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            Abstract
The connection between an altered gut microbiota and metabolic disorders such as obesity, diabetes, and cardiovascular disease is well established1,2. Defects in preserving the integrity of the mucosal barriers can result in systemic endotoxaemia that contributes to chronic low-grade inflammation, which further promotes the development of metabolic syndrome3,4,5. Interleukin (IL)-22 exerts essential roles in eliciting antimicrobial immunity and maintaining mucosal barrier integrity within the intestine6,7. Here we investigate the connection between IL-22 and metabolic disorders. We find that the induction of IL-22 from innate lymphoid cells and CD4+ T cells is impaired in obese mice under various immune challenges, especially in the colon during infection with Citrobacter rodentium. While innate lymphoid cell populations are largely intact in obese mice, the upregulation of IL-23, a cytokine upstream of IL-22, is compromised during the infection. Consequently, these mice are susceptible to C. rodentium infection, and both exogenous IL-22 and IL-23 are able to restore the mucosal host defence. Importantly, we further unveil unexpected functions of IL-22 in regulating metabolism. Mice deficient in IL-22 receptor and fed with high-fat diet are prone to developing metabolic disorders. Strikingly, administration of exogenous IL-22 in genetically obese leptin-receptor-deficient (db/db) mice and mice fed with high-fat diet reverses many of the metabolic symptoms, including hyperglycaemia and insulin resistance. IL-22 shows diverse metabolic benefits, as it improves insulin sensitivity, preserves gut mucosal barrier and endocrine functions, decreases endotoxaemia and chronic inflammation, and regulates lipid metabolism in liver and adipose tissues. In summary, we identify the IL-22 pathway as a novel target for therapeutic intervention in metabolic diseases.
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                    Figure 1: Susceptibility of obese mice to C. rodentium infection is associated with defective IL-22 induction.[image: ]


Figure 2: The IL-22 pathway is essential in controlling metabolic disorders.[image: ]


Figure 3: IL-22 restores insulin sensitivity and dampens chronic inflammation of WAT.[image: ]


Figure 4: IL-22 reduces food consumption and regulates lipid metabolism.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Obese mice have defective IL-22 and IL-17A production.
aâ€“c, ELISA of IL-22 in serum 2Â h after flagellin injection from db/db and lean control mice (a), ob/ob and lean control mice (b), and HFD and chow-diet-fed mice (c) (n = 4). dâ€“l, Mice were immunized with ovalbumin/complete Freundâ€™s adjuvant. Lymphocytes in draining lymph nodes were analysed for cytokine expression on day 7 (n = 4). Flow cytometry analysis of IL-22+ lymphocytes (dâ€“f), percentage of IL-22+ cells (gâ€“i), IL-17A+ cells (j, k), and IFN-Î³+ cells (l) within the CD4+ population in db/db and lean controls (d, g, j, l), ob/ob and lean controls (e, h, k), and HFD and chow-diet-fed mice (f, i). The number at the top right-hand corner of each FACS plot is the percentage of IL-22+ cells within CD4+ cells (dâ€“f). m, Percentage of Foxp3+ cells within CD4+ T cells from spleens of naive WT, db/db, and ob/ob mice (n = 5). Error bars, s.e.m. NS, not significant. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, unpaired Studentâ€™s t-test. Data shown are representative of three (d, e, g, h, jâ€“l) or two (aâ€“c, f, i, m) independent experiments.


Extended Data Figure 2 Susceptibility of ob/ob and DIO mice to C. rodentium infection.
a, b, Body weight (a) and survival (b) of ob/ob and lean control mice (n = 10) infected with C. rodentium. c, d, Colon histology of lean control (c) or ob/ob (d) mice on day 8 after infection. Arrows, bacterial colonies; vertical bar, submucosal oedema; horizontal bar, 200 Î¼m. e, Clinical score determined by colon histology (n = 5). f, g, Bacterial burden in liver (f) and spleen (g) on day 7 (n = 5). h, Survival of mice fed with HFD or chow diet infected with C. rodentium (n = 10). i, Bacterial burden in colon on day 18 (n = 5). Error bars, s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, Log rank test (b) or unpaired Studentâ€™s t-test (eâ€“g, i). Data shown are representative of two independent experiments.


