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            Abstract
The expression of co-inhibitory receptors, such as CTLA-4 and PD-1, on effector T cells is a key mechanism for ensuring immune homeostasis. Dysregulated expression of co-inhibitory receptors on CD4+ T cells promotes autoimmunity, whereas sustained overexpression on CD8+ T cells promotes T cell dysfunction or exhaustion, leading to impaired ability to clear chronic viral infections and diseases such as cancer1,2. Here, using RNA and protein expression profiling at single-cell resolution in mouse cells, we identify a module of co-inhibitory receptors that includes not only several known co-inhibitory receptors (PD-1, TIM-3, LAG-3 and TIGIT) but also many new surface receptors. We functionally validated two new co-inhibitory receptors, activated protein C receptor (PROCR) and podoplanin (PDPN). The module of co-inhibitory receptors is co-expressed in both CD4+ and CD8+ T cells and is part of a larger co-inhibitory gene program that is shared by non-responsive T cells in several physiological contexts and is driven by the immunoregulatory cytokine IL-27. Computational analysis identified the transcription factors PRDM1 and c-MAF as cooperative regulators of the co-inhibitory module, and this was validated experimentally. This molecular circuit underlies the co-expression of co-inhibitory receptors in T cells and identifies regulators of T cell function with the potential to control autoimmunity and tumour immunity.
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                    Fig. 1: Several co-inhibitory receptors are expressed as a module on CD4+ and CD8+ T cells.[image: ]


Fig. 2: The IL-27-induced gene program overlaps with multiple signatures of T cell dysfunction and tolerance.[image: ]


Fig. 3: PRDM1 and c-MAF individually regulate co-inhibitory receptors on T cells.[image: ]


Fig. 4: PRDM1 and c-MAF together regulate a co-inhibitory gene module that determines anti-tumour immunity.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 CyTOF analysis of co-inhibitory and co-stimulatory receptor co-expression in TILs.
a, TILs were collected from B16F10 melanoma tumour-bearing wild-type and IL-27RA-knockout mice from Fig.Â 1b and analysed using CyTOF (5,000 cells from each). CyTOF data were analysed using viSNE. Applying k-means clustering with kâ€‰=â€‰9 on the CyTOF data resulted in a clear distinction between clusters 1, 2, 3 and 4. Polygons indicating clusters 1 and 2 (in CD8+ T cells), and 3 and 4 (in CD4+ T cells) are shown. Individual panels show expression of the indicated markers. b, Pie charts show the distribution of wild-type or IL-27RA-knockout CD8+ and CD4+ TILs in clusters 1 and 2 (C1 and C2) of CD8+ TILs and clusters 3 and 4 (C3 and C4) of CD4+ TILs as defined in Fig.Â 1d. c, Independent data of wild-type and IL-27RA-knockout TILs samples from that shown in Fig.Â 1 (5,000 cells from each). Applying k-means clustering with kâ€‰=â€‰7 on the CyTOF data resulted in a clear distinction between clusters 1, 2, 3 and 4. Polygons indicating clusters 1 and 2 (in CD8+ T cells), and 3 and 4 (in CD4+ T cells) are shown. d, viSNE plot highlighting the distribution of cells from wild-type (blue) and IL-27RA-knockout (red) mice in CD8+ TILs clusters 1 and 2 and CD4+ TILs clusters 3 and 4. Pie charts show the distribution of wild-type or IL-27RA-knockout CD8+ and CD4+ TILs in each cluster.


Extended Data Fig. 2 IL-27 induces multiple co-inhibitory receptors on CD4+ and CD8+ T cells.
a, Naive T cells from wild-type or IL-27RA-knockout mice were stimulated in vitro with anti-CD3/CD28 in the presence or absence of IL-27. Expression of co-inhibitory receptors was determined by flow cytometry. Representative data of three biologically independent experiments are shown. b, Expression of PD-1, TIM-3, LAG-3, TIGIT and IL-10 on CD8+ TILs obtained from wild-type and IL-27RA-knockout mice bearing B16F10 melanoma was determined by flow cytometry. Thy1.1-IL-10 reporter mice crossed with wild-type and IL-27RA-knockout mice were used for IL-10 expression analysis. Representative data of three biologically independent experiments are shown.


