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The hallmarks of inflammatory bowel disease are mucosal damage and ulceration, which are known to be high-risk conditions for the development of colorectal cancer. Recently, interleukin (IL)-33 and its receptor ST2 have emerged as critical modulators in inflammatory disorders. Even though several studies highlight the IL-33/ST2 pathway as a key factor in colitis, a detailed mode of action remains elusive. Therefore, we investigated the role of IL-33 during intestinal inflammation and its potential as a novel therapeutic target in colitis. Interestingly, the expression of IL-33, but not its receptor ST2, was significantly increased in biopsies from the inflamed colon of IBD patients compared to non-inflamed colonic tissue. Accordingly, in a mouse model of Dextran Sulfate Sodium (DSS) induced colitis, the secretion of IL-33 significantly accelerated in the colon. Induction of DSS colitis in ST2-/- mice displayed an aggravated colon pathology, which suggested a favorable role of the IL 33/ST2 pathway during colitis. Indeed, injecting rmIL-33 into mice suffering from acute DSS colitis, strongly abrogated epithelial damage, pro-inflammatory cytokine secretion, and loss of barrier integrity, while it induced a strong increase of Th2 associated cytokines (IL-13/IL-5) in the colon. This effect was accompanied by the accumulation of regulatory T cells (Tregs) and type 2 innate lymphoid cells (ILC2s) in the colon. Depletion of Foxp3+ Tregs during IL-33 treatment in DSS colitis ameliorated the positive effect on the intestinal pathology. Finally, IL-33 expanded ILC2s, which were adoptively transferred to DSS treated mice, significantly reduced colonic inflammation compared to DSS control mice. In summary, our results emphasize that the IL-33/ST2 pathway plays a crucial protective role in colitis by modulating ILC2 and Treg numbers.
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Introduction

Inflammatory bowel disease (IBD) is a highly complex immune mediated disorder, which is characterized by uncontrolled chronic inflammation of the gastrointestinal tract (1). The prevalence of patients suffering from IBD is increasing remarkably over the last decades (2). Consequently, the identification of novel therapeutic strategies to prevent and treat this disease are of essential importance.

Interleukin (IL)-33, as a member of the IL-1 cytokine family, has emerged as a critical modulator in inflammatory disorders. IL-33 is constitutively expressed in the nuclei of different cell types such as endothelial, epithelial and fibroblast-like cells (3). Moreover, the high level expression in epithelial barrier tissues, such as the intestinal tract, suggests an important role for IL-33 during IBD (4). Upon tissue damage or pathogen encounter, IL-33 is released as an alarmin and signals through a heterodimer receptor that consists of serum STimulation-2 (ST2) (5) and IL-1 receptor accessory protein (IL-1RAcP). There are two splicing variants of ST2, one soluble form (sST2), which functions as a decoy receptor by binding directly to IL-33 to inhibit its signaling and the membrane-bound form (ST2L), by which IL-33 is able to activate the MyD88/NF-KB complex to modulate immune cell functions. In vitro and in vivo, IL-33 induces the production of the type 2 T helper cells (Th2)-associated cytokines IL-5 and IL-13 (6). ST2 is expressed on a variety of immune cells in the colon, including T and B cells, but also innate lymphoid cells, macrophages, dendritic cells and eosinophils (7). Hence, IL-33 release at mucosal barrier sites is able to activate different cells types, resulting in the induction of distinct immune response during inflammation. Therefore, understanding the interplay of IL-33 and ST2 in more detail might reveal new approaches to counteract intestinal inflammation (8).

Previous studies investigating the role of IL-33 during intestinal inflammation exhibited controversial results depending on the physiological context. On the one hand, IL-33 has been described to ameliorate intestinal inflammation in different mouse models of chemical induced colitis and to prevent Clostridium difficile associated colon pathology (9–12). On the other hand, deficiency of the IL-33/ST2 signalling pathway was shown to protect mice from DSS or TNBS induced colitis and exogenous IL-33 application was recognized to exacerbate bacterial induced colitis (13–15). Therefore, IL-33 is considered both host-protective as well as host-pathogenic in the gastrointestinal tract. The complex function of IL-33 in the intestine and the variety of different target cells seem to pose a challenge for the use of IL-33 as a therapeutic drug during colitis. Thus, defining the mechanisms of IL-33 signaling in the intestine still needs further research with specifically considering the interaction of ST2+ responding cells and their impact on intestinal inflammation.

In the present study, we used the murine DSS model to determine the function of IL-33 during acute colitis. Treatment with exogenous rmIL-33 tremendously ameliorated intestinal inflammation. Moreover, we identified that Tregs and ILC2s are the central target cells of IL-33 in the DSS-induced colitis model to drive tissue protection. In summary, our findings highlight the relevance of IL-33 during intestinal inflammation and support its potential as a therapeutic drug to restrain colitis.



Materials and Methods


Human Samples

Endoscopic mucosal biopsies were obtained from macroscopically inflamed or non-inflamed tissues of 13 IBD (3 MC and 10 UC) patients undergoing colonoscopy. Informed consent was obtained from all patients. Ethical approval was provided by the Faculty of the University of Duisburg-Essen (15-6183-BO).



Mice

BALB/c mice were purchased from ENVIGO (Horst, Netherlands). ST2-/- and RAG2-/- mice were previously described (16, 17). DEREG/c mice express the diphtheria toxin (DT) receptor and the GFP exclusively under the control of the Fopx3 promoter (18). All transgenic mice were on BALB/c background, and bred and maintained under specific pathogen-free conditions at the local Animal Facility of University Hospital Essen. Mice were either co-housed (for females), or soiled bedding was exchanged every 2 – 3 days (for males), 2 weeks prior to and during experiments. All animal experiments performed in this study were carried out in accordance with the ethical principles and guidelines for scientific experiments and were approved by the local Landesamt fuer Natur-, Umwelt- und Verbraucherschutz (LANUV, North-Rhine-Westphalia, Germany).



Induction of Intestinal Inflammation

To induce intestinal inflammation, mice received 3 – 4% DSS (MP Biomedicals, Heidelberg, Germany, MW, 36-50 kDa) orally via the drinking water for 6 days followed by one day with normal drinking water. Mice were weighed and monitored daily for signs of sickness. The disease activity index (DAI, 0-12) was determined as the combined score of weight loss compared to initial weight, stool consistency, and rectal bleeding. Scores were defined as follows: weight loss: 0 (no loss), 1 (1-5%), 2 (5-10%), 3 (10-20%), and 4 (>20%); stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhea); and bleeding: 0 (no blood), 2 (visual pellet bleeding), and 4 (gross bleeding, blood around anus) (19).



In Vivo Treatments

Mice were treated i.p. with recombinant mIL-33 (1 µg/mouse, BioLegend, San Diego, USA) diluted in 200 µl PBS on day 0, 2 and 5 of DSS application. In DEREG/c mice, the IL-33 treatment was performed on day 1, 3 and 6. For the depletion of Foxp3+ Tregs, DEREG/c mice were injected i.p. with diphtheria toxin (Merck, Darmstadt, Germany, 750 ng per mouse) on day 0, 2 and 5 of DSS application. To investigate the impact of ILC2 cells, BALB/c WT mice were treated i.p. with 1 µg recombinant mIL-33 on day 0, 2, 4 and 6 to expand ILC2s in vivo. Sorted ILC2s from splenocytes (2 x 105 per mouse) were injected i.v. on day 0 in BALB/c mice, simultaneously to the DSS administration.



