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            Abstract
T cells are important in tumour immunity but a better understanding is needed of the differentiation of antigen-specific T cells in human cancer1,2. Here we studied CD8 T cells in patients with human papillomavirus (HPV)-positive head and neck cancer and identified several epitopes derived from HPV E2, E5 and E6 proteins that allowed us to analyse virus-specific CD8 T cells using major histocompatibility complex (MHC) class I tetramers. HPV-specific CD8 T cells expressed PD-1 and were detectable in the tumour at levels that ranged from 0.1% to 10% of tumour-infiltrating CD8 T lymphocytes (TILs) for a given epitope. Single-cell RNA-sequencing analyses of tetramer-sorted HPV-specific PD-1+ CD8 TILs revealed three transcriptionally distinct subsets. One subset expressed TCF7 and other genes associated with PD-1+ stem-like CD8 T cells that are critical for maintaining T cell responses in conditions of antigen persistence. The second subset expressed more effector molecules, representing a transitory cell population, and the third subset was characterized by a terminally differentiated gene signature. T cell receptor clonotypes were shared between the three subsets and pseudotime analysis suggested a hypothetical differentiation trajectory from stem-like to transitory to terminally differentiated cells. More notably, HPV-specific PD-1+TCF-1+ stem-like TILs proliferated and differentiated into more effector-like cells after in vitro stimulation with the cognate HPV peptide, whereas the more terminally differentiated cells did not proliferate. The presence of functional HPV-specific PD-1+TCF-1+CD45RO+ stem-like CD8 T cells with proliferative capacity shows that the cellular machinery to respond to PD-1 blockade exists in HPV-positive head and neck cancer, supporting the further investigation of PD-1 targeted therapies in this malignancy. Furthermore, HPV therapeutic vaccination efforts have focused on E6 and E7 proteins; our results suggest that E2 and E5 should also be considered for inclusion as vaccine antigens to elicit tumour-reactive CD8 T cell responses of maximal breadth.
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                    Fig. 1: Intratumoral PD-1+ CD8 T cells are made up of distinct subsets with PD-1+TCF-1+ stem-like cells residing in lymphoid-like stromal areas.[image: ]


Fig. 2: Identification of HPV-specific CD8 T cells in PBMCs and tumours of patients with HPV-positive HNSCC.[image: ]


Fig. 3: HPV-specific CD8 TILs are made up of three transcriptionally distinct clusters.[image: ]


Fig. 4: The three HPV-specific transcriptionally distinct clusters share TCR clonotypes.[image: ]


Fig. 5: HPV-specific PD-1+TCF-1+ stem-like CD8 T cells in the tumour have proliferative capacity and can differentiate into effector-like cells.[image: ]
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                Data availability

              
              The following protein sequences were used for predicting and generating HPV peptides: E2 (Uniprot P03120), E5 (Uniprot P06927), E6 (Uniprot P03126), and E7 (Uniprot P03129). scRNA-seq data are available in the NCBI Gene Expression Omnibus (GEO) database under the accession number GSE180268. Other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Analysis of PD-1+ CD8 TILs in patients with HPV-positive HNSCC.
a, Frequency of CD8 T cells among TILs and number of CD8+ TILs per gram of HPV-positive HNSCC primary tumours (pink) and metastatic lymph nodes (metLN, grey), with mean and SD. b, Representative flow plots showing Granzyme B, Ki-67, and CD39 expression among TCF-1+Tim-3âˆ’ and Tim-3+TCF-1âˆ’ CD8 T cell subsets in TILs. c, Frequency of Granzyme B+, Ki-67+ and CD39+ cells among PD-1+ CD8 TIL subsets, with means and SD. Two-sided Wilcoxon matched-pairs rank test. d, Geometric mean fluorescence intensity (MFI) of TOX in CD8 TIL subsets and patient-matched naive peripheral blood CD8 T cells (CD3+CD4âˆ’CD8+CCR7+CD45RA+), with means and SD. Friedman test with two-sided Dunnâ€™s multiple comparisons test. e, f, Multiplex immunohistochemistry of primary tumour (e) and (f) metastatic lymph nodes (metLN) showing CD8+ (red) and PD-1+ (green) cells infiltrating the tumour parenchyma (cytokeratin+; blue) and stroma (cytokeratin negative; black areas highlighted by the orange dashed lines). TCF-1+ cells (white) are predominantly found in the stromal regions of the metastasis. Composite image on the right shows stem-like CD8 T cells (CD8+PD-1+TCF-1+; yellow membranous staining with white nuclear marker) within the stroma at a higher magnification of the area corresponding to the white rectangle. g, h, Frequency (g) and density (h) of PD-1+TCF-1âˆ’ CD8 TILs in the tumour parenchyma and stroma, with mean and SD. nâ€‰=â€‰7 (five primary tumours (pink) and two metastatic lymph nodes (grey)). nsâ€‰=â€‰not significant, two-sided paired t-tests.


