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            Abstract
The metabolic pathways encoded by the human gut microbiome constantly interact with host gene products through numerous bioactive molecules1. Primary bile acids (BAs) are synthesized within hepatocytes and released into the duodenum to facilitate absorption of lipids or fat-soluble vitamins2. Some BAs (approximately 5%) escape into the colon, where gut commensal bacteria convert them into various intestinal BAs2 that are important hormones that regulate host cholesterol metabolism and energy balance via several nuclear receptors and/or G-protein-coupled receptors3,4. These receptors have pivotal roles in shaping host innate immune responses1,5. However, the effect of this host–microorganism biliary network on the adaptive immune system remains poorly characterized. Here we report that both dietary and microbial factors influence the composition of the gut BA pool and modulate an important population of colonic FOXP3+ regulatory T (Treg) cells expressing the transcription factor RORγ. Genetic abolition of BA metabolic pathways in individual gut symbionts significantly decreases this Treg cell population. Restoration of the intestinal BA pool increases colonic RORγ+ Treg cell counts and ameliorates host susceptibility to inflammatory colitis via BA nuclear receptors. Thus, a pan-genomic biliary network interaction between hosts and their bacterial symbionts can control host immunological homeostasis via the resulting metabolites.
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                    Fig. 1: Gut BA metabolites are essential for colonic RORγ+ Treg cell maintenance.[image: ]


Fig. 2: Gut bacteria control colonic RORγ+ Treg cells through their BA metabolic pathways.[image: ]


Fig. 3: BA metabolites modulate colonic RORγ+ Treg cells via BARs.[image: ]


Fig. 4: BAs ameliorate gut inflammation.[image: ]
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                Data availability


The microarray, RNA-seq and 16S rRNA profiling data are available in the NCBI database under accession numbers GSE68009, GSE137405 and PRJNA573477, respectively. The MS data are available in the MetaboLights database with the identifier MTBLS1276.
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Extended data figures and tables

Extended Data Fig. 1 Both dietary and microbial factors control the number of colonic RORγ+ Treg cells.
a, Beginning at 3 weeks of age, three groups of mice were fed special diets for 4 weeks. SPF mice were fed either a nutrient-rich or a minimal diet, and GF mice were fed the nutrient-rich diet. Colonic Treg cells were analysed, and absolute numbers of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population are shown. b, c, Three-week-old SPF mice were fed as in a, and Treg cells in different tissues were analysed after 4 weeks. Representative plots (b) and frequencies of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population (c) are shown. iLN, inguinal lymph node. d–f, SPF mice were fed a nutrient-rich or a minimal diet at birth and were either maintained on that diet or switched to the opposite diet at 3 weeks of age. Colonic Treg cells were analysed after 4 weeks. Representative plots of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population (d), and the frequencies of FOXP3+ in the CD4+TCRβ+ cell population (e) and RORγ+Helios− in the colonic FOXP3+CD4+TCRβ+ Treg cell population (f) are shown. g–i, LC–MS quantification of faecal acetate (g), propionate (h) and butyrate (i) from SPF mice fed a nutrient-rich or a minimal diet, and from GF mice fed a nutrient-rich diet. j, Three-week-old SPF mice were fed a nutrient-rich diet, a minimal diet, or a minimal diet supplemented with individual or mixed SCFAs in drinking water. Colonic Treg cells were analysed after 4 weeks. Frequencies of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population are shown. Data are representative of two independent experiments. n represents biologically independent animals. Data are mean ± s.e.m. (a, c and e–j). *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by the Bonferroni post hoc test (a, e–i) or two-tailed Student’s t-test (c).

