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A diverse spectrum of immune cells populates the intestinal mucosa reflecting the continuous stimulation by luminal antigens. In lesions of patients with inflammatory bowel disease, an aberrant inflammatory process is characterized by a very prominent infiltrate of activated immune cells producing cytokines and chemokines. These mediators perpetuate intestinal inflammation or may contribute to mucosal protection depending on the cellular context. In order to further characterize this complex immune cell network in intestinal inflammation, we investigated the contribution of the chemokine receptor CCR8 to development of colitis using a mouse model of experimental inflammation. We found that CCR8−/− mice compared to wildtype controls developed strong weight loss accompanied by increased histological and endoscopic signs of mucosal damage. Further experiments revealed that this gut protective function of CCR8 seems to be selectively mediated by the chemotactic ligand CCL1, which was particularly produced by intestinal macrophages during colitis. Moreover, we newly identified CCR8 expression on a subgroup of intestinal innate lymphoid cells producing IFN-γ and linked a functional CCL1/CCR8 axis with their abundance in the gut. Our data therefore suggest that this pathway supports tissue-specific ILC functions important for intestinal homeostasis. Modulation of this regulatory circuit may represent a new strategy to treat inflammatory bowel disease in humans.
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Introduction

Inflammatory bowel diseases (IBD) are idiopathic inflammatory disorders of the gastrointestinal tract. Crohn’s disease (CD) and ulcerative colitis (UC) are the two main manifestations of IBD (1). While both diseases are chronic and relapsing inflammatory diseases, they can typically be distinguished by the location of inflammatory lesions in the gastrointestinal tract and by the pattern of histological alterations in the bowel wall. Although the etiology of IBD still remains incompletely understood, it is generally agreed that a complex interplay between genetic, environmental, and immunological factors contributes to disease initiation and progression (2, 3).

Even in the steady state, the intestinal mucosa is populated by a diverse spectrum of immune cells reflecting its continuous stimulation by luminal antigens. However, in lesions of patients with IBD, the aberrant inflammatory process is accompanied by a very prominent infiltrate of immune cells of both the innate and adaptive immune system. While immune cell derived cytokine production is indispensable for mucosal homeostasis and can robustly protect the mucosa from pathogen entry, dysregulated cytokine responses have a crucial role in the pathogenesis of IBD by controlling several aspects of the inflammatory reaction (4). Consistently, the modulation of cytokine responses can have deleterious or therapeutic effects and such therapeutic strategies are of increasing clinical importance (5). Yet, the complex immunological processes that are important for the fine-tuning of cytokine signals during intestinal immune responses are incompletely understood.

Chemokines comprise a group of small cytokines with the capacity to induce directional leukocyte migration. Through binding to their cognate receptors, which belong to the class A rhodopsin-like family of G-protein–coupled receptors, they play fundamental roles in normal physiology as well as in inflammatory and infectious diseases (6). Although nearly any cell type can produce chemokines upon stimulation, immune cells have been demonstrated to be a major source during inflammatory reactions. Besides their manifest capacity to coordinate immune cell migration and positioning, various other regulatory roles during growth, survival, or cytokine production of immune cells have been revealed recently (7). Both experimental work in mouse models and evidence from clinical studies support an important role for several chemokine receptors in the pathogenesis of IBD (8). However, given the multicellular immune cell infiltrate in IBD, the role of several chemokine receptors in the complex chemokine network in the inflamed mucosa remains incompletely defined. The chemokine receptor CCR8 belongs to the family of CC-type chemokine receptors and was initially described as a specific receptor for CCL1/T cell activation-specific gene 3 (TCA3) by inducing calcium flux and migratory responses in CCR8-transfected cell lines (9, 10). Subsequently, mouse CCL8 has been identified to be a second agonist for mouse CCR8, while in humans CCL18, but not CCL8, is a further CCR8-specific chemokine ligand (11, 12). It has been reported that CCR8 is predominantly expressed in T helper type 2 (Th2) cells and that CCL1/CCL8-CCR8 signaling is an important pathway in the pathogenesis of several type 2 related inflammatory diseases including asthma and atopic dermatitis (13, 14). In line with this, recent data also suggest a vital role of CCR8 for the local migration of CD301b+ dermal dendritic cells (DC) during cutaneous type 2 immune responses (15). In both humans and mice, CCR8 is also expressed on Foxp3+ regulatory T cells and has been significantly implicated in their immunosuppressive functions in vivo (16–18). We and others have recently demonstrated strong functionally-relevant expression of CCR8 on mouse and human group 2 innate lymphoid cells (ILC2s) indicating that this receptor is an important regulator of lymphocyte subsets with important functions during early phases of immune responses (19, 20).

