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            Abstract
FOXP3+ regulatory T cells (Treg cells) are abundant in the intestine, where they prevent dysregulated inflammatory responses to self and environmental stimuli. It is now appreciated that Treg cells acquire tissue-specific adaptations that facilitate their survival and function1; however, key host factors controlling the Treg response in the intestine are poorly understood. The interleukin (IL)-1 family member IL-33 is constitutively expressed in epithelial cells at barrier sites2, where it functions as an endogenous danger signal, or alarmin, in response to tissue damage3. Recent studies in humans have described high levels of IL-33 in inflamed lesions of inflammatory bowel disease patients4,5,6,7, suggesting a role for this cytokine in disease pathogenesis. In the intestine, both protective and pathological roles for IL-33 have been described in murine models of acute colitis8,9,10,11, but its contribution to chronic inflammation remains ill defined. Here we show in mice that the IL-33 receptor ST2 is preferentially expressed on colonic Treg cells, where it promotes Treg function and adaptation to the inflammatory environment. IL-33 signalling in T cells stimulates Treg responses in several ways. First, it enhances transforming growth factor (TGF)-β1-mediated differentiation of Treg cells and, second, it provides a necessary signal for Treg-cell accumulation and maintenance in inflamed tissues. Strikingly, IL-23, a key pro-inflammatory cytokine in the pathogenesis of inflammatory bowel disease, restrained Treg responses through inhibition of IL-33 responsiveness. These results demonstrate a hitherto unrecognized link between an endogenous mediator of tissue damage and a major anti-inflammatory pathway, and suggest that the balance between IL-33 and IL-23 may be a key controller of intestinal immune responses.
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                    Figure 1: ST2-expressing Treg cells are enriched in the colon.[image: ]


Figure 2: Effects of IL-33 on iTreg and thymus-derived Treg cells.[image: ]


Figure 3: IL-33 promotes Treg-cell stability and function in vivo.[image: ]


Figure 4: IL-23 inhibits the effects of IL-33 on Treg cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effects of IL-33 on gene expression during iTreg differentiation.
a, Sort-purified CD25−CD62L+CD44lo GFP− naive CD4+ T cells from Foxp3gfp reporter mice were stimulated with anti-CD3/anti-CD28 in the presence of indicated cytokines. mRNA expression of indicated genes was measured at 24 h, 48 h and 72 h and presented as fold change over time 0. Data are representative of two independent experiments and show the mean ± s.d.


Extended Data Figure 2 IL-33 directly regulates ST2 expression.
Sort-purified CD25−CD62L+CD44lo GFP− naive CD4+ T cells from Foxp3gfp reporter mice were cultured with anti-CD3/anti-CD28 in the presence of TGF-β1 followed by acute stimulation with IL-33 for 45 min. Shown are the recruitment of GATA3 or RNA Pol II to the indicated regions of the gene encoding ST2 assessed by ChIP followed by qPCR. Results are normalized to those obtained with genomic DNA (input) and presented as fold enrichment relative to unstimulated cells. Data are from one experiment representative of two (error bars show s.d.).


Extended Data Figure 3 IL-33 acts directly on thymus-derived Treg cells to promote their proliferation and accumulation in vivo.
a–e, Foxp3gfp reporter mice were injected intraperitoneally (i.p.) with recombinant IL-33 (1 µg per mouse per day) for 5 days. a, Frequencies of TCR-β+CD4+Foxp3+ splenic thymus-derived Treg cells. b, Absolute numbers of TCR-β+CD4+Foxp3+ splenic Treg cells. c, gMFI of Foxp3 among TCRβ+CD4+Foxp3+ splenic Treg cells (n = 10 for PBS and n = 14 for IL-33). d, Frequencies of ST2+ cells among splenic CD44hi T cells or Foxp3+ Treg cells. e, Frequencies of Ki67+ cells among splenic CD44hi T cells or Foxp3+ Treg cells (n = 5 for PBS and n = 8 for IL-33). f, Mixed bone marrow chimaeras were generated by irradiation of C57BL/6 Rag1−/− mice followed by intravenous (i.v.) injection of 2.5 × 106 wild-type (WT; CD45.1+) and 2.5 × 106 St2−/− (CD45.1−) bone marrow cells (n = 5). After reconstitution, mixed chimaeras were injected with recombinant IL-33 (1 µg per mouse per day) for 5 days and the absolute number of Ki67+ among TCR-β+CD4+Foxp3− or TCRβ+CD4+Foxp3+ cells are shown. **P < 0.01, ***P < 0.001 as calculated by unpaired (wild-type mice) or paired (chimaeric mice), Student’s t-test.


