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            Abstract
Both microbial and host genetic factors contribute to the pathogenesis of autoimmune diseases1,2,3,4. There is accumulating evidence that microbial species that potentiate chronic inflammation, as in inflammatory bowel disease, often also colonize healthy individuals. These microorganisms, including the Helicobacter species, can induce pathogenic T cells and are collectively referred to as pathobionts4,5,6. However, how such T cells are constrained in healthy individuals is not yet understood. Here we report that host tolerance to a potentially pathogenic bacterium, Helicobacter hepaticus, is mediated by the induction of RORÎ³t+FOXP3+ regulatory T (iTreg) cells that selectively restrain pro-inflammatory T helper 17 (TH17) cells and whose function is dependent on the transcription factor c-MAF. Whereas colonization of wild-type mice by H. hepaticus promoted differentiation of RORÎ³t-expressing microorganism-specific iTreg cells in the large intestine, in disease-susceptible IL-10-deficient mice, there was instead expansion of colitogenic TH17 cells. Inactivation of c-MAF in the Treg cell compartment impaired differentiation and function, including IL-10 production, of bacteria-specific iTreg cells, and resulted in the accumulation of H. hepaticus-specific inflammatory TH17 cells and spontaneous colitis. By contrast, RORÎ³t inactivation in Treg cells had only a minor effect on the bacteria-specific Treg and TH17 cell balance, and did not result in inflammation. Our results suggest that pathobiont-dependent inflammatory bowel disease is driven by microbiota-reactive T cells that have escaped this c-MAF-dependent mechanism of iTregâ€“TH17 homeostasis.
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                    Figure 1: H. hepaticus induces RORÎ³t+ Treg and TFH cell responses under steady state.[image: ]


Figure 2: H. hepaticus predominantly induces inflammatory TH17 cells in IL-10 deficiency-dependent colitis.[image: ]


Figure 3: c-MAF is required for the differentiation and function of induced Treg cells in the gut.[image: ]


Figure 4: RORÎ³t+ iTreg cells are required to maintain gut homeostasis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cloning and characterization of H. hepaticus-specific TH17 TCRs, and generation of TCRtg mice and MHC class II tetramers.
a, IL-23Râ€“GFP expression in CD4+ T cells from the large intestines of mice with and without H. hepaticus colonization and after IL-10RA blockade. Data are from one of five independent experiments. b, Experimental scheme for cloning H. hepaticus-induced single IL-23Râ€“GFP+ (predominantly TH17) cell TCRs under IL-10RA blockade. c, Summary of the 12 dominant H. hepaticus-induced TH17 TCRs. d, In vitro activation of CFSE-labelled naive HH7-2tg and HH5-1tg cells by indicated stimuli in the presence of antigen-presenting cells. Data are from one of two independent experiments. e, f, Expansion of donor-derived HH7-2tg (e) and HH5-1tg (f) (CD45.2) cells in the large intestine of H. hepaticus-colonized or -free CD45.1 mice, gated on total CD4+ T cells. Data are from one of three independent experiments. g, HH-E2 tetramer staining of CD4+ T cells from the large intestine of H. hepaticus-colonized or -free mice. Data are from one of six independent experiments.