Extended Data Figure 3 Reduced IL-23 induction contributes to the compromised IL-22 expression and host defence during C. rodentium infection in obese mice.
aâ€“c, WT, db/db, and ob/ob mice on day 4 after infection. a, Percentage of ILCs, IL-22+ ILCs, and IL-22+ CD4+ T cells within leukocytes in colons after ex vivo stimulation (n = 3). b, c, Relative Il23a (b) and Il12b (c) mRNA expression in colons (n = 5). d, e, WT and ob/ob mice were infected with C. rodentium and the hydrodynamic tail vein injected with either a control or IL-23-encoding plasmid. d, Relative Il22 mRNA expression on day 4 (n = 10 for WT, n = 6 for ob/obÂ +Â Ctrl and ob/obÂ +Â IL-23). e, Survival (n = 10 for WT and ob/ob + Ctrl, n = 8 for ob/ob + IL-23). fâ€“h, db/db mice were infected with C. rodentium and treated with control IgG or IL-22-Fc (n = 5 for uninfected and IL-22-Fc, n = 4 for control). f, Colon histology on day 6. Arrows, bacterial colonies; horizontal bar, 100 Î¼m. g, Clinical score determined by colon histology. h, Bacterial burden in spleen (left) and liver (right) on day 8. Error bars, s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, unpaired Studentâ€™s t-test (bâ€“d, g, h) or log rank test (e). Data shown are representative of two independent experiments.


Extended Data Figure 4 Role of IL-22 pathway in metabolic disorders.
a, Strategy for generation of IL-22R1 KO mice. b, Il22ra1 mRNA expression in colons from IL-22R1 KO and WT littermates (n = 5). c, Reg3b mRNA expression in colons from IL-22R1 KO and WT littermates 2 days after an injection with IL-22-Fc or control IgG (n = 5). d, e, IL-22R1 KO, IL-22 KO (n = 13), and WT littermate (n = 8) male mice were fed with HFD as in Fig. 2aâ€“c. d, ITT of IL-22R1 KO mice as in Fig. 2c. e, GTT of IL-22 KO mice at 3 months with HFD. fâ€“j, Eight-week-old C57BL/6 mice were concurrently fed with HFD and treated with IL-22-Fc or control IgG (n = 7). f, Body weight. g, Blood glucose. h, GTT on day 23. i, Fasted blood glucose on day 23. j, Epididymal fat-pad mass on day 25. Error bars, s.e.m.; NS, not significant. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, unpaired Studentâ€™s t-test (b, c, i, j) or two-way ANOVA (dâ€“h). Data shown are representative of three independent experiments.


Extended Data Figure 5 IL-22 ameliorates metabolic disorders in diabetic db/db mice.
db/db mice were treated with IL-22-Fc or control IgG for 3Â weeks (n = 7). a, Abdominal photograph of representative mice. b, Body weight. c, Parametrial fat-pad mass. d, Blood glucose. e, Fed and fasted blood glucose. f, GTT. g, ITT. h, Normalized ITT. Error bars, s.e.m.; NS, not significant. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, two-way ANOVA (b, d, fâ€“h) or unpaired Studentâ€™s t-test (c, e). Data shown are representative of five independent experiments.


Extended Data Figure 6 IL-22 restores insulin homeostasis in db/db mice.
aâ€“c, db/db mice were treated with IL-22-Fc or control IgG for 3Â weeks. a, b, Serum insulin of fed (a) and 16Â h fasted (b) mice. c, Insulin secretion in response to glucose injection after fasting for 16Â h (n = 8). dâ€“j, Pancreases were harvested and stained for insulin and glucagon (n = 7). d, e, Immunohistochemistry of pancreas islet from db/db mice treated with control IgG (d) or IL-22-Fc (e). Green, glucagon; red, insulin. The area surrounded by the red line shows islet area. Scale bar, 50Â Î¼m. f, Percentage of islet area within the total pancreas area. g, Percentage of Î²-cell area within the total islet area. h, Percentage of Î±-cell area within the total islet area. i, Average insulin staining intensity. j, Average glucagon staining intensity. Error bars, s.e.m.; NS, not significant. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, unpaired Studentâ€™s t-test. Data shown are representative of two independent experiments.