Here, we analyzed the role of CCR8 in the context of intestinal inflammation. We found that CCR8 signaling protects mice from acute intestinal damage and that this function is selectively mediated by the ligand CCL1. We newly identified CCR8 expression on a subgroup of intestinal ILCs producing IFN-γ and linked a functional CCL1/CCR8 axis with their abundance in the gut suggesting that this pathway axis supports tissue-specific ILC functions important for intestinal homeostasis.



Methods


Animals and Husbandry

Ccr8−/− mice (21) were gratefully provided by F. Tacke (University Hospital Center Aachen, Germany). C57BL/6 mice were initially obtained from Jackson and subsequently bred in house. Sterile drinking water and food were provided ad libitum. All animals were kept in individually ventilated cages (IVC), and the health status of the colony was assessed periodically for pathogens in adherence with the guidelines of the Federation of European Laboratory Animal Science Associations. In order to normalize the intestinal microbiota between groups, C57BL/6 mice and Ccr8−/− mice were immediately after weaning co-housed (female) or beddings (male) were exchanged for at least 5 weeks. Metagenomic sequencing of the V3-V4 region of the bacterial 16S gene (22) using DNA isolated from stool samples was used to demonstrate the presence of a similar intestinal microbiome in Ccr8+/+ and Ccr8−/− mice (Supplementary Figure 1). Eight to 12 weeks old and sex-matched mice were utilized in the experiments. To induce the acute colitis, mice were treated with 2% DSS (MP Biomedicals, Eschwege, Germany) in drinking water for 7 days as described previously (23). Overexpression of chemokines was performed as described previously by us (20). Animal experiments were approved by the local animal ethical committee of the government of Unterfranken, Würzburg, Germany.



Human Study Subjects

Human gut tissue specimens (N = 30 each) were obtained from CD, UC, and control patients during endoscopy or surgery. Samples were included in the study after obtaining prior written informed consent from each patient and sample collection was previously approved by the ethical committee of the University of Erlangen-Nuremberg (approval number: 249_13).



Isolation of Gut Single Cells

For the preparation of intraepithelial lymphocytes and leucocyte single cell suspensions from colonic lamina propria, the Lamina Propria Dissociation Kit and a gentleMACS™ Octo Dissociator were used according to the manufacturer’s instructions (Miltenyi Biotec, Germany). Subsequently, cells were further purified using a Percoll gradient. In brief, 80% Percoll (GE Healthcare) was overlayed with 40% Percoll containing leucocytes. After centrifugation at 1,400 rpm for 20 min at room temperature without breaks, interphases were collected and washed in PBS. Cell numbers were determined in a Neubauer-improved counting chamber and single cell suspensions were used for further ex vivo phenotyping.