Extended Data Figure 2 Extended characterization of SFB- and H. hepaticus-specific T cells in distinct anatomical sites in bacteria-colonized wild-type mice.
a, Representative flow cytometry plots of donor-derived HH7-2tg (CD45.1/45.2) and 7B8tg (CD45.2/45.2) T cells in indicated tissues of mice colonized with SFB and H. hepaticus, gated on total CD4+ T cells (CD4+CD3+) (nâ€‰=â€‰15). b, Proportions of donor-derived HH7-2tg and 7B8tg T cells among total CD4+ T cells in indicated tissues. Data in a and b are from 1 of 3 experiments, with a total of 15 mice in the 3 experiments. c, Representative flow cytometry plots of RORÎ³t, FOXP3, BCL6 and CXCR5 expression in CD4+ T cells from the host and from HH7-2tg and 7B8tg donors in different tissues (nâ€‰=â€‰15). d, Frequencies of Treg (FOXP3+), TH17 (FOXP3-RORÎ³t+) and TFH (BCL6+CXCR5+) cells among donor-derived HH7-2tg and 7B8tg cells in different tissues. Data are from 1 of 3 experiments, with a total of 15 mice in the 3 experiments. e, Representative flow cytometry plots of FOXP3, RORÎ³t, GATA3 and ST2 expression in CD4+ T cells from the host (blue) and from HH7-2tg donors (red) in the LILP (nâ€‰=â€‰5). f, Representative flow cytometry plots of FOXP3, RORÎ³t, GATA3 and ST2 expression in total CD4+ (green) and HH-E2 tetramer+ (red) T cells in the LILP (nâ€‰=â€‰5). Spl, spleen.


Extended Data Figure 3 Extended characterization of H. hepaticus-specific TCRtg cell differentiation.
a, HH7-2tg;Rag1âˆ’/âˆ’ mice do not develop Treg cells in the thymus. Representative flow cytometry plots of Treg (FOXP3+CD25+) frequency in indicated tissues of H. hepaticus-free HH7-2tg;Rag1+/âˆ’ (nâ€‰=â€‰3) or HH7-2tg;Rag1âˆ’/âˆ’ (nâ€‰=â€‰3) mice. b, c, HH7-2tg;Rag1âˆ’/âˆ’ and HH7-2tg;Rag1+/âˆ’ donor-derived T cells differentiated into equal frequencies of RORÎ³t+ Treg cells in the large intestine of wild-type mice. Equal numbers (2,000) of congenic isotype-labelled HH7-2tg;Rag1+/âˆ’ (CD45.1/45.1) and Rag1âˆ’/âˆ’ (CD45.1/45.2) naive T cells were co-transferred into H. hepaticus-colonized wild-type B6 mice. Cells from the LILP were analysed two weeks after transfer. Data summarize two independent experiments (nâ€‰=â€‰6). b, Representative flow cytometry plots of donor and recipient T cell frequency (left), and RORÎ³t and FOXP3 expression (right) (nâ€‰=â€‰6). c, Frequencies of Treg (FOXP3+), TH17 (FOXP3âˆ’RORÎ³t+) and TFH (BCL6+CXCR5+) cells among HH7-2tg Rag1+/âˆ’ (nâ€‰=â€‰6) and Rag1âˆ’/âˆ’ (nâ€‰=â€‰6) donor-derived T cells. d, e, Approximately 2,000 naive HH5-1tg cells (CD45.1/45.2) were adoptively transferred into wild-type B6 mice (CD45.2/45.2) colonized with H. hepaticus. Cells from LILP and the caecal patch were analysed two weeks after transfer. d, Representative flow cytometry plots are shown for RORÎ³t, FOXP3, BCL6 and CXCR5 expression in donor-derived and recipient CD4+ T cells in the indicated tissues. e, Frequencies of Treg (FOXP3+), TH17 (FOXP3âˆ’RORÎ³t+) and TFH (BCL6+CXCR5+) among HH5-1tg donor T cells (nâ€‰=â€‰8). Data are a summary of eight mice from two independent experiments. All statistics were calculated by unpaired two-sided Welchâ€™s t-test. Error bars denote meanâ€‰Â±â€‰s.d. P values are indicated on the figure.