Isolation of Immune Cells From Colonic Lamina Propria

Lamina propria lymphocytes (LPLs) were isolated from the colon. Therefore, colons were flushed with PBS to remove feces, opened longitudinally and cut into 1 cm pieces. Tissue pieces were washed twice in PBS containing 3 mmol/l EDTA rotating for 10 min at 37°C. To remove the EDTA, tissue pieces were further washed twice in RPMI-1640 containing 1% FCS, 1 mM EGTA and 1.5 mmol/l MgCl2 rotating for 15 min at 37°C. Subsequently, colon pieces were rinsed with PBS, minced and digested with RPMI-1640 containing 20% FCS and 100 U/ml collagenase IV (Merck) rotating for 60 min at 37°C. After filtration through a 40-µm filter to separate single cells from the remaining tissue, cells were washed with RPMI-1640 and finally suspended in culture medium for further analysis.



Antibodies and Flow Cytometry

Flow cytometry analysis of surface proteins was conducted by using fluorochrome-labeled antibodies against CD11b (M1/70), CD11c (HL3), CD19 (1D3), CD4 (RM4-5), CD11b (M1/70), SiglecF (E50-2440), Gr-1 (RB6-8C5) (all BD Biosciences, Heidelberg, Germany) and CD3 (145-2C11), CD49b (DX5), ICOS (C398.4A), CD45 (30-F11) (all BioLegend) and ST2 (RMST2-2) (both Thermo Fisher Scientific, Braunschweig, Germany). Lineage- antibody-cocktail was used for the ILC2 staining and contained antibodies against CD3, CD19, CD11c, CD49b, Gr-1 and CD11b. Viable and dead cells were separated using the Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific). Intracellular staining was performed using the Foxp3 staining kit (Thermo Fisher Scientific), anti-Foxp3 (FJK-16s) and anti-GATA-3 (TWAJ) (both Thermo Fisher Scientific) according to the manufacturer’s recommendation. All flow cytometry analyses were performed on a LSR II instrument using the DIVA software (BD Biosciences).



RNA Extraction and Quantitative RT-PCR

RNA was isolated from colon biopsies using the RNAeasy Fibrous Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s recommendations. To synthesize cDNA, 1 µg of RNA was reversed transcribed using M-MLV Reverse Transcriptase (Promega, Mannheim, Germany) with dNTPs, Oligo-dT mixed with Random Hexamer primers (Thermo Fisher Scientific). Quantitative RT-PCR was conducted using the SYBR Green PCR Kit (Thermo Fisher Scientific) and specific primers for mice including mouse Il33 (5’-CTA CTG CAT GAGA CTCC GTT CTG-3’ and 3’-AGA ATC CCG TGG ATA GGCA GAG-5’), sSt2 (5’-GTG GGT CGTC TGC AGA AAT-3’ and 3’-GCT CTC TGA GGT AGGG TCCA-5’), St2l (5’-TGT GAG CCG TGT GAG TTT GAG TGT-3’ and 3’ TGG AGC AGC AGG CAT GAGG AAGC-5’), Retnlb (5’-GAA CGC GCA ATG CTC CTTT GAG-3’ and 3’-AGC CAC AAG CAC ATC CAGT GAC-5’), Spdef (5’-CAC GTTG GAT GAG CAC TCG CTA-3’ and 3’-AGC CAC TTC TGC ACG TTAC CAG-5’), Muc2 (5’GCT GAC GAG TGG TTG GTGA ATG-3’ and 3’-GAT GAG GTGG CAG ACA GGA GAC-5’) and for human samples Il33 (5’-GGA AGA ACA CAG CAA GCA AAG CCT-3’ and 3’-TAA GGC CAG AGC GGA GCT TCA TAA-5’), sSt2 (5’-GAA AAA ACG CAA ACCT AACT-3’ and 3’-TCA GAA ACA CTCC TTA CTTG-5’) and St2l (5’-AGG CTT TTC TCT GTT TCC AGT AAT CGG-3’ and 3’-GGC CTC AAT CCA GAA CAT TTTT AGG ATGA TAAC-5’). Relative mRNA levels were defined by using included standard curves for each individual gene and further normalization to the housekeeping gene ribosomal protein S9 (Rps9, mouse 5’-CTG GAC GAG GGC AAG ATGA AGC-3’ and 3’-TGA CGT TGG CGG ATG AGC ACA-5’, human 5’-CGC AGG CGC AGA CGG TGGA AGC-3’ and 3’-CGA AGG GTC TCC GCG GGG TCA CAT5-’).



Cytokine Measurement in Colonic Explants

To quantify cytokine levels, colonic biopsies were cultured in vitro for 6 hours in 300 µl of IMDM medium supplemented with 10% FCS, 100 µg/ml Streptavidin, 100 U/ml Penicillin, 25 µM β-Mercaptoethanol. Secreted proteins in the supernatants were quantified by polystyrene bead-based Luminex technology (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions. The concentrations were calculated using the Luminex 200 instrument and the Luminex xPOTENT software (Luminex Corporation, Austin, USA) and normalized to the respective colon biopsy weight.



Histopathological Analysis

Full-length colons were rinsed in ice-cold PBS and fixed in 4% paraformaldehyde, followed by embedding in paraffin and sectioning at 4 µm thickness. After staining with hematoxylin and eosin (H&E) the severity of the histopathology was scored in a blinded manner according to the inflammation markers, including inflammatory cell infiltration, epithelial defects, goblet cell depletion, granulocyte infiltration, crypt abscess, hyperplasia and ulceration. The colons were divided into oral, middle and rectal part and each marker was scored from 0 (= no signs of inflammation) to 3 (= severe signs of inflammation).



Statistical Analysis

Normality of results was tested using D’Agostino and Pearson and Shapiro-Wilk normality test. Statistical analysis was calculated using Student’s t-test, Mann-Whitney test, Wilcoxon matched-pairs signed rank test, one-way ANOVA or two-way ANOVA, followed by Tukey’s, Dunn’s, Dunnett’s multiple comparison test or Sidak post-test. All analyses were performed using the Prism 7.03 software (Graphpad, La Jolla, CA). Statistical significance were indicated with *P ˂ 0.05, **P < 0.01 and ***P < 0.001.




Results


IL-33 Is Elevated in the Colonic Tissue of IBD Patients and in Mice With Acute Colitis

IL-33 is described to be important for immune cell activation upon tissue injury at mucosal surfaces (8). To determine the function of IL-33 in IBD, we first analyzed the expression of IL-33 and its receptor ST2 in human colonic biopsies. Interestingly, we observed a significant upregulation of Il33 expression in inflamed tissues compared to non-inflamed control tissue. In contrast, no alterations in the expression levels of the soluble form of St2 (sSt2) or the membrane-bound isoform of St2 (St2l) was detected (Figure 1A). To address the functional role of IL-33 in more detail, a murine DSS-induced colitis model was used. BALB/c mice were orally administered with 4% of DSS in the drinking water for 6 days, followed by one day of normal drinking water (Figure 1B). At day 4-7, DSS treated mice developed severe inflammation indicated by a strong body weight loss and a high disease activity index (Figures 1C, D). Consistent with the data obtained from IBD patients, colonic Il33 expression was significantly upregulated on mRNA as well as on protein levels in DSS treated mice compared to healthy control mice (Figures 1E, F). As expected for the DSS model, pro-inflammatory chemokines and cytokines, like CXCL1/KC, TNF-α and IL-6, were strongly induced due to DSS-treatment (Figure 1F). Of note, in contrast to IBD patients, we observed a slight increase in sSt2 and St2l expression in the colon of DSS mice (Figure 1E).




