







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 15 February 2021



                    Metabolic support of tumour-infiltrating regulatory T cells by lactic acid

                    	McLane J. Watson1,2,3, 
	Paolo D. A. Vignali1,2,3, 
	Steven J. Mullett4, 
	Abigail E. Overacre-Delgoffe1,5, 
	Ronal M. Peralta1,2,3, 
	Stephanie GrebinoskiÂ 
            ORCID: orcid.org/0000-0002-3562-31901,3, 
	Ashley V. Menk2, 
	Natalie L. Rittenhouse5, 
	Kristin DePeauxÂ 
            ORCID: orcid.org/0000-0001-8460-727X1,2,3, 
	Ryan D. Whetstone1,2, 
	Dario A. A. VignaliÂ 
            ORCID: orcid.org/0000-0002-2771-59921,2,6, 
	Timothy W. Hand5,6, 
	Amanda C. Poholek5, 
	Brett M. Morrison7, 
	Jeffrey D. RothsteinÂ 
            ORCID: orcid.org/0000-0003-2001-84707, 
	Stacy G. Wendell4,8 & 
	â€¦
	Greg M. DelgoffeÂ 
            ORCID: orcid.org/0000-0002-2957-81351,2,6Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 591,Â pages 645â€“651 (2021)Cite this article
                    

                    
        
            	
                        55k Accesses

                    
	
                        450 Citations

                    
	
                            340 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Cellular immunity
	Regulatory T cells
	Tumour immunology


    


                
    
    

    
    

                
            


        
            Abstract
Regulatory T (Treg) cells, although vital for immune homeostasis, also represent a major barrier to anti-cancer immunity, as the tumour microenvironment (TME) promotes the recruitment, differentiation and activity of these cells1,2. Tumour cells show deregulated metabolism, leading to a metabolite-depleted, hypoxic and acidic TME3, which places infiltrating effector T cells in competition with the tumour for metabolites and impairs their function4,5,6. At the same time, Treg cells maintain a strong suppression of effector T cells within the TME7,8. As previous studies suggested that Treg cells possess a distinct metabolic profile from effector T cells9,10,11, we hypothesized that the altered metabolic landscape of the TME and increased activity of intratumoral Treg cells are linked. Here we show that Treg cells display broad heterogeneity in their metabolism of glucose within normal and transformed tissues, and can engage an alternative metabolic pathway to maintain suppressive function and proliferation. Glucose uptake correlates with poorer suppressive function and long-term instability, and high-glucose conditions impair the function and stability of Treg cells in vitro. Treg cells instead upregulate pathways involved in the metabolism of the glycolytic by-product lactic acid. Treg cells withstand high-lactate conditions, and treatment with lactate prevents the destabilizing effects of high-glucose conditions, generating intermediates necessary for proliferation. Deletion of MCT1â€”a lactate transporterâ€”in Treg cells reveals that lactate uptake is dispensable for the function of peripheral Treg cells but required intratumorally, resulting in slowed tumour growth and an increased response to immunotherapy. Thus, Treg cells are metabolically flexible: they can use â€˜alternativeâ€™ metabolites in the TME to maintain their suppressive identity. Further, our results suggest that tumours avoid destruction by not only depriving effector T cells of nutrients, but also metabolically supporting regulatory populations.
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                    Fig. 1: Regulatory T cells possess a distinct metabolic profile from conventional T cells in normal and transformed tissues.[image: ]


Fig. 2: Glucose avidity is associated with reduced functionality of Treg cells.[image: ]


Fig. 3: Treg cells metabolize lactic acid to support their proliferation and suppressor function.[image: ]


Fig. 4: Tumour-infiltrating Treg cells require lactate uptake to maintain their high suppressive function.[image: ]



                


                
                    
                
            

            
                Data availability

              
              RNA-seq data that support the findings of this study (Fig. 2b, h) have been deposited in the Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE158801. The data supporting the findings of this study are available within the paper and the Extended Data figures.Â Source data are provided with this paper.