Extended Data Figure 4 Differentiation of SFB- and H. hepaticus-specific T cells in Il10+/âˆ’ and Il10âˆ’/âˆ’ mice.
aâ€“d, Equal numbers (10,000) of congenic isotype-labelled HH7-2tg (CD45.1/45.2) and 7B8tg (CD45.1/45.1) T cells were co-transferred into Il10âˆ’/âˆ’ and Il10+/âˆ’ mice (CD45.2/45.2) colonized with both H. hepaticus and SFB. Intestinal T cells were examined two weeks later. a, Representative flow cytometry plots of FOXP3, RORÎ³t and T-bet expression in total and FOXP3âˆ’ host CD4+ T cells in the SILP and LILP of Il10+/âˆ’ (nâ€‰=â€‰10) and Il10âˆ’/âˆ’ (nâ€‰=â€‰8) mice that received TCR transgenic T cell transplants. b, Frequencies of Treg (FOXP3+) and TH17 (FOXP3âˆ’RORÎ³t+) cells among SILP 7B8tg donor-derived cells in Il10+/âˆ’ (nâ€‰=â€‰10) and Il10âˆ’/âˆ’ (nâ€‰=â€‰8) mice. Data for a and b are a summary of four independent experiments. c, Representative flow cytometry plots of IL-10, IL-17A and IFNÎ³ expression in transferred 7B8tg and HH7-2tg cells from LILP and SILP of Il10+/âˆ’ and Il10âˆ’/âˆ’ mice after re-stimulation (nâ€‰=â€‰5 or 6). d, Proportions of transferred 7B8tg and HH7-2tg cells in the SILP and LILP of Il10+/âˆ’ and Il10âˆ’/âˆ’ mice that express IL-10, IL-17A and IFNÎ³ after re-stimulation (nâ€‰=â€‰5 or 6). Data for c and d are a summary of two independent experiments. e, 2,000 naive HH5-1tg cells (CD45.1/45.2) were adoptively transferred into Il10+/âˆ’ and Il10âˆ’/âˆ’ mice colonized with H. hepaticus. Cells from the LILP were analysed two weeks after transfer (nâ€‰=â€‰5). Representative flow cytometry plots of RORÎ³t and FOXP3 expression in HH5-1tg donor cells are shown (left), along with a compilation of frequencies of Treg (FOXP3+) and TH17 (FOXP3âˆ’RORÎ³t+). f, g, RORÎ³t and FOXP3 expression in total CD4+ and HH-E2 tetramer+ T cells (f) and frequencies (above) and absolute numbers (below) of Treg (FOXP3+) and TH17 (FOXP3-RORÎ³t+) cells among HH-E2 tetramer+ T cells (g) in the LILP of Il10+/âˆ’ (day 25, nâ€‰=â€‰8) and Il10âˆ’/âˆ’ (day 12 nâ€‰=â€‰8, day 25 nâ€‰=â€‰7, day 42 nâ€‰=â€‰8) mice colonized with H. hepaticus for indicated times. All statistics were calculated by unpaired two-sided Welchâ€™s t-test. Error bars denote meanâ€‰Â±â€‰s.d. P values are as follows: b, iâ€‰=â€‰0.062 and iiâ€‰=â€‰0.063. e, iâ€‰=â€‰1.46â€‰Ã—â€‰10âˆ’3 and iiâ€‰=â€‰3.10â€‰Ã—â€‰10âˆ’4. g, Top, iâ€‰=â€‰7.82â€‰Ã—â€‰10âˆ’4, iiâ€‰=â€‰0.014, iiiâ€‰=â€‰0.088, ivâ€‰=â€‰1.48â€‰Ã—â€‰10âˆ’4, vâ€‰=â€‰1.47â€‰Ã—â€‰10âˆ’3 and viâ€‰=â€‰0.016; bottom, iâ€‰=â€‰3.85â€‰Ã—â€‰10âˆ’6, iiâ€‰=â€‰9.63â€‰Ã—â€‰10âˆ’7, iiiâ€‰=â€‰1.31â€‰Ã—â€‰10âˆ’6, ivâ€‰=â€‰8.91â€‰Ã—â€‰10âˆ’7, vâ€‰=â€‰1.15â€‰Ã—â€‰10âˆ’5 and viâ€‰=â€‰1.56â€‰Ã—â€‰10âˆ’7.


