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            Abstract
A defining feature of adaptive immunity is the development of long-lived memory T cells to curtail infection. Recent studies have identified a unique stem-like T-cell subset amongst exhausted CD8-positive T cells in chronic infection1,2,3, but it remains unclear whether CD4-positive T-cell subsets with similar features exist in chronic inflammatory conditions. Amongst helper T cells, TH17 cells have prominent roles in autoimmunity and tissue inflammation and are characterized by inherent plasticity4,5,6,7, although how such plasticity is regulated is poorly understood. Here we demonstrate that TH17 cells in a mouse model of autoimmune disease are functionally and metabolically heterogeneous; they contain a subset with stemness-associated features but lower anabolic metabolism, and a reciprocal subset with higher metabolic activity that supports transdifferentiation into TH1-like cells. These two TH17-cell subsets are defined by selective expression of the transcription factors TCF-1 and T-bet, and by discrete levels of CD27 expression. We also identify signalling via the kinase complex mTORC1 as a central regulator of TH17-cell fate decisions by coordinating metabolic and transcriptional programmes. TH17 cells with disrupted mTORC1 signalling or anabolic metabolism fail to induce autoimmune neuroinflammation or to develop into TH1-like cells, but instead upregulate TCF-1 expression and acquire stemness-associated features. Single-cell RNA sequencing and experimental validation reveal heterogeneity in fate-mapped TH17 cells, and a developmental arrest in the TH1 transdifferentiation trajectory upon loss of mTORC1 activity or metabolic perturbation. Our results establish that the dichotomy of stemness and effector function underlies the heterogeneous TH17 responses and autoimmune pathogenesis, and point to previously unappreciated metabolic control of plasticity in helper T cells.
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                    Fig. 1: CD27+ TH17 cells have memory-like features and low metabolic activity.[image: ]


Fig. 2: Deletion of Raptor in TH17 cells diminishes autoimmune pathogenesis and transdifferentiation into TH1-like cells.[image: ]


Fig. 3: TCF-1 expression is regulated by mTORC1 and metabolic activity in TH17 cells.[image: ]


Fig. 4: Single-cell transcriptomics of TH17 cells and mTORC1-dependent licensing for TH1 transdifferentiation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 CD27 expression on TH17 cells during autoimmunity, and cellular homeostasis of CD27+ and CD27− TH17 subsets.
a, Analysis of publicly available single-cell transcriptomics data from IL-17–GFP+ cells in dLN compared with the CNS8. b, Flow cytometry analysis of putative memory or activation markers on CD4+ TCR-β+ YFP+ cells from the dLN and spleen of mice at day nine post MOG-immunization. c, Summary of CD27 expression on CD4+ TCR-β+ YFP+ cells in dLN (red; n = 5, day 5; n = 3, day 7; n = 7, day 9; n = 8, day 16) overlaid with clinical EAE score (black, n = 5). d, Ki-67 expression in CD27+ and CD27− cell populations. e, Flow cytometry analysis (left) and summary (right) of CD27 expression on transferred CD27+ or CD27− YFP+ cells, at day 14 after transfer into CD45.1+ hosts (n = 14, CD27+; n = 15, CD27−). f, Flow cytometry analysis of Bcl-2 expression in CD27+ and CD27− populations. Data are means ± s.e.m. and representative of three (b–d, f) or at least five (e) independent experiments. Numbers in plots represent frequencies of cells in gates; numbers within histograms represent mean fluorescence intensities. The Mann–Whitney U-test (two-sided; non-parametric) was used in e to determine statistical significance.

                          Source data
                        


Extended Data Fig. 2 Gene-expression profiles associated with CD27+ and CD27− TH17 subsets.
a, Volcano plot of transcriptomics data in CD27+ versus CD27− CD4+ TCR-β+ YFP+ cells. b, GSEA plots comparing CD27+ and CD27− populations using gene sets of antigen-specific CXCR5+ and CXCR5− exhausted CD8+ T cells from chronic infection. Gene-expression heat maps are normalized by row (z-score) for the top 30 leading-edge genes between microarray samples from CD27+ versus CD27− CD4+ TCR-β+ YFP+ cells, using gene sets derived from CXCR5+ and CXCR5− exhausted CD8+ T cells1. c, Gene-expression heat maps normalized by row (z-score) for the top 30 leading-edge genes in CD27+ versus CD27− CD4+ TCR-β+ YFP+ cells, using the apoptosis hallmark gene set. d, GSEA plots comparing CD27+ and CD27− populations using ‘hallmark’ gene sets, showing the enrichment of mTORC1 signalling, Myc targets, and selective metabolic pathways in CD27− TH17 cells. Data are from one experiment (a–d). NES, normalized enrichment score.


