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            Abstract
Inflammation is a beneficial host response to infection but can contribute to inflammatory disease if unregulated. The Th17 lineage of T helper (Th) cells can cause severe human inflammatory diseases. These cells exhibit both instability (they can cease to express their signature cytokine, IL-17A)1 and plasticity (they can start expressing cytokines typical of other lineages)1,2 upon in vitro re-stimulation. However, technical limitations have prevented the transcriptional profiling of pre- and post-conversion Th17 cells ex vivo during immune responses. Thus, it is unknown whether Th17 cell plasticity merely reflects change in expression of a few cytokines, or if Th17 cells physiologically undergo global genetic reprogramming driving their conversion from one T helper cell type to another, a process known as transdifferentiation3,4. Furthermore, although Th17 cell instability/plasticity has been associated with pathogenicity1,2,5, it is unknown whether this could present a therapeutic opportunity, whereby formerly pathogenic Th17 cells could adopt an anti-inflammatory fate. Here we used two new fate-mapping mouse models to track Th17 cells during immune responses to show that CD4+ T cells that formerly expressed IL-17A go on to acquire an anti-inflammatory phenotype. The transdifferentiation of Th17 into regulatory T cells was illustrated by a change in their signature transcriptional profile and the acquisition of potent regulatory capacity. Comparisons of the transcriptional profiles of pre- and post-conversion Th17 cells also revealed a role for canonical TGF-β signalling and consequently for the aryl hydrocarbon receptor (AhR) in conversion. Thus, Th17 cells transdifferentiate into regulatory cells, and contribute to the resolution of inflammation. Our data suggest that Th17 cell instability and plasticity is a therapeutic opportunity for inflammatory diseases.
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                    Figure 1: Th17 cells lose IL‐17A and acquire IL‐10 in vivo.[image: ]


Figure 2: Tr1exTh17 cells have a similar gene expression profile and function compare with Tr1 cells.[image: ]


Figure 3: Tr1exTh17 cell development in EAE and helminth infection.[image: ]


Figure 4: TGF‐β1 via Smad3, and AhR support the conversion of Th17 to Tr1.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Description of Fate+ mice and characterization of exTh17 IL‐10eGFP+ cells under steady state condition.
a, Constructs contained in the Fate+ mice. b, During anti‐CD3 mAb induced transient inflammation in the S.I., a sufficient number of exTh17 IL‐10eGFP+was generated to test whether Fate+ mice faithfully report IL17A and IL‐10 expression. In particular, Tr1 (CD4+ IL‐17AKatushka– YFP– IL‐10eGFP+ Foxp3RFP–), Th17 (CD4+ IL‐17AKatushka+ YFP+ IL‐10eGFP– Foxp3RFP–), exTh17 IL‐10eGFP+ (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP+ Foxp3RFP–) and exTh17 (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP– Foxp3RFP–) were FACS sorted from the small intestine of anti‐CD3 monoclonal antibody treated Fate+ mice and mRNA expression relative to Th17 cells for Il17a and relative to Tr1 for Il10 is reported. ExTh17 IL‐10eGFP+express Il10dim/high and Il17alow. Data are cumulative of three independent experiments. In each experiment we pooled cells from at least 7 mice. Mean and s.e.m., ***P ≤ 0.0005 by ANOVA (Tukey’s multiple comparison test). c–e, Under steady state conditions, intestinal lymphocytes were isolated and re‐stimulated in vitro for 3 h with PMA/ionomycin for the intracellular staining of IFN‐γ and IL‐4, while they were freshly analysed for the expression of CCR6 and RORγt. c, Frequencies of IFN‐γ and IL‐4 among the exTh17 cells is shown. Pie chart reports the frequencies of the indicated cytokine among the exTh17 IL‐10eGFP+. One biological replicates out of five is shown. d, e, Frequencies and MFI of CCR6 (d) and MFI of RORγt are reported for Tr1 (CD4+ IL‐17AKatushka– YFP– IL‐10eGFP+), Th17 (CD4+ IL‐17AKatushka+ YFP+/– IL‐10eGFP–), exTh17 IL‐10+ (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP+) (e). Each dot represents one biological replicate. Mean and s.e.m., **P ≤ 0.005, ***P ≤ 0.0005 by ANOVA (Dunnett’s multiple comparison test, comparison all columns vs control (Th17 cells)).