Extended Data Figure 5 Differentiation of H. hepaticus-specific T cells in colitis models.
a, b, Naive HH7-2tg T cells were adoptively transferred into H. hepaticus-colonized Rag1âˆ’/âˆ’ mice to induce colitis (nâ€‰=â€‰7). Data summarize two independent experiments. Representative expression of FOXP3, RORÎ³t, and T-bet (a), and a compilation of frequencies of Treg (FOXP3+), TH17 (FOXP3-RORÎ³t+), TH1 (FOXP3-T-bet+) and TH17/TH1 (FOXP3-RORÎ³t+T-bet+) cells in HH7-2tg donor-derived cells in the LILP of recipient mice was analysed 4 weeks after transfer. câ€“e, Analysis of H. hepaticus-specific T cell differentiation during C. rodentium-induced colonic inflammation. Data summarize two independent experiments. c, Schematic of experimental design. d, e, Representative flow cytometry plots of FOXP3, RORÎ³t and T-bet expression in total CD4+ and HH-E2 tetramer+ T cells (d) and frequencies of Treg (FOXP3+) and TH17 (FOXP3âˆ’RORÎ³t+) cells among HH-E2 tetramer+ T cells (e) in the LILP of C. rodentium-infected (nâ€‰=â€‰5) and -uninfected mice (nâ€‰=â€‰5). fâ€“h, Analysis of H. hepaticus-specific T cell differentiation during DSS-induced colitis. Data are a summary of two independent experiments. f, Schematic of experimental design. g, h, Representative flow cytometry plots of FOXP3, RORÎ³t and T-bet expression in total CD4+ and HH-E2 tetramer+ T cells (g) and a compilation of frequencies of Treg (FOXP3+) and TH17 (FOXP3-RORÎ³t+) cells among HH-E2 tetramer+ cells (h) in the LILP of DSS-treated (nâ€‰=â€‰10) and -untreated mice (nâ€‰=â€‰10). All statistics were calculated by unpaired two-sided Welchâ€™s t-test. Error bars denote meanâ€‰Â±â€‰s.d. P values are indicated on the figure.


Extended Data Figure 6 Extended characterization of Mafâˆ†Treg, Rorcâˆ†Treg and Gata3âˆ†Treg mice.
a, Expression of c-MAF in the indicated CD4+ T cell subsets in the LILP. b, Incomplete depletion of c-MAF protein in RORÎ³t+ Treg cells in Mafâˆ†Treg mice shown by a representative flow cytometry graph from 3 independent experiments (left), and a compilation of mean fluorescence intensities (MFI) in RORÎ³tâˆ’ Treg cells and residual RORÎ³t+ Treg cells (right). c, Absolute numbers of indicated CD4+ T cell populations in the LILP of indicated mice. Data are a summary of 3 independent experiments for Rorcâˆ†Treg (nâ€‰=â€‰7) and littermate controls (nâ€‰=â€‰7) and 4 independent experiments for Mafâˆ†Treg (nâ€‰=â€‰11) and littermate controls (nâ€‰=â€‰8). d, e, Representative flow cytometry plots of FOXP3, RORÎ³t and GATA3 expression in total and FOXP3+ CD4+ T cells (d) and a compilation of frequencies of RORÎ³t+ and RORÎ³tâˆ’ Treg (FOXP3+) cells and TH17 (FOXP3âˆ’RORÎ³t+) cells among total CD4+ T cells (e) in the LILP of Gata3âˆ†Treg (nâ€‰=â€‰8) and littermate controls (nâ€‰=â€‰7). Data summarize two independent experiments. f, Absolute numbers of indicated HH-E2 tetramer+ T cell populations in the LILP of indicated mice. Data are a summary of 3 independent experiments for Rorcâˆ†Treg (nâ€‰=â€‰7) and littermate controls (nâ€‰=â€‰6) and 4 independent experiments for Mafâˆ†Treg (nâ€‰=â€‰11) and littermate controls (nâ€‰=â€‰8). g, Representative flow cytometry plots of TFH markers BCL6 and CXCR5 among total CD4+ and HH-E2 tetramer+ cells from the caecal patch of Mafâˆ†Treg mice and littermate controls (nâ€‰=â€‰4). h, i, SFB-specific T cells did not adopt the pro-inflammatory TH17â€“TH1 phenotype or expand in Mafâˆ†Treg mice. Data summarize two experiments, Mafâˆ†Treg (nâ€‰=â€‰5) and littermate controls (nâ€‰=â€‰6). Representative flow cytometry plots of FOXP3, RORÎ³t and T-bet expression in total CD4+ and SFB-tetramer+ T cells (h) and absolute number of SFB-tetramer+ cells (i) in the SILP. All statistics were calculated by unpaired two-sided Welchâ€™s t-test. Error bars denote meanâ€‰Â±â€‰s.d. P values are indicated on the figure or as follows: c, iâ€‰=â€‰0.42, iiâ€‰=â€‰0.73, iiiâ€‰=â€‰6.38â€‰Ã—â€‰10âˆ’3, ivâ€‰=â€‰2.28â€‰Ã—â€‰10âˆ’4, vâ€‰=â€‰7â€‰Ã—â€‰10âˆ’11, viâ€‰=â€‰7.10â€‰Ã—â€‰10âˆ’3, viiâ€‰=â€‰2.99â€‰Ã—â€‰10âˆ’2 and viiiâ€‰=â€‰0.83. e, iâ€‰=â€‰0.081, iiâ€‰=â€‰0.102 and iiiâ€‰=â€‰0.16. f, iâ€‰=â€‰0.65, iiâ€‰=â€‰0.41, iiiâ€‰=â€‰0.045, ivâ€‰=â€‰0.12, vâ€‰=â€‰0.29 and viâ€‰=â€‰6.28â€‰Ã—â€‰10âˆ’3.