Extended Data Figure 4 Kinetics of IL-33 and IL-23 during H. hepaticus and anti-IL-10R colitis.
a–f, C57BL/6 mice were infected by oral gavage with ∼108 colony-forming units (c.f.u.) H. hepaticus on 3 consecutive days with concomitant i.p. injections of a blocking anti-IL-10R monoclonal antibody (1 mg per week) starting on the day of the first infection. a, b, Colitis scores for the indicated groups H. hepaticus (Hh), anti-IL-10R (aIL-10R) or H. hepaticus and anti-IL-10R (Hh/aIL-10R) (a) and IL-33, IL-23 and soluble ST2 protein production (b) in colon explant cultures from H. hepaticus and anti-IL-10R treated mice were determined at the indicated time points (n = 4, data show the mean ± s.e.m.). c, Colonic intestinal epithelial cells (IECs) were isolated from steady state (n = 5) or colitic (n = 3) (day 10) mice. Total protein extracts from each time point were analysed by immunoblot and biological replicates are shown. d, Densitometric quantification of immunoblot in c (mean ± s.e.m.). e, mRNA expression analysis of IECs, lamina propria cells (LP) and stromal cells isolated from the colon at steady state or 10 days after induction of colitis (steady state, n = 5; colitic, n = 4; mean ± s.e.m.). f, Colonic stromal cells were isolated at the indicated time points, cultured and passaged and spontaneous soluble (s)ST2 protein production determined in supernatants after 48 h cultures. Stromal cells were uniformly CD45−EpCAM−. Data represent mean ± s.e.m. (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 as calculated by one-way ANOVA with Bonferroni post-test or Student’s t-test.


Extended Data Figure 5 The in vitro suppressive function of St2−/ − Treg cells is not impaired.
CD25+CD4+ Treg cells were sorted by flow cytometry from wild-type (WT) and St2−/− mice. CD25−CD62L+CD44−CD4+ T cells (responder cells) and antigen presenting cells (APCs) were sorted from St2−/− mice. T responder cells were labelled with Violet cell trace and plated together with the sorted Treg cells at ratios of 1:1 and 1:3 together with irradiated APCs in the presence of anti-CD3 (1 μg ml−1). IL-33 was added at 30 ng ml−1. After 4 days, proliferation of T responder cells (Tresp) was measured by flow cytometry. Data are representative of two independent experiments.


Extended Data Figure 6 ST2 is preferentially expressed on Treg-cell progeny.
a, C57BL/6 Rag1−/− mice were injected i.p. with 4 × 105 CD4+CD25−CD45 RBhi CD45.1+ naive T cells in combination with 2 × 105 wild-type (WT) CD4+CD25+ CD45.1− Treg cells. Mice were killed at 6–8 weeks after transfer. Representative plots of the colon gated on progeny of CD4+CD45 RBhi cells (CD45.1+) or wild-type Treg (CD45.1−) cells are shown. b, Histogram overlay of Foxp3 expression by wild-type (solid line) or St2−/− (dotted line) CD4+CD25+ Treg cells before injection into C57BL/6 Rag1−/− mice. c, C57BL/6 Rag1−/− mice were injected as in a and frequencies of cytokine-producing colonic Treg progeny (CD45.1−) among Foxp3− or Foxp3+ cells are shown. Wild type (n = 4) and St2−/− (n = 6); error bars represent mean ± s.e.m.


