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 89 
 90 
 Abstract  91 

The survival prognosis of human papillomavirus (HPV)-positive and 92 

HPV-negative head and neck squamous cell carcinoma (HNSCC) is largely different, 93 

and little is known about the anti-tumor mechanism of tumor-infiltrated CD8+ 94 

exhausted T cells (Tex) in HNSCC. We performed cell level multi-omics sequencing 95 

on human HNSCC samples to decipher the multi-dimensional characteristics of Tex 96 

cells. A proliferative exhausted CD8+ T cell cluster (P-Tex) which was beneficial to 97 

survival outcomes of patients with HPV-positive HNSCC was identified. Interestingly, 98 

P-Tex cells expressed CDK4 genes as high as cancer cells, which could be 99 

simultaneously inhibited by CDK4 inhibitors and might be a potential reason for the 100 

ineffectiveness of CDK4 inhibitors in treating HPV-positive HNSCC. P-Tex cells 101 

could aggregate in the antigen presenting cell niches and activate certain signaling 102 

pathways. Together, our findings suggest a promising role for P-Tex cells in the 103 

prognosis of patients with HPV-positive HNSCC by providing modest but persistent 104 

anti-tumor effects.  105 

 106 

Key words: proliferative CD8+ exhausted T cells, tumor microenvironment, head and 107 

neck squamous cell carcinoma, human papillomavirus, CDK4 inhibitor 108 
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Introduction 112 

The incidence of head and neck squamous cell carcinoma (HNSCC) has continued 113 

to rise and an annual increase of 1.08 million new cases is estimated by 2030, which is 114 

greatly attributed to the increasing rates of human papillomavirus (HPV) infection(1-3). 115 

HPV-positive HNSCC and HPV-negative HNSCC displayed markedly different 116 

characteristics from pathogenesis to treatment outcomes and are visualized as two 117 

distinct clinical entities(4,5).  118 

T cell exhaustion within the tumor microenvironment (TME) is a newly 119 

discovered phenomenon resulting from persistent antigen stimulation from chronic 120 

virus infection or tumors, in which tumor-infiltrated CD8+ T cells experience gradual 121 

alterations in their functional capacity while highly expressing multiple inhibitory 122 

receptors, including PD1, TIM3, LAG3, CTLA4 and TIGIT(6,7). Recent studies have 123 

revealed that heterogeneity is a hallmark of T cell exhaustion, and several distinct 124 

subsets of exhausted CD8+ T cells (Tex) have been identified, each with unique gene 125 

signatures, functional characteristics and epigenetic modifications(8,9). Meanwhile, 126 

specific transitions among those subsets have also been illustrated under certain 127 

circumstances and might be associated with retained effector function and enforced 128 

tumor control(10,11). However, how T cell exhaustion affects the prognosis of 129 

HNSCC patients and how it differs in HPV-positive and HPV-negative HNSCC remain 130 

to be further clarified. 131 
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Recently, there has been increasing evidences showing that HPV-positive HNSCC 132 

displays a T cell-inflamed phenotype distinct from its HPV-negative counterparts, 133 

indicating that HPV infection is associated with increased T cell infiltration and 134 

effector cell activation(12,13). Meanwhile, HPV infection has also been proven to be 135 

associated with T cell exhaustion, in which HPV-positive HNSCC expressed higher 136 

levels of multiple T-cell exhaustion markers such as PD1, TIM3, LAG3 and TIGIT 137 

compared to HPV-negative HNSCC, suggesting of stronger antigen-specific T cell 138 

immunity in HPV-positive HNSCC(12,14). However, more sophisticated T cell 139 

landscapes related to the HPV status of HNSCC remain to be further clarified. 140 

Cyclin-dependent kinase 4 (CDK4) inhibitors are introduced as novel drugs by 141 

targeting and disrupting the CDK4-related cell cycle progression of cancer cells in 142 

recent years(15,16). However, promising treatment outcomes of CDK4 inhibitors were 143 

only observed in HPV-negative HNSCC rather than HPV-positive HNSCC(17-19) due 144 

to the mutation differences of cell cycle related genes in cancer cells, and less attention 145 

has been paid to the effects of CDK4 inhibitors on infiltrating T cells. 146 

To address these questions, we applied cell-level multi-omics sequencing 147 

techniques to decipher the multi-dimensional characterization of tumor infiltrating T 148 

cells and its association with overall survival (OS) in human HNSCC with different 149 

HPV status. 150 

 151 

 152 
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Results 153 

P-Tex cells were identified in the transcriptomic landscape of T cells in HNSCC 154 

patients 155 

      To decipher the multi-dimensional characterization of tumor infiltrating T cells 156 

in human HNSCC, we integrated multi-omics sequencing based on 5’ droplet-based 157 

single-cell RNA (scRNA-seq), single-cell TCR sequencing (scTCR-seq) and spatial 158 

transcriptomics in HNSCC samples (mainly oropharyngeal cell carcinoma, OPSCC, 159 

the most representative type of HPV-related HNSCC), and further verified in vitro 160 

(n=24, Table S1 and Figure. 1a). A total of 49,813 CD3+ T cells in 14 paired HNSCC 161 

tumor and normal adjacent samples were obtained after quality control. And 11 T cell 162 

clusters with distinct gene signatures were defined (Fig. 1b, Table S2), including four 163 