Extended Data Figure 2 Characterization of Tr1exTh17 cells.
Tr1 (CD4+ IL‐17AKatushka– YFP– IL‐10eGFP+), Th17 (CD4+ IL‐17AKatushka+ YFP+/– IL‐10eGFP–), Tr1exTh17 (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP+) were isolated from the small intestine of anti‐CD3 monoclonal antibody treated‐Fate+ mice and analysed by FACS. a–d, Frequencies of LAG‐3 (a), CCR6 (b), CD49b (c) and MFI of RORγt (d) are reported. Each dot represents one biological replicate. Mean and s.e.m., **P ≤ 0.005, ***P ≤ 0.0005 by ANOVA (Dunnett’s multiple comparison test, Comparison all columns vs control (Th17 cells)). e, Th1 (CD4+ IFN‐γKatushka+ Foxp3RFP–), Th2 (CD4+ IL‐4GFP+ Foxp3RFP–), Tr1 (CD4+ IL‐17AKatushka– IL‐10eGFP+ Foxp3RFP–), Th17 (CD4+ IL‐17AKatushka+ Foxp3RFP–), Tr1exTh17 (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP+ Foxp3RFP–) and exTh17 (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP– Foxp3RFP–) were FACS sorted from the small intestine of anti‐CD3 monoclonal antibody treated mice. mRNA expression relative to HPRT of Ifng, Il2, Tbx21, Il4 and Gata3 of the indicated populations is reported. Mean and s.e.m., *P ≤ 0.05, by Mann–Whitney U‐-test, two tailed.


Extended Data Figure 3 Th17 fate in DNIL‐10R Fate mice.
Fate (WT) and Fate dominant negative IL‐10R (DNIL‐10R) were injected with anti‐CD3 monoclonal antibody and the fate of small intestinal Th17 cells analysed. a, Frequencies of Th17 and exTh17 gated on CD4+ T cells are reported. b, Representative flow cytometric analysis of the IL‐10 and IFN‐γ expression in exTh17 cells. c, Ratio between Tr1exTh17 (CD4+ IL‐17A– YFP+ IL‐10eGFP+ IFN‐γ–) and Th1exTh17 (CD4+ IL‐17A– YFP+ IL‐10eGFP– IFN‐γ+) in WT and DNIL‐10R mice. Mean ± s.e.m. Each dot represents one biological replicate. *P ≤ 0.05; **P ≤ 0.005 by Mann–Whitney U‐-test, two tailed.


Extended Data Figure 4 Constructs and validation of iFate mice.
a, Targeting strategy and constructs of IL‐17AeGFP‐CRE‐ERT2 mice (iFate). Black circles represent Flp recombinase target (FRT) sites. b, Schematic of Th17 cell development in iFate showing that Th17 cell plasticity can be tested only after tamoxifen treatment. c, iFate mice were injected with tamoxifen and anti‐CD3 monoclonal antibody and non Th17 cells (IL‐17AGFP–YFP–), Th17 YFP+ cells (IL‐17AeGFP+ YFP–), Th17 cells (IL‐17AeGFP+ YFP+) and exTh17 cells (IL‐17AeGFP– YFP+) were FACS sorted. Il17a mRNA expression in the indicated populations is reported. The mRNA expression is normalized to HPRT. One representative experiment out of two is shown. d, Representative flow cytometric analysis of intestinal Th17 cells under steady state condition or after anti‐CD3 monoclonal antibody (aCD3) in the absence of tamoxifen treatment. The efficiency of CRE‐mediated recombination after tamoxifen is reported as frequencies of YFP+ cells (YFP) and is the result of the following calculation: YFP+ cells (gate 2 + 3) / (IL‐17AeGFP+ YFP− cells (gate 1) + YFP+ cells (gate 2 + 3).


Extended Data Figure 5 Relative expression of Il17a, Il10 and Foxp3 and FPKM values of signature genes of bona fide Th17 and Tr1 cells.
a, Tr1 (CD4+ IL‐17AKatushka– YFP‐ IL‐10eGFP+ Foxp3RFP–) Th17 (CD4+ IL‐17AKatushka+ YFP+/− IL‐10eGFP+/– Foxp3RFP–), Tr1exTh17 (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP+ Foxp3RFP–), exTh17 (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP– Foxp3RFP–) Foxp3+ TReg (CD4+ IL‐17AKatushka– YFP– IL‐10eGFP– Foxp3RFP+) and Foxp3+ TReg IL‐10+ (CD4+ IL‐17AKatushka– YFP– IL‐10eGFP+ Foxp3RFP+) cells were isolated from the small intestine of Fate+ mice after anti‐CD3 monoclonal anttibody injections. The transcriptome of these populations was sequenced and the relative FPKM expressions of Il10, Il17a and Foxp3 compared to Tr1, Th17 and Foxp3+ TReg cells are reported. b, FPKM values of the indicated populations of the reported genes are shown.


