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            Abstract
Interleukin (IL)-2 is a pleiotropic cytokine that is necessary to prevent chronic inflammation in the gastrointestinal tract1,2,3,4. The protective effects of IL-2 involve the generation, maintenance and function of regulatory T (Treg) cells4,5,6,7,8, and the use of low doses of IL-2 has emerged as a potential therapeutic strategy for patients with inflammatory bowel disease9. However, the cellular and molecular pathways that control the production of IL-2 in the context of intestinal health are undefined. Here we show, in a mouse model, that IL-2 is acutely required to maintain Treg cells and immunological homeostasis throughout the gastrointestinal tract. Notably, lineage-specific deletion of IL-2 in T cells did not reduce Treg cells in the small intestine. Unbiased analyses revealed that, in the small intestine, group-3 innate lymphoid cells (ILC3s) are the dominant cellular source of IL-2, which is induced selectively by IL-1β. Macrophages in the small intestine produce IL-1β, and activation of this pathway involves MYD88- and NOD2-dependent sensing of the microbiota. Our loss-of-function studies show that ILC3-derived IL-2 is essential for maintaining Treg cells, immunological homeostasis and oral tolerance to dietary antigens in the small intestine. Furthermore, production of IL-2 by ILC3s was significantly reduced in the small intestine of patients with Crohn’s disease, and this correlated with lower frequencies of Treg cells. Our results reveal a previously unappreciated pathway in which a microbiota- and IL-1β-dependent axis promotes the production of IL-2 by ILC3s to orchestrate immune regulation in the intestine.
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                    Fig. 1: IL-2 is dominantly produced by ILC3s in the small intestine.[image: ]


Fig. 2: Sensing of the microbiota and production of IL-1β induces ILC3-derived IL-2.[image: ]


Fig. 3: ILC3-derived IL-2 is essential for Treg cell maintenance, immunological homeostasis and oral tolerance to dietary antigen in the small intestine.[image: ]


Fig. 4: Production of IL-2 by ILC3s is impaired in the intestine of patients with Crohn’s disease.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 IL-2 blockade results in disrupted T cell homeostasis throughout the intestinal tract and associated lymphoid tissues.
a–c, Sex- and age- matched C57BL/6 mice were treated with anti-IL-2 monoclonal antibodies every other day for two weeks, and examined for the size of the spleen and mesenteric lymph nodes (mLN) (a), the frequency of Treg cells (b) and Ki-67+CD4+ T cells (c) of mesenteric lymph nodes by flow cytometry (n = 10). d–g, Mice from a–c were also analysed for the frequencies of Treg cells (d) and Ki-67+CD4+ T cells (e) in large-intestinal lamina propria cells, and for the frequencies and numbers of Treg cells (f) and Ki-67+CD4+ T cells (g) in small-intestinal lamina propria cells by flow cytometry (n = 10). h–k, Mice from a–c were analysed for the frequency of TH1 cells (h) and TH17 cells (i) in large-intestinal lamina propria cells, and the frequencies and numbers of TH1 cells (j) and TH17 cells (k) in small-intestinal lamina propria cells by flow cytometry (n = 10). Data in a are representative of two independent experiments with similar results. Data in b–k are pooled from two independent experiments. Results are shown as mean ± s.e.m. All statistics are calculated by unpaired two-tailed Student’s t-test. LI, large intestine; SI, small intestine.

                          Source data
                        


Extended Data Fig. 2 T-cell-derived IL-2 is essential for maintaining immunological homeostasis in the mesenteric lymph node and large intestine.
a, Sex- and age- matched Il2f/f and LckcreIl2f/f mice were examined for the deletion efficiency of IL-2 in CD4+ T cells in the large and small intestines. b, c, Mice in a were examined for the frequency of Treg cells (b) and Ki-67+ CD4+ T cells (c) from the mesenteric lymph nodes by flow cytometry (n = 6). d–g, Mice in a were analysed for the frequencies and numbers of Treg cells (d), Ki-67+CD4+ T cells (e), TH1 cells (f) and TH17 cells (g) of large-intestinal lamina propria cells by flow cytometry (n = 6). h–k, Mice in a were analysed for the frequencies and numbers of Treg cells (h), Ki-67+CD4+ T cells (i), TH1 cells (j) and TH17 cells (k) of small-intestinal lamina propria cells by flow cytometry (n = 6). Data in a are representative of two independent experiments with similar results. Data in b–k are pooled from two independent experiments. Results are shown as mean ± s.e.m. All statistics are calculated by unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 3 Gating strategy to analyse subsets of innate lymphoid cells and CD4+ T cells in the small intestine.
Gating strategy for flow cytometry analysis of innate lymphoid cells and CD4+ T cells in small-intestinal lamina propria cells. Lineage 1, CD11b, CD11c and B220; lineage 2, CD3ε, CD5 and CD8α. CD4+ T cells were identified as CD45+Lineage 2+CD4+; group-1 innate lymphoid cells were identified as CD45+Lineage−CD127+CD90.2+T-bet+RORγt−; group-2 innate lymphoid cells were identified as CD45+Lineage−CD127+CD90.2+GATA3+; ILC3s were identified as CD45+Lineage−CD127+CD90.2+RORγt+; and subsets of ILC3s further identified as CCR6+T-bet− ILC3s or CCR6−T-bet+ ILC3s.