CD8+ T cell clusters (C1, C4, C7 and C9), five CD4+ T cell clusters (C2: naïve CD4+ T 164 

cells, C3: regulatory T cells [Treg], C5: T helper cells, C8: CD4-Tex, and C10: T 165 

follicular helper cells [Tfh]), one γδ T cell cluster (C6) and one double negative T cell 166 

cluster (C0: DN, CD4-CD8-), with marker genes(20) shown in Table S3.         167 

         We specifically characterized marker genes of CD8+ T cell into several panels 168 

based on their canonical biological function (proliferation, exhaustion and cytotoxicity, 169 

shown in Fig. 1c). Among the four CD8+ T cell clusters, C1 was characterized by 170 

expressing multiple effector genes, including NKG7, GZMH, IFNG and KLRG1, with a 171 

high cytotoxicity score but a low exhaustion score, thus representing effective CD8+ T 172 

cell (Teff) (21). C4 showed high expression of checkpoint marker genes, including 173 
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PDCD1, HAVCR2, LAG3, and TNFRSF9, with both high cytotoxicity and exhaustion 174 

scores, which was consistent with the cell identity of terminally differentiated 175 

exhausted CD8+ T cells (T-Tex)(6). Notably, in addition to high expression of the 176 

above-mentioned checkpoint marker genes, C7 and C9 also displayed high expression 177 

levels of cell cycle-related genes, including CCNA2, UBE2C and CDK4, as well as 178 

stem-like genes MKI67 (marker gene of proliferation) and ASPM (involved in 179 

regulation of the mitotic spindle and coordination of mitotic processes), with high 180 

cytotoxicity, exhaustion and proliferation genes, featuring a gene expression profile 181 

reminiscent of a previously reported Tex subset with high proliferative capacity(22), 182 

which we defined as P-Tex in the present study.  183 

        Meanwhile, T cells appeared to exhibit distinct tissue distributions, with higher 184 

proportions of Treg, Teff, T-Tex and P-Tex cells being observed in tumor tissues while 185 

more DN and CD4-Tex cells being observed in adjacent normal tissues (Fig. 1d, 186 

Supplementary Fig. 1a). To evaluate individual heterogeneity, we further clustered the 187 

cells of each HNSCC sample and confirmed the existence of all cell clusters across all 188 

samples (Supplementary Fig. 1b-c). 189 

  Notably, the P-Tex cluster (~2819 cells) could be further partitioned into two 190 

sub-clusters, which we annotated as P-Tex1 and P-Tex2. More specifically, CDK4 (a 191 

canonical cell cycle-related marker gene) was mainly expressed in P-Tex2, whereas 192 

MKI67 (the most canonical marker gene for proliferation) was mainly expressed in 193 

P-Tex1 (Fig. 1e-f), indicating that these two cell clusters might fulfill their proliferative 194 
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capacity through different mechanisms. Moreover, to further investigate the potential 195 

upstream regulatory mechanisms in shaping the molecular characteristics of each 196 

unique T cell cluster, we analyzed the transcription factor networks that driving the 197 

expression of the top expression genes in each T cell cluster (shown in Fig. 1g and 198 

Table S4). Specifically, MYBL2, BRCA1, E2F1, E2F8, EZH2 and TFDP1 were the 199 

identified upstream regulatory transcription factors that predominantly drove the 200 

expression of proliferation-related genes of P-Tex1 and P-Tex2. 201 

      Taken together, our clustering strategy generated 11 distinct T cell clusters in 202 

HNSCC, among which P-Tex cells with both exhausted and proliferative phenotypes 203 

were identified. 204 
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Figure 1. The P-Tex cell clusters identified in the T cell landscapes of HNSCC patients by 
scRNA-seq. a, The flow chart of this study. b, UMAP plot of all single T cells from 14 samples via 
10× Genomics. Eleven T cell clusters with different functions are identified. c, Dotplot of selected T 
cell function-associated genes across different T cell clusters, showing both gene expression level 
(the color gradient) and the percentage of cells (the size of circle) in a given cluster. d, Pie charts of 
cell-type fractions identified in cancer and normal adjacent tissues, colored by cell types. e, The 
kernel density estimation plot showing the distribution of MKI67 and CDK4 genes of T cells. f, The 
gene expression levels of CDK4 and MKI67 shown by violin plots. g, Heatmap of the transcriptional 
regulators of top expressed genes in each T cell clusters.
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Functional characteristics of P-Texs 207 

        To further investigate the functional characteristics of P-Tex cells, we 208 

characterized the function of marker genes by comparing with Teff and T-Tex clusters. 209 

Specifically, Gene Ontology (GO) enrichment analysis showed that T cell activation, 210 

lymphocyte differentiation and viral gene expression were enriched in all three Tex cell 211 

clusters, whereas the regulation of the cell cycle, apoptosis and certain immune 212 

responses were enriched in P-Texs, showing divergent functional specialization (Fig. 213 

2a). Meanwhile, The activation states of CD8 T cells were compared by evaluating 214 

paired sc-RNA Seq and sc-TCR seq data, which reflects the magnitude of TCR 215 

signaling driving the differentiation of activated T cells into specific T cell 216 

subtypes(23). Our results showed that the T-Tex cluster was the most activated, 217 

followed by the two P-Tex clusters (Fig. 2b left). In addition, CD8 T cells in tumor 218 

tissues were more activated than those in adjacent normal tissues (Fig. 2b, right top). 219 

And no significant difference in T cell activation states was observed between 220 

HPV-positive and HPV-negative samples (Fig. 2b right bottom). 221 

       Additionally, to further confirm that P-Texs displayed high cell cycle-related 222 

function, we performed Gene Set Enrichment Analysis (GSEA) using the gene set that 223 

represents the cell cycle pathway, and the results showed that two P-Tex clusters were 224 

more enriched in the cell cycle signal pathway than the T-Tex and Teff clusters 225 

(p<0.001, Fig. 2c). To further investigate the cell cycle phase of each T cell cluster, we 226 

calculated cell cycle scores and visualized them on UMAP plots (Fig 2d, Table S5). 227 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2022. ; https://doi.org/10.1101/2022.10.27.513993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.27.513993
http://creativecommons.org/licenses/by/4.0/