            

References
	Wang, H., Franco, F. & Ho, P.-C. Metabolic regulation of Tregs in cancer: opportunities for immunotherapy. Trends Cancer 3, 583â€“592 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T cells and immune tolerance. Cell 133, 775â€“787 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646â€“674 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Scharping, N. E. et al. The tumor microenvironment represses T cell mitochondrial biogenesis to drive intratumoral T cell metabolic insufficiency and dysfunction. Immunity 45, 374â€“388 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Najjar, Y. G. et al. Tumor cell oxidative metabolism as a barrier to PD-1 blockade immunotherapy in melanoma. JCI Insight 4, e124989 (2019).
ArticleÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ho, P.-C. et al. Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T cell responses. Cell 162, 1217â€“1228 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wang, D. et al. Targeting EZH2 reprograms intratumoral regulatory T cells to enhance cancer immunity. Cell Rep. 23, 3262â€“3274 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Delgoffe, G. M. et al. Stability and function of regulatory T cells is maintained by a neuropilin-1â€“semaphorin-4a axis. Nature 501, 252â€“256 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Michalek, R. D. et al. Cutting edge: distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4+ T cell subsets. J. Immunol. 186, 3299â€“3303 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gerriets, V. A. et al. Foxp3 and Toll-like receptor signaling balance Treg cell anabolic metabolism for suppression. Nat. Immunol. 17, 1459â€“1466 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Weinberg, S. E. et al. Mitochondrial complex III is essential for suppressive function of regulatory T cells. Nature 565, 495â€“499 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Rubtsov, Y. P. et al. Regulatory T cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity 28, 546â€“558 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rubtsov, Y. P. et al. Stability of the regulatory T cell lineage in vivo. Science 329, 1667â€“1671 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Menk, A. V. et al. Early TCR signaling induces rapid aerobic glycolysis enabling distinct acute T cell effector functions. Cell Rep. 22, 1509â€“1521 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lunt, S. Y. & Vander Heiden, M. G. Aerobic glycolysis: meeting the metabolic requirements of cell proliferation. Annu. Rev. Cell Dev. Biol. 27, 441â€“464 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sinclair, L. V., Barthelemy, C. & Cantrell, D. A. Single cell glucose uptake assays: a cautionary tale. Immunometabolism 2, e200029 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Xu, H. et al. Cyanine-based 1-amino-1-deoxyglucose as fluorescent probes for glucose transporter mediated bioimaging. Biochem. Biophys. Res. Commun. 474, 240â€“246 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chang, C.-H. et al. Posttranscriptional control of T cell effector function by aerobic glycolysis. Cell 153, 1239â€“1251 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Dâ€™Alise, A. M., Ergun, A., Hill, J. A., Mathis, D. & Benoist, C. A cluster of coregulated genes determines TGF-Î²-induced regulatory T-cell (Treg) dysfunction in NOD mice. Proc. Natl Acad. Sci. USA 108, 8737â€“8742 (2011).
ArticleÂ 
    PubMedÂ 
    ADSÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Hui, S. et al. Glucose feeds the TCA cycle via circulating lactate. Nature 551, 115â€“118 (2017).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Halestrap, A. P. & Wilson, M. C. The monocarboxylate transporter familyâ€”role and regulation. IUBMB Life 64, 109â€“119 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Romero-Garcia, S., Moreno-Altamirano, M. M. B., Prado-Garcia, H. & SÃ¡nchez-GarcÃa, F. J. Lactate contribution to the tumor microenvironment: mechanisms, effects on immune cells and therapeutic relevance. Front. Immunol. 7, 52 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Angelin, A. et al. Foxp3 reprograms T cell metabolism to function in low-glucose, high-lactate environments. Cell Metab. 25, 1282â€“1293 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Fischer, K. et al. Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood 109, 3812â€“3819 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, C. et al. Lactate inhibits lipolysis in fat cells through activation of an orphan G-protein-coupled receptor, GPR81. J. Biol. Chem. 284, 2811â€“2822 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jackson, V. N. & Halestrap, A. P. The kinetics, substrate, and inhibitor specificity of the monocarboxylate (lactate) transporter of rat liver cells determined using the fluorescent intracellular pH indicator, 2â€²,7â€²-bis(carboxyethyl)-5(6)-carboxyfluorescein. J. Biol. Chem. 271, 861â€“868 (1996).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Robinson, B. H. & Oei, J. 3-Mercaptopicolinic acid, a preferential inhibitor of the cytosolic phosphoenolpyruvate carboxykinase. FEBS Lett. 58, 12â€“15 (1975).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lowther, D. E. et al. PD-1 marks dysfunctional regulatory T cells in malignant gliomas. JCI Insight 1, e85935 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Overacre-Delgoffe, A. E. et al. Interferon-Î³ drives Treg fragility to promote anti-tumor immunity. Cell 169, 1130â€“1141 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Macintyre, A. N. et al. The glucose transporter Glut1 is selectively essential for CD4 T cell activation and effector function. Cell Metab. 20, 61â€“72 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, L. et al. TLR8-mediated metabolic control of human Treg function: a mechanistic target for cancer immunotherapy. Cell Metab. 29, 103â€“123 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Procaccini, C. et al. The proteomic landscape of human ex vivo regulatory and conventional T cells reveals specific metabolic requirements. Immunity 44, 406â€“421 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Priyadharshini, B. et al. Cutting edge: TGF-Î² and phosphatidylinositol 3-kinase signals modulate distinct metabolism of regulatory T cell subsets. J. Immunol. 201, 2215â€“2219 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Consoli, A., Nurjhan, N., Reilly, J. J., Jr, Bier, D. M. & Gerich, J. E. Contribution of liver and skeletal muscle to alanine and lactate metabolism in humans. Am. J. Physiol. 259, E677â€“E684 (1990).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Proia, P., Di Liegro, C. M., Schiera, G., Fricano, A. & Di Liegro, I. Lactate as a metabolite and a regulator in the central nervous system. Int. J. Mol. Sci. 17, 1450 (2016).
ArticleÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Arpaia, N. et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 504, 451â€“455 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Smith, P. M. et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341, 569â€“573 (2013).
ArticleÂ 
    CASÂ 
    ADSÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Colegio, O. R. et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 513, 559â€“563 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jung, Y.-S. et al. CD200: association with cancer stem cell features and response to chemoradiation in head and neck squamous cell carcinoma. Head Neck 37, 327â€“335 (2015).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jha, M. K. et al. Monocarboxylate transporter 1 in Schwann cells is critical for maintenance of sensory nerve myelination during aging. Glia 68, 161â€“177 (2020).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lennon, G. P. et al. T cell islet accumulation in type 1 diabetes is a tightly regulated, cell-autonomous event. Immunity 31, 643â€“653 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ostanin, D. V. et al. T cell transfer model of chronic colitis: concepts, considerations, and tricks of the trade. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G135â€“G146 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. https://doi.org/10.14806/ej.17.1.200 (2011).


