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            Abstract
Foxp3+ regulatory T (Treg) cells in visceral adipose tissue (VAT-Treg cells) are functionally specialized tissue-resident cells that prevent obesity-associated inflammation and preserve insulin sensitivity and glucose tolerance. Their development depends on the transcription factor PPAR-γ; however, the environmental cues required for their differentiation are unknown. Here we show that interleukin 33 (IL-33) signaling through the IL-33 receptor ST2 and myeloid differentiation factor MyD88 is essential for development and maintenance of VAT-Treg cells and sustains their transcriptional signature. Furthermore, the transcriptional regulators BATF and IRF4 were necessary for VAT-Treg differentiation through direct regulation of ST2 and PPAR-γ expression. IL-33 administration induced vigorous population expansion of VAT-Treg cells, which tightly correlated with improvements in metabolic parameters in obese mice. Human omental adipose tissue Treg cells also showed high ST2 expression, suggesting an evolutionarily conserved requirement for IL-33 in VAT-Treg cell homeostasis.
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                    Figure 1: Blimp-1+ eTreg cells have a distinct transcriptional profile and localize outside the T cell area.[image: ]


Figure 2: ST2 is specifically expressed by eTreg cells, in particular in the VAT.[image: ]


Figure 3: ST2 is required for the differentiation of VAT-Treg cells.[image: ]


Figure 4: IL-33 induces proliferation and maintains identity of VAT-Treg cells.[image: ]


Figure 5: TCR signals induce the VAT-Treg cell transcriptional program in a BATF- and IRF4-dependent manner.[image: ]


Figure 6: IRF4 and BATF bind the Pparg and Il1rl1 loci, and continuous IRF4 expression is required for maintaining VAT-Treg cell identity.[image: ]


Figure 7: IL-33 administration increases VAT-Treg cell numbers in genetically obese mice.[image: ]
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Integrated supplementary information

Supplementary Figure 1 eTreg cells are a transcriptionally distinct Treg cell population.
(a) Gating strategy used to purify Blimp1- cTreg cells (blue gate) and Blimp1+ eTreg cell (red gate) from pooled spleen and lymph nodes (LNs) of Blimp1GFP mice. Representative of 6 experiments. (b) Heat map showing top 100 differentially expressed genes between cTreg cells and eTreg cells determined using likelihood ratio test. (c) RNAseq tracks showing the expression of Foxp3 in cTreg and eTreg cells. (d) Heat maps showing expression of transcriptional regulators (left) and genes related to migration and adhesion (right) that are differentially expressed between cTreg cells and eTreg cells. RNAseq for the indicated Treg cell populations performed in triplicate.


Supplementary Figure 2 ST2 expression correlates with other VAT-Treg cell markers.
(a) Expression of ST2 against other surface molecules Ly6C, Ccr2, KLRG1, PD-1, CD69 and Tigit on Treg cells from spleen and VAT. Flow cytometric plots displaying CD4+Foxp3+ cells from a 35-week-old wild-type mouse, representative of 7 individual mice from two experiments.


Supplementary Figure 3 IL-33 is specifically required for VAT-Treg cells but dispensable for other Treg cell populations.
(a-c) Treg proportions and phenotype in selected lymphoid (a-b) and non-lymphoid (c) organs of wild-type (WT) and Il1rl1–/– mice as indicated. Values are mean ± S.D. of 9 individual mice from 3 experiments. LPL - Lamina propria lymphocytes of the small intestine. (d) Treg cell proportions in WT and Il33–/– mice and expression of KLRG1 in WT and Il33–/– Treg cells. Values are mean ± S.D. of 5 individual mice from two experiments. Numbers indicate percentages of cells. (e) Weight of VAT from 35-week old Il1rl1–/–, Il33–/– and WT mice. Values are mean ± S.D. from 8 individual mice from 3 experiments. (f-g) Glucose tolerance tests for Il1rl1–/– (f), Il33–/– (g) and corresponding WT control mice. The graphs are representative of at least two independent experiments with 3-5 mice per experiment. Two-way ANOVA test (P<0.0001), error bars denote S.E.M. (h) HOMA-IR calculated for Il33–/– and WT mice. (i) Flow cytometric analysis of adipose tissue from Il33–/– and WT mice. Graphs show VAT macrophages (TCRβ-, CD11b+, F4/80+ and CD11c+), pro-inflammatory monocytes (TCRβ-, CD11b+ Ly6C+) and CD8+ T cells. Panels representative of more than 5 mice analyzed in two independent experiments. (j) Serum leptin levels in Il33–/– mice. Values are mean ± S.D. *P<0.04; NS – not significant (unpaired, two tailed t-test).