Figure 1 | Elevated levels of IL-33 in IBD patients and mice with acute colitis. (A) Colonic mRNA expression of Il33, soluble ST2 (sST2) and membrane-bound St2 (ST2l) were measured by quantitative RT-PCR in non-inflamed and inflamed tissue of IBD patients (n = 9-14). (B) To induce intestinal inflammation BALB/c mice were administered 4% of DSS via the drinking water for 6 days, followed by one day of normal drinking water. (C) Body weight loss and (D) disease activity index were monitored daily. (E) Colonic mRNA expression of Il33, sST2 and ST2l of healthy BALB/c mice (ctrl) and mice with DSS-induced colitis were measured by quantitative RT-PCR on day 7 (n = 7-15 mice per group. (F) Colonic explants were cultured for 6h and secreted cytokines (IL-33, CXCL1/KC, TNF-α and IL-6) were measured in the supernatants using Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using Wilcoxon matched-pairs signed rank test (A), two-way ANOVA followed by Sidak post-test (C, D), Mann-Whitney test (E, F for CXCL1, TNF-α and IL-6), or unpaired Student’s t-test (F for IL-33). *P < 0.05; **P < 0.01; ***P < 0.001.





ST2 Protects Mice From Intestinal Inflammation During DSS-Induced Colitis

To further elucidate the role of IL-33 during intestinal inflammation, we applied the DSS-induced colitis model to ST2 deficient (ST2-/-) mice (Figure 2A). Interestingly, ST2-/- mice suffered more from acute colitis compared to wildtype (WT) mice as demonstrated by significant higher body weight loss (Figure 2B), higher disease activity indices at day 7 (Figure 2C) and increased histopathological scores (Figures 2D, E) compared to DSS treated WT mice. Well in line, DSS-treated mice deficient for ST2 showed an amplified pro-inflammatory cytokine profile in comparison to WT mice, as we found significant stronger secretion of IL-33 and IL-6 and in tendencies more TNF-α in the supernatant of colonic explants of DSS treated ST2-/- mice (Figure 2F). Taken together, the absence of the IL-33/ST2 pathway augmented disease severity, suggesting a host-protective role for IL-33 during DSS-induced colitis.




Figure 2 | ST2 deficiency amplified the susceptibility to DSS-induced colitis. (A) DSS was orally administered to ST2-/- mice and BALB/c WT mice (n = 10-14 mice per group) for 6 days, followed by one day of normal drinking water. (B) Body weight changes relative to the initial weight and (C) disease activity index were monitored daily. (D) Histopathological score (n = 6) and (E) representative Hematoxylin and Eosin (H&E)-staining pictures of healthy control (ctrl) and inflamed colons (DSS) were evaluated on day 7. Scale bars represent 100 µm. (F) Secreted levels of IL-33, TNF-α and IL-6 were determined in the supernatants of colonic explants via Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA, followed by Tukey’s multiple comparison test (B, C), unpaired Student’s t-test (D), or one-way ANOVA followed by Dunn’s or Dunnett’s multiple comparison test (F). *P < 0.05; ***P < 0.001.





Exogenous IL-33 Application Orchestrates an Immune Network to Counteract DSS-Induced Intestinal Inflammation

To boost the IL-33/ST2 signaling pathway, we injected BALB/c WT mice with recombinant murine IL-33 during DSS treatment (Figure 3A). IL-33-treated healthy control mice showed no signs of intestinal inflammation (Figures 3B, C). Importantly, IL-33 treatment had a remarkable impact during DSS-induced colitis. Mice treated with IL-33 showed a significant improved body weight at day 6 compared to DSS control mice (PBS/DSS), which was even more prominent at day 7 when disease pathology was most severe (Figure 3B). PBS/DSS mice suffered from severe diarrhea, rectal bleeding and body weight loss, which is summarized in the disease activity index. IL-33-treated DSS (IL-33/DSS) mice showed a significant lower disease activity index already from day 5 on, when PBS/DSS mice started to show signs of sickness (Figure 3C). Additionally, the histopathological score was significantly reduced upon IL-33 treatment in comparison to PBS/DSS mice, indicated by less inflammatory cell infiltration, less epithelial defects and a lower degree of ulceration (Figures 3D, E). Accordingly, IL-33/DSS mice secreted lower levels of pro-inflammatory colonic cytokines such as IL-33, TNF-α and IL-6. In contrast, levels of the Th2 associated cytokines IL-5 and IL-13 were strongly enhanced upon IL-33 treatment, irrespective of DSS administration (Figure 3F). Collectively, these findings demonstrated that treatment with recombinant IL-33 is able to protect mice from severe intestinal pathology induced by DSS.




Figure 3 | IL-33 administration alleviates intestinal inflammation. To induce intestinal inflammation, BALB/c mice (n = 7-13 mice per group) were given DSS via the drinking water for 6 days, followed by one day of normal drinking water. (A) On day 0, 2 and 5 control mice as well as DSS mice were i.p. injected either with recombinant mIL-33 or with PBS. (B) Body weight loss and (C) disease activity index were monitored daily. (D) Histopathological scores of PBS and IL-33-treated DSS-mice were determined on day 7 (n = 5 – 13 mice per group). (E) Representative Hematoxylin and Eosin (H&E) stained colon sections at day 7. Scale bars represent 100 µm. (F) Cytokine levels of IL-33, TNF-α, IL-6, IL-5 and IL-13 were measured in the supernatants of colonic explants by Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparison test (B, C), one-way ANOVA followed by Dunn’s multiple comparison test (F), or using Mann-Whitney test (D). *P < 0.05; **P < 0.01; ***P < 0.001.





The Protective Effect of IL-33 on DSS-Induced Colitis Is Partially Dependent on Tregs

ST2, the receptor for IL-33, is expressed on a variety of immune cells in the colon (7). By gating CD4+ Foxp3+ cells (Supplementary Figure 1A) we observed a moderate increase in frequencies and absolute number of Tregs in the colon upon DSS-induced colitis (Figure 4A). Interestingly, colonic ST2+ ICOS+ ILC2 cells were not affected by DSS-induced inflammation (Figure 4B). However, the application of IL-33 significantly enhanced frequencies and absolute numbers of colonic Tregs and ST2+ ICOS+ ILC2s in DSS mice (Figures 4A, B). As it is known that ILC2 surface marker expression is heterogeneous and context-dependent (20), we verified a stable ILC2 phenotype by intracellular staining for the transcription factor GATA-3 (Supplementary Figure 1B).




Figure 4 | Treg depletion diminishes the protective effect of IL-33 in DSS colitis. To induce intestinal inflammation, BALB/c mice (n = 5-14 mice per group) were given DSS via the drinking water for 6 days. Followed by one day of normal drinking water. On day 0, 2 and 5 control mice as well as DSS mice were injected i.p. either with recombinant mIL-33 or with PBS. Immune cells were isolated from the colonic lamina propria on day 7 and analyzed by flow cytometry to distinguish (A) CD4+Foxp3+ regulatory T cells (Tregs), or (B) lineage-ICOS+ST2+ type 2 innate lymphoid cells (ILC2s). Frequencies and absolute numbers of cells were determined. (C) To induce intestinal inflammation in DEREG/c mice, DSS was given for 6 days, followed by one day of normal drinking water (n = 9-12 mice per group). Tregs were depleted in DEREG/c mice by injecting DT i.p. on day 0, 2 and 5. Mice were additionally treated either with PBS or with recombinant murine IL-33 i.p. on day 1, 3 and 6. (D) Treg ablation was confirmed in the blood on day 0, 4 and 7. (E) Change of body weight and (F) disease activity index were monitored daily. (G) Secretion of IL-33, TNF-α, IL-6, IL-5 and IL-13 in colonic explants was detected by Luminex technology. All data are presented as mean ± SEM. Statistical analyses were performed using one-way ANOVA followed by Dunn’s multiple comparison test (A, B), two-way ANOVA followed by Tukey’s multiple comparison test (D–F), or using one-way ANOVA followed by Tukey’s or Dunn’s multiple comparison test (G). *P < 0.05; **P < 0.01; ***P < 0.001.