Extended Data Figure 6 Tr1exTh17 cell development in EAE and during helminth infection using iFate mice.
a, Schematic of the experiment, showing iFate+ mice immunized with MOG, treated for 3 times with tamoxifen and then injected with anti‐CD3 monoclonal antibody 70 and 72 days after MOG immunization. The intestinal lymphocytes were analysed 4 h after the second injection of anti‐CD3 monclonal antibody. b, Representative flow cytometric analysis of Th17 and exTh17 (gated on YFP+ cells) and Tr1exTh17 cells (gated on exTh17). The YFP+ percentages (YFP) shown on the dot plots report the efficiency of tamoxifen‐induced CRE‐recombination. Three representative biological replicates out of six are shown. c, Schematic of the experiment, showing iFate mice infected with N. brasiliensis and injected i.p. with tamoxifen at the indicated time points. d, Representative flow cytometric analysis of CD4+ T cells isolated from the lung of iFate mice before (steady state) and after the second infection ± tamoxifen (control N. brasiliensis (no tamoxifen) and N. brasiliensis (+ tamoxifen) respectively)). Cumulative dot plots of 3 biological replicates are shown. One representative experiments out of 3 is shown. The YFP+ percentages (YFP) shown on the dot plots report the efficiency of tamoxifen‐induced CRE‐recombination. The frequencies within the cumulative dot/density plot report the percentage of Th17 and exTh17 among the YFP+ cells, and the frequency of IL‐10+ cells among the exTh17 cells. e, Frequencies of Tr1exTh17 cells (gated on exTh17). Each dot represents a biological replicates. Results are cumulative from three independent experiments.


Extended Data Figure 7 Conversion of Th17 cells into Tr1 over the course of S. aureus infection using Fate and iFate mice.
a, Fate+ mice were left untreated (control) or injected i.v. with S. aureus (S. aureus). Representative flow cytometric analysis of intestinal Th17 and exTh17 (gated on CD4+ Foxp3RFP–) and Tr1exTh17 cells (CD4+ IL‐17AKatushka– YFP+ IL‐10eGFP+; gated on exTh17) are shown. One representative experiment out of three is shown. b, Frequencies and numbers of the indicated population in the small intestine of untreated (control) and infected mice (S. aureus) are reported. Results are cumulative from three independent experiments. Mean and s.e.m., **P ≤ 0.005, ***P ≤ 0.0005 by Mann–Whitney U‐-test, two tailed. c, IFN‐γ and IL‐10eGFP expression of exTh17 cells. Pie chart reports the frequencies of the indicated cytokine among the Tr1exTh17 cells. a–c, One representative biological replicate out of three is shown. One representative experiment out of two is shown. d, Representative flow cytometric analysis of intestinal lymphocytes isolated from iFate mice 4 days after S. aureus infection. One representative biological replicate out of 5 is shown. The YFP+ percentages (YFP) shown on the dot plots report the efficiency of tamoxifen‐induced CRE‐recombination. e, Frequencies of Tr1exTh17 cells (CD4+ IL‐17AeGFP– YFP+ IL‐10CD90.1+; gated on exTh17) are shown. Results are cumulative from two independent experiments.


Extended Data Figure 8 Gene expression of Tr1, Tr1exTh17 and Th17 cells.
a, Heat map of genes selectively expressed in both Tr1exTh17 and Tr1 compared to Th17 cells. The bioinformatics analysis is based on the genes listed in Supplementary Table 1. Red squares highlight genes linked to TGF‐β1 signalling. b, Relative mRNA expression of the indicated genes in Tr1, Tr1exTh17 and Th17 cells FACS sorted form the intestine of Fate+ mice treated with anti‐CD3 monoclonal antibody is shown. Values shown are relative to Th17 cell gene expression. Mean and s.e.m. of biological independent experiments (IRF8 n = 2; SMAD3 n = 4; FOXO1 n = 2; STAT5a n = 3; SMAD4 n = 4) except for IL‐23 and Runx1 (n = 2 technical replicates) are shown. In each experiment we pooled intestinal lymphocytes isolated from 7 treated mice before FACS sorting.