Extended Data Fig. 3 Cell-intrinsic requirement for Raptor in TH17 cells.
a, Naive CD4+ T cells were differentiated under TH17-polarizing conditions and analysed for cytokine expression after PMA/ionomycin stimulation in vitro (left), or for proliferation (CellTrace Violet) and ROR-γt expression (right). b, Flow cytometry analysis (left) and total number of CD4+ T cells (right) from spinal cord at day 16 post-immunization (n = 10, WT; n = 8, Rptorll17aCre). c, Experimental design for the generation (left) and clinical scores (right) of WT and RptorIl17aCre (R26ReYFP) bone-marrow (BM) chimaeras for restriction of Raptor deficiency specifically to TCR-α-expressing IL-17+ T cells (n = 5 per genotype). Specifically, a 5/1 ratio of Tcra–/– and Rptorll17aCre (or WT control) BM cells was transferred into sublethally irradiated Tcra−/− recipients, followed by reconstitution. In this system, all T cells in the chimaeras were derived from Rptorll17aCre or WT BM cells, whereas most non-T-cell compartments were derived from WT cells. d, Experimental design for the generation (left) and clinical scores (right) of WT and RptorIl17aCre (R26ReYFP) BM chimaeras for equal inflammatory conditions. Specifically, mixed BM chimaeras were generated using a 1/1 ratio of congenically marked CD45.2+ RptorIl17aCre (or WT control) and CD45.1+ WT BM-derived cells, which mediated CNS inflammation in EAE (n = 3, WT; n = 4, Rptorll17aCre). e–k, The equi-inflammatory chimaeric mice generated in panel d were analysed at day 18 post-MOG immunization, for the frequencies of CD4+ T cells positive for CD45.2 or YFP (e; n = 12, WT; n = 14, Rptorll17aCre) and YFP+ CD4+ T cells expressing IL-17 or IFN-γ within the spinal cord (f; n = 6, WT; n = 7, Rptorll17aCre); the expression of Ki-67 (g; n = 8, WT; n = 10, Rptorll17aCre), T-bet (h; as fold-change in mean fluorescence intensity after normalization to WT cells) (n = 10 per genotype), and active caspase-3 in splenic YFP+ CD4+ T cells (I; n = 6 per genotype); and the expression of CCR6 (j; n = 7, WT; n = 6, Rptorll17aCre) and CXCR3 (k; n = 8, WT; n = 10, Rptorll17aCre) in YFP+ cells from different organs. Data are means ± s.e.m. and representative of three (a, c, i–k) or four (b, d–h) independent experiments. Numbers in plots represent frequencies of cells in gates or quadrants. Student’s t-test (two-sided) was used in h and k, and Mann–Whitney U-test (two-sided) was used in b, e, f and g, to determine statistical significance.

                          Source data
                        


Extended Data Fig. 4 Raptor deficiency induces selective phenotypic changes in fate-mapped TH17 cells.
a–g, WT and RptorIl17aCre (R26ReYFP) mice were immunized with MOG, and YFP+ cells from dLN were analysed at day nine post-immunization. a, Frequency of YFP+ cells (n = 7 per genotype). b, Efficiency of Rptor deletion (left; n = 7 per genotype) and flow cytometry analysis of phosphorylated S6 (S235/236) and 4E-BP1 (T37/46) (right) in YFP+ cells. c, Flow cytometry analysis of active caspase-3 and 7-AAD staining in YFP+ cells. d, Flow cytometry analysis of CXCR3 and CCR6 expression on YFP+ cells. e, Cytokine production by YFP+ cells from dLN (n = 7 per genotype). f, Real-time PCR analysis of Tbx21 (n = 8 per genotype), Rorc (n = 6 per genotype), Il12rb2 (n = 7 per genotype) and Il23r (n = 7 per genotype) expression in YFP+ cells. g, Flow cytometry analysis of Foxp3 expression. h, i, Cytokine production (h, i) and proliferation (h) of YFP+ cells from dLN of the indicated mice after four days of stimulation with MOG alone (h) or with MOG plus IL-23 (i) (n = 7 per genotype). j, Sorted YFP+ cells were stimulated with IL-23 or IL-12 for 30 min in vitro and stained with specific antibodies to phosphorylated STAT3 (left), phosphorylated STAT4 (right), or isotype controls. Data are means ± s.e.m. and representative of seven (a), three (b–f, j), two (g), or five (h, i) independent experiments. Numbers in plots represent frequencies of cells in quadrants; numbers within histograms represent mean fluorescence intensities. Student’s t-test (two-sided) was used in b, and Mann–Whitney U-test (two-sided) in a, e, i, to determine statistical significance.