To first evaluate the role of IL-33-mediated Treg expansion on the course of DSS-induced colitis, we used DEREG/c mice to specifically deplete Foxp3+ Tregs by applying diphtheria toxin (DT) (18). DEREG/c mice were treated with 4% of DSS in the drinking water for 6 days to induce acute colitis. Concomitantly, mice were injected with DT at day 0, 2 and 5 with or without recombinant IL-33 at day 1, 3 and 6 (Figure 4C), and depletion of Tregs after DT injection was confirmed in the blood. Independent of IL-33 administration, DT application efficiently eliminated Tregs from day 4 onwards (Figure 4D). Treg-depleted mice developed severe intestinal inflammation, which was slightly but not significant stronger when compared with PBS-treated DSS mice (Figures 4E, F). Interestingly, treatment with IL-33 in Treg-depleted DSS mice showed no improve in disease outcome in terms of body weight, but slightly reduced disease activity index compared to Treg-depleted DSS mice that did not receive IL-33 (Figure 4F). Nevertheless, alleviation of intestinal inflammation was not as prominent as in IL-33-treated Treg-sufficient mice. Well in line, IL-33 treatment resulted in a reduction of IL-33, TNF-α and IL-6 production in Treg-sufficient mice, which could also be detected in Treg-depleted mice. Conversely, upregulation of IL-33-induced Th2 cytokines IL-5 and IL-13 was abrogated by Treg depletion (Figure 4G). Taken together, these data suggest that the protective effect of IL-33 during colitis could be, at least in part, dependent on Tregs.



IL-33 Acts on Innate Immune Cells to Protect Mice From DSS-Induced Intestinal Inflammation

As the protective effect of IL-33 treatment was only partially dependent on Tregs, we further assessed the overall importance of adaptive immune cells using RAG2-/- mice, which lack mature T and B cells. We induced acute colitis by orally administering 3% of DSS for 6 days and treated RAG2-/- mice with recombinant IL-33 on day 0, 2 and 5 (Figure 5A). Surprisingly, we observed a similar disease progression as in WT mice. RAG2-/- mice developed significantly less DSS-induced inflammation upon IL-33 treatment compared to control mice (Figures 5B, C). In accordance, the histopathological score was ameliorated in IL-33 treated DSS mice in comparison to PBS-treated DSS mice (Figures 5D, E) with diminished pro-inflammatory cytokine production (Figure 5F). Although RAG2-/- are deficient in T cells, IL-33 treatment was sufficient to reduce the magnitude of DSS-induced intestinal inflammation. These results demonstrate that besides CD4+ Foxp3+ Tregs, other innate immune cells must be involved in the protective effect of IL-33. Importantly, IL-33 treatment promoted colonic IL-5 and IL-13 release, as well as the expansion of ILC2s in ctrl or DSS treated RAG2-/- mice (Figures 5F, G). Thus, we also focused on the function of ILC2s as key regulators in counteracting DSS-induced colitis upon IL-33 treatment.




Figure 5 | Innate immune cells protect mice from DSS-induced colitis upon IL-33 treatment. (A) To investigate the role of innate immune cells, DSS was administered to RAG2-/- mice for 6 days, followed by one day of normal drinking water. Mice were injected i.p. either with PBS or with IL-33 on day 0, 2 and 5 (n = 3-9 mice per group). (B) Body weight change and (C) disease activity index were monitored daily. (D) Histopathological score of PBS and IL-33-treated RAG2-/- mice was assessed on day 7, and (E) representative H&E staining of colon sections were analyzed (n = 4). Scale bars represent 100 µm. (F) Levels of IL-33, TNF-α, IL-6, IL-5 and IL-13 were measured in colonic explants using Luminex technology. (G) Immune cells were isolated from the colonic lamina propria and the frequencies of lineage-ICOS+ST2+ ILC2s were analyzed by flow cytometry. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparison (B, C), unpaired Student’s t-test (D), or one-way ANOVA followed by Dunn’s or Dunnett’s multiple comparison test (F, G). *P < 0.05; **P < 0.01; ***P < 0.001.





ILC2s Promote a Protective Phenotype Against Intestinal Inflammation Through the Induction of Intestinal Goblet Cell Differentiation

We observed that the application of IL-33 strongly expands the frequency of ILC2s in WT and RAG2-/- mice (Figures 4B, 5G). Thus, we aimed to determine the impact of ILC2s on intestinal inflammation in more detail. To obtain a sufficient number of ILC2 for transfer experiments, we expanded ILC2s in donor BALB/c mice with recombinant IL-33 (Figure 6A). At day 7, we FACS-purified splenic ILC2s from donor mice and adoptively transferred 2 x 105 ILC2s into BALB/c mice before DSS treatment. To evaluate the impact of ILC2s during IL-33 treatment, we compared the ILC2 transfer with the injection of recombinant IL-33 (Figure 6B). Interestingly, ILC2-pre-transferred mice showed reduced intestinal inflammation as they lost less body weight and displayed a lower disease activity index in comparison to PBS-treated DSS mice. Nevertheless, the reduction in inflammation was less pronounced compared to IL-33-treated DSS-mice (Figures 6C, D). Consistently, the levels of IL-33, TNF-α, IL-6 and CXCL1 in the supernatant of colonic explants were decreased in both IL-33-treated and ILC2-pre-transferred DSS-mice (Figure 6E). As it was shown that IL-33 induces intestinal goblet cell differentiation indirectly through IL-13 production by ILC2s (21), we further assessed the impact of ILC2 transfer on goblet cells during DSS-induced colitis. Indeed, mice treated with recombinant IL-33 exhibited a restoration of crypt architecture in the histopathological analyses (Figures 6D, E), as well as elevated levels of SAM (sterile alpha motif) pointed domain epithelia specific transcription factor (Spdef) and Resistin-like-beta (Retnlb), transcription marker and secretory product of goblet cells, respectively. Furthermore, mice showed significant higher expression of the primary mucin Muc2 upon IL-33 treatment, which indicates a reinforced goblet cell function (Figure 6F). Remarkably, we could show in vivo that ILC2-pre-transferred DSS mice exhibited a similar phenotype like IL-33-treated DSS mice with an increase of both goblet cell markers Spdef and Retnlb as well as an increase in the expression of Muc2 in colonic tissues (Figure 6F). These results further endorse the protective function of IL-33 in severe, acute colitis by increasing the epithelial barrier function. In summary, we conclude that IL-33 not only exerted its effects via ILC2s, but we rather suggest a supportive function of Tregs to restrain DSS-induced intestinal inflammation.




Figure 6 | ILC2 transfer alleviates DSS-induced colitis. ILC2s were expanded in vivo in donor BALB/c mice by injecting IL-33 on day -7, -5, -3 and -1 prior to the transfer. (A) Representative dot plots show the expansion of ILC2s in the spleen upon IL-33 treatment gated on ST2+ICOS+ of viable Lin- cells. (B) To induce intestinal inflammation, DSS was orally administered to BALB/c mice for 6 days, followed by one day of normal drinking water. Mice were either adoptively transferred i.v. with 2 x 105 ILC2s on day 0 or treated with recombinant mIL-33 i.p. on day 0, 2 and 5 (n = 4-11 mice per group). (C) Body weight change and (D) disease activity index were monitored daily. (E) Secretion of IL-33, CXCL1/KC, TNF-α and IL-6 by colonic explants was quantified using Luminex technology. (F) Colonic mRNA expression of Retnlb, Spdef and Muc2 were assessed by quantitative RT-PCR. All data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparison test (C, D), or one-way ANOVA followed by Dunn’s or Dunnett’s multiple comparison test (E, F). *P < 0.05; ***P < 0.001.






