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            Abstract
Foxp3+ regulatory T cells (Treg cells) are crucial for the maintenance of immune homeostasis both in lymphoid tissues and in non-lymphoid tissues. Here we demonstrate that the ability of intestinal Treg cells to constrain microbiota-dependent interleukin (IL)-17–producing helper T cell (TH17 cell) and immunoglobulin A responses critically required expression of the transcription factor c-Maf. The terminal differentiation and function of several intestinal Treg cell populations, including RORγt+ Treg cells and follicular regulatory T cells, were c-Maf dependent. c-Maf controlled Treg cell–derived IL-10 production and prevented excessive signaling via the kinases PI(3)K (phosphatidylinositol-3-OH kinase) and Akt and the metabolic checkpoint kinase complex mTORC1 (mammalian target of rapamycin) and expression of inflammatory cytokines in intestinal Treg cells. c-Maf deficiency in Treg cells led to profound dysbiosis of the intestinal microbiota, which when transferred to germ-free mice was sufficient to induce exacerbated intestinal TH17 responses, even in a c-Maf-competent environment. Thus, c-Maf acts to preserve the identity and function of intestinal Treg cells, which is essential for the establishment of host–microbe symbiosis.
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                    Fig. 1: c-Maf is expressed by effector Treg cells in vivo.[image: ]


Fig. 2: c-Maf is required for Treg cell–derived IL-10 production.[image: ]


Fig. 3: c-Maf-deficient Treg cells fail to control intestinal TH17 cells.[image: ]


Fig. 4: Tissue-specific gene regulation by c-Maf in gut-associated Treg cells.[image: ]


Fig. 5: Identification of direct c-Maf target gene candidates in gut-associated Treg cells.[image: ]


Fig. 6: Elevated IL-17A and IL-22 protect mice with c-Maf-deficient Treg cells from DSS-induced colitis.[image: ]


Fig. 7: c-Maf deficiency in Treg cells leads to dysbiosis of the gut microbiota.[image: ]


Fig. 8: Altered microbiota drives intestinal TH17 cell responses and controls colitis susceptibility.[image: ]
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              Sequencing data supporting the findings of this study have been deposited in the Sequence Read Archive (SRA) database under accession codes SRP123533 (ATAC-Seq) and PRJNA498200 (16S rRNA-Seq) and in the Gene Expression Omnibus (GEO) database under accession code GSE106396 (RNA-Seq).
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Integrated supplementary information

Supplementary Figure 1 Gating strategy.
Flow cytometric profiles illustrating the gating strategy for phenotypic analysis of (a) splenic or (b) colonic LP CD4+ TCRβ+ T cells. The presented profiles are representative of at least five independent stainings.


Supplementary Figure 2 Expression of eTreg cell and/or activation markers in c-Maf+ Treg cells versus that of c-Maf− Treg cells.
(a) Flow cytometric analysis shows expression of ICOS, CTLA4, TIGIT, CD69, Blimp-1 and CD25 in splenic c-Maf+ and c-Maf− Foxp3+ Treg cells. Histograms are representative of three independent experiments. (b–c) Flow cytometric profiles of c-Maf versus (b) ICOS and (c) TIGIT expression by Foxp3+ Treg cells from different organs. Contour plots are representative of at least three independent experiments. (d) Expression of c-Maf by MACS-sorted CD4+ CD25+ splenic Treg cells after in vitro stimulation for 72 hours with anti-CD3/CD28 and rIL-2 in the presence or absence of the Notch ligand Dll-4. Histograms (left) show c-Maf expression (gated on Foxp3+ cells). Graph on the right shows frequency of c-Maf+ cells among Foxp3+ Treg cells (pooled data from three independent experiments, mean ± SEM, **P<0.0015). (e) Expression of c-Maf by mLNs Foxp3+ Treg cells from Notch1/2fl/flCd4Cre (N1/2∆CD4) and wild-type SPF (Ctrl) mice. Histograms (left) show c-Maf expression. Graph on the right shows quantification of c-Maf gMFI (n = 4, mean ± SEM). All statistical differences were tested using an unpaired Student’s t-test (two-tailed).


