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            Abstract
The clinical course of autoimmune and infectious disease varies greatly, even between individuals with the same condition. An understanding of the molecular basis for this heterogeneity could lead to significant improvements in both monitoring and treatment. During chronic infection the process of T-cell exhaustion inhibits the immune response, facilitating viral persistence1. Here we show that a transcriptional signature reflecting CD8 T-cell exhaustion is associated with poor clearance of chronic viral infection, but conversely predicts better prognosis in multiple autoimmune diseases. The development of CD8 T-cell exhaustion during chronic infection is driven both by persistence of antigen and by a lack of accessory â€˜helpâ€™ signals. In autoimmunity, we find that where evidence of CD4 T-cell co-stimulation is pronounced, that of CD8 T-cell exhaustion is reduced. We can reproduce the exhaustion signature by modifying the balance of persistent stimulation of T-cell antigen receptors and specific CD2-induced co-stimulation provided to human CD8 T cells in vitro, suggesting that each process plays a role in dictating outcome in autoimmune disease. The â€˜non-exhaustedâ€™ T-cell state driven by CD2-induced co-stimulation is reduced by signals through the exhaustion-associated inhibitory receptor PD-1, suggesting that induction of exhaustion may be a therapeutic strategy in autoimmune and inflammatory disease. Using expression of optimal surrogate markers of co-stimulation/exhaustion signatures in independent data sets, we confirm an association with good clinical outcome or response to therapy in infection (hepatitis C virus) and vaccination (yellow fever, malaria, influenza), but poor outcome in autoimmune and inflammatory disease (type 1 diabetes, anti-neutrophil cytoplasmic antibody-associated vasculitis, systemic lupus erythematosus, idiopathic pulmonary fibrosis and dengue haemorrhagic fever). Thus, T-cell exhaustion plays a central role in determining outcome in autoimmune disease and targeted manipulation of this process could lead to new therapeutic opportunities.
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                    Figure 1: Weighted gene co-expression network analysis of the T-cell transcriptome and its correlation with clinical phenotype in AAV.[image: ]


Figure 2: A gene expression signature of CD8 T-cell exhaustion predicts contrasting outcomes in infection and autoimmune disease.[image: ]


Figure 3: T-cell co-stimulation with CD2 prevents development of an exhausted IL-7RloPD1hi phenotype.[image: ]


Figure 4: A surrogate marker of CD4 co-stimulation in PBMC gene expression data correlates with clinical outcome in chronic viral infection, vaccination, infection and autoimmunity.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Overview of weighted gene co-expression analysis.
a, Messenger RNA derived from purified leucocyte subsets sampled during active, untreated autoimmune disease is labelled and hybridized to a microarray platform (both HsMediante 25k and Affymetrix Gene 1.0 ST used here). Genes are then combined into modules (b, coloured blocks) based on the similarity of their expression profile in all samples. c, Detail for the â€˜blackâ€™ module. Each horizontal black line represents expression of a single gene within the given module; y axis, gene expression; x axis, patient samples; red bar, eigengene profile which effectively summarizes the expression of all genes constituting the black module. d, Each modular profile is related to all others in a hierarchy that can itself be visualized by plotting correlation of all module eigengenes, such as in the heat map shown here. Coloured blocks represent individual modules, defined as in a. Modules are aligned in identical order on x and y axes with heat-map colour representing the correlation between each. Note that the diagonal (top left to bottom right) therefore represents the correlation of each eigengene profile with itself, and is always 1. Distance metric is the Euclidean distance. e, As each module is summarized by a representative eigengene profile, each may then be correlated against a range of clinical variables, allowing visualization of how the transcriptome relates to clinical variables, again in the form of a correlation heat map. Pearson correlation, r. f, Heat map showing gene expression modules (y axis) correlated against clinical variables (x axis) for the CD4 transcriptome in AAV. Pearson correlation, r. g, Heat map illustrating significance of correlations identified in f. P value threshold at Bonferroni-corrected P < 0.05. Colour bar indicates actual P value of correlations deemed significant; grey shading, corrected P > 0.05. Significance for co-stimulation (black) module from Fig. 1 is also shown (P = 0.0005).