Discussion

The complex etiology of inflammatory bowel disease is still a subject of debate. However, an imbalance of cytokine production as well as T cell dysfunction are widely considered as key factors in the pathogenesis of mucosal inflammation (22). Recently, IL-33, as an IL-1 family cytokine and alarmin was ascribed a unique and essential role during colitis development (23, 24). Nonetheless, its dichotomous role in the intestinal tract led to conflicting results regarding a protective or pathogenic function in intestinal inflammation. On the one hand, IL-33 is considered to aggravate intestinal pathology, but on the other hand, it has been shown that IL-33 is able to attenuate colitis development (12, 14, 25, 26), a characteristic of IL-33 that was also observed for other disease patterns (27–30). Therefore, further understanding the role of the IL-33/ST2 signaling during DSS-induced colitis might reveal new therapeutic strategies to counteract intestinal inflammation.

The results presented here support the role of IL-33 as a potential therapeutic target during the acute phase of colitis, given the striking protection promoted by exogenous IL-33 treatment.

IL-33 is known to be constitutively expressed at high levels in the nucleus of epithelial cells (8) and its expression is further elevated in active lesions of IBD patients and mice with DSS-induced colitis (31–34). In accordance with these observations, we could show a strong increase of endogenous IL-33 expression in colonic biopsies of both IBD patients and DSS-treated mice, highlighting its role during intestinal inflammation and its potential as a biomarker in IBD. In contrast to results obtained by Lopetuso et al., who found a delayed recovery from DSS-induced colitis in ST2-/- mice but observed no differences in intestinal inflammation during the actual DSS challenge (35), we detected a strong enhancement of disease severity in ST2-/- mice compared to WT mice from day 4 onwards. These discrepancies might be attributed to different background of the mice or an altered DSS regimen. Well in line with increased intestinal inflammation in ST2-/- mice, our results further support a protective role for exogenous IL-33, as mice treated with recombinant IL-33 exhibited a tremendous alleviation of intestinal inflammation compared to PBS-treated DSS mice. More importantly, the strong increase of endogenous IL-33 was diminished when mice were treated exogenously with IL-33. These results emphasize the crucial difference between endogenous and exogenous IL-33 expression and may further explain the contradictory results concerning its colonic function in former studies. Consistent with this suggestion, He et al. could show a difference between full-length IL-33, which is present in the nucleus of epithelial cells and accumulates during intestinal inflammation, and mature IL-33, which is cleaved by different caspases and is found in the extracellular space. In detail, over-expression of full-length IL-33 by intestinal epithelial cells did not promote inflammation, but induced expression of genes that correlated with increased Th2 immune responses, such as Gata3, Il4 and Il13. Therefore, it is proposed that the mature (cleaved) form rather than the nuclear (full-length) form of IL-33 mediates the transcriptional effects on intestinal epithelial cells (36).

Since IBD is characterized by uncontrolled activation of intestinal immune cells (37), we further assessed the impact of IL-33 on ST2+ immune cells during DSS-induced colitis. We could observe a pronounced expansion of Tregs and ILC2s in frequencies and absolute numbers in the colon of IL-33-treated DSS-mice and further suggested a need for these cells to trigger the protective effect orchestrated by IL-33 signaling. Well in line, previous studies emphasized a crucial role of IL-33 in innate immunity and inflammation by inducing ILC2 functions (38). In particular, studies investigating IL-33 in gut inflammation could show that recombinant IL-33 treatment resulted in an improved outcome of experimental intestinal inflammation in mice through the activation of ILC2s in an AREG-dependent manner or through the induction of CD103+ DCs to promote the development of Tregs via IL-2 secretion (25, 39, 40). Tregs are known to play a crucial role in the pathogenesis of colitis, as their frequencies are altered in IBD patients (41, 42) and as they exert various immunosuppressive mechanisms like downregulating Th17 responsiveness via TGF-β (43). In our study, we could demonstrate, by using DEREG mice, that the specific depletion of Foxp3+ Tregs partially abrogated the positive effects of IL-33 administration in DSS colitis. This provides evidence that Foxp3+ Tregs are involved in IL-33 mediated tissue protection. However, our experiments in RAG2-/- mice and the fact that a part of the IL-33-protective effect was still present after Treg depletion further indicate a non-exclusive role for Tregs in conveying mucosal protection. Similarly, Duan et al. could show that depletion of Tregs via anti-CD25 application significantly abrogated the impact of IL-33 on reducing the development of colitis using the TNBS-induced colitis model (40). While Duan et al. claim that IL-33 triggers a Th1-to-Th2/Treg switch, which mediates improved colon pathology, we propose that IL-33-induced alleviation of DSS colitis is only partially dependent on Tregs. Furthermore, we could show that DSS dependent pro-inflammatory cytokine production was still reduced in Treg-depleted mice comparable to Treg-sufficient mice after IL-33 treatment, whereas Th2-associated cytokines were no longer induced after Treg depletion. Therefore, our data might indicate that Tregs are supportive to other immune cells to produce IL-13 and IL-5. As IL-13, secreted by ILC2s, promotes regeneration of the intestinal epithelium (44), the reduction in IL-13 expression in turn could be one reason for a less favorable outcome of IL-33 treatment in Treg-depleted mice.

Hence, we further focused on cells from the innate immune system as we could also observe a remarkably increase of ILC2s in DSS-mice after IL-33 application. ILC2s are considered to contribute to the maintenance of epithelial integrity in the gut and have been shown to increase upon IL-33 stimulation (45). Similar to the diverse function of IL-33, ILC2s may reflect different roles regarding the regulation of pro-inflammatory and tissue-protective responses at mucosal barrier sites. While some studies found positive correlations of ILC2 frequencies and disease severity in different colitis models (13, 46), Monticelli et al. identified a host-protective IL-33-driven mechanism, involving the promotion of ILC2s and consequently the expression of growth factors essential for tissue protection and the restoration of intestinal homeostasis (25). Likewise, we demonstrated that wild-type mice pre-transferred with activated ILC2s displayed less signs of inflammation, indicated by an improved body weight, lower disease activity index and reduction of pro-inflammatory cytokine secretion. Mechanistically, we propose that IL-33-activated ILC2s produce Th2-associated cytokines, like IL-13, thereby promoting goblet cell differentiation and subsequent epithelial barrier integrity. In this context, IL-13 expression might be of central importance in intestinal inflammation. In response to IL-33, ILC2s are the major source of IL-13 among innate immune cells (47) and are able to promote goblet cell expansion (21). During IBD, IL-13 impairs the production of IL-1β, TNF-α and IL-6 (48). Still, IL-13 secretion is not the only mechanism of ILC2s to protect mice from intestinal inflammation. A study conducted by You et al. could show that the transfer of activated ILC2s was able to alleviate DSS-induced acute colitis in RAG1-/- mice by promoting M2 macrophage polarization (49) and Monticelli et al. emphasize amphiregulin production by ILC2s to enhance mucin production and reduce intestinal inflammation in DSS treated AREG-/- mice (25). Importantly, in contrast to the aforementioned studies, we could demonstrate that also DSS treated wild-type mice benefited from the transfer of IL-33 expanded ILC2s and that these mice displayed a phenotype comparable to IL-33 treated DSS mice. Nevertheless, the alleviating impact of ILC2 transfer was not as strong as IL-33 treatment, further supporting a collaborative role for other factors or immune cells, to restrain acute colitis.