Extended Data Figure 7 Role of IL-22-Fc in modulation of intestinal microbiota and chronic inflammation.
aâ€“c, DIO mice were treated with IL-22-Fc or control IgG for 6Â weeks (n = 8). Faecal DNA was analysed by real-time PCR. a, Relative levels of Bacteroidetes 16S rRNA. b, Relative levels of Firmicutes 16S rRNA. c, Ratio of Bacteroidetes to Firmicutes. d, e, DIO mice were treated with IL-22-Fc or control IgG for 10Â weeks (n = 5). One group of IL-22-Fc-treated mice were co-housed with control treated mice (n = 5). d, Body weight. e, GTT. f, g, db/db mice were treated with IL-22-Fc or control IgG for 2Â weeks (n = 10). f, Serum lipopolysaccharide. g, Real-time PCR analyses of Tnfa, Il1b, and Il6 mRNA expression in WAT. Error bars, s.e.m.; NS, not significant. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, unpaired Studentâ€™s t-test (a, c, f, g) or two-way ANOVA (d, e). Data shown are representative of two independent experiments.


Extended Data Figure 8 The regulation of glucose homeostasis by IL-22-Fc is independent of its function in limiting food intake.
a, Accumulative food intake in the first week of the db/db mice in Extended Data Fig. 5. b, Serum PYY in db/db mice treated with IL-22-Fc or control IgG (n = 5). c, Four-hour food intake of IL-22-Fc or control IgG-dosed C57BL/6 male mice in a fast and re-fed study with a single injection of NPY2 R inhibitor, BIIE0246, or PBS (n = 5). dâ€“f, Two groups of db/db mice (n = 6) were fed with food ad libitum and treated with IL-22-Fc or control IgG for 4Â weeks. One group of db/db mice (n = 6) was fed with restricted food that matched the food intake of IL-22-Fc treated group, and treated with control IgG. d, Accumulative food intake of the first 2Â weeks. e, Blood glucose. f, GTT. Error bars, s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, two-way ANOVA (a, dâ€“f) or unpaired Studentâ€™s t-test (b, c). Data shown are representative of two independent experiments.


Extended Data Figure 9 IL-22-Fc, but not IL-20-Fc or IL-24-Fc, improves metabolic syndrome.
a, Stat3 phosphorylation in liver from WT mice treated with Fc proteins (200Â Î¼g) for 2Â h in vivo. b, c, Liver enzymes of DIO mice (b) and db/db mice (c) treated with IL-22-Fc or control IgG for 4Â weeks (n = 5). d, e, db/db mice were treated with IL-22-Fc (n = 9) or control IgG (n = 6) for 4Â weeks. d, Hepatic triglyceride. e, WAT triglyceride. f, g, Il20rb (f) and Il10rb (g) mRNA expression in indicated tissues of WT mice. h, i, db/db mice were treated with Fc proteins for 2Â weeks (n = 10). h, Blood glucose. i, GTT. Error bars, s.e.m. *PÂ <Â 0.05, ***PÂ <Â 0.001, unpaired Studentâ€™s t-test (bâ€“e) or two-way ANOVA (h, i).
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        Editorial Summary
Metabolic diseases reversed by interleukin-22
Interleukin-22 (IL-22) promotes antimicrobial immunity and acts to maintain the integrity of the intestinal mucosal barrier. This study examines the connection between IL-22 and metabolic syndrome, and shows that the IL-22 pathway is indispensable for maintaining epithelial integrity, reducing chronic inflammation, and alleviating metabolic disorders in mouse models of genetic or diet-induced obesity. Administration of IL-22 can reverse the disease progression through multiple pathways, suggesting novel therapeutic strategies for the treatment of human metabolic diseases.
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