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            Abstract
Intestinal health relies on the immunosuppressive activity of CD4+ regulatory T (Treg) cells1. Expression of the transcription factor Foxp3 defines this lineage, and can be induced extrathymically by dietary or commensal-derived antigens in a process assisted by a Foxp3 enhancer known as conserved non-coding sequence 1 (CNS1)2,3,4. Products of microbial fermentation including butyrate facilitate the generation of peripherally induced Treg (pTreg) cells5,6,7, indicating that metabolites shape the composition of the colonic immune cell population. In addition to dietary components, bacteria modify host-derived molecules, generating a number of biologically active substances. This is epitomized by the bacterial transformation of bile acids, which creates a complex pool of steroids8 with a range of physiological functions9. Here we screened the major species of deconjugated bile acids for their ability to potentiate the differentiation of pTreg cells. We found that the secondary bile acid 3Î²-hydroxydeoxycholic acid (isoDCA) increased Foxp3 induction by acting on dendritic cells (DCs) to diminish their immunostimulatory properties. Ablating one receptor, the farnesoid X receptor, in DCs enhanced the generation of Treg cells and imposed a transcriptional profile similar to that induced by isoDCA, suggesting an interaction between this bile acid and nuclear receptor. To investigate isoDCA in vivo, we took a synthetic biology approach and designed minimal microbial consortia containing engineered Bacteroides strains. IsoDCA-producing consortia increased the number of colonicÂ RORÎ³t-expressing Treg cells in a CNS1-dependent manner, suggesting enhanced extrathymic differentiation.
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                    Fig. 1: Bacterial epimerization of bile acids generates molecules with TregÂ cell-inducing activity.[image: ]


Fig. 2: Potentiation of TregÂ cell generation by isoDCA requires FXR expression in DCs.[image: ]


Fig. 3: Engineering an isoDCA-producing strain of Bacteroides thetaiotaomicron (B. theta).[image: ]


Fig. 4: Defined bacterial consortia containing isoDCA-producing strains promote generation of pTreg cells in vivo.[image: ]
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RNA-sequencing and 16S amplicon sequencing data are available under BioProject (https://www.ncbi.nlm.nih.gov/bioproject/) identification codes PRJNA600898 and PRJNA600979. Source data for Figs. 1â€“4 and Extended Data Figs. 1â€“8 are available as .xsl tables with the paper. Other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Effects of iso- and oxo-bile acids on T cell differentiation and proliferation.
a, Effects of TregÂ cell-inducing bile acids on the in vitro generation of TH17 cells. Naive CD4+ T cells were activated by DCs in TH17-polarizing conditions (2Â ngÂ mlâˆ’1 TGF-Î², 1Â Î¼gÂ mlâˆ’1 CD3 antibody and 20Â ngÂ mlâˆ’ IL-6). On day 3, cocultures were restimulated with phorbol myristate (PMA) and ionomycin in the presence of brefeldin A and monensin for 3Â h before FACS analysis of IL-17 production. b, The 6Î²-OH group of Ï‰-MCA is required for its TregÂ cell-inducing activity. Naive CD4+ T cells were activated by DCs in suboptimal TregÂ cell-inducing conditions (1Â ngÂ mlâˆ’1 TGF-Î², 1Â Î¼gÂ mlâˆ’1 CD3 antibody and 100Â UÂ mlâˆ’1 IL-2) and exposed to Ï‰-MCA or 6-oxoMCA at the indicated concentrations. Foxp3 induction was assessed by FACS on day 3. c, Assessment of cell division in the presence of isoDCA and 3-oxoDCA (100Â Î¼M). Naive CD4+ T cells were labelled with Cell Trace Violet and activated with CD3/CD28 antibody-coated beads in the presence of TGF-Î² and IL-2 for three days before FACS analysis. Data shown are meansÂ Â±Â s.d. of replicates (aâ€“c, nÂ =Â 3). Statistical significance determined by one-way (a, b) or two-way (c) ANOVA followed by a Dunnetâ€™s (a) or Tukeyâ€™s (b, c) multiple comparison test. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001 versus vehicle; hash symbol, PÂ <Â 0.05 vs Ï‰-MCA (paired concentration); plus symbol, PÂ <Â 0.05 versus isoDCA (paired concentration); ns, not significant. Data are representative of at least two independent experiments.