Extended Data Figure 2 Weighted gene co-expression network analysis of the T-cell transcriptome and its correlation with clinical phenotype in SLE.
a, e, Heat maps illustrating the correlation of co-expression modules (coloured blocks, y axis) derived from the CD8 (a) and CD4 (e) transcriptomes of 23 SLE patients with clinical traits (x axis). Overlap of the previously described prognostic signature with co-expression modules, along with the distribution of a random signature of equivalent size, shown to the right of a (overlap = signature genes/module genes, as a percentage). Overlap of the CD4 T-cell co-stimulation â€˜blackâ€™ module (defined in Fig. 1) shown to the right of e, with a randomly derived module and a type 1 IFN response signature previously shown to associate with active SLE4. Overlap shown as percentage representation of the signature within each module. b, d, Linear plots illustrating the â€˜charcoalâ€™ (b) and â€˜greyâ€™ (d) modules in detail; y axis, gene expression; x axis, individual patients; coloured lines (red, blue), module eigengenes. c, Correlation of SLE CD4 T-cell co-stimulation module eigengene (x axis, blue) against SLE CD8 T-cell prognostic signature (y axis, red). Pearson correlation, r, with P = two-tailed significance. f, Expanded detail from e, illustrating that modules corresponding to type 1 IFN response and co-stimulation signatures correlate with disease activity and outcome respectively but not vice versa.


Extended Data Figure 3 Identification and validation of genes involved in CD4 co-stimulation that correlate with clinical outcome, and how that relationship changes after treatment.
a, A knowledge-based network analysis of 336 probes composing the â€˜blackâ€™ expression module (Fig. 1e) identifies a network of co-stimulation signalling (Supplementary Table 3). Individual genes are shown in circles with the â€˜strengthâ€™ of their connections indicated by the weight of the black bar linking them. Pathways of TCR signalling, inducible T-cell co-stimulator and its ligand (ICOSâ€“ICOSL) signalling and CD28 signalling are all significantly enriched in this module (FDR P < 0.05). bâ€“e, Scatter plots showing the outcome of multiple linear regression models testing the association of four signatures (red symbols) as indicated, directly compared with clinical markers of disease activity (black symbols); x axis, magnitude of association (regression coefficient, change in normalized flare rate (flares per number of days follow-up) per unit change in each variable tested); y axis, significance of association in multiple regression model; P, significance threshold (dashed red line, P = 0.05). b, CD8 turquoise module eigengene in AAV, (c) CD4 co-stimulation (black) module eigengene in AAV, (d, e) CD8 exhaustion signature (Supplementary Table 6) in AAV/SLE (d) and IBD (e). Clinical variables incorporated vary owing to differing relevance in each case but include some of the following: disease activity score (BVAS/BILAG/CDAI/Harveyâ€“Bradshaw score), C-reactive protein, autoantibody titre (PR3/MPO, dsDNA), lymphocyte count, neutrophil count, platelet count, IgG, IgA, IgM, erythrocyte sedimentation rate, age. f, Line plot showing mean expression of a CD8 T-cell exhaustion signature in 38 patients with AAV measured at presentation during active, untreated disease (t0) and 12 months later when disease activity was quiescent and patients were on maintenance immunosuppressive therapy (t12). Patients are grouped into those falling above (red) and below (blue) median expression of the exhaustion signature eigengene at entry. P = Mannâ€“Whitney test comparing t12 and t0 values. The difference between the groups that is easily apparent at enrolment with active, untreated disease (t0) is no longer apparent when disease is treated and quiescent 12 months later (t12). gâ€“i, Scatter plots showing inverse correlation between individual eigenvalues of the CD4 co-stimulation signature (x axis, red) and the CD8 exhaustion signature (y axis, blue) defined as in Fig. 2, for AAV (g), SLE (h) and IBD (i) cohorts. Pearson correlation, r2, two-tailed significance.