Extended Data Fig. 2 Mapping of HPV-specific CD8 T cell epitopes in patients with HNSCC.
a, Summary graph showing the numbers of positive peptides from HPV E2 (blue), E5 (green), E6 (red) and E7 (grey) proteins in expanded T cells of patients with HPV-positive HNSCC (nâ€‰=â€‰17) as measured by IFNÎ³ ELISpot. b, Flow plots of expanded PBMC re-stimulated with the identified peptides and analysed by ICCS for IFNÎ³ and TNFÎ±. Gated on CD3+CD4âˆ’CD8+ cells. c, Flow plots of expanded PBMC stained with HPV-specific MHC-I tetramers. Gated on CD3+CD4âˆ’CD8+ cells. d, Table summarizing results of the HLA-binding assays (IC50) of identified HPV epitopes. Indicated in bold are epitopes for which ex vivo tetramer staining was performed.


Extended Data Fig. 3 Direct ex vivo tetramer staining of TILs and PBMCs from patients with HNSCC.
TILs from primary tumours and metastatic lymph nodes as well as matched PBMC samples were tetramer-stained ex vivo with HPV-specific tetramers. Flow plots showing tetramer+ CD8 T cells in primary tumours, metastatic LN and PBMC. The cells were stained with the following tetramers: a, A01/E2 151-159. b, A01/E2 329-337, c, A02/E5 46-54 and d, B35/E6 52-61. Gated on CD3+CD4âˆ’CD8+ cells.


Extended Data Fig. 4 MHC-I tetramer sorting and scRNA-seq analysis of HPV-specific PD-1+ CD8 T cells from primary tumour and metastatic lymph nodes.
a, b, Flow cytometry plots showing pre- and post-sorted tetramer-positive cells from primary and metastatic tumours. câ€“f, scRNA-seq data of the 13 tetramer-sorted samples showing the relative distribution among the three different clusters (stem-like, transitory and exhausted) in HPV-specific CD8 T cells in each sample.


Extended Data Fig. 5 Comparison of HPV-specific PD-1+ CD8 T cells in primary tumour and metastatic lymph nodes.
HPV tetramer-specific CD8 T cells from 13 samples including seven primary tumours and six metastatic lymph nodes were sorted and subjected to single cell RNAseq. a, UMAP clustering of HPV tetramer-specific CD8 T cells combined from all 13 samples, irrespective of tumour site, identified three distinct clusters; #1 stem-like, #2 transitory and #3 terminally differentiated/exhausted. b, Pairwise comparison of identified clusters among all HPV tetramer-specific CD8 T cells. Volcano plots show average fold-change by all cells in the cluster by -log10 p-value. The number of differentially expressed genes (â‰¥0.25 Log2 fold-change in each pairwise comparison) are indicated in each plot. c, Heat map showing the top differentially expressed genes. The top 25 most significant genes from each cluster are shown. d, To assess gene expression differences of HPV-specific CD8 T cells in the two sites, we performed UMAP clustering of cells isolated from primary tumour and metastatic lymph node samples, respectively. We identified three clusters in primary tumours and four in metastatic lymph nodes. Gene expression was compared between the respective subsets (Green -> Green; Yellow -> Yellow; Blue -> Blue) in each tissue. Volcano plots highlight the differences between these clusters. The orange cluster identified in the metastatic lymph nodes consisted of very few cells and was thus not included in the comparisons. e, VISION analysis of HPV-specific CD8 T cells for enrichment of gene signatures associated with LCMV-specific stem-like and terminally differentiated/exhausted CD8 T cells. UMAP plots show the top quintile of cells enriched for the signature in blue. f, FACS analysis of various markers for HPV tetramer-specific intratumoral CD8 T cells. Plots are gated on PD-1+ HPV-specific CD8 T cells and show the respective marker versus TCF-1, the defining transcription factor of stem-like CD8 T cells. Summary plots show the frequency of TCF-1+ and TCF-1âˆ’ cells expressing the respective marker for six patient samples.