Source Data



Extended Data Fig. 2 Characterization of mice with FXR deficiency in the myeloid compartment.
aâ€“e, WT (Csf1rWT Nr1h4fl/fl) and DCÎ”FXR (Csf1rcre Nr1h4fl/fl) littermate mice were analysed between six to eight weeks of age. a, Gating strategy and b, quantification of conventional (c)DC1s (live CD45+ Linâˆ’ (dump: CD90, CD3; CD64âˆ’, Ly6Câˆ’, Siglec-Fâˆ’) CD11c+ MHC class IIhi CD11bâˆ’ XCR1+) and cDC2 (live CD45+ Linâˆ’ (dump: CD90, CD3; CD64âˆ’, Ly6Câˆ’, Siglec-Fâˆ’) CD11c+ MHC class IIhi CD11b+Â XCR1âˆ’) in the spleen (Spl), mesenteric lymph node (MLN) and LILP. c, Gating strategy for d, e. d, Number of total Foxp3+ Treg cells in the indicated organs. e, Quantification of RORÎ³t+Â Foxp3+ Treg cells in the LILP. Data shown are meansÂ Â±Â s.d. (nÂ =Â 5), representative of two independent cohorts of mice. Statistical significance determined by a two-tailed t-test. **PÂ <Â 0.01.

Source Data



Extended Data Fig. 3 Anti-inflammatory effects of isoDCA treatment on DCs.
a, DCs (1Â Ã—Â 105) were stimulated for 18Â h with various TLR agonists (x-axes) in the presence or absence of 50Â Î¼M isoDCA. Levels of the indicated cytokines (TNF-Î± and IL-6) in the culture supernatant were determined by ELISA. b, DCs (1Â Ã—Â 104) were pulsed with ovalbumin (OVA, 1Â mgÂ mlâˆ’1) in the presence of various concentrations of isoDCA for 1Â h in serum-free medium and allowed to process antigen for 4Â h in complete medium before addition of an NFATâ€“GFP reporter cell line expressing the MHC-II-restricted OT-II TCR recognizing the ISQAVHAAHAEINEAGR peptide of OVA. The frequency of GFP+ cells was determined by FACS analysis after 24Â h. Cocultures treated with CD3 antibody (1Â Î¼gÂ mlâˆ’1) served as controls for DC-dependent, antigen-processing-independent effects of isoDCA on the activation of reporter cells. Activation with CD3/CD28 antibody beads in the presence of isoDCA served as a control for DC-independent effects on reporter gene expression. Shown are meansÂ Â±Â s.d. of replicates in a and fold-change relative to vehicle (0Â Î¼M isoDCA) within each condition (OVA, CD3 or CD3/CD28 antibody-coated beads) in b. Statistical significance in a was determined by multiple t-tests using the Holmâ€“Sidak correction method with Î±Â =Â 0.05. ****PÂ <Â 0.001 versus vehicle. Statistical significance in b was determined by a two-way ANOVA followed by Dunnetâ€™s multiple comparisonâ€™s test. *PÂ <Â 0.05; ****PÂ <Â 0.001 versus vehicle in each condition. Data are representative of three independent experiments.

Source Data



Extended Data Fig. 4 Liquid chromatographyâ€“mass spectrometry (LCâ€“MS)-based analysis of isoDCA production by engineered B. theta strains.
Bacteria were grown to exponential phase and transferred to media containing DCA. Following incubation for 24Â h, media was extracted with methanol and supernatants were analysed by liquid chromatography-mass spectrometry (LCâ€“MS). Shown are traces for spike-in controls with DCA and isoDCA standards, and for media conditioned by B. thetaeWT, B. thetaeCD or the parental, unmanipulated B. thetaVPI strain VPI-5482. Data are representative of two independent experiments carried out in triplicate.