                          Source data
                        


Extended Data Fig. 5 Altered gene-expression profiles in Raptor-deficient cells, and shared functional pathways with CD27+ TH17 cells.
a–d, WT and RptorIl17aCre (R26ReYFP) mice were immunized with MOG, and sorted YFP+ cells from dLN were analysed by microarray. a, Expression of individual genes, with vertical lines indicating −1.5-fold and +1.5-fold cut-offs and a horizontal line indicating the P = 0.05 cut-off; gene-ontology (GO) gene sets for acetylation and cholesterol biosynthesis are coloured and Hmgcr is indicated. b, GSEA reveals significant ‘hallmark’ gene sets that are downregulated in RptorIl17aCre compared with WT cells (P < 0.05). c, d, Comparison of functional enrichment of coregulated gene sets in RptorIl17aCre and CD27+ YFP+ cells. We used the downregulated genes in CD27+ versus CD27− TH17 cells and in RptorIl17aCre versus WT TH17 cells (with an FDR of less than 0.05 and the top 200 genes, based on fold change) for functional enrichment using hallmark (c) and KEGG pathway (d) gene sets. Keys indicate FDR values and enrichment scores. e, Comparison of microarray analyses of CD27+ versus CD27− and RptorIl17aCre versus WT samples from mice at day nine post MOG-immunization. Shown are empirical cumulative distribution functions for the changes in expression (log2 values) of all genes expressed in RptorIl17aCre (R26ReYFP) TH17 cells (red line; changes are relative to expression in WT TH17 cells) and for subsets of genes downregulated (green line) or upregulated (blue line) in CD27+ versus CD27− TH17 cells (with a FDR of less than 5%). P-values were calculated using the Kolmogorov–Smirnov test. f, Real-time PCR analysis of Cd27 expression in WT and RptorIl17aCre YFP+ cells (n = 5 per genotype). Data are means ± s.e.m. and from one experiment (a–e) or representative of two independent experiments (f). Student’s t-test (two-sided) was used in f to determine statistical significance.

                          Source data
                        


Extended Data Fig. 6 Anabolic metabolism promotes the transdifferentiation of TH17 cells into TH1-like IFN-γ-producing cells.
a, Ingenuity pathway analysis (IPA) of upstream transcriptional regulators in RptorIl17aCre versus WT samples. b, WT and RptorIl17aCre (R26ReYFP) mice were immunized with MOG, and YFP+ cells from dLN were analysed by flow cytometry for intracellular expression of Myc. c, d, WT and MycIl17aCre (R26ReYFP) mice were immunized with MOG, and YFP+ cells from dLN were analysed by real-time PCR at day nine (c; n = 4, Tbx21; n = 2, Rorc; n = 4, Il12rb2; n = 4, Il23r), or alternatively dLN cells were cultured with MOG, MOG plus IL-12, or MOG plus IL-23 for four days in order to analyse cytokine expression within YFP+ cells (d). e, f, WT and HmgcrIl17aCre (R26ReYFP) mice were immunized with MOG; YFP+ cells were isolated from dLN and analysed by real-time PCR (e; n = 4, Tbx21; n = 2, Rorc; n = 4, Il12rb2; n = 4, Il23r), or dLN cells were cultured with MOG, MOG plus IL-12, or MOG plus IL-23 for four days in order to analyse cytokine expression within YFP+ cells (f). g, Flow cytometry analysis of CD27 expression on YFP+ cells from WT, RptorIl17aCre, MycIl17aCre and HmgcrIl17aCre mice at day nine post MOG-immunization. h, i, WT (R26ReYFP) mice were immunized with MOG, and dLN cells were stimulated with MOG and IL-12 in the presence of vehicle, PF-4708671 (an inhibitor of S6K phosphorylation) or Cbz-B3A (an inhibitor of 4E-BP phosphorylation, which in turn suppresses eIF4E-dependent protein translation) at the indicated concentrations for four days to analyse cytokine expression within YFP+ cells (h; right, summary plots) (n = 9, vehicle; n = 7, PF-4708671 (5 μM); n = 9, PF-4708671 (10 μM); n = 7, Cbz-B3A (5 μM); n = 9, Cbz-B3A (10 μM)) and for CellTrace Violet dilution (i). Data are means ± s.e.m. and from one experiment (a), or representative of four (b–f, h, i) or three (g) independent experiments. Numbers in plots represent frequencies of cells in gates or quadrants; numbers within histograms represent mean fluorescence intensities. Student’s t-test (two-sided; parametric) was used to determine statistical significance in panel h.