 13

P-Tex1 was mainly in G2/M phase, indicating cells were under a proliferative burst, 228 

which was consistent with the high expression of proliferation marker gene MKI67(24), 229 

whereas P-Tex2 was mainly in S phase, an essential phase for DNA replication before 230 

undergoing mitosis, which was consistent with the high expression of CDK4 231 

(initiating the G1 to S phase transition) (Fig 2e-f)(24-26). Taken together, P-Tex1 and 232 

P-Tex2 might represent proliferation cells in two distinct cell cycle phases. 233 

     It is also noteworthy that HPV-positive HNSCC patients in TCGA (The Cancer 234 

Genome Atlas) cohort with higher P-Tex scores (5-year OS: 55.8% vs 22.6%, p=0.02), 235 

proliferation score (MKI67-related genes, 5-year OS: 49.1% vs 15.8%, p<0.001), 236 

exhaustion score (PDCD1-related genes, 5-year OS: 56.2% vs 23.1%, p=0.05), or 237 

cytotoxic score (GZMB-related genes, 5-year OS: 55.4% vs 21.9%, p=0.02) had better 238 

survival outcomes, whereas similar trends were not observed in HPV-negative HNSCC 239 

patients (Fig. 2g-h, Table S5) It is probably related to the difference in tumor 240 

microenvironment between HPV+ vs HPV- HNSCC. 241 

    Taken together, the P-Tex cluster displayed high expression levels of 242 

proliferation- and cell cycle-related genes. More importantly, HPV- positive HNSCC 243 

patients with higher P-Tex score, proliferation score, exhaustion score or cytotoxic 244 

score had better survival outcomes, while this trend was not observed in HPV-negative 245 

HNSCC patients. 246 
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Figure 2. The comparison of functional characteristics between P-Texs and other CD8 T cell 
clusters. a, Gene ontology (GO) analysis of differentially expressed genes in each CD8 T cell clusters, 
colored by cell types. b, Histogram of activation states of all CD8 T cells (left) and CD8 T cells separated 
by tissue types (right top) or HPV status (right bottom) using paired single-Cell TCR Seq and RNA-Seq 
data. c, The GSEA diagrams show the enrichment profiles of cell cycle pathway in each CD8 T cell 
clusters. d-f, The distribution and scores of cell cycle phases of each CD8 T cells. g, The proliferation, 
exhaustion and cytotoxic scores of each CD8 T cell clusters. Proliferation score: averaged expression of 
MKI67 related genes; exhaustion score: averaged expression of PDCD1 related genes; cytotoxic score: 
averaged expression of GZMB related genes. h, The Kaplan–Meier curves show the overall survival rate 
of HPV+/HPV- HNSCC patients with different proliferation, exhaustion and cytotoxic scores in TCGA 
cohort, adjusted for age and gender. 
***: p<0.001, **: p<0.01, *: p<0.05.
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Paired scRNA-seq and TCR-seq Revealed the developmental trajectory of P-Tex 248 

Given the clonal accumulation of CD8 T cells was a result of local T cell 249 

proliferation and activation in the tumor environment(27), we integrated paired 250 

scRNA-seq and TCR-seq data and performed pseudotime trajectory analysis to further 251 

quantitatively assess the activation states and to trace the lineage relationships of T 252 

cells(28). After quality control, we obtained TCRs with both alpha and beta chains for 253 

33,897 T cells, including 20,607 unique TCRs, 2,798 double TCRs and 10,492 clonally 254 

expanded TCRs, with clonal sizes ranging from 2 to 162. 255 

To further confirm whether the T cell clonality was associated with TME and HPV 256 

status, we systematically compared the clonality by cell clusters, tissue origin and HPV 257 

status, respectively. The CD8+ T cell clusters harbored more clonally expanded cells 258 

than CD4+ T cell clusters and DN cell clusters in general, among which Tex harbored 259 

the highest proportions of clonal cells, followed by the two P-Tex clusters, which were 260 

more abundant than the Teff cells (Fig. 3a-b, Supplementary Fig. 2a-b). Our results 261 

showed that hyperexpanded TCR clonotypes were more enriched in tumors than 262 

adjacent normal tissues (Fig. 3c-d, Supplementary Fig. 2c-d). However, the proportions 263 

of hyperexpanded TCR clonotypes of Teff, P-Tex1 and T-Tex showed no significant 264 

difference between HPV-positive samples and HPV-negative samples (Fig. 3e-f, 265 

Supplementary Fig. 2e-f). Correspondingly, a higher diversity of TCRs was observed 266 

in adjacent normal tissues and HPV-negative samples (Fig. 3g), indicating the absence 267 
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of a strong antigen-specific immune response, which further confirmed the crucial roles 268 

of virus and tumor play in local T cell proliferation and activation(29,30). 269 

We further examined the TCR clonotype occupation among each cluster and 270 

revealed that most of the shared TCRs were observed among the T-Tex, P-Tex and Teff 271 

clusters (Fig. 3h-i, Table S6-7). The Teff cluster had higher proportion of TCRs shared 272 

with the γδ T (overlap coefficient, oc=0.49), Tex (oc=0.43), P-Tex2 (oc=0.35) and 273 

P-Tex1 (oc=0.33) clusters, respectively, indicating they had common ancestry of origin. 274 

Besides, Supplementary Fig. 2g-j and Supplementary Fig. 3a-c shows the distribution 275 

of the top shared clonotypes across CD8+ T cell clusters, individuals and HPV status. 276 

There was almost no shared TCRs across individuals, indicating the highly 277 

heterogeneous characteristics of T cells among individuals. 278 

To further investigate their lineage relationships, we performed pseudotime 279 

analysis for CD3+ T cells on the basis of transcriptional similarities (Fig. 3j-l, 280 

Supplementary  Fig. 3d). The starting point of pseudotime was the DN cluster, with 281 