Extended Data Figure 4 Wind rose plots showing relative GSEA enrichment of immune signatures in autoimmune disease and melanoma.
Wind rose plots showing relative enrichment (GSEA FDR q value) of distinct immune signatures between subgroups of patients (as defined as in Fig. 2). a, b, AAV; c, d, SLE; e, f, IBD. a, c, e, Enrichment of immune signatures from selected CD8 T-cell phenotypes; b, d, f, enrichment of signatures specifically up-/downregulated by CD8 T-cell subsets derived from the LCMV model of T-cell exhaustion (acute LCMV Armstrong versus chronic LCMV Cl13 (ref. 8)). Detailed information on genes included in each signature is provided in Supplementary Table 6. g, h, Wind rose plots showing relative enrichment (GSEA FDR q value) of distinct immune signatures between CD8 T cells from patients with melanoma, comparing CD8 from tumour-infiltrated lymph node with circulating CD8 T cells16. g, Enrichment of immune signatures from selected CD8 T-cell phenotypes; h, enrichment of signatures specifically up-/downregulated by CD8 T-cell subsets derived from the LCMV model of T-cell exhaustion (acute LCMV Armstrong versus chronic LCMV Cl13 (ref. 8)). Specific enrichment is seen for genes downregulated by exhausted cells but not for all genes upregulated by exhausted cells. c, Heat map showing differential expression of selected canonical co-inhibitory receptors (as for Fig. 2c (ref. 12)) in the LCMV exhaustion model, between prognostic subgroups identified in Fig. 2d, g, j and between exhausted CD8 T cells from melanoma-infiltrated lymph node compared with circulating tumour-specific CD8 T cells16. Blue, up in exhausted; red, up in non-exhausted; grey, no significant change (FDR P < 0.05).


Extended Data Figure 5 T-cell co-stimulation with CD2, but not type 1 IFN or anti-CD40, prevents development of an exhausted IL-7RloPD1hi phenotype during prolonged anti-CD3/28 T-cell stimulation.
aâ€“d, Representative scatter plots showing IL-7R expression (y axis) by cell division (CFSE dilution, x axis) in (a) unstimulated cells and following each of three different co-stimulation cultures: b, anti-CD3/CD28 alone; c, anti-CD2/3/28; d, anti-CD40/3/28. IL-7Rhi-expressing subset indicated in black gate with the percentage of live cells shown. eâ€“g, Line and scatter plots showing absolute number of IL-7Rhi cells (e), PD-1 expression (f) and cell death (g) (death = AquaFluorescent dye+) during CD8 T-cell differentiation (x axis, number of divisions undergone by day 6 of culture measured by CFSE dilution) after anti-CD3/28 (blue) or anti-CD2/3/28 (red) stimulation. P = paired t-test, n = 5 paired samples. h, i, Hierarchical clustering of 44 patients with AAV (left panels) and 23 patients with SLE (right panels) using 336 genes composing a CD4 T-cell co-stimulation module (black module, Fig. 1) identifies two subgroups of patients (high co-stimulation, red; low co-stimulation, blue) in CD4 T-cell expression data defined by the first major division in the patient dendrogram. j, k, Scatter plots illustrating selected co-stimulatory and co-inhibitory receptors for the subgroups identified in h and i. Selected receptors were chosen on the basis of their inclusion in networks derived from the co-stimulation and exhaustion signatures as illustrated in Extended Data Fig. 3a. l, m, Line and scatter plots showing absolute number of IL-7Rhi cells (y axis) by number of divisions undergone at day 6 (x axis) after polyclonal stimulation with anti-CD3/28 (blue) or anti-CD3/28 plus anti-CD40 (l, green) or IFN-Î± (m, green) co-stimulation. n, Line and scatter plot showing extent of proliferation occurring (percentage of live cells on day 6 having undergone each of zero to four divisions) after polyclonal stimulation of primary human CD8 T cells with CD3/28 alone (blue) or with additional anti-CD2 co-stimulation (red), confirming no difference in the extent of live cell proliferation between groups. o, Absolute live (AquaFluorescent Dyeâˆ’) cell counts (y axis) by the number of divisions undertaken (x axis) by day 6 after polyclonal stimulation of primary human CD8 T cells with CD3/28 alone (blue) or with additional anti-CD2 co-stimulation (red), illustrating increased cell survival with CD2 co-stimulation despite equivalent proliferation. P values = two-way ANOVA of four paired stimulations.