Source Data



Extended Data Fig. 2 Intestinal BAs regulate the number of colonic Treg cells.
a, b, Absolute numbers of RORγ+Helios− in the colonic FOXP3+CD4+TCRβ+ Treg cell population (a) and of FOXP3+ Treg cells in the CD4+TCRβ+ population (b) in SPF mice fed a nutrient-rich diet, a minimal diet, or a minimal diet supplemented with mixtures of primary or secondary BAs in drinking water. The primary BAs were CA, CDCA and UDCA (2 mM of each). The secondary BAs were 3-oxo-CA, 3-oxo-LCA, 7-oxo-CA, 7-oxo-CDCA, 12-oxo-CA, 12-oxo-DCA, DCA and LCA (1 mM of each). c, Three-week-old SPF mice were fed a nutrient-rich diet, a minimal diet, or a minimal diet supplemented with one or more primary or secondary BAs in drinking water. Colonic TH17 cells were analysed after 4 weeks. CA, CDCA, UDCA, DCA, LCA, 3-oxo-CA, 3-oxo-LCA, 7-oxo-CA, 7-oxo-CDCA, 12-oxo-CA, 12-oxo-DCA and the indicated BA combinations were tested. Frequencies of RORγ+FOXP3− in the CD4+TCRβ+ cell population are shown. d, e, Three-week-old SPF mice were fed a nutrient-rich diet, a minimal diet, or a minimal diet supplemented with the indicated primary BAs (CA/CDCA/UDCA, 2 mM of each) or the secondary BAs (oxo-BAs/LCA/DCA, 1 mM of each) in drinking water. Treg cells and TH17 cells in the spleen, mesenteric lymph node and ileum were analysed after 4 weeks. Frequencies of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population (d) and of RORγ+FOXP3− in the CD4+TCRβ+ cell population (e) are shown. Data are pooled from two or three independent experiments. n represents biologically independent animals. Data are mean ± s.e.m. **P < 0.01, ***P < 0.001, one-way ANOVA followed by the Bonferroni post hoc test.

Source Data



Extended Data Fig. 3 Colonic microbial profiling of rich-diet mice versus minimal-diet mice.
a–d, Three-week-old SPF mice were fed a nutrient-rich or a minimal diet, and the microbial compositions in the colonic lumen were analysed after 4 weeks by 16S rRNA sequencing. Observed operational taxonomic units (OTUs) (a), Shannon index (b), principal coordinates analysis (PCoA) (c) and the relative abundance of bacteria at the phylum and family levels (d) are shown. e, Quantitative PCR analysis of 16S rDNA of Clostridium cluster IV and Clostridium cluster XIVα in colonic luminal specimens from SPF mice fed a nutrient-rich diet, a minimal diet, or a minimal diet supplemented with the indicated primary BAs (CA/CDCA/UDCA, 2 mM of each) or the secondary BAs (oxo-BAs/LCA/DCA, 1 mM of each) in drinking water. f, Four-week-old GF mice or GF mice receiving transferred faecal materials (FMTs) from minimal-diet or rich-diet SPF mice were fed a nutrient-rich diet or a minimal diet, and colonic Treg cells were analysed after 2 weeks. Frequencies of colonic RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population are shown. Data are pooled from three independent experiments in a–d. Data are representative of two independent experiments in e and f. n represents biologically independent animals. Data are mean ± s.e.m. ***P < 0.001, one-way ANOVA followed by the Bonferroni post hoc test.

Source Data



Extended Data Fig. 4 Generation of BA metabolic pathway mutants in Bacteroides.
a, Schematic diagram of pNJR6 suicide vector-mediated BA gene deletion in Bacteroides. b, Genotyping of B. thetaiotaomicron and B. fragilis BA metabolic pathway mutants by PCR. PCR primers were designed to target the flanking regions of an intact gene. PCR of an untouched gene plus its flanking regions generated a PCR product of around 1,150–1,500 bp, while deletion of an interested BA metabolic gene resulted in only an approximately 350–450-bp PCR amplicon of its two flanking regions. c, d, Bacterial load (measured as colony-forming unit (CFU) per gram of faeces) of B. thetaiotaomicron (c) and B. fragilis (d) BA metabolic pathway mutants and their wild-type control strains in monocolonized GF mice. e, f, LC–MS quantification of faecal conjugated primary BAs (e) and deconjugated primary BAs (f) in GF mice monocolonized with B. thetaiotaomicron or B. fragilis BA metabolic pathway mutants and their wild-type control strains. Data are representative of two independent experiments in b, e and f. Data are pooled from three independent experiments in c and d. n represents biologically independent animals. Data are mean ± s.e.m. (c–f).

