Heatmap showed the relative protein expression of S1PR4, CD8, GZMB, and IFNG in the independent HNSCC cohort.

(D) Correlation heatmap of S1PR4, CD8, GZMB, and IFNG. At the protein level, S1TPR4 was found to have the strongest correlation with CD8 (r = 0.82, p < 0.05).
The S1PR4 was also found to be significantly correlated with both IFNG (r = 0.25, p < 0.05) and GZMB (r = 0.38, p < 0.05).

(E) The Kaplan-Meier plot revealed that, at the protein level, the HNSCC patients with higher STPR4 expression tended to have a better prognosis (p = 0.00041).
(F) Representative images of the co-localization between S1PR4 and the cytotoxic markers of CD8" T cells (IFNG and GZMB). Scale bar represents 20 um.

(G) Representative images of the co-localization between S1PR4 and CX3CR1. Scale bar represents 20 um. HNSC, head and neck squamous cell carcinoma.

And we also found that STPR4 was mainly expressed in CX3CR1*CD8" T cells, and was positively correlated with both the proportion and

cytotoxicity of CD8" T cells in HNSCC. The previous findings were validated using an independent cohort from our institution, suggesting
that STPR4 might be a potential therapeutic target for HNSCC treatment.
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Figure 8. Evaluation of the Function of S1PR4 in Cancer Immunotherapy

(A) Chemical structures of S1PR4 agonist (CYM50308, left) and S1PR4 inhibitor (CYMS50358, right).

(B) PSMA-CAR-T cells were pretreated with DMSO, S1PR4-inhibitor (CYM50358; 100 nM), and S1PR4-agonist (CYM50308; 100 nM) for 2 h. PSMA-CAR-T against
the PC3 tumor cells at an effector-to-target ratio of 4:1 for 12 h.

(C) PSMA-CAR-T cells were pretreated with DMSO, S1PR4-inhibitor (CYM50358; 100 nM) and S1PR4-agonist (CYM50308; 100 nM) for 2 h. PSMA-CAR-T cells were
co-cultured without PC3-PSMA" target tumor cells (negative control) or with 1 x 10° PC3-PSMA™ target tumor cells at an effector-to-target ratio of 2:1 in
triplicates in 6-well plates (Corning) in a total volume of 2 mL of cell media.

(D) The GZMB expression of PSMA-CAR-T was measured using flow cytometry after co-incubating with PC3 cells at a 2:1 ratio for 16 h.

(E) Concentration of IFNG in the cultured medium was measured using ELISA. CAR-T, Chimeric antigen receptor T cell. *p < 0.05; **p < 0.01; ***p < 0.007;
**** < 0.0001. Data are represented as mean + SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IFNG Abcam Ab231036

GZMB Abcam Ab134933

S1PR4 Affinity DF4872

CD8 ServiceBio GB13068

CX3CR1 ServiceBio GB11861

Chemicals, peptides, and recombinant proteins

Polyethyleneimine Polysciences PEI MAX 4000

S1P4R inhibitor (CYM50358) MedChemExpress HY-136462

S1P4R agonist (CYM50308) MedChemExpress HY-108495

puromycin dihydrochloride BBI Life Science F118BA0026

Dynabeads® Human T-Activator CD3/CD28 Gibco 11131D

DAB Service Bio G121

Hematoxylin Service Bio G1004

CD4" magnetic microbeads Miltenyi 130-045-101

CD8" magnetic microbeads Miltenyi 130-045-201

DAPI ServiceBio G1012

Critical commercial assays

IFNy Human Uncoated ELISA Kit Invitrogen 88-7316-77

Deposited data

Htseg-count profiles of TCGA-HNSCC cohort TCGA-HNSCC https://gdc-hub.s3.us-east-1.amazonaws.com/
download/TCGA-HNSC.htseq_counts.tsv.gz

FPKM profiles of TCGA-HNSCC cohort TCGA-HNSCC https://gdc-hub.s3.us-east-1.amazonaws.com/
download/TCGA-HNSC htseq_fpkm.tsv.gz

The survival data of the primary HNSCC patients TCGA-HNSCC https://gdc-hub.s3.us-east-1.amazonaws.com/
download/TCGA-HNSC survival.tsv