Extended Data Figure 7 St2 is an IL-23 target gene in intestinal CD4+ T cells.
C57BL/6 Rag1−/− mice were injected i.p. with a 1:1 mixture of 2 × 105 wild-type (WT; CD45.1+) and 2 × 105 Il23r−/− (CD45.2+) CD4+CD25−CD45 RBhi T cells or 2 × 105 wild-type (CD45.1+) and 2 × 105 wild-type (CD45.2+) CD4+CD25−CD45 RBhi T cells. Mice were killed upon development of clinical signs of inflammation (∼8 weeks). Viable TCR-β+CD4+CD45.2+ wild-type or Il23r−/− T cells were sort-purified from the colon and RNA extracted without further manipulation. Whole transcriptome gene expression analysis was performed using the Illumina Bead Array platform. Two-dimensional cluster analysis (hierarchical, Pearson uncentred, average linkage, unsupervised) of the 168 transcripts whose expression was significantly affected in the comparison of Il23r−/− versus wild-type CD4+ T cells. Each row corresponds to a gene and each column to a sample (n = 6 for wild type and n = 5 for Il23r−/− ). The 168 transcripts represent 147 unique genes, including genes with unknown function.


Extended Data Figure 8 IL-23 inhibits IL-33-induced GATA3 recruitment to the St2 locus.
Sort-purified CD25−CD62L+CD44lo GFP− naive CD4+ T cells from Foxp3gfp reporter mice were cultured with anti-CD3/anti-CD28/TGF-β1 +/− IL-23 for 48 h followed by acute stimulation with IL-33 for 45 min. Shown are the enrichment of GATA3 or RNA Pol II to the indicated regions of the gene encoding ST2 assessed by ChIP followed by qPCR. Results are normalized to those obtained with genomic DNA (input) and presented as fold recruitment relative to unstimulated cells. -, no IL-33 added. Data are from one experiment representative of two (error bars show s.d. of duplicate cultures).


Extended Data Figure 9 IL-23 is a negative regulator of ST2 expression in vivo.
Mixed bone marrow chimaeras were generated by irradiation of C57BL/6 Rag1−/− mice followed by i.v. injection of 2.5 × 106 wild-type (WT; CD45.1+) and 2.5 × 106 Il23r−/− (CD45.1−) bone marrow cells (n = 5). Reconstituted mice were infected by oral gavage with ∼108 c.f.u. H. hepaticus on 3 consecutive days with concomitant i.p. injections of a blocking anti-IL-10R monoclonal antibody (1 mg per week) starting on the day of the first infection. Mice were killed at 2 weeks after infection. Frequencies of ST2+ and gMFI of ST2 among TCR-β+CD4+Foxp3+ colonic Treg cells are shown. *P < 0.05, ***P < 0.001 as calculated by paired Student’s t-test.


Extended Data Figure 10 Il23r mRNA is expressed by ST2+Foxp3+ Treg cells.
mRNA expression of indicated genes in Foxp3−ST2−, Foxp3+ST2− or Foxp3+ST2+ populations sort-purified from the steady state colonic lamina propria (cLP) of Foxp3gfp reporter mice. AU, arbitrary units. Error bars represent the mean ± s.e.m. from three independent experiments.
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        Editorial Summary
Interleukin-33 promotes Treg cell function
Interleukin-33 (IL-33) is an 'alarmin', constitutively expressed at barrier sites and released in response to tissue damage where it recruits components of the repair response. This study in two mouse models of colitis shows that the IL-33 receptor ST2 is preferentially expressed on colonic regulatory T cells, where it promotes regulatory T-cell function and adaptation to the inflammatory tissue environment. IL-33 is negatively regulated by the pro-inflammatory cytokine IL-23, suggesting that the balance between IL-33 and IL-23 could be an important controller of intestinal immune responses.
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