Supplementary Figure 4 IL-33 drives proliferation of VAT-Treg cells.
(a-b) In vitro proliferation of VAT-Treg cells. Equal number of purified VAT lymphocytes from wild-type (WT) mice were CTV labeled and cultured for 3.5 days with (a) or without (b) plate bound CD3 and soluble CD28 antibodies, cytokines, and with or without IL-2 blocking antibodies as indicated. Bar graph shows relative numbers of Treg cells at the end of the culture. Figure representative of three experiments. (c) Relative Il33 mRNA expression in the VAT of young (8 weeks) versus old (35 weeks) mice. (d) IL-33 protein expression analyzed by immunoblotting of adipose tissue from young and old mice that were on a normal diet. Il33–/– mice were used as specificity control. Actin was used as loading control. Representative of 5 experiments. (e-f) ST2 expression on VAT-Treg cells isolated from WT mice of different ages as indicated. (e) and correlation of age and VAT-Treg prevalence (f). One way ANOVA for both panels, P<0.0001. (g) Frequency of Foxp3+ cells of CD4+ T cells in selected lymphoid and non-lymphoid organs from PBS, IL-33 and IL-2/anti-IL-2 Ab complex (IL-2c) treated mice. LPL - Lamina propria lymphocytes of the small intestine. (h) ST2 expression on KLRG1+ and KLRG1- Treg cells. (i) Flow cytometric analysis of splenic Foxp3+ cells showing expression of KLRG1 and ST2 in PBS and IL-33 treated mice (left). Graph showing proportion of KLRG1+ cells ± S.D. of total Treg cells in the spleen in control and IL-33 treated mice (right). (j) Proportion of Foxp3+ cells within CD4+ T cells in the VAT at different time points post IL-33 injection. One way ANOVA, P=0.0047. Symbols indicate data points for individual mice, values are mean ± S.D. Values in (a-c) are means ± S.D. from 3 experiments. Values in (e-g) are means ± S.D. from 5 individual mice from 2 experiments. *P=0.017; **P<0.008; ***P=0.0001; ****P<0.0001 (unpaired, two tailed t-test).


Supplementary Figure 5 IL-33 signaling through MyD88 is required for VAT-Treg cell differentiation.
(a-b) Proportion of Treg cells in selected lymphoid (a) and non-lymphoid (b) organs of wild-type (WT) and Myd88–/– mice. LPL - lamina propria lymphocytes of the small intestine. (c) Flow cytometric analysis of Treg cells from the lymph nodes (LN) of wild-type and Myd88–/– mice assessed for eTreg cell markers ICOS and KLRG1 (left), frequency of KLRG1+ cells of lymph node Treg cells from WT and Myd88–/–mice (right). Numbers indicate percentages of cells. (d) VAT weight from WT and Myd88–/– mice. (e) Treg cells enriched from spleens of wild-type (WT) mice and cultured in the presence of plate bound CD3 and soluble CD28 antibodies, and cytokines for 3 days. Expression of ST2 and Foxp3 is shown in the flow cytometric plots. (f) Treg cells enriched from spleen of WT and Myd88–/– mice, CTV labeled and cultured as in (e). Expression of ST2 (dot plots, left) and proliferation measured by CTV dilution. Values in (a-d) are means ± S.D. from 8-9 mice. **P=0.003; NS – Not significant (unpaired, two tailed t-test).


Supplementary Figure 6 BATF and IRF4 are required for VAT-Treg cell development.
(a-b) Proportion of Treg cells in the spleen and VAT of wild-type (WT) mice compared to Batf–/– (b) and Irf4–/– (b) mice. Values are means ± S.D. from 5-7 mice per group. (c-d) VAT mass (c) and body weight (d) of WT, Irf4–/– and Batf–/– mice. Values are the means from each 6-8 mice per group (one way ANOVA). (e) Bar graph showing proportions of WT and knock-out Foxp3+ cells as indicated from the spleens and VAT of Ly5.1 (WT) / Batf–/– (left) and Ly5.1 (WT) / Irf4–/– peripheral chimeric mice. (f) Flow cytometric analysis of ST2 expression on Treg cells from the VAT of mice of the indicated genotype. (g-h) MACS enriched CD4+CD25+ cells from WT (Ly5.1), Batf–/– (Ly5.2) and Irf4–/– (Ly5.2) mice as indicated were mixed as indicated, CTV labeled and cultured in conditions that induce ST2. Flow cytometric analysis of total Foxp3+ cells. Numbers indicate percentages of cells. Bar graphs show the proportion of Foxp3+ cells of the indicated genotype that express ST2. Histograms (gated on Foxp3+ cells) show CTV dilution profiles. Values are mean ± S.D. from 5 male 30-week-old mice per group. (i) RNAseq track showing expression of GzmB by cTreg cells and eTreg cells. (j) Weight of VAT from Irf4fl/flGzmBCre+ and control mice. Values are mean from 4 mice per group. *P<0.01; **P<0.002; ***P=0.0001; ****P<0.0001 (unpaired, two tailed t-test)..