CD4+ T cell and CD8+ T cell clusters differentiating toward two different directions, 282 

suggesting of their distinct developmental paths. Notably, two P-tex clusters primarily 283 

aggregated at the end of the pseudotime backbone of CD8+ T cells, and presented to be 284 

a specific branch originating from T-Tex, demonstrating its specific activation state and 285 

characteristic, which was distinct from other T-Tex cells. Besides, P-Tex2 was located 286 

ahead of P-Tex1 on the pseudotime, which was consistent with the results in Fig. 2d-e, 287 
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where P-Tex2 cells mainly entered the S phase of the cell cycle (early phase), while 288 

P-Tex1 mainly entered the G2/M phase (later phase). 289 

Taken together, given that two P-Tex clusters were located at the end of the 290 

developmental trajectory of the Teff and T-Tex cells and that P-Tex clusters partially 291 

shared TCRs with the T-Tex cluster, we speculated that Teff cells transformed from an 292 

activated to exhausted state (T-Tex cells), and some of the T-Tex cells could further 293 

gradually transform into a unique P-Tex subpopulation with a highly specific 294 

proliferation state. 295 
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The self-renewal, proliferation capacity and cytotoxicity of P-Texs in vitro. 298 

      To further verify the aforementioned function of P-Tex cells, we sorted P-Tex 299 

cells (CD3+CD8+UBE2C+PD1+) and T-Tex cells (CD3+CD8+UBE2C-KLRB1+PD1+) 300 

via flow cytometry to compare their functions in vitro (Fig. 4a-g). Unexpectedly, our 301 

flow cytometry results showed that the proliferation rate of P-Tex cells cultured with 302 

IL-2 for 15 days and 20 days in vitro was much slower than that of T-Tex cells (Fig. 4a), 303 

whereas the cell viability of P-Tex cells was much higher than that of T-Tex cells (Fig. 304 

4b-c), indicating that instead of showing high proliferation capacity when stimulated in 305 

vitro, the P-Tex cells mainly maintained high self-renewal capacity.  306 

Moreover, P-Tex cells expressed higher levels of proliferation-related marker 307 

UBE2C, as measured by flow cytometry, and the variations of UBE2C in P-Tex and 308 

T-Tex cells between 9 days and 16 days were relatively stable (Fig. 4d-g). Besides, 309 

compared with T-Tex cells, P-Tex cells expressed higher exhaustion-related markers 310 

(PD1), and the expression of PD1 in P-Tex and T-Tex cells gradually increased from 311 

Day 9 to Day 16. Meanwhile, a larger proportion of T-Tex cells produced more 312 

cytotoxic-related markers (KLRB1) than P-Tex cells after stimulated with CD3/CD28 313 

microbeads and IL-2 for 9 days and 16 days in vitro, whereas the expression of KLRB1 314 

in T-Tex gradually decreased since Day 9, and the expression of KLRB1 in P-Tex was 315 

relatively stable. Meanwhile, the results of our in vitro experiments were consistent 316 

with the paired single-cell RNA-Seq and TCR-seq data showing that the activation 317 

states of T-Tex cells were higher than those of P-Tex cells (Fig. 4h).  318 
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Taken together, P-Tex cells represent a unique sub-cluster of the exhausted CD8 T 319 

cells, which maintain high self-renewal capacity in vitro and could provide modest but 320 

persistent anti-tumor effects. 321 
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The effect of CDK4 inhibitor on P-Tex cells might be a reason for its ineffectiveness 323 

in HPV-positive HNSCC patients. 324 

To better understand the anti-tumor role of P-Tex within the TME, we additionally 325 

conducted 5’ droplet-based scRNA-seq profiles (10× Genomics) for primary tumors 326 

with paired adjacent normal tissues from two HNSCC patients. All biopsies were 327 

histologically examined by two independent pathologists. After quality control, a total 328 

of 13,515 cells from tumors (9,040 cells) and adjacent normal tissues (4,476 cells) were 329 

obtained. Given the fact that higher heterogeneity of cellular compositions exists in the 330 

TME than pure T cells, we recategorized all cells into 20 cell clusters according to 331 

previously reported markers (Fig. 5a, Supplementary Fig. 4a, Table S8). We 332 

consistently identified that P-Tex cells highly expressed proliferation- and cell 333 

cycle-related genes and functions as the cancer epithelial cluster (Fig. 5b, 334 

Supplementary Fig. 4b-d).  335 

     P-Tex clusters were predominantly tumor-derived (Supplementary Fig. 5a-b) 336 

cells. We further investigated the expression and distribution of proliferation-related 337 

(CDK4, MKI67) and cancer-related epithelial (KRT15, CD24) cell marker genes among 338 

each cluster (Fig. 5c). Notably, CDK4 was highly expressed in P-Tex2 cells, cancer 339 

epithelial cells and fibroblasts, while MKI67 was highly expressed in P-Tex1 clusters. 340 

CDK4 is a well-known cancer treatment target, and CDK4 inhibitors (e.g., abemaciclib 341 

and palbociclib) have demonstrated cytostatic activity in HPV-negative HNSCC, 342 

whereas their effects on HPV-positive HNSCC are not obvious(17,18,31). And it was 343 
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interesting that HPV-positive HNSCC patients with higher CDK4 expression levels 344 

showed better survival than patients with lower CDK4 expression, whereas 345 

HPV-negative HNSCC patients with higher CDK4 expression levels showed worse 346 

prognosis (Fig. 5d). Besides, compared with HPV-negative patients, the proportion of 347 

P-Tex was higher in the TME of HPV-positive HNSCC patients (TCGA cohort, Fig. 5e, 348 