Extended Data Figure 6 CD2 co-stimulation results in functionally distinct subpopulations showing enhanced survival after in vitro re-stimulation but no preferential expansion of CD8 memory subsets.
a, Representative flow cytometry density plots of CD8 T cells showing BCL2 expression on day 7 after stimulation with anti-CD3/28 (blue) or anti-CD2/3/28 (red). Figures are the percentage of total CD8 T cells. b, Quantification of BCL2 expression in CD8 T cells stimulated as in a. P = Mannâ€“Whitney, n = 5 paired biological replicates per group. c, Scatter plots showing cytokine levels (y axis, picograms per millilitre) measured in supernatants of CD8 T cells on day 7 after in vitro stimulation with either anti-CD3/28 (left column, blue) or CD2/3/28 (right column, red). Samples represent paired stimulations of primary CD8 T cells from the same individual using either stimulation protocol (n = 6 biological replicates per group). d, Scatter plots illustrating populations sorted after polyclonal anti-CD3/28 (left panel) and anti-CD2/3/28 (right panel) stimulation of primary CD8 T cells. e, Percentage of live cells (AquaFluorescent dyeâˆ’) remaining 7 days after re-stimulation of each sorted subpopulation of CD8 cells. Cells were rested for 6 days in complete RPMI1640 medium without IL-2 before being re-stimulated with anti-CD2/3/28 for a further 7 days. P = Mannâ€“Whitney; error bars, mean Â± s.e.m. f, Representative scatter plot illustrating CD8 T-cell memory populations isolated by flow cytometric sorting and stimulated in g, h. g, Scatter plot showing absolute number of IL-7Rhi cells (y axis) on day 6 after anti-CD3/28 (blue) or anti-CD2/3/28 (red) stimulation of purified CD8 T-cell memory populations (x axis). *P < 0.05, Mannâ€“Whitney test (n = 5 paired biological replicates per group). h, Scatter plots showing percentage CD8 T-cell memory subsets (y axis) resulting from stimulation of purified central memory (Tcm), naive (Tn), effector memory (Tem) and effector memory-RA (Temra) populations with anti-CD3/28 (blue) or anti-CD2/3/28 (red) for 6 days (n = 4 paired biological replicates per group).


Extended Data Figure 7 Top PBMC surrogate markers reflect expression of CD4 co-stimulation/CD8 exhaustion modules within CD4 and CD8 data respectively.
Top PBMC-level predictors (n = 13) were selected as indicated in Fig. 4a, and data are shown comparing expression of the optimal predictor (KAT2B, a, e) and of each other top predictor gene (d, h) in PBMC data compared with expression of the CD4 co-stimulation module eigengene in CD4 data (aâ€“d) and the CD8 exhaustion signature eigengene in CD8 data (eâ€“h) for n = 44 patients with AAV. Significance of correlation: *P < 0.05, **P < 0.01, ***P < 0.001. b, f, Scatter plots showing the outcome of multiple linear regression models testing the association of KAT2B expression in CD4 (b) and CD8 (f) data (red symbols) directly compared with clinical markers of disease activity (black symbols); x axis, magnitude of association (regression coefficient, change in normalized flare rate (flares per number of days follow-up) per unit change in each variable tested); y axis, significance of association in multiple regression model; P, significance threshold (dashed red line, P = 0.05). Clinical variables incorporated were disease activity score (BVAS), C-reactive protein, lymphocyte count, neutrophil count, IgG. c, g, Heat maps reproduced from Fig. 1a, i, respectively, showing overlap of top PBMC-level predictors with the modular analysis presented for CD4 (c) and CD8 (g) data in Fig. 1. As expected, surrogate markers showed stronger correlation with the CD4 than the CD8 signature as the algorithm was trained to detect the CD4 co-stimulation module.


Extended Data Figure 8 Immune cell subset expression pattern of top PBMC-level surrogate markers of CD4 co-stimulation/CD8 exhaustion signatures.
Dot plots showing expression (median Â± s.e.m.) of KAT2B (a) and for each of 12 other top PBMC-level surrogate predictors of CD4 co-stimulation/CD8 exhaustion signatures (from Fig. 4a) in a range of 22 immune cell subsets. Genes showing significant correlation of expression with KAT2B across all cell types are indicated (**P < 0.001).