Source Data



Extended Data Fig. 5 Gut bacteria modulate colonic RORγ+ Treg cells via their BA metabolic pathways.
a, b, Each of four groups of GF mice was colonized with one of the following microorganisms: (1) a wild-type strain of B. thetaiotaomicron; (2) a BSH-mutant strain; (3) a 7α-HSDH-mutant strain; or (4) a triple-mutant (TKO) strain. Colonic Treg cells were analysed after 2 weeks. Absolute numbers of RORγ+Helios− in the colonic FOXP3+CD4+TCRβ+ Treg cell population (a) and of FOXP3+ Treg cells in the CD4+TCRβ+ population (b) are shown. c, d, Each of four groups of GF mice was colonized with one of the following microorganisms: (1) a wild-type strain of B. fragilis; (2) a BSH-KO strain; (3) a 7α-HSDH-KO strain; or (4) a double-mutant (DKO) strain. Absolute numbers of colonic Treg cells are shown as in a and b. e, f, GF mice were colonized with B. thetaiotaomicron BA metabolic pathway mutants or their wild-type control strains. Colonic Treg cells and TH17 cells were analysed after 2 weeks. Frequencies of FOXP3+ in the CD4+TCRβ+ cell population (e) or RORγ+FOXP3− in the CD4+TCRβ+ cell population (f) are shown. g, h, GF mice were colonized with B. fragilis BA metabolic pathway mutants or their wild-type control strains. Frequencies of colonic Treg cells and TH17 cells are shown as in e and f. i, j, GF mice were colonized with B. thetaiotaomicron BA metabolic pathway mutants or their wild-type control strains. Treg cells and TH17 cells in the spleen, mesenteric lymph node and ileum were analysed after 2 weeks. Frequencies of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population (i) and RORγ+FOXP3− in the CD4+TCRβ+ cell population (j) are shown. k, l, GF mice were colonized with B. fragilis BA metabolic pathway mutants or their wild-type control strains. Frequencies of Treg cells and TH17 cells in the spleen, mesenteric lymph node and ileum are shown as in i and j. Data are pooled from two or three independent experiments. n represents biologically independent animals. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by the Bonferroni post hoc test.

Source Data



Extended Data Fig. 6 The effect of BAR deficiency on Treg cells or TH17 cells in gut and peripheral lymphoid organs.
a, Protein expression of VDR, FXR (also known as NR1H4) and GPBAR1 in the colonic tissue of SPF C57BL/6J mice was analysed by western blot. The red asterisks indicate the corresponding molecular weight of VDR (53 kDa), FXR (69 kDa) and GPBAR1 (33 kDa). For gel source data, see Supplementary Fig. 1. b, c, Absolute numbers of RORγ+Helios− in the colonic FOXP3+CD4+TCRβ+ Treg cell population (b) and of FOXP3+ Treg cells in the CD4+TCRβ+ population (c) from mice deficient in nuclear receptors (Nr1i2−/−Nr1i3−/−, Nr1h3−/−, Vdr−/−, Nr1h4−/− and Vdr−/−Nr1h4−/−) and their littermate controls. d, e, Frequencies of FOXP3+ in the colonic CD4+TCRβ+ cell population from mice deficient in G-protein-coupled receptors (Gpbar1−/−, Chrm2−/−, Chrm3−/− and S1pr2−/−) and their littermate controls (d) and from mice deficient in nuclear receptors (Nr1i2−/−Nr1i3−/−, Nr1h3−/−, Vdr−/−, Nr1h4−/− and Vdr−/−Nr1h4−/−) and their littermate controls (e). f, g, Frequencies of RORγ+FOXP3− in the colonic CD4+TCRβ+ cell population from mice described in d and e. h–n, Treg cells in the spleen, mesenteric lymph node and ileum from the indicated mice were analysed. Frequencies of RORγ+Helios− in the FOXP3+CD4+TCRβ+ Treg cell population from Gpbar1−/− (h), Chrm2−/− (i), Chrm3−/− (j), S1pr2−/− (k), Nr1i2−/−Nr1i3−/− (l), Nr1h3−/− (m), and Vdr−/−, Nr1h4−/− and Vdr−/−Nr1h4−/− (n) mice and their littermate controls are shown. Data are representative of two or three independent experiments in a and d–n, or are pooled from two or three independent experiments in b and c. n represents biologically independent animals. Data are mean ± s.e.m. **P < 0.01, one-way ANOVA followed by the Bonferroni post hoc test.