Extended Data Fig. 5 Analyses of microbial community composition in gnotobiotic and conventionalized mice.
GF mice were gavaged with WT or CD engineered consortia (C. scindens plus B. thetaeWT or C. scindens plus B. thetaeCD). Recipients of an FMT or noncolonized mice (PBS) served as references. The OTU composition of the caecal microbiota on day 10 post-colonization was determined by 16S sequencing. Shown are total read counts (left) and relative abundances (right) of bacteria in individual experimental mice, with data pooled from two independent experiments (nÂ =Â 10).


Extended Data Fig. 6 Effects of isoDCA-producing consortia on colonic lymphocytes.
GF mice were gavaged with engineered consortia (C. scindens plus B. thetaeWT or C. scindens plus B. thetaeCD), PBS or a complex microbial community (FMT) as in Fig. 4b. aâ€“g, Immune cell composition in the LILP was analysed by FACS on day 10 (D10; aâ€“e) or day 30 (f, g) post-colonization. a, b, Frequencies of total Foxp3+ (a) and RORÎ³t+ Foxp3+ (b) Treg cells among CD45+ cells. c, d, Frequency of RORÎ³t+ Foxp3+ cells in the MLN (c) and small intestine lamina propria (SILP, d). e, Frequency of RORÎ³t+ cells among Foxp3âˆ’ CD4+ T cells (e, f) and Foxp3+ CD4+ T cells (g). Data shown are meansÂ Â±Â s.d. (nÂ =Â 10), pooled from two independent experiments. Statistical significance determined by one-way ANOVA followed by Tukeyâ€™s multiple comparisonâ€™s test. **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001; ns, not significant.

Source Data



Extended Data Fig. 7 IsoDCA production by engineered Bacteroides sp. strains.
a, Quantification of isoDCA production by engineered and reference strains in vitro. Bacteria were grown to exponential phase and transferred to medium containing DCA. Following incubation for 24Â h, medium was extracted with methanol and supernatants were analysed by LCâ€“MS. AUC, area under curve. b, c, GF mice were colonized with consortia containing either the engineered strain of B. frag capable of producing isoDCA or the catalytically dead mutant in combination with C. scindens (C. scindens plus B. frageWT and C. scindens plus B. frageCD, respectively). Recipients of an FMT and noncolonized mice (PBS) served as references. Immune-cell composition and isoDCA quantification were performed 10Â days post-colonization. b, FACS analysis of the frequency of RORÎ³t+Â Foxp3+Â CD4+ T cells in the LILP. c, Quantification of isoDCA in caecal contents. Faecal material was weighed, homogenized and extracted with methanol for LCâ€“MS analysis. In a, c, the AUC is normalized by the weight of the input material. Shown are meansÂ Â±Â s.d. (a, nÂ =Â 3; b, nÂ =Â 10; c, nÂ =Â 5). Data in a, c are representative of two independent experiments. Data in b are pooled from two independent experiments. Statistical significance determined by a one-way ANOVA followed by Tukeyâ€™s multiple comparisonâ€™s test. *PÂ <Â 0.05; ND, not detected; ns, not significant.

Source Data



Extended Data Fig. 8 SCFA production by minimal, defined microbial consortia.
GF mice were colonized with consortia containing either the engineered strain of B. frag capable of producing isoDCA or the catalytically dead mutant in combination with C. scindens (C. scindens plus B. frageWT and C. scindens plus B. frageCD, respectively). Recipients of an FMT and noncolonized mice (PBS) served as references. Caecal content material was weighed, homogenized and subjected to organic solvent extraction for GCâ€“MS-based quantification of SCFA levels. Shown are meansÂ Â±Â s.d. (nÂ =Â 6), with data pooled from two independent experiments. Statistical significance determined by a one-way ANOVA followed by Tukeyâ€™s multiple comparisonâ€™s test. ****PÂ <Â 0.0001; ns, not significant.
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