The clinical demographic information of the TCGA-HNSCC https://tcga-pancan-atlas-hub.s3.us-east-1.amazonaws.com/

primary HNSCC patients download/Survival_SupplementalTable_S1_20171025_xena_sp

Experimental models: Cell lines

2937 ATCC CRL-3216

PC3 ATCC CRL-1435

Software and algorithms

R version 3.5.1 R project http://www.r-project.org/

edgeR_3.28.1

NMF_0.22.0
randomForest_4.6-14

glmnet_4.0

Bioconductor

CRAN
CRAN
CRAN

http://www.bioconductor.org/packages/release/
bioc/html/edgeR.html

https://CRAN.R-project.org/package=NMF
https://CRAN.R-project.org/package=randomForest
https://CRAN.R-project.org/package=glmnet
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chenshen Huang
(chenshenhuang@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
® This paper does not report the original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines and cell culture

The prostate cancer cell line (PC3) was obtained from the American Type Culture Collection (ATCC). PC3 cells were cultured in DMEM (Gibco)
supplemented with 10% FBS and 1% P/S (100 U/mL penicillin, 100 mg/mL streptomycin). Prostate-specific membrane antigen (PSMA) was over-
expressed in PC3 cells using lentivirus. The cells were then screened with puromycin dihydrochloride (2-4 pg/mL; BBI Life Science, F118BA0026)
to stably overexpress PSMA and luciferase. PC3 cells were cultured at 37°C and 5% CO, and were regularly tested for mycoplasma-free status.

Human samples

In this study, human HNSCC samples from an independent cohort obtained from Shanghai Ninth People’s Hospital were used for validation.
This cohort consisted of 59 HNSCC patients with a median follow-up time of 4.17 years. This study was reviewed and approved by Shanghai
Ninth People’s Hospital, Shanghai, China. The reference number for ethical approval was SH?H-2022-T189-1. All patients provided written
informed consent before surgery. Peripheral blood for CAR-T cells was obtained from healthy volunteers (n = 3 or more), and written informed
consentwas obtained from all participants. All blood samples were collected and handled according to ethical and safety procedures approved
by the Clinical Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang University (II'T20210001C-R1 for human subjects).

METHOD DETAILS
Data collection

We retrieved the gene expression profiles of the TCGA database using UCSC Xena (http://xena.ucsc.edu/). Htseg-count profiles and Frag-
ments per Kilobase per Million mapped reads (FPKM) profiles of the TCGA-HNSCC cohort were downloaded, including 500 primary HNSCC,
two metastatic HNSCC samples, and 44 solid normal tissue samples. Subsequently, the Htseg-count and FPKM profiles of the primary
HNSCC samples were retrieved. The survival data and clinical demographic information of the primary HNSCC patients were also acquired
using UCSC Xena.

NMF clustering

Atotal of 500 patients with HNSCC were clustered into different subtypes using the NMF method. The R package “NMF” was used to perform
NMF clustering with the “brunet” criterion and 100 interactions.>’*® The number of clusters, k, was set from 2 to 10. The minimum number of
patients in each subtype was set to 10. The NMF rank survey was performed to determine the optimal cluster numbers. The stability of the
clusters was reflected by the cophenetic correlation coefficient. According to the literature investigation, the cophenetic correlation coeffi-
cient is currently the most common approach for determining the optimal values of rank k.*” The values of rank k were selected where the
cophenetic correlation coefficient started decreasing or was found to decrease most sharply. In this study, both conditions occurred at
rank k = 2. Therefore, we selected rank k = 2 as the optimal value, clustering the samples into two subtypes.

Identification of the differentially expressed genes

We used the R package “edgeR"*” to identify the differentially expressed genes (DEGs) between molecular subtypes. For the screening of
DEGs, statistical significance was set at FDR p < 0.05. And the log2 (Fold Change) > 1 or < —1 was defined as either upregulated or down-
regulated, respectively. Heatmap and volcano plot were used to visualize DEGs based on the R package “pheatmap” and the R package
"“EnhanceVolcano”.

GENE SET ENRICHMENT ANALYSIS

The algorithm of Gene Set Enrichment Analysis (GSEA) was used to explore the differences in pathway expression between molecular
subtypes.”? Gene sets of the HALLMARK, KEGG, and GO pathways were identified using the Molecular Signatures Database
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(http://www.gsea-msigdb.org/). The above gene sets were obtained using the R package “msigdbr”. The R packages “clusterPro-
filer"*“? and “enrichplot” were used to perform the GSEA algorithm between the molecular subtypes. Statistical significance was
set at p.adjust <0.05.