Download references




Acknowledgements
We thank A. Burton and C. Workman for the generation and gift of Foxp3FlpO-Ametrine mice, and G. Camirand for the gift of OT-II Foxp3RFP Thy1.1+ spleens. This work was supported by the Sidney Kimmel Foundation; a National Institutes of Health (NIH) Directorâ€™s New Innovator Award (DP2AI136598); the Hillman Fellows for Innovative Cancer Research Program; a Stand Up to Cancerâ€“American Association for Cancer Research Innovative Research Grant (SU2C-AACR-IRG-04-16); the Alliance for Cancer Gene Therapy; the UPMC Hillman Cancer Center Skin Cancer and Head and Neck Cancer SPOREs (P50CA121973 and P50CA097190; NIH); the Mark Foundation for Cancer Researchâ€™s Emerging Leader Award; a Cancer Research Instituteâ€™s Lloyd J. Old STAR Award; and the Sy Holzer Endowed Immunotherapy Fund (all to G.M.D.). D.A.A.V. is supported by grants R01DK089125, R01CA203689 and P01AI108545 (all NIH). Trainees on this manuscript were supported by grants T32CA082084 (NIH) (to M.J.W., P.D.A.V., A.E.O.-D. and K.D.), F31AI149971 (NIH) (to M.J.W.), F30CA247034 (NIH) (to P.D.A.V.), F31CA247129 (NIH) (to K.D.), T32AI089443 (NIH) (to R.M.P and S.G.), F31AI147638 (NIH) (to S.G.), and a Damon Runyon Cancer Research Fellowship (to A.E.O.-D.). Mass spectrometry was supported by grant S10OD023402 (NIH) (to S.G.W.), and floxed animal generation was supported by grants R01NS099320 (NIH) (to J.D.R. and B.M.M). and R01 NS086818 (NIH) (to B.M.M.). Synthesis of GlucoseCy5 was supported by grant R21AI135367 (NIH) (to G.M.D.). Sequencing was supported by the Samuel and Emma Winters Foundation and a Grand Prize Award Grant (2017) from the Immuno-Oncology Young Investigatorsâ€™ Forum (both to G.M.D.) and was performed at the University of Pittsburgh Health Sciences Sequencing Core at the Childrenâ€™s Hospital of Pittsburgh. RNA-seq analysis was supported in part by the University of Pittsburgh Center for Research Computing through the resources provided. This work used the UPMC Hillman Cancer Center Flow Cytometry and Animal Facilities, supported in part by grant P30CA047904 (NIH).