Supplementary Fig. 5c, Table S9). These findings raised the question of whether P-Tex 349 

cells that were beneficial to the prognosis of HPV-positive HNSCC patients would be 350 

simultaneously suppressed by CDK4 inhibitors.  351 

To answer this question, we compared the cell viability of P-Tex cells and cancer 352 

epithelial cells by culturing with abemaciclib in vitro, respectively. As expected, 353 

abemaciclib inhibited the cell viability of both cancer cells (FD-LSC-1 cells) and P-Tex 354 

cells (Fig. 5f). Therefore, we speculated that the inhibition of CDK4 inhibitor on the 355 

cell viability of P-Tex cells (which were beneficial to the survival prognosis of 356 

HPV-positive HNSCC patients) might be a potential reason why CDK4 inhibitors were 357 

ineffective in treating HPV-positive HNSCC patients. 358 
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The cell–cell interactions between T cells and APCs in the HNSCC TME. 361 

To determine the underlying mechanism by which P-Tex cells fulfill their 362 

proliferation-related and anti-tumor function, we systematically explored the crosstalk 363 

between T cells and other cells in the HNSCC tumor microenvironment (TME). The 364 

results showed that the interactions between P-Tex and Tex clusters and APCs 365 

(especially DCs) in the HNSCC TME were mainly enriched in T cell activation and 366 

proliferation signaling pathways, such as CD70-, CD80-, ICOS- and PD-L1-related 367 

signaling pathways (Fig. 6a-b, Supplementary Fig.5d, Table S10). Given the fact that 368 

the colocalization of APCs and T cells is the precondition for fulfilling their function 369 

related to antigen presentation and T cell activation, we further conducted spatial 370 

transcriptome (ST) analysis for representative fresh HNSCC tumor (P_08) to verify 371 

their spatial distribution characteristics. We identified 17 spatial cluster areas, among 372 

which cluster 16 were defined as APC area (Fig. 6c). The P-Tex and Tex cells were 373 

characterized by the co-localization in the APC aggregation area with significantly 374 

higher P-Tex scores and Tex scores than other non-APC areas (P<0.001), and the 375 

correlations among the three scores in the APC area were higher than those in other 376 

non-APC areas. As expected, the activation score of T cells were higher in APC area 377 

(Fig. 6d-e, Supplementary Fig. 6, Table S11). Besides, the aforementioned ligand–378 

receptor interactions of T cell activation and proliferation signaling pathways 379 

(CD70-CD27, CD80-ICOS, CD86-CTLA4, CD274-PDCD1) were also detected in the 380 

APC areas (Fig. 6f). We also observed enriched signaling pathways in APC areas 381 
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involving the cell cycle, neutrophil activation and RNA splicing (Fig. 6g), supporting 382 

that these antigen-presenting cells play a role in modulating the immune response 383 

within the TME by promoting T-cell activation(32,33). 384 
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Figure 6. The cell–cell interactions between T cells and APC cells are enriched in the proliferation and cell 
activation pathways in HNSCC TME. a, The communication probabilities mediated by selected ligand–receptor pairs 
among different cell types. The color gradient shows the level of interaction. b, Network circle graphs visualize the 
inferred communication network of signaling pathways among different cell clusters derived by ligand–receptor 
interactions. The color of lines are consistent with the ligands. The width of lines are proportional to the interaction 
strength, and the circle sizes are proportional to the number of cells in each clusters. c, The spatial transcriptomic 
landscape of representative HNSCC samples. d-e, P-Tex and Tex features were co-expressed in APC area (cluster 16). 
The circles in SpatialDimPlot (d, left) represent APC, P-Tex and Tex scores enriched in the APC area (cluster 16). The 
Texs and P-Tex scores were higher in the APC aggregation area (d, right). The correlation of P-Tex, Tex, Activation 
scores and APC scores in the spatial transcriptome (e). f, Spatial feature plots of selected ligands–receptor interactions 
enriched in APC area. Spatial feature plots showing the expression pattern of single ligand genes (CD70, CD80, CD86, 
CD274, yellow spots), single receptor genes (CD27, ICOS, CTLA4, PDCD1, blue spots) and co-expression pattern 
(green spots) in APC area. g, GO analysis identified the enriched gene functions in APC area of spatial transcriptome.
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 To further confirm the ST results (transcriptomic level) at the proteomic level, we 388 

performed multiplex immunofluorescence (mIF) of both canonical APC markers 389 

(MHC-II+) and selected markers for P-Tex cells (CD8+PD1+CDK4+/MKI67+), bulk 390 

Tex cells (CD8+PD1+CDK4-MKI67-) and bulk CD8+ T cells (CD8+) on 391 

formalin-fixed paraffin embedded (FFPE) tissue originating from HNSCC patients 392 

(Fig. 7a-b). Next, we explored average distances of APCs to P-Tex cells, bulk Tex 393 

cells and bulk CD8+ T cells (Fig. 7c), respectively. As expected, 90% of the P-Tex 394 

cells, bulk Tex and bulk CD8+ cells enriched within a distance of 25um from APCs, 395 

forming an intra-tumoral niche(34).  396 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2022. ; https://doi.org/10.1101/2022.10.27.513993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.27.513993
http://creativecommons.org/licenses/by/4.0/


 33

 397 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2022. ; https://doi.org/10.1101/2022.10.27.513993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.27.513993
http://creativecommons.org/licenses/by/4.0/


 34

Taken together, P-Tex cells were enriched in the APC aggregation areas, and the 398 

signal pathways related to T cell activation and proliferation were activated in these 399 

areas, indicating that P-Tex might act as a specific T cell pool that provides modest 400 

but persistent effects through its interactions with APCs. 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 
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Discussion 417 

Our current study provided a comprehensive multi-omics characterization of over 418 

49,000 tumor-infiltrating CD3+ T cells in HNSCC patients. A special novel P-Tex 419 

cluster that expressed high levels of proliferation- and cell cycle-related genes as well 420 

as cytotoxic and checkpoint molecules was identified. Our results showed that 421 