Extended Data Fig. 3 scRNA-seq expression analysis of wild-type and IL-27RA-knockout TILs.
a, TILs were obtained from B16F10 melanoma tumour-bearing wild-type (707 and 825 for CD4+ and CD8+, respectively) and IL-27RA-knockout (376 and 394 for CD4+ and CD8+, respectively) mice as in Fig.Â 1e. t-SNE plot shows the presence of wild-type and IL-27RA-knockout CD4+ and CD8+ TILs as indicated. b, Clustering using the Louvainâ€“Jaccard method (40 nearest neighbours and 13 principal components37). c, The composition of each cluster in terms of total number (c) and percentage (d) of wild-type (red) and IL-27RA-knockout (blue) cells. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, one sample t-test. e, Projection of the IL-27 co-inhibitory module signature on the scRNA-seq data. The contour plot marks the region of highly expressing cells by taking into account only those cells that have an expression value above the mean. f, Violin and box plots displaying the distribution of the IL-27 co-inhibitory module signature score compared between wild-type (72 and 98 for CD4+ and CD8+, respectively) and IL-27RA-knockout (85 and 77 for CD4+ and CD8+, respectively) cells in clusters 4 and 5 (CD4+ and CD8+, respectively). *Pâ€‰=â€‰0.01, one-sided t-test. The top and bottom hinges in the boxplot correspond to the first and third quartiles, and the horizontal line denotes the median.


Extended Data Fig. 4 Overlap of the IL-27-induced gene program with signatures from four states of T cell impairment, tolerance and dysfunction.
a, Pearson correlation between wild-type CD4+ and CD8+ T cells for the 1,201 genes that were differentially expressed between wild-type CD4+ T cells stimulated in the presence or absence of IL-27 (FDRâ€‰<â€‰0.05). b, Expression profile of 118 differentially expressed genes (from a) encoding cell-surface receptors and cytokines are shown as a heat map. c, The IL-27-induced gene program (1,201 genes) was compared to T cell signatures obtained from four states of T cell non-responsiveness. Number of overlapping genes between the IL-27 gene program and each signature is depicted. ***Pâ€‰<â€‰0.001, hypergeometric test: nasal anti-CD3 4.7Â Ã—Â 10âˆ’21; cancer 1.2Â Ã—Â 10âˆ’33; antigen-specific tolerance 4Â Ã—Â 10âˆ’14; and viral exhaustion 1.7Â Ã—Â 10âˆ’26. d, P-value statistics for the significance of the overlap between the IL-27-induced gene program (1,201) and genes induced in other states of T cell non-responsiveness using WilcoxGST and camera. e, Gene signatures from c were sub-sampled and projected onto the CD8+ single-cell TIL data. Changes were quantified by randomly selecting decreasing subsets of genes from each signature and calculating the average silhouette width of cells that scored high for the different generated signatures based on Euclidian distance between the principal component values used to generate the t-SNE plot. The top and bottom hinges in the boxplot correspond to the first and third quartiles, and the horizontal line denotes the median (Methods). f, Panels Iâ€“V, t-SNE plots of the 588 CD8+ single-cell TILs (dots) obtained from wild-type mice bearing B16F10 melanoma tumour. Cells are coloured by their signature score. The score reflects the relative average expression of the genes in the overlap of the IL-27 gene signature with the signatures for each of the indicated states of T cell non-responsiveness. Panel VI is a projection of a signature of the differentially expressed genes between CD8+ TILs from wild-type and IL-27RA-knockout mice bearing B16F10 melanomas (Methods). The contour plot marks the region of highly scored cells by taking into account only those cells that have a signature score above the mean score. Cells that had a statistically significant score (adjusted Pâ€‰<â€‰0.05) are marked by a plus symbol (Methods).


Extended Data Fig. 5 Characterization of the role of PDPN and PROCR in CD8+ TILs.
a, PDPN and PROCR protein and mRNA expression was determined in T cells from wild-type and IL-27RA-knockout mice stimulated with anti-CD3/CD28 in the presence or absence of IL-27. CD4+ cells were analysed at 96Â h and CD8+ cells at 72Â h. Data are meanâ€‰Â±â€‰s.e.m. from representative flow cytometry and qPCR data from biologically independent animals. b, Representative flow cytometry data of three independent experiments showing PDPN and PROCR expression in PD-1+TIM-3+CD8+ and PD-1âˆ’TIM-3âˆ’CD8+ TILs obtained from wild-type and IL-27RA-knockout mice bearing B16F10 melanoma. c, TILs from wild-type mice bearing B16F10 melanoma were stimulated with phorbol myristate acetate and ionomycin. Cytokine production in PROCR+ or PROCRâˆ’ CD8+ TILs is shown. Thy1.1-IL-10 reporter mice were used for IL-10 expression analysis. Data are meanâ€‰Â±â€‰s.e.m. from biologically independent animals. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, paired t-test. d, CD8+ T cells (5Â Ã—Â 105) from wild-type or Procrd/d mice were transferred along with 1Â Ã—Â 106 wild-type CD4+ T cells to RAG1-knockout mice (nâ€‰=â€‰5). On day 2, 5Â Ã—Â 105 B16F10 cells were implanted. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, repeated measures ANOVA, Sidakâ€™s multiple comparisons test. e, TILs were obtained from wild-type and PDPN cKO mice bearing B16F10 melanoma and stained for the expression of IL-7RA. Representative flow cytometry data from three independent animals. f, Summary data of IL-7RA expression are from biologically independent animals. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, one-sided t-test.