Estimation of immune infiltrating microenvironment

ESTIMATE scores were employed for evaluating the immune-infiltrating microenvironment for each sample. Subsequently, the MCPcounter
algorithm™® was used to estimate the proportion of infiltrating immune cells in HNSCC samples. To minimize the bias of using a single algo-
rithm, four other algorithms (CIBERSORT,** CIBERSORT-ABS,*> QUANTISEQ,* and TIMER") were further performed for validation. The
R package “limma"*®
"factoextra” was used for Principal Component Analysis (PCA).

was used to identify immune cells with significant changes in proportion between molecular subtypes. The R package

Construction of prediction nomogram

1% was used to perform LASSO regression, ensuring that there was no overfitting in the model. Subsequently, the

The R package “glmnet
reduced multi-cox model was constructed using the R package “Survival”. Based on the model, the prediction nomogram was visualized us-
ing the R package “rms”. Using the R package “nomogramEx", the acceptable accuracy of the prediction nomogram was validated using

calibration curves of 3-year-survival and 5-year-survival.

Integrative analysis for key GPCR exploration

To explore the key GPCRs, we first clustered HNSCC patients into different subtypes based on GPCRs. Then, from multiple perspectives, we
confirmed the differences in the characteristics between the subtypes. Next, we analyzed the clustering principle and identified GPCRs that
might be essential in the clustering procedure. Eventually, among these GPCRs, we searched for the key GPCR that was closely correlated
with the featured characteristics.

The detailed steps were as follows: 1) The list of currently known GPCRs was downloaded from the GPCR NaVa database (http://nava.liacs.nl),*
and gene expression of the recorded GPCRs was retrieved from the Htseg-count profiles of primary HNSCC patients. 2) These GPCRs were
filtered by their average expression. The GPCRs with an average expression >1 were further filtered using univariate Cox analysis. 3) Based on
the retained GPCRs, we performed NMF to cluster HNSCC patients into different subtypes. The K-M analysis was used to confirm the difference
in prognosis between subtypes. The differences in characteristics (gene expression, pathway expression, tumor microenvironment, and immune
cells) between the subtypes were also investigated using the methods, which had been described in the previous sections. 4) After confirming
significant differences between subtypes, we analyzed the principle of clustering. As the subtypes were clustered based on the featured
GPCRs in Step 3, these GPCRs were further investigated. We used LASSO regression and reduced Multi-Cox regression to screen the potential
key GPCRs. 5) With the R package “randomForest”, we employed the RF method to compare the importance of the potential key GPCRs. The
prognostic value of these GPCRs was also compared using K-M analysis. The cutoffs were determined using either maximally selected rank sta-
tistics or median gene expression. The Pearson correlation analysis of these GPCRs and CD8" T-cell-related markers (CD8A, CD8B, IFNG, and
GZMB) was also performed.

Multi-database analysis

We acquired and analyzed the single-cell RNA-seq profiles of T cells in pan-cancer using the scDVA data portal (http://cancer-pku.cn:3838/
PanC_T/) to identify the cell subset in which the key GPCR was expressed. The meta-cluster of CD8" T cells, proposed by Zheng et al.,"* was
visualized using the default settings of the scDVA data portal. The distribution of the key GPCR was analyzed and visualized by the “Embed-
ding” function of the scDVA data portal.

In this study, we used multiple databases to validate our results, preventing the bias of using only a single database. The prognostic value
of the key GPCR was validated by several databases, including the Timer database,”’”"*? LinkedOmics database,” and HumanProteinAtlas
database (https://www.proteinatlas.org/). Correlations between the key GPCR and several marker genes were validated using the Gepia
database.”™

IHC staining

IHC staining was performed to detect IFNG and GZMB protein expression in our independent HNSCC cohort. The 59 paraffin-embedded
HNSCC samples were incubated overnight at 4°C with primary antibodies against IFNG (Abcam, ab231036) and GZMB (Abcam,
ab134933). The slides were then washed thrice and incubated with the secondary antibody for 1 h at room temperature. DAB (Service Bio,
G1211) was used to stain the slides, and hematoxylin was used for nuclear staining. IHC staining results were detected using a microscope
from the ServiceBio platform (ServiceBio, Wuhan, China).

If staining

Paraffin-embedded tissues from 59 HNSCC samples from our independent cohort were used for IF staining. Primary antibodies, including
S1PR4 (Affinity, DF4872), CD8 (ServiceBio, GB13068), CX3CR1 (ServiceBio, GB11861), IFNG (Abcam, ab231036), and GZMB (Abcam,
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ab134933), were used to detect the target proteins. DAPI (ServiceBio, G1012) was used for counterstaining of the nuclei. IF staining results
were detected using a microscope from the ServieBio platform (ServiceBio, Wuhan, China).