HPV-positive HNSCC patients who had higher proportions of P-Tex cells had a better 422 

survival prognosis. Unexpectedly, we also found that P-Tex cells expressed CDK4 423 

genes as high as cancer cells, which could be simultaneously inhibited by the CDK4 424 

inhibitors. Therefore, we speculated it might be a potential reason for the 425 

ineffectiveness of CDK4 inhibitors in treating HPV-positive HNSCC. Furthermore, 426 

P-Tex cells were fund to be aggregated in the APC areas where their T cell activation 427 

and proliferation signaling pathways were activated. Together, our findings reveal a 428 

promising role for P-Tex cells in the prognosis of HPV-positive HNSCC patients by 429 

providing modest but persistent anti-tumor effects.  430 

There is accumulating evidences showing that heterogeneity is a hallmark of T 431 

cell exhaustion, and a typical three-stage differentiation trajectory 432 

(progenitor-transitional-terminal) has been established to depict the corresponding 433 

spatiotemporally sequential alterations of gene signatures, functional characteristics as 434 

well as epigenetic modifications(9,35). Despite several previous studies have identified 435 

similar proliferation Tex clusters in chronic LCMV-infected mouse models using 436 

scRNA-seq, little attention was paid to their potential roles in anti-tumor 437 
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immunity(8,22,36). In this sutudy, we systematically investigated the functional 438 

characteristics and developmental trajectory of P-Tex cells by comparing with other 439 

CD8+ T cell clusters. Our results suggested that P-Tex was an independent branch of 440 

Tex cells and might act as a T cell pool, providing modest but persistent anti-tumor 441 

immunity through its highly specialized self-renewal and cytotoxic capacity. However, 442 

this beneficial on long-term survival outcomes was only observed in HPV-positive 443 

HNSCC who had higher proportion of P-Tex.  444 

     CDK4/6 inhibitors (e.g., palbociclib, ribociclib and abemaciclib) are promising 445 

drugs for various cancers(37), working by specifically inhibiting CDK4/6 proteins, 446 

blocking the transition from the G1 to the S phase of the cell cycle and preventing 447 

cancer cell progression(38). Notably, CDK4, which was highly expressed in cancer 448 

cells, was also found to be highly expressed in the P-Tex cells. Our in vitro results 449 

showed that CDK4 inhibitors could simultaneously inhibit the cell viability of both 450 

cancer cells and P-Tex cells. Due to the fact that P-Tex cells was benefit to the 451 

prognosis of HPV-positive HNSCC patients, we speculated that the inhibition of CDK4 452 

inhibitors on P-Tex cells might be one of the reasons why promising treatment 453 

outcomes of CDK4 inhibitors were not observed in HPV-positive HNSCC 454 

patients(17-19). 455 

Overall, a novel promising P-Tex cluster, which was mainly identified in APC 456 

areas of TME, was beneficial to the survival prognosis of HPV-positive HNSCC,. 457 
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Besides, the inhibitory effect of CDK4 inhibitors on P-Tex cells helps clarify its 458 

ineffectiveness in HPV-positive HNSCC patients. 459 

 460 

Materials and Methods 461 

Ethical statement 462 

This study was conducted in accordance with the Declaration of Helsinki (as 463 

revised in 2013) and was approved by the Biomedical Research Ethics Committee of 464 

West China Hospital (2021-908), with the individual consent for each participant.  465 

Specimen collection and processing  466 

Patient’s information was summarized in Table S1. HNSCC tumor tissues and 467 

paired adjacent normal tissues were collected during the surgery. Then the tissues 468 

were rinsed by 1X PBS, with surrounding necrotic areas being carefully removed and 469 

were cut into small pieces of 2–4 mm and reserved in the mixture of 1X DMEM 470 

medium (Gibco) and Penicillin-Streptomycin solution (Hyclone). The remaining 471 

tissues were fixed into formalin fixed paraffin-embedded blocks (FFPE) for HE 472 

staining and multiplex immunofluorescence. 473 

Preparation of single cell suspensions 474 

The tissue pieces were rapidly transferred into the gentleMACS C Tube 475 

containing Human Tumor Dissociation Kit (Miltenyi Biotec, #130-095-929) 476 

according to the manufacturer’s recommendation. The dissociated cells were filtered 477 

through 40-µm cell strainers to remove clumps. Cell pellets were resuspended in 478 

binding buffer after centrifuged and sorted via human CD3 MicroBeads (Miltenyi 479 

Biotec, #130-050-101) according to the manufacturer’s recommendation (Note: as for 480 

the experiment of sc-RNA seq of overall cells, CD3 sorting was not needed). The 481 

overall cells and the sorted CD3+ T cells were separately resuspended in HBSS 482 

(Gibco) plus 0.04% bovine serum albumin (BSA; Sigma-Aldrich) and tested for cell 483 

viability. Cell viability >80% was required for subsequent library constructions. 484 

Library construction and sequencing  485 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2022. ; https://doi.org/10.1101/2022.10.27.513993doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.27.513993
http://creativecommons.org/licenses/by/4.0/