Extended Data Fig. 6 Comparing the transcriptional program of total PD-1+ CD8 T cells with HPV-specific PD-1+ CD8 T cells in the tumour.
To compare total PD-1+ CD8 T cells with HPV-specific PD-1+ CD8 T cells in the TME, we performed scRNA-seq of total PD-1+ CD8 T cells (depleted of identified HPV-specific CD8 T cell reactivities) and used analysis techniques similar to those in Fig. 3. a, UMAP clustering of PD-1+ CD8 T cells. Cells from six samples (three patients, primary tumour and metastatic lymph nodes) were computationally combined, and four distinct clusters were identified. b, Distribution of individual samples among the four identified clusters. c, Comparison of gene expression differences between total PD-1+ CD8 T cells and HPV tetramer-positive CD8 T cells. The corresponding clusters of cells from HPV tetramer-specific CD8 T cells were compared to the cells found among total PD-1+ CD8 T cells. Clusters 1-3 mapped very closely to what was found in the HPV-specific cells, with relatively few differentially expressed genes. d, Comparison of cluster 4 in PD-1+ cells to clusters of HPV-specific cells. Cluster 4 was compared to the other clusters to identify specific gene differences. Volcano plots show fold change versus -log(p-value) for each gene. e, UMAP plots show selected genes that are significantly up- or down-regulated in this cluster versus others from the PD-1+ cells.


Extended Data Fig. 7 HPV-specific CD8 T cell clonotypes exist in multiple differentiation states.
a, UMAP clustering of HPV tetramer-specific CD8 T cells. b, TCR repertoire of tetramer-positive CD8 TILs in primary tumours (Prim.) and metastatic lymph nodes (Met.) with the top four clonotypes highlighted. Colours do not indicate the same clonotype between patients or epitope reactivities. c, TCR repertoire of tetramer-positive CD8 TILs in matched primary tumour and metastatic lymph node of the same patient with the top 4 clonotypes highlighted. Colours indicate the same clonotype within a patient and epitope reactivity. d, TCR frequency in patients with matched primary and metastatic tissue. e, TCR diversity of the identified clusters. f, Overlap between clusters for each patient as determined by Morisita Horn index. g, Distribution of the most frequent TCR clonotypes for each patient and epitope across gene expression clusters. UMAP plots show the distribution of the most frequent TCR clonotype across clusters. Accompanying bar charts showing the distribution of the eight most prominent TCR clonotypes across all clusters (clonotypes with less than 10 cells are not shown). The number of cells of the respective TCR clonotype is indicated below.


Extended Data Fig. 8 Pseudotime analysis to investigate the lineage relationship of HPV-specific PD-1+ CD8 T cell subsets.
aâ€“c, Pseudotime analysis of HPV tetramer-positive CD8 T cells showing a differentiation trajectory where cells start as stem-like PD-1+TCF-1+ cells, transition through an intermediate stage, before taking on a terminally differentiated state. Selected genes (b) and enrichments for stem- and terminally differentiated gene signatures (c) are shown through this trajectory. d, Pseudotime analysis showing the distribution of the immunodominant clonotype of patients 7 and 51 in primary tumour and metastatic site through pseudotime.


Extended Data Fig. 9 Proliferation and differentiation potential of HPV-specific stem-like CD8 T cells.
a, Flow plots showing the gating strategy to isolate stem-like (CD39âˆ’Tim-3âˆ’) and terminally differentiated cells (CD39+Tim-3+) PD-1+CD45RAâˆ’ CD8 T cells. Histograms showing TCF-1 expression to validate that the sorting strategy using CD39 and Tim-3 as surrogate markers enriches for stem-like (green) and terminally differentiated (blue) cells. b, Representative plots showing CTV dilution and expression of CD45RO, CD25 and CD28 after five days of culturing stem-like and terminally differentiated CD8 T cells alone or with peptide-pulsed PBMCs. Summary plots show percentage of cells positive for the indicated markers on day five. Means and their SD are represented, **â€‰<â€‰0.01, nsâ€‰=â€‰not significant, unpaired Mann-Whitney U test.


Extended Data Fig. 10 Gating strategies.
a, Flow plots showing the gating strategy for bulk TIL staining and gating on live CD3+CD8+PD-1+ (shown in Fig. 1a) and Tim-3/TCF-1+ cells (shown in Fig. 1bâ€“d). b, Flow plots showing the gating strategy for ICCS of expanded T cells measuring IFNÎ³ and TNFÎ± expression of live CD3+CD4âˆ’CD8+ cells (shown in Fig. 2b). c, Flow plots showing the sort gating strategy for ex vivo TIL staining (shown in Fig. 2c). Tetramer-positive CD8 T cells were gated as live CD3+ CD4âˆ’ CD8+ double-tetramer+ cells.
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