Extended Data Fig. 6 PRDM1 is a candidate regulator of the co-inhibitory module.
a, The log2 fold change in RNA levels between naive CD4+ or CD8+ T cells simulated with or without IL-27. Data are from two independent experiments. Transcription factors that are part of the IL-27 co-inhibitory moduleÂ are shown (differentially expressed transcription factors were annotated as genes with FDR-corrected ANOVAâ€‰<â€‰0.05). b, Transcription factors that are both in the IL-27 co-inhibitory module and are also overexpressed in clusters 4 and 5 in the single-cell data (clusters that were enriched for the IL-27 signature; Extended Data Fig.Â 3e, f). Differentially expressed genes between clusters 4 and 5 and the rest of the clusters were determined using binomcount.test (binomial distribution, Methods). The log effect corresponds to log proportion of expressing cells and the PÂ value is calculated by the probability of finding n or more cells positive for the gene in clusters 4 and 5 given the fraction in the rest of the clusters. c, t-SNE plot of Fig.Â 1e showing the expression of PRDM1 in wild-type (707 and 825 for CD4+ and CD8+, respectively) and IL-27RA-knockout (376 and 394 for CD4+ and CD8+, respectively) cells. d, Normalized RNA expression levels of PRDM1 in PD-1âˆ’TIM-3âˆ’ (nâ€‰=â€‰3) and PD-1+TIM-3+ (nâ€‰=â€‰3) CD8+ TILs. Data are meanâ€‰Â±â€‰s.e.m. ***Pâ€‰=â€‰0.0004, two-sided t-test. e, Network model based on RNA-seq gene expression data of naive CD8+ T cells from Prdm1fl/fl (WT) or Cd4crePrdm1fl/fl (PRDM1 cKO) mice stimulated in the presence of IL-27 and actual binding events (ChIPâ€“seq data for PRDM1)19. Green arrows designate genes upregulated by PRDM1, red arrows designate genes downregulated by PRDM1, and dashed grey arrows denote binding events.


Extended Data Fig. 7 Genomic tracks surrounding the co-inhibitory molecules.
aâ€“d,Â LAG-3 (a), PD-1 (b), TIGIT (c) and TIM-3 (d) with overlay of ChIPâ€“seq data of PRDM116 and c-MAF19 and ATAC-seq data of naive CD4+ cells induced with IL-27 for 72Â h and ATAC-seq data of CD8+ T cells 27 days after chronic viral infection22. Regions of binding sites common to both PRDM1 and c-MAF are indicated by the dotted rectangles. e, Luciferase activity in 293T cells transfected with pGL4.23 luciferase reporters for depicted enhancers of TIM-3 together with empty vector (control), constructs encoding PRDM1, c-MAF or both. Firefly luciferase activity was measured 48Â h after transfection and is presented relative to constitutive Renilla luciferase activity.Â Data are mean Â± s.e.m. from biologically independent experiments.Â *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA and Tukeyâ€™s multiple comparisons test.