Supplementary Figure 3 Phenotypic characterization of Maf∆Treg mice.
(a) Expression of Il10:GFP by Foxp3+ and Foxp3− CD4+ TCRβ+ T cells isolated from indicated organs of naïve Il10GFP reporter mice as measured by flow cytometry. Representative flow cytometric profiles of Foxp3 versus Il10:GFP expression by splenic and colonic CD4+ TCRβ+ T cells are shown on top. The graph below shows quantification (n = 4, mean ± SEM, *P<0.05, ***P<0.001). (b) Flow cytometric profiles of c-Maf versus Foxp3 expression by CD4+ TCR+ T cells from different organs of Foxp3Cre (Ctrl) and Maffl/flFoxp3Cre (Maf∆Treg) mice. The presented profiles are representative of at least three independent stainings. (c) Frequency of Foxp3+ Treg cells among CD4+ TCRβ+ T cells from indicated organs of Maf∆Treg and control mice (n = 5, mean ± SEM). (d) Enumeration of total cells isolated from different organs of Maf∆Treg and control mice (n = 5, mean ± SEM, *P<0.05, **P<0.01). (e) Flow cytometric analysis shows expression of ICOS, TIGIT, CD69, CD25 in splenic CD62L− Foxp3+ Treg cells of Maf∆Treg and control mice. Histograms are representative of three independent experiments. (f) Flow cytometric analysis of Blimp-1 expression in colonic Foxp3+ Treg cells from Maf∆Treg and control mice. On top, representative contour plots displaying Blimp-1 versus c-Maf expression are shown. Blimp-1-deficient Foxp3+ Treg cells from Prdm1fl/flCd4Cre (Prdm1∆CD4) mice served as a negative control for the Blimp-1 staining. Below, Blimp-1 expression is shown by representative histograms (left) and Blimp-1 gMFI is quantified (right, n = 3, mean ± SEM). (g) Flow cytometric analysis of IRF4 expression in colonic Foxp3+ Treg cells from Maf∆Treg and control mice. On the left, a representative contour plot displaying IRF4 versus c-Maf expression is shown. On the right, IRF4 expression in colonic Foxp3+ Treg cells is shown by representative histograms and IRF4 gMFI is quantified (n = 3, mean ± SEM). Foxp3− conventional T cells (Tcon) from control mice served as a negative control for the IRF4 staining. (h) Flow cytometric analysis of AhR expression in colonic Foxp3+ Treg cells from Maf∆Treg and control mice. On the left, representative contour plots displaying AhR versus c-Maf expression are shown. AhR-deficient Foxp3+ Treg cells from Ahr-/- mice served as a negative control for the AhR staining. On the right, AhR expression is shown by representative histograms and AhR gMFI is quantified (n = 3, mean ± SEM, **P = 0.0097). All statistical differences were tested using an unpaired Student’s t-test (two-tailed).


Supplementary Figure 4 Rorc∆Treg mice have normal intestinal TH17 cell responses.
(a) Flow cytometric analysis of c-Maf expression in different Treg cell subsets from PPs. Histograms are representative of three independent experiments. (b) Frequency of TFR cells (PD1+CXCR5+ cells among Foxp3+ Treg cells) in PPs of Maf∆Treg and control mice. Representative contour plots of PD1 versus CXCR5 expression by Foxp3+ Treg cells are shown on the left. The graph on the right shows quantification (n = 4, mean ± SEM, ***P < 0.0001). (c) Flow cytometric profiles of RORγt versus Foxp3:YFP expression by colonic Foxp3+ Treg cells of mosaic Foxp3Cre/+ or Maffl/flFoxp3Cre/+ female mice. The presented profiles are representative of at least two independent stainings. (d) RORγt (n = 4, mean ± SEM, *P = 0.0462) versus T-bet (n = 5, mean ± SEM, *P = 0.0212) expression by colonic Foxp3− conventional T cells of Maf∆Treg and control mice as measured by flow cytometry. Representative flow cytometric profiles are shown on top. Graphs below show quantification. (e) Contour plots show RORγt and c-Maf expression of Foxp3+ and Foxp3− CD4+TCRβ+ T cells from mLNs of Maf∆Treg and control mice as measured by flow cytometry. The presented plots are representative of at least three independent stainings. (f) Frequencies of IL-17A+ (*P = 0.0092) and IFN-γ+ cells among colonic Foxp3+ Treg cells of Foxp3Cre (Ctrl, n = 4, mean ± SEM) and Rorcfl/flFoxp3Cre (Rorc∆Treg, n = 3, mean ± SEM) mice after ex vivo PMA/ionomycin restimulation as measured by flow cytometry. (g) Frequency of IL-17A+ cells among colonic Foxp3− conventional T cells of Rorc∆Treg (n = 3, mean ± SEM) and control (n = 4, mean ± SEM) mice after ex vivo PMA/ionomycin restimulation as measured by flow cytometry. All statistical differences were tested using an unpaired Student’s t-test (two-tailed).