Supplementary Figure 7 IL-33 administration can rescue VAT-Treg defects in genetically obese and HFD mice.
(a) Percentages of VAT and spleen Treg cells within the CD4+ compartments of C57BL/6 and NZO mice. Values are mean ± S.D. from 5 mice of each genotype. (b) Intraperitoneal glucose tolerance test (GTT) for NZO mice treated with PBS and IL-33. (c) Area under curve (AUC) for GTT performed on HFD and NZO mice as indicated. Values are mean from 4 and 5 mice per group. (d) Proportion of CD8+ T cells and VAT macrophages in the VAT of NZO mice treated with PBS or IL-33 as indicated. (e) Representative flow cytometric analysis of HFD mice. Plots show VAT macrophages (TCRβ-, CD11b+, F4/80+ and CD11c+) and pro-inflammatory monocytes (TCRβ-, CD11b+ Ly6C+). Numbers in boxes indicate percentages of cells. (f) Expression of Ccl2 (Mcp1), Ccl3 (Mip1α), Ccl5 (RANTES) and Il1β in the VAT of HFD and NZO mice treated with PBS or IL-33 analyzed by qPCR. Values are means ± S.D. For the GTT experiments in (b) a two way ANOVA test was performed (P<0.0001) and error bars denote S.E.M. P values for other graphs *P<0.05; **P=0.002; NS – not significant (unpaired, two tailed t-test).


Supplementary Figure 8 IL-33 treatment increases Treg cell numbers and improves metabolic parameters in NZO and HFD mice.
(a) Weight of VAT isolated from NZO and HFD mice treated with PBS or IL-33. Values are mean from 4 and 5 mice per group. (b) Hematoxylin and eosin staining of VAT sections. Numbers of adipocytes per field and adipocyte sizes from PBS and IL-33 treated NZO (upper panels) and HFD mice (lower panels) as indicated. Values are means ± S.E.M. of three sections each from 4-5 mice analyzed. (c) HOMA-IR calculated from PBS or IL-33 treated NZO and HFD mice as indicated. (d) Immunoblot showing Akt phosphorylation in VAT of PBS and IL-33 treated NZO or HFD mice after intravenous insulin injection. Representative of three experimets. (e) Analysis of ST2 expression on human Treg cells from peripheral blood mononuclear cells or omental fat as indicated; representative of three samples. * P<0.01 (a); ***P=0.0001 (b); ****P<0.0001 (b).





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–8, and Supplementary Tables 4 and 5 (PDF 5066 kb)


Supplementary Table 1
Top 200 DE genes_cTregs Vs eTregs (CSV 13 kb)


Supplementary Table 2
DE genes encoding transcription factors_cTregs Vs eTregs (CSV 2 kb)


Supplementary Table 3
DE genes involved in migration_cTregs Vs eTregs (CSV 1 kb)





Rights and permissions
Reprints and permissions


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



Cite this article
Vasanthakumar, A., Moro, K., Xin, A. et al. The transcriptional regulators IRF4, BATF and IL-33 orchestrate development and maintenance of adipose tissue–resident regulatory T cells.
                    Nat Immunol 16, 276–285 (2015). https://doi.org/10.1038/ni.3085
Download citation
	Received: 03 November 2014

	Accepted: 16 December 2014

	Published: 19 January 2015

	Issue Date: March 2015

	DOI: https://doi.org/10.1038/ni.3085


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
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The regulation and differentiation of regulatory T cells and their dysfunction in autoimmune diseases
                                    
                                

                            
                                
                                    	Tomokazu S. Sumida
	Nardos T. Cheru
	David A. Hafler


                                
                                Nature Reviews Immunology (2024)

                            
	
                            
                                
                                    
                                        The role of transcription factors in shaping regulatory T cell identity
                                    
                                

                            
                                
                                    	Jorge L. Trujillo-Ochoa
	Majid Kazemian
	Behdad Afzali


                                
                                Nature Reviews Immunology (2023)

                            
	
                            
                                
                                    
                                        Immune cells in adipose tissue microenvironment under physiological and obese conditions
                                    
                                

                            
                                
                                    	Yuchen Jiang
	Fengying Gong


                                
                                Endocrine (2023)

                            
	
                            
                                
                                    
                                        IL-37 isoform D acts as an inhibitor of soluble ST2 to boost type 2 immune homeostasis in white adipose tissue
                                    
                                

                            
                                
                                    	Chaoze Li
	Mingsheng Zhao
	Qun Wang


                                
                                Cell Death Discovery (2022)

                            
	
                            
                                
                                    
                                        Immune and non-immune functions of adipose tissue leukocytes
                                    
                                

                            
                                
                                    	W. V. Trim
	L. Lynch


                                
                                Nature Reviews Immunology (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Immunology (Nat Immunol)
                
                
    
    
        ISSN 1529-2916 (online)
    
    


                
    
    
        ISSN 1529-2908 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	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 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: ]