 38

Sc-RNA seq was performed using Chromium Single Cell 5’ Gel Bead and 486 

Library Construction Kit (10x Genomics, #PN-1000006, PN-1000020) and Single 487 

Cell V(D)J Enrichment Kit Human T cell (10x Genomics, #PN-1000005). Reverse 488 

transcription, cDNA recovery, cDNA amplification and library construction were 489 

performed according to the manufacturer’s protocol. The constructed libraries were 490 

sequenced on NovaSeq 6000 (Illumina) with paired-end sequencing and single 491 

indexing.  492 

Quality control and preprocessing of sequencing data  493 

Cell Ranger count (v3.0)(39) was used to process the raw FASTQ files, align the 494 

sequencing reads to Ensembl GRCh38 reference genome 495 

(http://cf.10xgenomics.com/supp/cell-exp/refdata-cellranger-GRCh38-3.0.0.tar.gz) 496 

and exclude background noise to generate a filtered UMI expression matrix for each 497 

cell. The package Seurat (v4.0.4)(40) were used to filter cells that were empty 498 

droplets or doublets and that have >5% mitochondrial counts. Next, we normalized 499 

the expression matrix via “LogNormalize” and log-transform method. Then, we apply 500 

a linear transformation to prepare the expression matrix for next step dimensional 501 

reduction. 502 

Unsupervised clustering of cells and uniform manifold approximation and 503 

projection (UMAP) visualization  504 

The high cell-to-cell variable features (top 2000) between cells were used as input 505 

to perform Principal Component Analysis (PCA) on the scaled matrix. Subsequently, 506 

we employed Harmony (v1.0, R package)(41) to integrate multiple samples and the 507 

top 30 dimensions were selected for UMAP with the reduction of ‘harmony’. 508 

We performed Seurat to cluster cells using the Louvain algorithm. The previous 509 

reported marker genes (Table S3) were used for the cell cluster annotation with gene 510 

functional description and gene expression. Nebulosa (v1.3.0, R package)(42) was 511 

applied to perform gene kernel density estimation and visualize cell features on 512 

UMAP plot. 513 
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Differential expression and analysis of signaling pathways  514 

To characterize the function of defined clusters, we used Seurat to calculate 515 

differentially expressed genes (DEGs) among each cluster, identified marker genes as 516 

DEGs with adjusted p value <0.05 and put marker genes into clusterProfiler (v4.0.2, 517 

R package)(43) to perform Gene Ontology (GO) enrichment analysis (p <0.01) and 518 

Gene Set Enrichment Analysis (GSEA) and visualization.  519 

Transcription factor regulatory network analysis 520 

    To predict the gene regulatory network within cell clusters, we used previous 521 

selected top 2000 variable features-barcode matrix from scRNA-seq data as input and 522 

applied pySCENIC (v0.11.2)(44) to infer the network activity in each cell cluster. 523 

Cell score (CS) calculation  524 

We applied AddModuleScore function embedded in Seurat to calculate the 525 

specific cell scores in different clusters, which was defined as: the average gene 526 

expression of specific gene panel in each cluster, subtract the average gene expression 527 

of random control gene sets (45)(Table S3). Functional module scores were based on 528 

the expression levels of top 30 genes which were highly correlated with GZMB 529 

(cytotoxicity score), PDCD1 (exhaustion score) or MKI67 (proliferation), respectively. 530 

TCR-depended T cell activation score was calculated based on the activation gene 531 

signature(46). Proliferation score was calculated based on the genes enriched in the 532 

GO molecular function term of “cell cycle phase transition”. The specific cluster 533 

score (P-Tex, Tex and APC score) were calculated based on marker genes of each 534 

cluster listed in Table S3. 535 

We assigned cell cycle scores based on the expression of G2/M and S phase 536 

marker genes and predicted the classification of each cell in either G2/M, S or G1 537 

phase in the CellCycleScoring function embedded in Seurat.  538 

Trajectory analyses 539 

To determine the potential development lineages of T cell subclusters, we 540 

converted the previous Seurat object into Monocle3 (v1.0.0, R package)(47) object and 541 
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inferred the trajectory of T cell subclusters at its proper position in pseudotime. Besides, 542 

to visualize the major non-linear components of variation across cells, we applied 543 

destiny package (v3.1.1, R package)(48) to perform the 3D diffusion maps to compute 544 

the diffusion components of each cell type. 545 

TCR Clonotype analysis 546 

Cell Ranger VDJ pipeline (v6.1.1, 10× Genomics) was used to process the raw 547 

TCR sequence data with default augments and align them to the Ensembl GRCh38 548 

reference 549 

(https://cf.10xgenomics.com/supp/cell-vdj/refdata-cellranger-vdj-GRCh38-alts-ensem550 

bl-5.0.0.tar.gz). We performed scRepertoire (v1.3.2, R package)(49) to integrate the 551 

TCR sequence data with mRNA expression data and used absolute frequency of V(D)J 552 

genes to define clonotype groups. The total frequency assigned for different extents of 553 

clonal expansion were categorized as follows: Hyperexpanded (20 < X ≤ 200), Multiple 554 

(2 < X ≤ 20), Double (1 < X ≤ 2), Single (0 < X ≤1).  555 

Ligand–receptor interactions 556 

To understand communications among tumor cell clusters, we applied CellChat 557 

(v1.1.3, R package)(50) to identify the cell-cell signaling links, inferred the cellular 558 

communication network and visualized the major ligand-receptor interaction between 559 

each cell cluster.  560 

Library construction of spatial transcriptome 561 

Representative HNSCC tumor samples were collected for the spatial 562 

transcriptomic sequencing. Samples were cut into 6.5 x 6.5 mm pieces, embedded in 563 

Optimal Cutting Compound (OCT) media and quickly frozen on dry ice. The frozen 564 

tissues were cryosectioned at 10-μm thickness by using the Thermo Scientific CryoStar 565 

NX50 cryostat and were placed in the capture area frames on the 10x Visium Spatial 566 

slides. Each sample slide was stained with H&E (Hematoxylin Dako #S3309, Eosin, 567 

Dako #CS701, bluing buffer #CS702) and the brightfield images were captured via 568 

Leica whole-slide scanner at 10X resolution.  569 
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Following tissue permeabilization, reverse transcription and cDNA amplification 570 

were processed by using Reagent Kit (10× Genomics, #PN-1000184, 571 

PN-1000193).Visum spatial libraries were constructed using Visum Spatial Library 572 