Extended Data Figure 7 Analysis of c-MAF function in RORÎ³t+ iTreg cells.
aâ€“d, Equal numbers of congenic isotype-labelled naive Maf+/+;Foxp3cre (ctrl, CD45.1/45.2) and Maffl/fl;Foxp3cre (CD45.2/45.2) HH7-2tg cells were co-transferred into H. hepaticus-colonized wild-type CD45.1 mice. Cells from the LILP, mLNs and spleen were analysed 15 days after transfer. a, Schematic of experimental design. b, Flow cytometry plot depicting ratio of pooled co-transferred naive T cells before transfer. c, d, Left, ratios of Mafâˆ†Treg versus control HH7-2tg donor-derived cells in the mLNs and spleen (nâ€‰=â€‰10). Dashed line represents ratio of co-transferred cells before transfer. Right, frequencies of Treg (FOXP3+) and TH17 (FOXP3âˆ’RORÎ³t+) cells among donor-derived cells (nâ€‰=â€‰10). Statistics were calculated by unpaired two-sided Welchâ€™s t-test. Error bars denote meanâ€‰Â±â€‰s.d. P values are indicated on the figure. eâ€“h, Isolation of Maf-deficient and -sufficient iTreg cells for RNA-seq through a T cell reconstitution system. Two replicates represent two independent experiments. e, Schematic of experimental design. f, Flow cytometry plots indicating the sorting gates from two independent experiments. g, Flow cytometry plots showing FOXP3 and RORÎ³t expression in sorted FOXP3â€“YFP+ cells from two independent experiments. h, Gene set enrichment analysis performed on RNA-seq dataset of c-MAF-sufficient versus -deficient iTreg (FOXP3â€“YFP+) cells (nâ€‰=â€‰2 independent experiments) with a gene set of 33 RORÎ³t-dependent transcripts identified previously11. i, Top, representative flow cytometry plot of c-MAF expression in TH17 cells (FOXP3âˆ’RORÎ³t+) from LILP of control (black) and Mafâˆ†Treg (red) mice. The c-MAF negative population is defined by gating on FOXP3+RORÎ³tâˆ’ Treg cells from Mafâˆ†Treg mice (solid grey). Bottom, frequency of c-MAF expression in TH17 cells in control (nâ€‰=â€‰6) and Mafâˆ†Treg (nâ€‰=â€‰9) mice from 3 independent experiments.