Preparation of CAR-T cells

Human CD4" and CD8" T cells were purified from PBMCs using human CD4 (Miltenyi, 130-045-101) and CD8A magnetic microbeads (Milte-
nyi, 130-045-201). After two days of activation with CD3 and CD28, T cells were used for the experiment. We constructed a second-generation
CAR model. The first nucleic acid sequence of the CAR comprised the anti-human PSMA-scfv (J591) linked in-frame to the hinge and trans-
membrane regions of the human CD8a chain and intracellular human 4-1BB (CD137) and CD3¢ signaling domains, which were transferred to
the plasmid-empty vector (lentiviral transfer vector pELPS) using Xbal and Sall double enzymatic digestion. For lentivirus production, 293
T cells were used to produce lentiviruses carrying CAR. Subsequently, 293 T cells were cultured to a degree of 80%-90% and co-transfected
with the three-plasmid system (packaging vectors psPAX2, envelope plasmid pMD2.G, and CAR plasmid) using polyethyleneimine (Poly-
sciences, PEI MAX 40000). At 6-8 h of post-transfection, the virus-containing supernatant was harvested and concentrated. Viral supernatants
generated were serially diluted, and then T cells were infected with the lentivirus, which was mixed evenly with Polybrene at MOI = 10. CAR
expression was analyzed after two or three days, and CAR-T cells were used for further experiments.

Cytotoxicity assay

The cytotoxicity of CAR-T cells was determined using a luciferase-based killing assay. PSMA-CAR-T cells were pretreated with DMSO, S1PR4-
inhibitor (CYM50358, MedChemExpress, 100 nM) and S1PR4-agonist (CYM50308, MedChemExpress, 100 nM) for 2 h. 2x10* PC3-PSMA™
target tumor cells expressing firefly luciferase were co-cultured with PSMA-CAR-T cells at an effector-to-target ratio of 4:1 in triplicates in
96-well plates (Corning) in a total volume of 100 plL of cell media. After 12 h, 10 pL of fluorescein substrate (Invitrogen) was added to each
well and luminescence was measured using a microplate reader (BMG LABTECH SPECTROstarNano, 562 nm) and IVIS instrument (IVIS
Lumina lll). Percent lysis was determined using a standard curve by linear regression of luminescence against the viable number of PC3-
PSMA™ cells.

Cytokine detection

PSMA-CAR-T cells were pretreated with DMSO, S1PR4-inhibitor (CYM50358, MedChemExpress, 100 nM) and S1PR4-agonist (CYM50308,
MedChemExpress, 100 nM) for 2 h. PSMA-CAR-T cells were co-cultured without PC3-PSMA™ target tumor cells (negative control) or with
1 % 10° PC3-PSMA™ target tumor cells at an effector-to-target ratio (2:1) in triplicates in 6-well plates (Corning) in a total volume of 2 mL
of cell media. After 16 h, PSMA-CAR-T cells were collected and GZMB was measured using flow cytometry. All samples were run on an
LSRFortessa (BD Pharmingen) and analyzed using FlowJo software (Tree Star). The concentration of IFNG in the culture medium was
measured by ELISA (Invitrogen).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was set at adjusted p < 0.05 or p < 0.05. The correlation threshold was set at r < —0.2 or r > 0.2 in Pearson or Spearman
correlation analysis. The Shapiro-Wilk normality test was applied for checking the variable normality. For the variables which distributed non-
normally, we applied Wilcoxon rank test for comparisons between two independent groups. For normally distributed variables, we applied
Student'’s t test for comparisons of two independent groups. In the K-M analysis, the optimal cutoffs were determined by the median gene
expression, or by the maximally selected rank statistics. When the K-M analysis was performed in TCGA-HNSCC cohort, which had a relatively
larger number of patients, both methods of cutoff determination were used. When the K-M analysis was performed in our independent
cohort, which included only 59 patients, we chose to use the median gene expressions as cutoffs. The method of maximally selected rank
statistics was performed using the R package “survminer”. All statistical analyses in this study were performed using R software (Version
3.5.1, http://www.r-project.org/).

ADDITIONAL RESOURCES

This work is part of a clinical trial registered at ClinicalTrials.gov with the identifier NCT04053062. https://classic.clinicaltrials.gov/ct2/show/
NCT04053062.
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