With its diverse functions, IL-33 could be the linking mediator between different ST2+ immune cells. Indeed, it has already been demonstrated that IL-33 is able to act indirectly to enhance Treg numbers and function through the promotion of ILC2s (50). Nascimento et al. could show that IL-33-driven ILC2 activation promoted the polarization of M2 macrophages and consequently the expansion of Tregs through the secretion of IL-10. Both indicating not only a crosslink between ILC2s and Tregs, but rather emphasize a promoting capacity of ILC2s to induce Tregs in an indirect manner. Nevertheless, we cannot rule out that other immune cells than Tregs interact with ILC2s to promote their protective function during intestinal inflammation. This assumption is supported by our investigations in RAG2-/- mice that lack mature T and B cells. Here, IL-33 treatment potently ameliorated DSS-induced inflammation and expanded colonic ILC2s, as well as IL-5 and IL-13 secretion. Possibly, ILC2s also cooperate with eosinophils due to their constitutive expression of IL-5 that was demonstrated to regulate both eosinophil homeostasis as well as their tissue accumulation and infiltration into the colon (51, 52).

Overall, our results suggest that ILC2s facilitate IL-33-mediated tissue protection in DSS colitis, while Tregs seem to play an ILC2-supporting role. This could be due to the fact that ILC2s constitutively express the receptor ST2+ and are therefore able to act immediately upon IL-33 treatment, whereas only a subpopulation of Tregs display ST2 expression. However, given the divers function of each cell type upon IL-33 treatment during intestinal inflammation, additional experiments are necessary to accurately identify the mechanisms of ILC2-driven mucosal protection.

In summary, in this study we highlight the potential of exogenous IL-33 application during acute colitis and its essential role for promoting ILC2 activation to restrain intestinal inflammation.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Faculty of the University of Duisburg-Essen. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Landesamt für Natur-, Umwelt- und Verbraucherschutz (LANUV, North-Rhine-Westphalia, Germany).



Author Contributions

NN performed the experiments, analyzed the data and wrote the manuscript. AW supervised the study and wrote the manuscript. EP designed and supervised the study, and wrote the manuscript. JL provided human samples. RP performed all histological analyses. VP, AA, and WH revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the German Research Foundation (DFG) research grant GRK 1949 to AW and PA 2792/2-1 to EP. We acknowledge support by the Open Access Publication Fund of the University of Duisburg-Essen.



Acknowledgments

We kindly thank Christian Fehring, Witold Bartosik, Christina Liebig and Mechthild Hemmler-Roloff for their excellent technical assistance.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.669787/full#supplementary-material



References

1. Stidham, RW, and Higgins, PDR. Colorectal Cancer in Inflammatory Bowel Disease. Clin Colon Rectal Surg (2018) 31(3):168–78. doi: 10.1055/s-0037-1602237

2. Alatab, S, Sepanlou, SG, Ikuta, K, Vahedi, H, Bisignano, C, Safiri, S, et al. The Global, Regional, and National Burden of Inflammatory Bowel Disease in 195 Countries and Territories, 1990-2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol Hepatol (2020) 5(1):17–30. doi: 10.1016/S2468-1253(19)30333-4

3. Liew, FY, Girard, JP, and Turnquist, HR. Interleukin-33 in Health and Disease. Nat Rev Immunol (2016) 16(11):676–89. doi: 10.1038/nri.2016.95

4. Moussion, C, Ortega, N, and Girard, JP. The IL-1-like Cytokine IL-33 Is Constitutively Expressed in the Nucleus of Endothelial Cells and Epithelial Cells In Vivo: A Novel ‘Alarmin’? PloS One (2008) 3(10):e3331. doi: 10.1371/journal.pone.0003331

5. Tominaga, SI, Ohta, S, and Tago, K. Soluble Form of the ST2 Gene Product Exhibits Growth Promoting Activity in NIH-3T3 Cells. Biochem Biophys Rep (2016) 5:8–15. doi: 10.1016/j.bbrep.2015.11.020

6. Schmitz, J, Owyang, A, Oldham, E, Song, Y, Murphy, E, McClanahan, TK, et al. IL-33, an Interleukin-1-Like Cytokine That Signals Via the IL-1 Receptor-Related Protein ST2 and Induces T Helper Type 2-Associated Cytokines. Immunity (2005) 23(5):479–90. doi: 10.1016/j.immuni.2005.09.015

7. Griesenauer, B, and Paczesny, S. The ST2/IL-33 Axis in Immune Cells During Inflammatory Diseases. Front Immunol (2017) 8:475. doi: 10.3389/fimmu.2017.00475

8. Hodzic, Z, Schill, EM, Bolock, AM, and Good, M. IL-33 and the Intestine: The Good, the Bad, and the Inflammatory. Cytokine (2017) 100:1–10. doi: 10.1016/j.cyto.2017.06.017

9. Frisbee, AL, Saleh, MM, Young, MK, Leslie, JL, Simpson, ME, Abhyankar, MM, et al. IL-33 Drives Group 2 Innate Lymphoid Cell-Mediated Protection During Clostridium Difficile Infection. Nat Commun (2019) 10(1):2712. doi: 10.1038/s41467-019-10733-9

10. Zhu, JF, Xu, Y, Zhao, J, Li, X, Meng, X, Wang, TQ, et al. IL-33 Protects Mice Against DSS-Induced Chronic Colitis by Increasing Both Regulatory B Cell and Regulatory T Cell Responses as Well as Decreasing Th17 Cell Response. J Immunol Res (2018) 2018:1827901. doi: 10.1155/2018/1827901

11. Tu, L, Chen, J, Xu, D, Xie, Z, Yu, B, Tao, Y, et al. IL-33-Induced Alternatively Activated Macrophage Attenuates the Development of TNBS-Induced Colitis. Oncotarget (2017) 8(17):27704–14. doi: 10.18632/oncotarget.15984

12. Waddell, A, Vallance, JE, Moore, PD, Hummel, AT, Wu, D, Shanmukhappa, SK, et al. IL-33 Signaling Protects From Murine Oxazolone Colitis by Supporting Intestinal Epithelial Function. Inflamm Bowel Dis (2015) 21(12):2737–46. doi: 10.1097/MIB.0000000000000532

13. Qiu, X, Qi, C, Li, X, Fang, D, and Fang, M. IL-33 Deficiency Protects Mice From DSS-Induced Experimental Colitis by Suppressing ILC2 and Th17 Cell Responses. Inflamm Res (2020) 69(11):1111–22. doi: 10.1007/s00011-020-01384-4

14. Sedhom, MAK, Pichery, M, Murdoch, JR, Foligné, B, Ortega, N, Normand, S, et al. Neutralisation of the Interleukin-33/ST2 Pathway Ameliorates Experimental Colitis Through Enhancement of Mucosal Healing in Mice. Gut (2013) 62(12):1714–23. doi: 10.1136/gutjnl-2011-301785

15. Palmieri, V, Ebel, JF, Ngo Thi Phuong, N, Klopfleisch, R, Vu, VP, Adamczyk, A, et al. Interleukin-33 Signaling Exacerbates Experimental Infectious Colitis by Enhancing Gut Permeability and Inhibiting Protective Th17 Immunity. Mucosal Immunol (2021) 14(4):923–36. doi: 10.1038/s41385-021-00386-7

16. Shinkai, Y, Rathbun, G, Lam, KP, Oltz, EM, Stewart, V, Mendelsohn, M, et al. RAG-2-Deficient Mice Lack Mature Lymphocytes Owing to Inability to Initiate V(D)J Rearrangement. Cell (1992) 68(5):855–67. doi: 10.1016/0092-8674(92)90029-C

17. Townsend, MJ, Fallon, PG, Matthews, DJ, Jolin, HE, and McKenzie, AN. T1/ST2-Deficient Mice Demonstrate the Importance of T1/ST2 in Developing Primary T Helper Cell Type 2 Responses. J Exp Med (2000) 191(6):1069–76. doi: 10.1084/jem.191.6.1069

18. Lahl, K, and Sparwasser, T. In Vivo Depletion of FoxP3+ Tregs Using the DEREG Mouse Model. Methods Mol Biol (2011) 707:157–72. doi: 10.1007/978-1-61737-979-6_10