                          Source data
                        


Extended Data Fig. 7 Analysis of histone acetylation, and ATAC-seq overview and specific gene loci.
a, ChIP qRT–PCR of pan-acetyl-histone bound to the Ifng promoter of WT or RptorIl17aCre (R26ReYFP) YFP+ cells from dLN (n = 4 per genotype). b, c, WT and RptorIl17aCre (R26ReYFP) mice were immunized with MOG, and YFP+ cells from dLN and spleen at day nine post-immunization were analysed by ATAC-seq. b, Density plot and heat maps of a representative individual ATAC-seq sample, demonstrating separation into different fragment lengths indicative of nucleosome-free, mononucleosome, dinucleosome and trinucleosome patterns, consistent with ref. 15. TSS, transcription start site. c, Correlation plot of nucleosome-free fragments. d, Nucleosome-free ATAC-seq tracks at the Tbx21 and Il12rb2 gene loci, with immediate promoter regions indicated by red boxes. e, Summary of ATAC-seq motif-enrichment data, showing log2 (odds ratio) and log10 (Fisher P-value) of cells from dLN. f, Tn5 insert sites from ATAC-seq analysis of dLN were aligned to motifs for transcription factors from the TRANSFAC database, and the binding profiles of selected transcription factors of the TCF–LEF family are shown. Data are means ± s.e.m. and representative of three independent experiments (a), or from one experiment (b–f). Student’s t-test (two-sided; parametric) was used in panel a to determine statistical significance.

                          Source data
                        


Extended Data Fig. 8 ATAC-seq in-depth analyses, TCF-1 binding activity, and effects of 2-DG on cytokine expression.
a, Analysis of common regions in ATAC-seq and ChIP-seq peaks for motifs that bind to TCF–LEF family and T-bet transcription factors, from spleen samples. Numbers of motif matches and associated Fisher’s exact test P-values and log2 (odds ratios) are shown; a positive log2 (odds ratio) value indicates that a motif is more likely to occur in RptorIl17aCre than in WT samples; a negative value indicates that the chance of occurrence is lower in the RptorIl17aCre group. ‘E − x’ denotes ‘×10−x’. b, Nucleosome-free ATAC-seq tracks at the Il6ra and Lrig1 gene loci, with TCF-1-binding sites indicated by red boxes, based on alignment with TCF-1-binding sites from published data (GEO accession numbers are shown). c, ChIP assay to measure TCF-1 binding to Il6ra and Lrig1 gene loci (Il6ra, n = 2 per genotype; Lrig1, n = 6 for WT, n = 5 for RptorIl17aCre). d, Cells from dLN of the indicated mice at day nine post-MOG immunization were cultured for four days with MOG plus IL-12 and sorted on the YFP+ population before intracellular staining. Flow cytometry was used to analyse T-bet and TCF-1 expression in YFP+ cells from WT and MycIl17aCre (R26ReYFP) mice. e, Tn5 insert sites from ATAC-seq analysis of YFP+ cells from PBS- or 2-DG-treated mice were aligned to motifs for transcription factors from the TRANSFAC database, and the binding profiles of selected TCF–LEF family transcription factors are shown. f, Cytokine expression in dLN YFP+ cells from MOG-immunized Il17aCre (R26ReYFP) mice after culture with MOG and IL-12 for four days in the presence of vehicle (PBS) or 2-DG (1 mM). g, Cytokine expression in splenic YFP+ cells from MOG-immunized Il17aCre (R26ReYFP) mice after treatment with 2-DG (2 g per kg of body weight) or PBS. Numbers in plots represent frequencies of cells in gates or quadrants. Data are means ± s.e.m. and from one experiment (a, b, e), or representative of three independent experiments (c, d, f, g). Student’s t-test (two-sided) was used to determine statistical significance in c.