Extended Data Fig 4 IL-2+ cells in the large intestine of wild-type mice and in the small and large intestines of Rag1−/− mice.
a, Flow cytometry plots with graph of frequency and numbers of IL-2 in ILC3s and effector and memory (E/M) CD4+ T cells (CD3+CD4+FOXP3−CD44highCD62Llow) in small-intestinal lamina propria cells of wild-type mice (n = 8). b, Flow cytometry plots show IL-2+ cells in large-intestinal lamina propria cells of C57BL/6 mice. Lineage 1, CD11b, CD11c and B220; lineage 2, CD3ε, CD5 and CD8α. c, d, Flow cytometry plots with graph of frequency (c) and absolute numbers (d) of IL-2+ cells in large-intestinal lamina propria cells of C57BL/6 mice (n = 6). e. The frequency and number of IL-2+ subsets of ILC3s in small-intestinal lamina propria cells of C57BL/6 mice (n = 8). f, Flow cytometry plots show IL-2+ cells in small-intestinal lamina propria cells of Rag1−/− mice. g, h, Flow cytometry plots with graph of frequency (g) and absolute numbers (h) of IL-2+ cells in small-intestinal lamina propria cells of Rag1−/− mice (n = 5). i, j, Flow cytometry plots with graph of frequency (i) and absolute numbers (j) of IL-2+ subsets of ILC3s in small-intestinal lamina propria cells of Rag1−/− mice (n = 5). k, Flow cytometry plots show IL-2+ cells in large-intestinal lamina propria cells of Rag1−/− mice. Lineage 1, CD11b, CD11c and B220; lineage 2, CD3ε, CD5 and CD8α. Data in b and f–k are representative of two independent experiments with similar results. Data in a and c–e are pooled from two independent experiments. Results are shown as mean ± s.e.m. Statistics are calculated by paired or unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 5 Natural killer cells and group-1 innate lymphoid cells are dispensable for maintenance of Treg cells in the small intestine.
a, IL-2 was assessed in T-bet+ ILC3s, total ILC3s, CD4+ T cells, natural killer cells, group-1 innate lymphoid cells and dendritic cells in small-intestinal lamina propria cells of Il2f/f and Ncr1creIl2f/f mice. b, The number of IL-2+ cells was quantified in small-intestinal lamina propria cells of Il2f/f and Ncr1creIl2f/f mice (n = 4). c, d, Sex- and age- matched C57BL/6 mice were treated with anti-NK1.1 monoclonal antibody every three days for two weeks and examined for efficiency of depletion of natural killer cells (c), and for the frequency and number of Treg cells in small-intestinal lamina propria cells (d) (n = 7). Data in a–c are representative of two independent experiments with similar results. Data in d are pooled from two independent experiments. Results are shown as mean ± s.e.m. Statistics are calculated by unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 6 ILC3-derived IL-2 is dispensable for the maintenance of small-intestinal TH17 cells, ILC3 homeostasis and large-intestinal Treg cells.
a–d, Il2f/f and Ncr1creIl2f/f mice were analysed for the percentage of Treg cells (a), TH1 cells (b), Ki-67+CD4+ T cells (c) and the frequency and cell number of TH17 cells (d), in small-intestinal lamina propria cells at steady state by flow cytometry (n = 8). e, Il2f/f and Ncr1creIl2f/f mice were examined for the frequency and number of Treg cells in large-intestinal lamina propria cells by flow cytometry (n = 8). f, Il2f/f and Ncr1creIl2f/f mice were examined for the frequency and number of ILC3s in small-intestinal lamina propria cells by flow cytometry (n = 8). g, IL-22 was assessed in ILC3s from small-intestinal lamina propria cells of Il2f/f or Ncr1creIl2f/f mice. h, Representative histograms and bar graph examination of CD25 staining on Treg cells and IL-2+ ILC3s. i, Representative histograms that demonstrate IL-2 binding capacity and quantification of bound IL-2 mean fluorescence intensity in Treg cells and ILC3s. j, Experimental design of the delayed-type hypersensitivity model. Data in f–h are representative of two independent experiments with similar results (at least three mice per group). Data in a–e and i are pooled from two independent experiments. Results are shown as mean ± s.e.m. Statistics are calculated by paired or unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 7 Deletion of ILC3-intrinsic IL-2 affects the population size of peripherally induced Treg cells but not their suppressive capacity.