Author information
Authors and Affiliations
	Department of Immunology, University of Pittsburgh, Pittsburgh, PA, USA
McLane J. Watson,Â Paolo D. A. Vignali,Â Abigail E. Overacre-Delgoffe,Â Ronal M. Peralta,Â Stephanie Grebinoski,Â Kristin DePeaux,Â Ryan D. Whetstone,Â Dario A. A. VignaliÂ &Â Greg M. Delgoffe

	Tumor Microenvironment Center, UPMC Hillman Cancer Center, Pittsburgh, PA, USA
McLane J. Watson,Â Paolo D. A. Vignali,Â Ronal M. Peralta,Â Ashley V. Menk,Â Kristin DePeaux,Â Ryan D. Whetstone,Â Dario A. A. VignaliÂ &Â Greg M. Delgoffe

	Graduate Program of Microbiology and Immunology, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA
McLane J. Watson,Â Paolo D. A. Vignali,Â Ronal M. Peralta,Â Stephanie GrebinoskiÂ &Â Kristin DePeaux

	Health Sciences Metabolomics and Lipidomics Core, University of Pittsburgh, Pittsburgh, PA, USA
Steven J. MullettÂ &Â Stacy G. Wendell

	Department of Pediatrics, UPMC Childrenâ€™s Hospital of Pittsburgh, Pittsburgh, PA, USA
Abigail E. Overacre-Delgoffe,Â Natalie L. Rittenhouse,Â Timothy W. HandÂ &Â Amanda C. Poholek

	Cancer Immunology and Immunotherapy Program, UPMC Hillman Cancer Center, Pittsburgh, PA, USA
Dario A. A. Vignali,Â Timothy W. HandÂ &Â Greg M. Delgoffe

	Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD, USA
Brett M. MorrisonÂ &Â Jeffrey D. Rothstein

	Departments of Pharmacology and Chemical Biology and Clinical Translational Science, University of Pittsburgh, Pittsburgh, PA, USA
Stacy G. Wendell