19. Kim, JJ, Shajib, MS, Manocha, MM, and Khan, WI. Investigating Intestinal Inflammation in DSS-Induced Model of IBD. J Vis Exp (2012) 60:3678. doi: 10.3791/3678

20. Entwistle, LJ, Gregory, LG, Oliver, RA, Branchett, WJ, Puttur, F, and Lloyd, CM. Pulmonary Group 2 Innate Lymphoid Cell Phenotype Is Context Specific: Determining the Effect of Strain, Location, and Stimuli. Front Immunol (2020) 10:3114. doi: 10.3389/fimmu.2019.03114

21. Waddell, A, Vallance, JE, Hummel, A, Alenghat, T, and Rosen, MJ. IL-33 Induces Murine Intestinal Goblet Cell Differentiation Indirectly Via Innate Lymphoid Cell IL-13 Secretion. J Immunol (Baltimore Md: 1950) (2019) 202(2):598–607. doi: 10.4049/jimmunol.1800292

22. Baumgart, DC, and Carding, SR. Inflammatory Bowel Disease: Cause and Immunobiology. Lancet (2007) 369(9573):1627–40. doi: 10.1016/S0140-6736(07)60750-8

23. Beltrán, CJ, Núñez, LE, Díaz-Jiménez, D, Farfan, N, Candia, E, Heine, C, et al. Characterization of the Novel ST2/IL-33 System in Patients With Inflammatory Bowel Disease. Inflamm Bowel Dis (2010) 16(7):1097–107. doi: 10.1002/ibd.21175

24. Williams, MA, O’Callaghan, A, and Corr, SC. IL-33 and IL-18 in Inflammatory Bowel Disease Etiology and Microbial Interactions. Front Immunol (2019) 10:1091. doi: 10.3389/fimmu.2019.01091

25. Monticelli, LA, Osborne, LC, Noti, M, Tran, SV, Zaiss, DMW, and Artis, D. IL-33 Promotes an Innate Immune Pathway of Intestinal Tissue Protection Dependent on Amphiregulin-EGFR Interactions. Proc Natl Acad Sci USA (2015) 112(34):10762–7. doi: 10.1073/pnas.1509070112

26. Zhu, J, Yang, F, Sang, L, Zhai, J, Zhang, X, Yue, D, et al. IL-33 Aggravates DSS-Induced Acute Colitis in Mouse Colon Lamina Propria by Enhancing Th2 Cell Responses. Mediators Inflamm (2015) 2015:913041. doi: 10.1155/2015/913041

27. Alves-Filho, JC, Sônego, F, Souto, FO, Freitas, A, Verri, WA Jr., Auxiliadora-Martins, M, et al. Interleukin-33 Attenuates Sepsis by Enhancing Neutrophil Influx to the Site of Infection. Nat Med (2010) 16(6):708–12. doi: 10.1038/nm.2156

28. Miller, AM, Xu, D, Asquith, DL, Denby, L, Li, Y, Sattar, N, et al. IL-33 Reduces the Development of Atherosclerosis. J Exp Med (2008) 205(2):339–46. doi: 10.1084/jem.20071868

29. Xu, D, Jiang, HR, Kewin, P, Li, Y, Mu, R, Fraser, AR, et al. IL-33 Exacerbates Antigen-Induced Arthritis by Activating Mast Cells. Proc Natl Acad Sci USA (2008) 105(31):10913–8. doi: 10.1073/pnas.0801898105

30. Ravanetti, L, Dijkhuis, A, Dekker, T, Sabogal Pineros, YS, Ravi, A, Dierdorp, BS, et al. IL-33 Drives Influenza-Induced Asthma Exacerbations by Halting Innate and Adaptive Antiviral Immunity. J Allergy Clin Immunol (2019) 143(4):1355–70.e16. doi: 10.1016/j.jaci.2018.08.051

31. Wang, AJ, Smith, A, Li, Y, Urban, JF Jr., Ramalingam, TR, Wynn, TA, et al. Genetic Deletion of IL-25 (IL-17E) Confers Resistance to Dextran Sulfate Sodium-Induced Colitis in Mice. Cell Biosci (2014) 4:72. doi: 10.1186/2045-3701-4-72

32. Seidelin, JB, Bjerrum, JT, Coskun, M, Widjaya, B, Vainer, B, and Nielsen, OH. IL-33 Is Upregulated in Colonocytes of Ulcerative Colitis. Immunol Lett (2010) 128(1):80–5. doi: 10.1016/j.imlet.2009.11.001

33. Kobori, A, Yagi, Y, Imaeda, H, Ban, H, Bamba, S, Tsujikawa, T, et al. Interleukin-33 Expression Is Specifically Enhanced in Inflamed Mucosa of Ulcerative Colitis. J Gastroenterol (2010) 45(10):999–1007. doi: 10.1007/s00535-010-0245-1

34. Nunes, T, Bernardazzi, C, and de Souza, HS. Interleukin-33 and Inflammatory Bowel Diseases: Lessons From Human Studies. Mediators Inflamm (2014) 2014:423957. doi: 10.1155/2014/423957

35. Lopetuso, LR, De Salvo, C, Pastorelli, L, Rana, N, Senkfor, HN, Petito, V, et al. IL-33 Promotes Recovery From Acute Colitis by Inducing miR-320 to Stimulate Epithelial Restitution and Repair. Proc Natl Acad Sci USA (2018) 115(40):E9362–e70. doi: 10.1073/pnas.1803613115

36. He, Z, Chen, L, Furtado, GC, and Lira, SA. Interleukin 33 Regulates Gene Expression in Intestinal Epithelial Cells Independently of Its Nuclear Localization. Cytokine (2018) 111:146–53. doi: 10.1016/j.cyto.2018.08.009

37. Neurath, MF. Targeting Immune Cell Circuits and Trafficking in Inflammatory Bowel Disease. Nat Immunol (2019) 20(8):970–9. doi: 10.1038/s41590-019-0415-0

38. Cayrol, C, and Girard, JP. IL-33: An Alarmin Cytokine With Crucial Roles in Innate Immunity, Inflammation and Allergy. Curr Opin Immunol (2014) 31:31–7. doi: 10.1016/j.coi.2014.09.004

39. Matta, BM, Lott, JM, Mathews, LR, Liu, Q, Rosborough, BR, Blazar, BR, et al. IL-33 Is an Unconventional Alarmin That Stimulates IL-2 Secretion by Dendritic Cells to Selectively Expand IL-33R/ST2+ Regulatory T Cells. J Immunol (2014) 193(8):4010–20. doi: 10.4049/jimmunol.1400481

40. Duan, L, Chen, J, Zhang, H, Yang, H, Zhu, P, Xiong, A, et al. Interleukin-33 Ameliorates Experimental Colitis Through Promoting Th2/Foxp3⁺ Regulatory T-Cell Responses in Mice. Mol Med (2012) 18(1):753–61. doi: 10.2119/molmed.2011.00428

41. Boschetti, G, Nancey, S, Sardi, F, Roblin, X, Flourié, B, and Kaiserlian, D. Therapy With Anti-TNFα Antibody Enhances Number and Function of Foxp3(+) Regulatory T Cells in Inflammatory Bowel Diseases. Inflamm Bowel Dis (2011) 17(1):160–70. doi: 10.1002/ibd.21308

42. Yamada, A, Arakaki, R, Saito, M, Tsunematsu, T, Kudo, Y, and Ishimaru, N. Role of Regulatory T Cell in the Pathogenesis of Inflammatory Bowel Disease. World J Gastroenterol (2016) 22(7):2195–205. doi: 10.3748/wjg.v22.i7.2195

43. Eastaff-Leung, N, Mabarrack, N, Barbour, A, Cummins, A, and Barry, S. Foxp3+ Regulatory T Cells, Th17 Effector Cells, and Cytokine Environment in Inflammatory Bowel Disease. J Clin Immunol (2010) 30(1):80–9. doi: 10.1007/s10875-009-9345-1