Extended Data Figure 9 Characterization of in vitro generated Tr1exTh17 cells.
a, IL‐1β counteracted Th17 plasticity. IL‐17A MFI in Th17 (CD4+ Foxp3RFP– IL‐17AKatushka+ YFP+/– IL‐10eGFP+/–) differentiated in the presence of TGF‐β1, IL‐6, IL‐23 or IL‐1β, IL‐6, IL‐23. One experiment out of five is shown. Two technical replicates are reported. b, Dose‐response effect of TGF‐β1 on the induction of Tr1exTh17 cells cultured in the presence of IL‐6, IL‐23, IL‐1β. In the last conditions we added anti‐TGF‐β1 monoclonal antibody. TGF‐β1 was diluted 1:2 starting from the concentration of 4 ng ml−1. One experiment out of five is shown. Two technical replicates are reported. c, In line with the literature29, Smad3 chemical inhibition also favours Th17 cell development. Frequency of Th17 cells cultured in the presence or in the absence Smad3 inhibitor at the indicated different concentrations of TGF‐β1 (4–0.25 ng ml−1). One experiment out of five is shown. Three technical replicates are reported. d, mRNA expression of Ahr in CD4 T cells cultured in the presence of either TGF‐β1, IL‐6, IL‐23 or IL‐1β, IL‐6, IL‐23. The expression is normalized to HPRT. One experiment out of two is shown. Two technical replicates are reported. e, Tr1exTh17 cells were polarized in vitro in the presence of TGF‐β1+IL‐6+IL‐23+FICZ and transferred into Rag1−/− mice ± (p)TH17 cells. Endoscopic colitis score and percentage of initial body weight in the indicated groups are shown. Each dot represents one mouse. Results are cumulative from three independent experiments. Mean and s.e.m., *P ≤ 0.05 by Mann–Whitney U‐-test, two‐tailed. f, Th17 cells were isolated from the intestine of anti‐CD3 monoclonal antibody and then restimulated in vitro in the presence of either anti‐TGF‐β+IL‐6 or IL‐6+TGF‐β1+FICZ for 5 days. Frequencies of Tr1exTh17 cells among total cells (left) and among exTh17 cells (right) are reported. Results are cumulative from three independent experiments. Each dot represents a pool of Th17 cells isolated from five mice treated with anti‐CD3. Mean and s.e.m., *P ≤ 0.05, by Mann–Whitney U‐-test, two tailed.





Supplementary information
Supplementary Table 1
This table contains the list of Th17 related genes. This list was used to generate the cluster analysis shown in Figure 3a. (XLSX 36 kb)


Supplementary Table 2
This table contains the list of cytokine genes used to generate the cluster analysis shown in Figure 3b. (XLSX 38 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Gagliani, N., Vesely, M., Iseppon, A. et al. Th17 cells transdifferentiate into regulatory T cells during resolution of inflammation.
                    Nature 523, 221–225 (2015). https://doi.org/10.1038/nature14452
Download citation
	Received: 24 September 2014

	Accepted: 10 April 2015

	Published: 29 April 2015

	Issue Date: 09 July 2015

	DOI: https://doi.org/10.1038/nature14452


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

                
                    	
                            
                                
                                    
                                        Bioinformatics and experimental analyses of glutamate receptor and its targets genes in myocardial and cerebral ischemia
                                    
                                

                            
                                
                                    	Wei Liao
	Chunming He
	Ziyou Liu


                                
                                BMC Genomics (2023)

                            
	
                            
                                
                                    
                                        Role of regulatory T cells in spinal cord injury
                                    
                                

                            
                                
                                    	Hao Chen
	Hao Peng
	Bo-wen Wan


                                
                                European Journal of Medical Research (2023)

                            
	
                            
                                
                                    
                                        Modulating AHR function offers exciting therapeutic potential in gut immunity and inflammation
                                    
                                

                            
                                
                                    	Yue Chen
	Yadong Wang
	Kang Xu


                                
                                Cell & Bioscience (2023)

                            
	
                            
                                
                                    
                                        Immune regulation through tryptophan metabolism
                                    
                                

                            
                                
                                    	Su-Kil Seo
	Byungsuk Kwon


                                
                                Experimental & Molecular Medicine (2023)

                            
	
                            
                                
                                    
                                        A T follicular helper cell origin for T regulatory type 1 cells
                                    
                                

                            
                                
                                    	Patricia Solé
	Jun Yamanouchi
	Pere Santamaria


                                
                                Cellular & Molecular Immunology (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
The way out of the immune response
This paper describes a previously unknown mechanism by which the immune system enforces resolution of the immune response. Nicola Gagliani et al. used two fate-mapping mouse models to track the development of TH17 lineage T helper cells during immune/inflammatory responses to antibody challenge and bacterial infection. They find that effector TH17 cells undergo genetic reprogramming during the course of an inflammatory response and convert into regulatory T cells during the resolution phase. Failure to appropriately regulate resolution of the immune response can lead to the development of a variety of inflammatory and autoimmune disorders, so these findings are of relevance to the development of develop new therapies.

show all

    

    
    

    
        
            
                
                    
                        
                            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: ]