Extended Data Figure 9 Hierarchical clustering of multiple data sets using 13 top PBMC-level surrogate markers of CD4 co-stimulation/CD8 exhaustion modules identifies subgroups of patients with distinct clinical outcomes.
Replication of association between surrogate markers of CD4 co-stimulation/CD8 exhaustion signatures and clinical outcome (as shown in Fig. 4câ€“k) but using all top 13 PBMC-level surrogates rather than KAT2B alone. a, c, e, g, i, k, m, Heat maps showing hierarchical clustering of gene expression data of 13 top PBMC-level surrogate predictors of CD4 co-stimulation/CD8 exhaustion signatures (from Fig. 4a) in patients with chronic HCV (a), during malaria vaccination (c), influenza vaccination (e), yellow fever vaccination (g), dengue fever infection (i), IPF (k) and pre-T1D (m). Subgroups were defined using a major division of the cluster dendrogram and group 1 allocated on the basis of KAT2B expression (highest in group 1). Clinical outcome associated with each subgroup identified is shown in b (HCV, percentage of responders to IFN-Î±/ribavirin therapy), d (percentage showing protection versus no protection from malaria vaccine), f (percentage response to influenza vaccination), h (yellow fever antibody-titre after vaccination), j (percentage progression to DHF), l (percentage of patients progressing to need for transplantation or death) and n (percentage of samples from patients with previous or subsequent progression to islet-cell antibody seroconversion or to a diagnosis of T1D).


Extended Data Figure 10 Kinetics of KAT2B expression during treatment of chronic HCV, malaria and influenza vaccination, during T1D development in the NOD mouse and in PBMC data from patients with IBD and rheumatoid arthritis.
a, Expression of a type 1 IFN response signature (average eigenvalue of type 1 IFN response signature plotted for each response group at each time point, A, signature as defined in ref. 4) in a cohort of 54 patients during treatment of chronic HCV infection with pegylated IFN-Î± and ribavirin (as described in ref. 53 and Fig. 4c), including 28 showing a marked response (red line, HCV titre decrease >3.5 log10(IU mlâˆ’1) by day 28) and 26 a poor response (HCV titre decrease <1.5 log10(IU mlâˆ’1) by day 28). P = two-way ANOVA. b, Schematic representation of the vaccination (black) and transcriptome profiling (red) schedule for the adjuvanted RTS,S malaria vaccine trial23 (as shown in Fig. 4d). bâ€“d, Heat map (b) and line plots (c, d) illustrating temporal changes in expression of 404 genes representing the GO â€˜inflammatory responseâ€™ module (c) or KAT2B expression (d) at each time-point during vaccination in patients with above- (red) and below- (blue) median KAT2B expression throughout the vaccination schedule outlined in b. Subgroups defined at T2, immediately after booster vaccination as this equates to the period of most â€˜activeâ€™ immune response. Plots are mean Â± s.e.m. e, Schematic representation of the vaccination (black arrows) and transcriptome profiling (red arrows) schedule for 28 vaccinees receiving the 2008 seasonal influenza vaccination (combined trivalent inactivated influenza vaccine24 as shown in Fig. 4e) with response assessed at day 28 by haemagglutination inhibition titre (green arrow). f, Linear plot illustrating temporal changes in expression of 404 genes representing the GO â€˜inflammatory responseâ€™ module at each time-point during vaccination (d0â€“d7 corresponding to microarray bleed points in e for patients showing above- (red) or below- (blue) median expression of KAT2B at day 3 after vaccination; y, expression log2; x, time-point, days after vaccination; P = two-way ANOVA. g, Linear plot showing ratio of Kat2b expression in peripheral blood of NOD mice (y axis, n = 37 mice in total across six time points) before and during the induction and onset of insulitis and the development of overt diabetes (illustrated by black bars below); x axis, age (days); y axis, Kat2b expression log2 ratio versus B10 controls29. h, Kaplanâ€“Meier censored survival curve showing flare-free survival (y axis) during follow-up (x axis) of n = 58 patients with IBD stratified by KAT2B expression (red, above median; blue, below median). P = log-rank test. i, j, Box plots showing clinical response (percentage responders) 3 months after treatment with anti-TNF therapy in two independent cohorts (I54 and J55) of patients with rheumatoid arthritis (RA). P = Fisherâ€™s exact test. Linear plots show mean Â± s.e.m. throughout.
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