                          Source data
                        


Extended Data Fig. 9 Single-cell transcriptomics analysis.
WT and RptorIl17aCre (R26ReYFP) mice were immunized with MOG, and YFP+ cells were analysed by single-cell transcriptomics at day nine post-immunization. a, Membership of individual cell clusters in two-dimensional tSNE projections from scRNA-seq data. b, tSNE visualization of nine clusters partitioned by unsupervised clustering. c, Frequencies of WT and RptorIl17aCre cells in different clusters (n = 3 per genotype). d, Top three enriched gene sets for each of the clusters using ‘hallmark’, ‘canonical’ and GO gene sets. For example, genes enriched in cluster 1 by comparison with other clusters were associated with proliferative events. e, Summary of cluster-specific functional enrichment analysis via Fisher’s exact test, using the signatures of ‘T-bet targets’, ‘late memory’, ‘memory TFH overlap DOWN’, ‘HALLMARK_GLYCOLYSIS’, ‘memory TFH overlap UP’ and ‘early memory’ as described in the Methods. f, tSNE visualization of signature scores of ‘T-bet targets’ and ‘HALLMARK_GLYCOLYSIS’ expressed in individual cells. g, Violin plots of Bcl2, Cd27 and Tcf7 gene expression amongst the nine clusters. A violin plot combines the box plot and the local density estimation into a single display. The black bars and thin lines within the violin plots indicate, respectively, the interquartile range (first quantile to third quantile) and the entire range of the data (up to 1.5-fold of the interquartile range from first to third quantile); the white dots in the centre indicate the median values. Data are from one experiment (a–g) (n = 3 per genotype).

                          Source data
                        


Extended Data Fig. 10 Pseudotime analysis and experimental validation.
a–h, WT and RptorIl17aCre (R26ReYFP) mice were immunized with MOG, and YFP+ cells were analysed by single-cell transcriptomics analysis at day nine post-immunization. a, Empirical dispersion and mean expression using the single-cell-analysis toolkit Monocle 2, including the genes used for temporal ordering in black; each grey or black dot represents one gene. The red line shows Monocle’s expected dispersion, with more- and less-dispersed genes based on average expression above and below the red line, respectively. b, Pseudotime densities for each individual cluster. For example, cluster 1, associated with the proliferative signature, was in the centre of the pseudotime spectrum, while clusters 2, 3 and 8 (early in pseudotime; predominantly Raptor-deficient cells) and clusters 7 and, to a lesser extent, 4 and 5 (late in pseudotime; predominantly WT cells) were on the opposite end of the spectrum. c, Projection of signature scores for ‘early memory’, ‘late memory’ and ‘T-bet targets’ onto pseudotime trajectory; the keys indicate the relative scores per cell. d, tSNE visualization of Tbx21 and Ifng gene expression. e, Tbx21 and Ifng gene expression during pseudotime; cells that did not express Tbx21 or Ifng were filtered out in their respective graphs. f, Pseudotime assignment for WT and RptorIl17aCre cells, coloured by genotype; each dot represents one cell. g, Cd27 and Tcf7 gene expression across pseudotime, coloured by genotype. h, tSNE visualization of Cd27 and Tcf7 expression. i, Flow cytometry analysis of T-bet expression in freshly isolated CD27+ and CD27− cells from dLN of Il17aCre (R26ReYFP) mice at day nine post MOG-immunization. j, Fold change in the percentage of the IL-17− IFN-γ+ cells amongst CD27+ or CD27− YFP+ cells stimulated with MOG plus IL-12 as compared with freshly isolated cells (n = 12). k, CD27+ YFP+ cells from MOG-immunized WT and RptorIl17aCre mice were sorted and transferred into CD45.1+ hosts. The following day, CD45.1+ host mice were immunized with MOG; four days later, YFP+ cells were analysed by flow cytometry for surface CD27 expression (left; a summary plot is at the right: n = 6, WT; n = 5, RptorIl17aCre). l, CD27+ YFP+ cells from MOG-immunized WT and RptorIl17aCre mice were stimulated with MOG plus IL-12 for four days, and then CD27 expression was analysed. m, TH17 cells are functionally and metabolically heterogeneous, and are composed of a subset with stemness features but lower anabolic metabolism, and a reciprocal subset with higher metabolic activity that supports transdifferentiation into TH1 cells. These two subsets are further distinguished by selective expression of the transcription factors TCF-1 and T-bet, respectively, and discrete levels of CD27 expression. mTORC1 activation drives reprogramming of anabolic metabolism, favouring transcription that is mediated by T-bet rather than TCF-1; consequently, TH17 transdifferentiation into TH1-like TH17 cells occurs. Memory/stem-like TH17 cells can become reactivated and have the potential to undergo terminal differentiation and acquire TH1-like phenotypes. Data are means ± s.e.m. and from one experiment (a–h), or are representative of three (i) or five (j–l) independent experiments. Numbers in plots represent frequencies of cells in gates; numbers within histograms represent mean fluorescence intensities. Mann–Whitney U-test (two-sided) was used in panel j to determine statistical significance.
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