Extended Data Fig. 8 Immune characterization of PRDM1 cKO, c-MAF cKO and PRDM1/c-MAF cDKO before and after tumour challenge.
a, Analysis of steady-state immune system in wild-type, c-MAF cKO, PRDM1 cKO and PRDM1/c-MAF cDKO. Summary data for CD4, CD8, FOXP3, CD44, CD62L and CD69 expression in spleen from wild-type, c-MAF cKO, PRDM1 cKO and PRDM1/c-MAF cDKO mice. Data are meanâ€‰Â±â€‰s.e.m. from biologically independent animals. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ****Pâ€‰<â€‰0.0001, one-way ANOVA and Tukeyâ€™s multiple comparisons test. b, Co-inhibitory receptor expression in CD4+ TILs from PRDM1/c-MAF cDKO mice. Top, representative flow cytometry data from three independent experiments for TILs from wild-type and PRDM1/c-MAF cDKO stained for PD-1, TIM-3, TIGIT, PDPN and PROCR expression. Bottom, summary data. Data are meanâ€‰Â±â€‰s.e.m. from biologically independent animals. *Pâ€‰<â€‰0.05, two-sided t-test. c, Top, representative flow cytometry data from three independent experiments showing cytokine production from CD8+ TILs from wild-type and cDKO bearing B16F10 melanoma. Bottom, summary data. Data are meanâ€‰Â±â€‰s.e.m. from biologically independent animals. *Pâ€‰<â€‰0.05, two-sided t-test. d, Co-inhibitory receptor expression on CD8+ TILs sorted from B16-OVA-bearing RAG1-knockout mice that were transferred with PRDM1/c-MAF cDKO (nâ€‰=â€‰4) or wild-type (nâ€‰=â€‰4) CD4+ and CD8+ T cells as indicated. Data are meanâ€‰Â±â€‰s.e.m. from biologically independent animals. *Pâ€‰<â€‰0.05, one-way ANOVA and Tukeyâ€™s multiple comparisons test. e, RAG1-knockout mice were transferred with either wild-type or cDKO CD4+ and CD8+ (2:1 CD4:CD8 ratio), followed by subcutaneous injection of MC38-OVA. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001, repeated measures ANOVA, Sidakâ€™s multiple comparisons test. On dayÂ 14 after tumour implantation, mice were euthanized and TILs, spleen and draining lymph nodes were obtained. f, The frequency of antigen-specific CD8+ T cells in the draining lymph nodes of mice in e.


Extended Data Fig. 9 Examination of additive and non-additive (synergistic) effects of PRDM1 and c-MAF.
a, A heat map showing all 940 differentially expressed genes between wild-type (nâ€‰=â€‰5) and cDKO (PRDM1/c-MAF, nâ€‰=â€‰4) mice, and their expression in single knockout (PRDM1 control nâ€‰=â€‰7, PRDM1 knockout nâ€‰=â€‰3, c-MAF control nâ€‰=â€‰4 and c-MAF-knockout nâ€‰=â€‰3) mice. The red markings at the top indicate genes on expressionÂ of which the two knockouts have a statistically significant (Pâ€‰<â€‰0.05) non-additive effect in the cDKO (149 out of 940 differentially expressed genes). b, Volcano plot of the analysis in a for global gene expression. Genes whose expression in the two single knockouts have a statistically significant (P <0.05) non-additive effect in the cDKO (1,144 out of 12,906 genes) and had an absolute coefficient value >Â 1 (779 out of 1,144) are shown in orange.


Extended Data Fig. 10 Comparison of gene expression between PRDM1/c-MAF cDKO TILs and CD8+ TILs populations from wild-type mice.
a, Barcode enrichment plot displaying two gene sets in a ranked gene list. The ranked gene list was defined as fold change in gene expression between PRDM1/c-MAF cDKO and wild-type CD8+ TILs. The three gene sets consist of differentially expressed genes between: PD-1+TIM-3+CD8+ (nâ€‰=â€‰3) and PD-1âˆ’TIM-3âˆ’CD8+ (nâ€‰=â€‰3) TILs, PD-1+TIM-3+CD8+ (nâ€‰=â€‰3) TILs and memory CD8+ (nâ€‰=â€‰3), and PD-1+TIM-3âˆ’CD8+ (nâ€‰=â€‰3) and PD-1âˆ’TIM-3âˆ’CD8+ TILs. b, This analysis was followed by four statistical tests (one-sample Kolmogorovâ€“Smirnov test, mean-rank gene set test (WilcoxGST), hypergeometric, and competitive gene set test accounting for inter-gene correlation) for enrichment of these signatures in the cDKO expression profile. c, Wild-type versus cDKO volcano plot. Green indicates genes that were upregulated in the PD-1âˆ’TIM-3âˆ’CD8+ (double negative) TILs and red indicates genes that were upregulated in the PD-1+TIM3+CD8+ (double positive) TILs. d, Wild-type versus cDKO volcano plot. Red indicates genes that were upregulated in PD-1+CXCR5+CD8+ T cells and green indicates genes that were upregulated in PD-1+CXCR5âˆ’CD8+ T cells in chronic LCMV infection23. e, A t-SNE plot of the 588 CD8+ TILs obtained from wild-type mice bearing B16F10 melanoma tumours, coloured by the relative signature score for the co-inhibitory module (272 genes, Supplementary TableÂ 2), the cDKO signature (shown in g), and the PD-1+CXCR5+CD8+ T cell signature from chronic virus infection23. The contour plot marks the region of highly scored cells by taking into account only those cells that have a signature score above the mean.
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