Supplementary Figure 5 Tissue-specific gene regulation by c-Maf in gut-associated Treg cells.
(a) Foxp3+ Treg cells were sorted from spleen of Maf∆Treg and control mice and subjected to RNA sequencing. MA plot showing comparison of gene expression between c-Maf-deficient and control Treg cells. Genes up-regulated in c-Maf-deficient Treg cells are highlighted in red; genes down-regulated are highlighted in blue (FDR < 0.1). DE analysis was performed using limma. P values were adjusted to control the global false discovery rate (FDR) across all comparisons with the ‘global’ option of the limma package. Data represent the combined analysis of three biologically independent samples. (b) Venn diagram displaying the overlap between genes differentially expressed (DE) between c-Maf-deficient and control Treg cells from LP, PPs and spleens. (c) Heatmap showing relative expression (z-score) of genes that were differentially expressed (FDR < 0.1) between c-Maf-deficient and control Treg cells from LP (n = 2), PPs (n = 3) and spleens (n = 3). DE analysis was performed using limma. P values were adjusted to control the global FDR across all comparisons with the ‘global’ option of the limma package. (d) Gene set enrichment plots showing significantly enriched (FDR < 0.1) hallmark gene sets in c-Maf-deficient versus control LP Treg cells. Data represent the combined analysis of two biologically independent samples. (e) MA plot showing comparison of gene expression between LP (n = 2) and splenic Treg cells (n = 3) from control mice. Genes up-regulated in LP Treg cells are highlighted in red; genes down-regulated are highlighted in blue (FDR < 0.05). DE analysis was performed using limma. P values were adjusted to control the global FDR across all comparisons with the ‘global’ option of the limma package. (f) Sorted c-Maf-deficient and control LP Treg cells (n = 3) were subjected to ‘Assay for Transposase-Accessible Chromatin’ sequencing (ATAC-seq). MA plot displaying regions of accessible chromatin. Regions over-represented in c-Maf-deficient Treg cells are highlighted in red; regions under-represented are highlighted in blue. Note that multiple peaks can be associated with individual genes. (g) Representative c-Maf chromatin immunoprecipitation sequencing (ChIP-seq) and ATAC sequencing tracks. Arrows indicate c-Maf occupancy in open chromatin regions of Treg cell gene loci. Data represent the combined analysis of three biologically independent samples. c-Maf ChIP-seq was published by Ciofani et al.34


Supplementary Figure 6 Il10∆Treg mice are susceptible to DSS-induced colitis.
Foxp3Cre (Ctrl) and Il10fl/flFoxp3Cre (Il10∆Treg) mice were orally challenged with 1.5% DSS (w/v) for 5 days. Colitis severity was assessed 3 days later (day 8). (a) Colon length (n = 4, mean ± SEM) and (b) colitis scores are shown (n = 4, mean ± SEM). *P = 0.03 as calculated by unpaired Student’s t-test (two-tailed). Data are representative of three independent experiments with four to five mice per genotype.


Supplementary Figure 7 c-Maf is essential for Treg cell–mediated control of intestinal IgA responses.
Analysis of faecal microbiota diversity of co-housed littermate Maf∆Treg (n = 10, mean ± SEM) and control mice (n = 11, mean ± SEM) using 16 S rRNA gene sequencing. (b) Quantification of IgA in serum of Maf∆Treg and control mice as measured by ELISA (n = 4, mean ± SEM, *P = 0.0129). (c) Frequency of IgA+ B cells in PP of naïve Maf∆Treg and control mice. Representative contour plots of IgA versus B220 expression by CD45+ cells are shown on the left. The graph on the right shows quantification (n = 4, mean ± SEM). (d) Quantification of IgA+ cells in the colonic LP of Maf∆Treg and control mice as measured by immunohistochemistry (n = 4, mean ± SEM, *P = 0.0045). (e) Differential representation of bacterial families between the IgA+ and IgA− fractions of co-housed littermate Maf∆Treg and control mice shown in form of an IgA coating index (see Methods section). For a given taxon, the value of the IgA coating index can range from a maximum of 1.0 (taxon detected exclusively in the IgA+ fraction) to a minimum of −1.0 (present only in the IgA− fraction). n = 4, *P = 0.0286 as calculated by Mann–Whitney U test (two-tailed). Whiskers represent the minimum and maximum of data. (f) Quantification of IgA in faeces of Il10∆Treg and control mice as measured by ELISA (n = 4, mean ± SEM). All statistical differences were tested using an unpaired Student’s t-test (two-tailed) unless stated otherwise.


Supplementary Figure 8 Phenotypic analysis of intestinal Foxp3+ Treg cells in colonized germ-free mice.
(a) Experimental design for colonization of germ-free (GF) mice with microbiota (Mb) from either Maf∆Treg or control mice. (b–d) GF + Ctrl Mb (n = 6, mean ± SEM) and GF + Maf∆Treg Mb (n = 8, mean ± SEM) mice were orally challenged with 1.5% DSS (w/v) for 5 days. Colonic Foxp3+ Treg cells were analyzed 2 days later. Graphs show pooled data of two independent experiments. (b) Frequency of Foxp3+ Treg cells among colonic CD4+ TCRβ+ T cells. (c) Frequency of c-Maf+ and RORγt+ cells among colonic Foxp3+ Treg cells. (d) Frequency of IL-10+ cells among colonic Foxp3+ Treg cells after ex vivo PMA/ionomycin restimulation. (e) Frequency of TFR cells (PD1+ CXCR5+) among Foxp3+ cells from PPs of GF + Ctrl Mb (n = 4, mean ± SEM) and GF + Maf∆Treg Mb (n = 3, mean ± SEM) mice after 2 weeks of co-housing with either Maf∆Treg or control mice. (f) Quantification of IgA in faeces of GF + Ctrl Mb (n = 4, mean ± SEM) and GF + Maf∆Treg Mb (n = 3, mean ± SEM) mice after 2 weeks of co-housing with either Maf∆Treg or control mice as measured by ELISA. (e–f) Data are representative of two independent experiments.
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