Source Data



Extended Data Fig. 7 Dietary vitamin D3 does not alter the frequency of colonic RORγ+ Treg cells.
a, b, Beginning at 3 weeks of age, three groups of mice were fed special diets for 4 weeks. SPF mice were fed either a nutrient-rich or a minimal diet, and GF mice were fed the nutrient-rich diet. The levels of 1,25-dihydroxyvitamin D3 in serum (a) and the colon (b) of these mice were determined by ELISA. c, SPF mice were fed a nutrient-rich diet, or a rich diet deficient in vitamin D3 (VitD3) or vitamin A (VitA) at birth. Colonic Treg cells were analysed after 7 weeks. Frequencies of RORγ+Helios− in the colonic FOXP3+CD4+TCRβ+ Treg cell population are shown. d, SPF mice were fed a nutrient-rich diet at birth and were either maintained on that diet or switched to a rich diet deficient in vitamin D3 or vitamin A at 3 weeks of age. Colonic Treg cells were analysed after 4 weeks. Frequencies of RORγ+Helios− in the colonic FOXP3+CD4+TCRβ+ Treg cell population are shown. Data are representative of two independent experiments. n represents biologically independent animals. Data are mean ± s.e.m. ***P < 0.001, one-way ANOVA followed by the Bonferroni post hoc test.

Source Data



Extended Data Fig. 8 Comparison of RORγ+ Treg cell signature genes of colonic Treg cells from Vdr+/+ and Vdr−/− mice.
Volcano plots comparing transcriptomes of colonic Treg cells from Vdr+/+Foxp3mRFP and Vdr−/−Foxp3mRFP mice (n = 3). Colonic RORγ+ Treg cell signature genes are highlighted in red (upregulated) or blue (downregulated). The number of genes from each signature preferentially expressed by one or the other population is shown at the bottom. Data are pooled from two independent experiments. n represents biologically independent animals. To determine the enrichment of certain gene signatures in RNA-seq datasets, a χ2 test was used. P < 0.05 was considered statistically significant.
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Extended Data Fig. 9 BA supplementation does not cause gut inflammation and cannot ameliorate gut inflammation after the development of colitis.
a–c, Three-week-old SPF mice were fed a nutrient-rich diet, a minimal diet, or a minimal diet supplemented with mixtures of primary BAs (CA/CDCA/UDCA, 2 mM of each) or secondary BAs (oxo-BAs/LCA/DCA, 1 mM of each) in drinking water. Initial body weights were recorded before DSS challenge (a). Clinical scores (b) and haematoxylin and eosin histology (c) for representative colons from mice not challenged with DSS are shown. d, e, Three-week-old SPF mice fed a nutrient-rich or a minimal diet for 4 weeks were then challenged in the DSS-induced colitis model. After the development of colitis at day 5 of the model, the DSS containing drinking water was switched to regular drinking water or to drinking water supplemented with mixtures of primary or secondary BAs. The primary BAs were CA, CDCA and UDCA (2 mM of each). The secondary BAs were 3-oxo-CA, 3-oxo-LCA, 7-oxo-CA, 7-oxo-CDCA, 12-oxo-CA, 12-oxo-DCA, DCA and LCA (1 mM of each). Daily weight loss (d) of mice during the course of DSS-induced colitis and clinical scores (e) on day 10 of colitis are shown. Data are representative of two independent experiments. n represents biologically independent animals. Data are mean ± s.e.m. in a, b, d and e.
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Extended Data Fig. 10 VDR signalling controls gut inflammation.
a–c, Daily weight loss (a) of Vdr+/+ and Vdr−/− mice during the course of DSS-induced colitis. Clinical scores (b) and haematoxylin and eosin histology (c) of representative colons on day 10 of colitis are shown. d, Schematic representation of the T cell-adaptive transfer model of colitis. Either Vdr+/+ or Vdr−/− naive T cells are transferred to Rag1−/− mice. e–g, Weight loss (e) of Rag1−/− mice in d during the course of T cell-adaptive transfer-induced colitis. Clinical scores (f) and haematoxylin and eosin histology (g) of representative colons on day 67 of colitis are shown. Data are representative of two independent experiments. n represents biologically independent animals. Data are mean ± s.e.m. in a, b, e and f. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA followed by the Bonferroni post hoc test (a and e) or two-tailed Student’s t-test (b and f).

Source Data






Supplementary information
Supplementary Information
This file contains Supplementary Table 1-2 and Supplementary Figure 1


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Song, X., Sun, X., Oh, S.F. et al. Microbial bile acid metabolites modulate gut RORγ+ regulatory T cell homeostasis.
                    Nature 577, 410–415 (2020). https://doi.org/10.1038/s41586-019-1865-0
Download citation
	Received: 15 March 2019

	Accepted: 07 November 2019

	Published: 25 December 2019

	Issue Date: 16 January 2020

	DOI: https://doi.org/10.1038/s41586-019-1865-0


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