Extended Data Figure 8 Transcriptional profiling of conventional TH17 and H. hepaticus-specific T effector cells.
aâ€“f, RNA-seq was performed on 2 biological replicates of each indicated condition. a, Flow cytometry analysis of HH7-2tg Teff cells from H. hepaticus-colonized mice and conventional IL-23Râ€“GFP+ (predominantly SFB-specific TH17) cells from SFB-colonized mice. GFP+ gates in the bottom panel were used for sorting to perform RNA-seq. b, Principal component analysis of RNA-seq data from sorted cell populations. Coloured dots represent individual samples (nâ€‰=â€‰2). c, e, f, Differentially expressed genes were calculated in DESeq2 using the Wald test with Benjaminiâ€“Hochberg correction to determine the FDR. Genes were considered differentially expressed when FDRâ€‰<â€‰0.1 and log2 fold changeâ€‰>â€‰1.5. c, Venn diagram depicting differentially expressed genes between indicated comparisons. d, Significantly enriched disease pathways in the set of 149 shared genes upregulated in HH7-2tg Mafâˆ†Treg and HH7-2tg from anti-IL-10RA-treated mice compared to conventional large intestine TH17 cells. P values calculated by ingenuity pathway analysis using Fisherâ€™s exact test. e, Comparison of transcriptomes of H. hepaticus-specific TH17 cells from mice treated with IL-10RA blockade or Mafâˆ†Treg and conventional TH17 cells. Scatter plot depicting log2 fold change of gene expression. Blue, red and purple dots indicate significant differences. f, Heat map depicting the 347 shared genes differentially expressed between pathogenic HH7-2 and conventional TH17 cells (purple dots in e). Data for each condition are the mean of 2 biological replicates. Scale bar represents z-scored variance stabilized data (VSD) counts.


Extended Data Figure 9 STAT3 and TGFÎ² signal synergistically to promote c-MAF expression.
a, Top, representative flow cytometry plots depicting RORÎ³t and FOXP3 expression in CD4+ T cells in the LILP of mice with a dominant-negative mutant of TGFÎ² receptors (CD4-dnTGFbRII) and littermate controls (nâ€‰=â€‰3). Bottom, representative plot of c-MAF expression in FOXP3+ cells from the indicated mice in the top panel. b, Top, representative flow cytometry plots depicting RORÎ³t and FOXP3 expression in CD4+ T cells in the LILP of Stat3fl/fl;Cd4cre and Stat3fl/fl littermate controls (nâ€‰=â€‰4). Bottom, representative plot of c-MAF staining in FOXP3+ cells from indicated mice in the top panel. c, Mean fluorescence intensity of c-MAF staining in in vitro differentiated CD4+ T cells. Naive CD4+ T cells from wild-type, Stat3fl/fl;Cd4cre and Maffl/fl;Cd4cre mice were activated for 48 h with anti-CD3Îµ/anti-CD28 antibodies under indicated conditions. Dashed line represents the MFI of c-MAF in Maffl/fl;Cd4cre T cells. Data are from one of two independent experiments.


Extended Data Figure 10 c-MAF-deficient nTreg cells retain suppressive function.
a, Equivalent inhibitory function of nTreg cells from Mafâˆ†Treg and control mice in the in vitro proliferative response of CD4+ T cells (Teff). Three data points are from one of two independent replicates. b, Activity of nTreg cells in the transfer-mediated colitis model. Percentage weight change (left) and colitis histology scores (right) of Rag1âˆ’/âˆ’ mice adoptively transferred with naive T cells alone (nâ€‰=â€‰8), or naive T cells in combination with nTreg cells from Mafâˆ†Treg (nâ€‰=â€‰10) or littermate control Foxp3creYFP (nâ€‰=â€‰9) mice. Data are a summary of two independent experiments. All statistics were calculated by unpaired two-sided Welchâ€™s t-test. Error bars denote meanâ€‰Â±â€‰s.d. P values are indicated on the figure.
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