Construction kit (10x Genomics, #PN-1000184) according to the manufacturer’s 573 

protocols. Finally, the libraries were sequenced using the Illumina Novaseq6000 at 574 

least 100,000 reads per spot via pair-end 150 bp (PE150) reading strategy (performed 575 

by CapitalBio Technology, Beijing).  576 

Functional scoring and visualization of spatial transcriptome data 577 

We performed alignment, filtering, barcode counting, and UMI counting by the 578 

Spaceranger count (v1.3.0) to generate feature-barcode matrix. We performed 579 

normalization, high-variance features detection (top 2000 genes), dimensionality 580 

reduction and clusters identification (resolution = 1.0) for the spatially barcoded gene 581 

expression data via the standard Seurat pipeline. The P-Tex, Tex and APC scoring 582 

algorithms of spatial transcriptome were similar to the module scoring algorithm of 583 

scRNA transcriptome (AddModuleScore) and the gene list of each module was list in 584 

Table S5. Co-localization of P-Tex, Tex and APC scores were verified by cor.test (stats, 585 

v3.6.2, R package)(51). 586 

Multiplex immunohistochemistry  587 

Ten formalin-fixed paraffin-embedded tissue (FFPE) of HNSCC tumors were 588 

sectioned to 4-µm thick for the subsequent multiplex immunohistochemistry via the 589 

OPAL Polaris system (Akoya Biosciences). After deparaffinization and hydration, the 590 

FFPE slides were manually stained with the CD8 (clone C8/144B, CST, #70306S), 591 

PD-1 (clone D7D5W, CST, #84651T), anti-Ki67 (clone SP6, Abcam, #ab16667), 592 

CDK4 (clone D9G3E, CST, #12790), CD24 (10600-1-AP, Proteintech, #10600-1-AP), 593 

Anti-EPCAM (clone EPR20532-225, Abcam, #ab223582) and Anti-HLA-DR (clone 594 

EPR3692, Abcam, #ab92511) antibodies. The sections were counterstained with 595 

spectral DAPI (Akoya Biosciences). The stained slides were imaged and scanned using 596 

the Vectra Polaris multispectral imaging system.  597 
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Cell staining strategies for flow cytometry 598 

Single cell suspensions (100μL) of HNSCC tumor tissues were stained with CD3 599 

(BD Pharmingen™, #555332), CD8(CST, #300908), PD1(Biolegend, #329920), 600 

UBE2C (Santacruz, #Sc271050), and KLRB1(Biolegend, #339917) antibodies at 4 °C 601 

for 30 min under dark conditions. And 7-Aminoactinomycin D (7-AAD) was used for 602 

live/dead discrimination. P-Tex cells were defined as 7AAD-CD3+CD8+PD1+ UBE2C+ 603 

cells and T-Tex cells were defined as 7AAD-CD3+CD8+PD1+KLRB1+UBE2C- cells.  604 

In vivo cell function assays  605 

Cell culture and proliferation assay 606 

The sorted P-Tex cells and T-Tex cells were cultured in RPMI media containing 10% 607 

FBS, penicillin, streptomycin and 20 IU/mL IL-2, and stimulated with T Cell TransAct 608 

(Diluted at 1:100, T Cell TransAct™, human, Miltenyi Biotec, #130-111-160), with 609 

fresh medium replaced every 3 days. After 14 consecutive days, proliferation rate of 610 

cells was assessed by flow cytometry. 611 

Self - renew assay  612 

The sorted P-Tex and T-Tex cells were cultured in the RPMI media containing 613 

10%FBS, human IL-2 (20 IU/mL), penicillin and streptomycin in 96-well plates 614 

(15,000 cells/well). At the 5th, 10th and 15th day of growth, cell counting was performed 615 

by flow cytometry. Cell viability was determined by propidium iodide (PI) staining on 616 

the 15th and 20th day of cell growth. And on the 9th and 16th day, P-Tex and T-Tex cells 617 

were stained by UBE2C (Santacruz, #Sc271050), PD1 (Biolegend, #329920), KLRB1 618 

(Biolegend, #339917) and the protein expression was detected by flow cytometry. 619 

Software FlowJo was used for data analysis. 620 

CDK4/6 inhibition test 621 

    The sorted P-Tex and T-Tex cells (50000 cells/well) and the cancer cell line 622 

(FD-LSC-1, 4000 cells/well, donated by State Key Laboratory of Biotherapy, West 623 

China Medical School, Sichuan University)(52) were transferred into 96-well plates, 624 

treated with Abemaciclib in gradient concentrations (0nM, 10nM, 100nM and 500nM) 625 
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for 24h, 48h and 72h, respectively. Cell proliferation was detected by Cell Counting 626 

Kit-8 (CCK-8) according to the manufacture’s instruction.  627 

Survival analysis 628 

We further analyzed the transcriptome data of 500 HNSCC tumor samples (HPV 629 

negative: n=410; HPV positive: n=90) in TCGA cohort(53). Survival analysis related 630 

to gene expression level and functional module score in different HPV status was 631 

conducted through the Tumor Immune Estimation Resource (TIMER; 632 

cistrome.shinyapps.io/timer)(54). Besides, to predict the proportion of P-Tex, Teff, and 633 

T-Tex cells in HPV positive and HPV negative HNSCC TCGA cohort, we used 634 

CIBERSORT software to deconvolve our scRNA seq data (534 specific marker genes, 635 

Table S3) into the TCGA bulk transcription data for clustering.  636 

Statistical analysis 637 

Statistical analysis was performed using R (Version 3.6.3). Wilcoxon rank-sum 638 

tests and Chi-square tests were used to compare variables. The hazard ratio (HR) and 639 

survival curves was estimated via a Cox regression model. A statistical significance 640 

was considered at P < 0.05. 641 

 642 

Data availability statement 643 

    Sequencing data have been deposited in GSA for human under accession codes 644 

PRJCA012438. 645 

 646 

 647 
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  648 
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