Authors	McLane J. WatsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Paolo D. A. VignaliView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Steven J. MullettView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Abigail E. Overacre-DelgoffeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ronal M. PeraltaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stephanie GrebinoskiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ashley V. MenkView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Natalie L. RittenhouseView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kristin DePeauxView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ryan D. WhetstoneView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dario A. A. VignaliView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Timothy W. HandView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Amanda C. PoholekView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Brett M. MorrisonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jeffrey D. RothsteinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stacy G. WendellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Greg M. DelgoffeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
M.J.W. performed most of the experiments, analysed data, and wrote the manuscript. P.D.A.V. helped to perform isotopic flux analysis and suppression assays, and contributed to writing. S.J.M. performed and analysed isotopic flux experiments. A.E.O.-D. carried out the transfer colitis experiments. R.M.P. performed in vitro differentiation and suppression assays. S.G. helped to purify and analyse cells from NOD mice. A.V.M. performed extracellular flux analysis and tumour histology analysis. N.L.R. analysed RNA-seq data. K.D. performed various in vitro experiments. R.D.W. sorted cells for isotopic flux analysis and RNA sequencing. D.A.A.V. provided Foxp3FlpO-Ametrine and NOD.Foxp3GFP mice and scientific insight. B.M.M. and J.D.R. generated and provided Slc16a1f/f mice and scientific insight. T.W.H. provided insight and facilities for transfer colitis experiments. A.C.P. helped to perform and analyse RNA-seq experiments. S.G.W. oversaw analysis of isotopic flux data. G.M.D. conceived of the study, carried out initial experiments, obtained funding, and wrote the manuscript.
Corresponding author
Correspondence to
                Greg M. Delgoffe.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature thanks the anonymous reviewer(s) for their contribution to the peer review of this work.
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 GlucoseCy5 can act as a surrogate for 2NBDG in GFP/YFP Treg reporter mice.
a, Gating strategy for sorting and analysis of Treg and Tconv cells. b, Representative plot showing the percentage of Treg (CD4+Â Foxp3+) cells in the lymph nodes (LN) and tumours (tumour-infiltrating lymphocytes, TILs) of B16-bearing C57BL/6 mice 14 days after tumour inoculation. Representative plots are shown, gated on total CD4+ cells; percentages are shown within the plots. c, ECAR of Treg (Foxp3+) and Tconv (Foxp3âˆ’) cells sorted from LN and B16 TIL preparations as in b, 48Â h after activation with anti-CD3/CD28 antibodies and IL-2. Î”ECAR, maximum reading after treatment with glucose minus basal ECAR. Max ECAR, maximum reading after treatment with oligomycin minus basal ECAR. d, Ex vivo 2NBDG uptake, measured by mean fluorescence intensity (MFI), by Treg, Tconv and CD8+ T cells from the LN and B16 TILs. **PÂ =Â 0.0045. e, Ex vivo 2NBDG uptake by CD44+Â CD62Lâ€“ and CD44â€“Â CD62L+ Treg and Tconv cells isolated from the LN of Foxp3-Ametrine reporter mice. f, Lymphocytes from Foxp3-Ametrine reporter mice were simultaneously pulsed with 2NBDG and GlucoseCy5. Shown is a representative plot, gated for CD4+ Foxp3+ cells, with tabulation of the percentage of GlucoseCy5+ cells among 2NBDG+ Treg cells. g, Ex vivo GlucoseCy5 uptake by CD44+ Treg and Tconv cells from the LN and B16 TILs. Shown are representative plots gated on CD44+ CD4+ cells. **PÂ =Â 0.0025. h, GlucoseCy5 positivity in Nrp1â€“ and Nrp+ Treg cells. i, Ex vivo GlucoseCy5 uptake by Tconv cells isolated from various tissues. Results are representative of three (aâ€“d, fâ€“i) or two (e) independent experiments. Significance (*PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001) was determined by paired two-tailed t-test (e), unpaired two-tailed t-test (d, fâ€“h) or two-way ANOVA with Sidakâ€™s multiple comparisons test (c). Data are meansÂ Â±Â s.e.m. from biological replicates.
Source data