a, b, The frequency of peripheral Treg cells (labelled ‘Nrp-1lo pTregs’) and thymic Treg cells (labelled ‘Nrp-1hi tTregs’) were characterized in small-intestinal lamina propria cells of Il1rf/f and Ncr1creIl1rf/f mice (a) or Il2f/f and Ncr1creIl2f/f mice (b) (n = 5). c, d, The frequency of subsets of Treg cells were analysed in small-intestinal lamina propria cells of Il2f/f and Ncr1creIl2f/f mice (n = 5). e, Small-intestinal Treg cells were examined for expression of Lag3, Tgfb1, Ctla4, Ebi3 and Il10 in Il2f/f and Ncr1creIl2f/f mice (n = 7). f, g, Sort-purified small-intestinal CD45+CD3+CD4+CD25+ Treg cells were co-cultured with sort-purified CFSE-labelled splenic effector T cells (CD3+CD4+CD25−CD45RBhigh) in the presence of purified splenic dendritic cells and soluble anti-CD3 for three days. CFSE dilution was analysed and quantified (n = 6). Data in a–d and f are representative of two independent experiments with similar results. Data in e and g are pooled from two independent experiments. Results are shown as mean ± s.e.m. Statistics are calculated by unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 8 ILC3-derived IL-2 does not exhibit functional redundancy or hierarchies with ILC3-specific GM-CSF or MHCII.
a, Flow cytometry plots with graph of frequency and quantification of cell numbers of IL-2+ ILC3s in small-intestinal lamina propria cells of wild-type and Csf2−/− mice (n = 8). b, c, Flow cytometry plots with graph of frequency and quantification of cell numbers of Treg cells (b) and IL-2+ ILC3s (c) in small-intestinal lamina propria cells of H2-Ab1f/f littermate controls and mice lacking ILC3-specific MHCII (MHCIIΔILC3 mice) (n = 7). d, e, Flow cytometry plots with graph of frequency and quantification of cell numbers of MHCII+ ILC3s (d) and GM-CSF+ ILC3s (e) in small-intestinal lamina propria cells of Il2f/f and Ncr1creIl2f/f mice (n = 7). Data are pooled from two independent experiments. Results are shown as mean ± s.e.m. Statistics are calculated by unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 9 ILC3-derived IL-2 promotes essential immune regulation in the intestine.
a–h, CD4+ T cells were adoptively transferred into Il2f/fRag1−/− or RorccreIl2f/fRag1−/− recipient mice. a–d, Recipient mice were examined for changes in weight (a), colon length (b), histological haematoxylin and eosin staining in the terminal colon (c) and lipocalin-2 presence in faecal samples (d) (n = 8). e, Flow cytometry plots with graph of percentage and absolute cell number of Treg cells in large-intestinal lamina propria cells in defined recipient mice. f, Absolute cell number of Treg cells in small-intestinal lamina propria cells in defined recipient mice. g, Flow cytometry plots and graph of frequency and absolute number of IFNγ−IL-17A+ and IFNγ+IL-17A+ cells in large-intestinal lamina propria cells in defined recipient mice. h, Cell number of TH1 and TH17 cells in small-intestinal lamina propria cells in defined recipient mice. n = 7 mice, Il2f/fRag1−/− group; n = 8 mice, RorccreIl2f/fRag1−/− (e–h). Data in a–h are pooled from two independent experiments. Results are shown as mean ± s.e.m. Statistics are calculated by unpaired two-tailed Student’s t-test.

                          Source data
                        


Extended Data Fig. 10 A IL-1β–ILC3–IL-2 circuit is essential for the maintenance of Treg cells and immunological homeostasis uniquely within the small intestine.
Here we define a pathway of immune regulation in the small intestine. This pathway is continuously required, and involves MYD88- and NOD2-dependent microbial sensing by macrophages, production of IL-1β and induction of ILC3-derived IL-2 to support the maintenance of peripherally induced intestinal Treg cells. Consequently, this is essential to maintain immunological homeostasis and oral tolerance, and becomes dysregulated in inflammatory bowel disease in humans.
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