44. Zhu, P, Zhu, X, Wu, J, He, L, Lu, T, Wang, Y, et al. IL-13 Secreted by ILC2s Promotes the Self-Renewal of Intestinal Stem Cells Through Circular RNA circPan3. Nat Immunol (2019) 20(2):183–94. doi: 10.1038/s41590-018-0297-6

45. Neill, DR, Wong, SH, Bellosi, A, Flynn, RJ, Daly, M, Langford, TKA, et al. Nuocytes Represent a New Innate Effector Leukocyte That Mediates Type-2 Immunity. Nature (2010) 464(7293):1367–70. doi: 10.1038/nature08900

46. Camelo, A, Barlow, JL, Drynan, LF, Neill, DR, Ballantyne, SJ, Wong, SH, et al. Blocking IL-25 Signalling Protects Against Gut Inflammation in a Type-2 Model of Colitis by Suppressing Nuocyte and NKT Derived IL-13. J Gastroenterol (2012) 47(11):1198–211. doi: 10.1007/s00535-012-0591-2

47. Price, AE, Liang, H-E, Sullivan, BM, Reinhardt, RL, Eisley, CJ, Erle, DJ, et al. Systemically Dispersed Innate IL-13-Expressing Cells in Type 2 Immunity. Proc Natl Acad Sci USA (2010) 107(25):11489–94. doi: 10.1073/pnas.1003988107

48. Kucharzik, T, Lügering, N, Weigelt, H, Adolf, M, Domschke, W, and Stoll, R. Immunoregulatory Properties of IL-13 in Patients With Inflammatory Bowel Disease; Comparison With IL-4 and IL-10. Clin Exp Immunol (1996) 104(3):483–90. doi: 10.1046/j.1365-2249.1996.39750.x

49. You, Y, Zhang, X, Wang, X, Yue, D, Meng, F, Zhu, J, et al. ILC2 Proliferated by IL-33 Stimulation Alleviates Acute Colitis in Rag1(-/-) Mouse Through Promoting M2 Macrophage Polarization. J Immunol Res (2020) 2020:5018975. doi: 10.1155/2020/5018975

50. Nascimento, DC, Melo, PH, Piñeros, AR, Ferreira, RG, Colón, DF, Donate, PB, et al. IL-33 Contributes to Sepsis-Induced Long-Term Immunosuppression by Expanding the Regulatory T Cell Population. Nat Commun (2017) 8:14919–. doi: 10.1038/ncomms14919

51. Stevceva, L, Pavli, P, Husband, A, Matthaei, KI, Young, IG, and Doe, WF. Eosinophilia Is Attenuated in Experimental Colitis Induced in IL-5 Deficient Mice. Genes Immun (2000) 1(3):213–8. doi: 10.1038/sj.gene.6363654

52. Nussbaum, JC, Van Dyken, SJ, von Moltke, J, Cheng, LE, Mohapatra, A, Molofsky, AB, et al. Type 2 Innate Lymphoid Cells Control Eosinophil Homeostasis. Nature (2013) 502(7470):245–8. doi: 10.1038/nature12526



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ngo Thi Phuong, Palmieri, Adamczyk, Klopfleisch, Langhorst, Hansen, Westendorf and Pastille. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-669787-g003.jpg
s,

9% of intial body we

g

g

8 8

G 1 23 45 6 Td

01z]

Disease activity index

Oess/cl A IL33/cd M PBS/DSS A IL33/0SS

-4

8 2

3O .
8515

2210 T
g 9 ™
2 o

£ PBS IL-33

PBS I1:33 PBS 1L33

o &
PBS 133 PBS IL-33 PBS 133 PBS L33

@ Dss

C Ca






OEBPS/Images/fimmu-12-669787-g006.jpg
‘before IL-33 reatment after IL-33 treatment N
o4 08§ [+.0]

P% pa— S2
& | & aas/e dav0 Ser
N#] [}

os% LL3L S WCaein

oy
c >
Zro § o,
H g
Fro is
H N
2 3
H
3 ) i 37
H LI
T I3 A5 e T T e

Opss/crl W pBs/DSS A N3OS @ LCY/OSS

3

133 ogigvesue].

W39P3S WSz S W Epss Wit 728 s S
== —— —_—






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        IL-33 Drives Expansion of Type 2 Innate Lymphoid Cells and Regulatory T Cells and Protects Mice From Severe, Acute Colitis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Human Samples

          



          		

            Mice

          



          		

            Induction of Intestinal Inflammation

          



          		

            In Vivo Treatments

          



          		

            Isolation of Immune Cells From Colonic Lamina Propria

          



          		

            Antibodies and Flow Cytometry

          



          		

            RNA Extraction and Quantitative RT-PCR

          



          		

            Cytokine Measurement in Colonic Explants

          



          		

            Histopathological Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            IL-33 Is Elevated in the Colonic Tissue of IBD Patients and in Mice With Acute Colitis

          



          		

            ST2 Protects Mice From Intestinal Inflammation During DSS-Induced Colitis

          



          		

            Exogenous IL-33 Application Orchestrates an Immune Network to Counteract DSS-Induced Intestinal Inflammation

          



          		

            The Protective Effect of IL-33 on DSS-Induced Colitis Is Partially Dependent on Tregs

          



          		

            IL-33 Acts on Innate Immune Cells to Protect Mice From DSS-Induced Intestinal Inflammation

          



          		

            ILC2s Promote a Protective Phenotype Against Intestinal Inflammation Through the Induction of Intestinal Goblet Cell Differentiation

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-669787-g002.jpg
N
i? Dss

sT2/ day0

disease activity index

0123 456 7dys

O Wl/ad O s2é/cd M WI/0sS @ ST2//0ss

. proom

@ DSS





OEBPS/Images/fimmu.2021.669787_cover.jpg
, frontiers
in Immunology

IL-33 Drives Expansion of Type 2
Innate Lymphoid Cells and
Regulatory T Cells and Protects
Mice From Severe, Acute Colitis





OEBPS/Images/fimmu-12-669787-g004.jpg
BRI * o in i PR RS
o oes ar o8 o oSS @ oS
c
e .
S =P
[0 =
oeREqy W0 1 2 3 4 5 67
-
T
e 3
Zios ]
2 2
o £
L 2
T H
s 3
o 2
BT 53 4 5 6 Tom
Wreyoss Awayoss O 0T/0ss
¢
. o oy
e 508
gd) = giu
. e éz;ﬁ ﬁa :
Corae s o7 gy S 8
o5s 5% o5

DS

o
Pis L3 07 130
Sor

Des






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-669787-g005.jpg
2

RAG27 7
: ¢
Zos F
2 100 H
2o 3
Zw g
s k
2 a
G T35 45 & Tim
0 pes/ ctrl A 133/ ctrl W PBS/DSS A 1L-33/D5S
o
e
g
B
25" =
22 ~
g
]
= PBS IL-33

o
PBS 153 PBS 1133
@i Dss

85 1733 PBS L33






OEBPS/Images/fimmu-12-669787-g001.jpg
st2l

o3
ks
i
“umssoxto onrol
s
5 mw.m
£

s

[vorssaidxo anmerel]
ass

named

[uosssaicko angerol]
eal

inflamed

inflamed

~ luossaude omere]
s
(21-0]
Xapus AuAoe aseasia 2
o 8
B s
7 . H
C [vorssaidxo omperos]
2 © aiss
8| : g g
. [enssy 6/6u]
WA
- o
3
" 3
(T o o i
ﬂ/ﬂum T EEERE EFTEIL
d :=8s838 [voissadxe anterel]
S i Apoq jenurjo % E

© -

@
3
a