Extended Data Fig. 2 Glucose-avid Treg cells harbour a weaker Treg signature but retain viability and some suppressor activity.
a, Treg cells were sorted on the basis of GlucoseCy5 uptake and assayed for their ability to suppress the proliferation of CTV-labelled Tconv cells at a ratio of 1:4 (Treg:Tconv). LN, *PÂ =Â 0.02; TIL, *PÂ =Â 0.041. b, Experimental protocol for c, d. c, Representative histogram and quantification of viability of sorted 2NBDGhi and 2NBDGlo Treg cells after 72Â h in a suppression assay. d, 2NBDG uptake by 2NBDGhi or 2NBDGlo Treg cells as in b. e, Representative histograms and tabulation of the expression of Treg signature genes in 2NBDGlo and 2NBDGhi Treg subsets. Nrp1, **PÂ =Â 0.0016; CD73, *PÂ =Â 0.029, **PÂ =Â 0.0076; TIGIT LN, *PÂ =Â 0.04; TIL, *PÂ =Â 0.016; CD25, *PÂ =Â 0.037. f, Weights of Rag1â€“/â€“ mice that received an adoptive transfer of either 2NBDGlo or 2NBDGhi Treg cells plus Thy1.1+ Tconv cells intravenously. g, Representative histogram showing the proliferation of Tconv responder cells after 72Â h of co-culture with Treg cells (1:4) conditioned in 0Â mM, 5Â mM or 25Â mM glucose for 3 days. The suppression assay occurred in 25Â mM glucose. NS, no stimulation; no TR, no Treg cells. h, Gene set enrichment plot of cellular lipid catabolic processes from TIL 2NBDGhi vs 2NBDGlo Treg cells. GO, Gene Ontology; NES, normalized enrichment score. Nom. p, nominal P value. i, Expression of Slc16a1 and Ldha mRNA in LN- and B16-infiltrating Treg and Tconv cells by qPCR. Ldha, **PÂ =Â 0.004; Slc16a1, **PÂ =Â 0.009. j, Expression of Slc16a1 and Ldha mRNA in Treg or Tconv cells activated overnight and conditioned in the glucose concentrations indicated for 3 days (normalized to 25Â mM glucose; significance determined by comparing Treg and Tconv). Ldha, **PÂ =Â 0.002; Slc16a1 plus 5Â mM glucose, *PÂ =Â 0.030; Slc16a1 plus 0Â mM glucose, *PÂ =Â 0.046. Results are representative of three (a, e, hâ€“j), or two (câ€“f) independent experiments. Significance (*PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001) was determined by unpaired two-tailed t-test (a, f, i, j), paired two-tailed t-test (c, d) or two-way ANOVA with Sidakâ€™s multiple comparisons test (e). Data are meansÂ Â±Â s.e.m. from biological replicates.
Source data


Extended Data Fig. 3 Treg cells are resistant to lactic acid and use PEPCK-mediated metabolic pathways to support their proliferation.
a, Proliferation of CD8+, Tconv and Treg CTV-labelled cells activated in media comprising lactic acid for three days. **PÂ =Â 0.0058. b, Production of IFNÎ³ by CD8+ and Tconv cells conditioned as in a and then restimulated overnight with PMA/ionomycin. CD8, **PÂ =Â 0.0042; Tconv, *PÂ =Â 0.02. c, Suppression assay carried out using Treg cells conditioned as in a. Supp:Resp, suppressor (Treg) to responder (Tconv) cell ratio. d, Representative histogram and quantification of pHrodo+ Treg cells taking up 2NBDG. e, Representative flow plot of Ki67 expression by B16-infiltrating Treg cells from mice treated with or without 3MP for 3 days. f, Suppressive capacity of Treg cells, isolated from mice as in Fig. 3k. g, Percentage of Foxp3+ cells, Tconv:Treg ratio, and CD8+:Treg ratio within the TILs of mice treated as in f. ns, not significant. h, Growth curve of B16 melanoma in C57BL/6 mice treated with water or 3MP. i, Proliferation of Treg and Tconv cells activated and cultured in 10Â mM lactic acid with or without 3MP for 3 days. *PÂ =Â 0.016. j, Capacity of activated Treg cells conditioned in 10Â mM lactic acid with or without 250Â Î¼M 3MP for 3 days to suppress the proliferation of CTV-labelled Tconv cells. k, IFNÎ³ expression by CD8+ and Tconv cells in Foxp3Cre or Slc16a1f/fFoxp3Cre mice treated as in f. l, Percentage of Foxp3+ cells, Tconv:Treg ratio, and CD8+:Treg ratio within LN and tumours of Slc16a1f/fFoxp3Cre mice treated as in f. Results are representative of four (d), three (aâ€“c, f, g, i) or two (h, j, k, l) independent experiments. Significance (*PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001) was determined by unpaired two-tailed t-test (d, g, i, k, l), one-way ANOVA with Dunnettâ€™s multiple comparisons test (a, b) or two-way ANOVA with Sidakâ€™s multiple comparisons test (c, f, h, j). Data are meansÂ Â±Â s.e.m. from biological replicates.
Source data


Extended Data Fig. 4 MCT1 is efficiently deleted in Treg cells of Slc16a1f/fFoxp3YFP-Cre mice and is not required for function of peripheral Treg cells.
a, Slc16a1 expression in Tconv and Treg cells from the LN of Foxp3Cre or Slc16a1f/fFoxp3Cre mice, showing the relative fold change with respect to Foxp3Cre Tconv cells. b, Expression of Slc16a3 (MCT4) mRNA in Treg cells from mice as in a. c, d, Production of CD44, Ki67 and IFNÎ³ by LN CD8+ T cells (c, *PÂ =Â 0.039) or Tconv cells (d, **PÂ =Â 0.007) from mice as in a. e, Capacity of LN-derived Treg cells as in a to suppress proliferation of CTV-labelled Tconv cells. f, Percentage of Foxp3+ and Nrp1+Helios+ LN Treg cells from mice as in a. *PÂ =Â 0.013. g, Expression of CD44, Ki67 and CD62L by LN Treg cells as in a. h, Expression of CD39 and CD73 by LN Treg cells as in a. i, j, Percentage of Foxp3+ cells (i) or GlucoseCy5+ Treg cells (j) from various tissues of mice as in a. Thymus, *PÂ =Â 0.014; B16, *PÂ =Â 0.019. k, Normalized ear thickness of imiquimod-treated mice as in a. l, Percentage of marker-positive Treg cells from mice treated as in k. m, Expression of Foxp3 in transferred wild-type or Slc16a1-deficient Treg cells infused with Thy1.1+ Tconv cells into Rag1â€“/â€“ mice intravenously. *PÂ =Â 0.02. n, Weight of Rag1â€“/â€“ mice from m over time. o, Representative sections of the colon and quantified histology scores seven weeks after cell transfer from mice in m and Fig. 2d. **PÂ =Â 0.001; **PÂ =Â 0.009. p, Anti-pimonidazole area over total tumour (B16) area, calculated from immunofluorescence from Foxp3Cre and Slc16a1f/fFoxp3Cre mice. q, IL-2 and IFNÎ³ expression by Slc16a1-deficient Tconv cells stimulated overnight with PMA/ionomycin. Results are representative of four (c, d, f, g), three (a, b, e, h, j, p, q) or two (k, l, m, i, o) independent experiments. Significance (*PÂ <Â 0.05; **PÂ <Â 0.01; ****PÂ <Â 0.0001) was determined by unpaired two-tailed t-test (aâ€“d, fâ€“q) or two-way ANOVA (e). Data are meansÂ Â±Â s.e.m. from biological replicates.
Source data


Extended Data Fig. 5 Acute deletion of MCT1 results in immunological phenotypes similar to those produced by constitutive deletion and predilection for a fragile Treg phenotype.
a, Foxp3Cre-ERT2 and Slc16a1f/fFoxp3Cre-ERT2 mice were given five consecutive doses (on days â€“4 to 0) of tamoxifen intraperitoneally before being inoculated with 1.5Â Ã—Â 105 B16 tumour cells intradermally (on day 0). Following inoculation, tamoxifen was administered intraperitoneally 3 times a week until animals were killed at day 14. b, Percentage of Foxp3+ CD4+ cells in the LN and TILs as in a. **PÂ =Â 0.005. c, IFNÎ³ production by Treg cells from the LN and TILs of mice as in a. **PÂ =Â 0.002. d, Glucose consumption by Treg cells from the TIL of mice as in a. e, Percentage of proliferating (Ki67+) Tconv cells from the TIL of mice as in a. *PÂ =Â 0.037. f, Representative flow plot and charts showing IFNÎ³ and TNF production by CD8+ T cells from the TIL of mice as in a. **PÂ =Â 0.003; *PÂ =Â 0.02. Also shown is IFNÎ³ production by Tconv cells from the TIL of mice as in a. **PÂ =Â 0.003. g, Mean fluorescence intensity of Nrp1 on intratumoral Treg cells derived from MEER bearing Foxp3Cre-ERT2 and Slc16a1f/fFoxp3Cre-ERT2 mice treated as in a. *PÂ =Â 0.034. h, Tim-3 expression by MEER-derived CD8+ T cells from mice as in g. **PÂ =Â 0.003. Results are representative of four (bâ€“e), or three (f) or two (g, h) independent experiments. Significance (*PÂ <Â 0.05; **PÂ <Â 0.01) was determined by unpaired two-tailed t-test (bâ€“h). Data are meansÂ Â±Â s.e.m. from biological replicates.
Source data
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