Flow Cytometry

Gut leucocytes were incubated with anti-CD16/CD32 antibodies (anti-Fc-receptor; eBioscience) prior to specific surface marker and intracellular staining. For ILC identification, specific lineage preclusion was applied. In brief, Fc-receptor-blocked cells were incubated with a custom made biotinylated lineage antibody cocktail (anti-B220, anti-CD3, anti-CD5, anti-GR1, anti-SiglecF, anti-Ter119; Miltenyi Biotec). After washing, cells were passed to regular surface staining including streptavidin-Brilliant-Violet 421 (BV421; BioLegend) or VioBright FITC (Miltenyi) for labeling of biotinylated antibodies. Antibodies were purchased from Miltenyi Biotec if not otherwise indicated. APC (Alexa647), BV510, BV650, FITC, PacificBlue (BV421, VioBlue), PE, PE-Cy7 or PerCP-Cy5.5 (PerCP-efluor710, PerCP-Vio700) conjugated antibodies were used. For surface staining, cells were incubated with different combinations of anti-CD45 (30-F11), anti-CD4 (GK1.5), anti-CD8 (REA601), anti-CD1d (1B1, BioLegend), anti-TCRγδ (GL3, Biolegend), anti-NK1.1 (PK136), anti-NKp46 (29A1.4, eBioscience), anti-CD25 (PC61), anti-CD11b (REA592), anti-CD11c (REA754), anti-SiglecF (REA798), anti-TCRβ (H57-597, BioLegend), anti-KLRG1 (2F1), anti-F4/80 (BM8, eBioscience), anti-Ly6C (BD Biosciences), anti-Ly6G (1A8, Biolegend), anti-Cd49b (DX5, eBioscience), and anti-Thy1.2 (30-H12) antibodies. In order to enable intracellular cytokine staining, cells were stimulated with the 1× Cell Stimulation Cocktail (plus protein transport inhibitors) (eBioscience) for 4 h. For subsequent intracellular staining of transcription factors and/or Interleukins, cells were fixed and permeabilized with the FoxP3 Transcription Factor Staining Buffer according to manufacturer’s instructions (eBioscience). For intracellular staining, antibody combinations of anti-Tbet (eBio4b10, eBioscience), anti-IFNγ (XMG1.2, eBioscience), anti-Gata3 (REA174), anti-IL-22 (Poly5164, BioLegend), anti-RORγt (Q31-378, BD), anti-CCL1 (148113, R&D Systems), and anti-FoxP3 (FJK-16S, eBioscience) were utilized. Because several commercially available anti-mouse CCR8 mAbs were confirmed as unspecific, we applied custom-made fluorochrome-labeled CCL1 proteins to detect CCR8 surface expression (20). Briefly, before labeling with antibodies, cells were incubated with murine CCL1-AF647 (5 nM; Almac) for 1.5 h at 37°C and washed. Samples were analyzed on a LSRFortessa cell analyzer (BD Bioscience) and evaluated with Flowjo 10 (Treestar). For gating strategies of specific immune cell populations, see Supplementary Figure 2.



Histological Methods

Colon samples were fixed in Roti®-Histofix 4.5% (Carl-Roth, Germany) and embedded in paraffin. 4-µm slices of each sample were transferred to microscope slides and subsequently stained with hematoxylin and eosin (H&E) to examine immune cell infiltrates and tissue. Microscopy samples were analyzed on a Leica DMI 6000B microscope.



Gene Expression Analysis

Total RNA was isolated from fresh tissues with the NucleoSpin RNA Plus Kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions. cDNA was synthesized with the Script RT-PCR kit (Jena Bioscience, Germany). Quantitative PCR (qPCR) analyses were performed using predesigned QuantiTect Primer assays (Qiagen) for mouse samples and TaqMan Gene Expression Assays (Thermo Fisher Scientific) for human samples in a CFX96 system (Bio-Rad). To calculate the relative expression of indicated genes, hypoxanthine phosphoribosyltransferase 1 (hprt) was used as the reference gene.



RNA Sequencing

1 cm of distal colon tissue of DSS-treated mice was snap-frozen and subsequently, total RNA was isolated using the NucleoSpin RNA Plus Kit from Macherey-Nagel on the basis of manufacturer’s instructions. Total RNA was quantified and quality-controlled using a Experion system (Biorad) and sent to BGI Genomics for sequencing on a BGIseq 500 platform. For bioinformatic analysis, paired-end clean reads were mapped to the reference genome (mm10) using HISAT2 (v.2.0.4) software. FeatureCounts (v.1.6.4) was used to count the read numbers mapped to each gene. Differential expression analysis between two conditions with three biological replicates per condition was performed using DESeq2 (v.1.22.1). The resulting p values were adjusted using the Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). Genes with an adjusted p value < 0.05 found by DESeq2 were assigned as differentially expressed. Raw data have been deposited in the NCBI BioProject database (accession code PRJNA679147).



Enzyme-Linked Immunosorbent Assays

In order to determine specific concentration of CCL1, CCL8, IL-22, and IFN-γ in cell culture supernatants, ELISA Kits from R&D Systems and Ebioscience were applied in line with the manufacturer’s instructions.



Statistics

Statistical tests were performed using Graph Pad Prism V8 software. If not otherwise indicated, a two-tailed Mann-Whitney U test with 95% confidence interval was performed for comparison of two groups (*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant).




Results


CCR8 Protects From Acute Colitis

In initial expression studies, CCR8 expression was upregulated in the intestinal mucosa of patients with ulcerative colitis and to a lesser extend Crohn’s disease compared to controls as evidenced by qPCR analysis of total RNA of gut tissue specimens (Figure 1A). Similarly, mucosal CCR8 transcripts were increased in the context of dextrane sodium sulphate (DSS) induced colitis in mice (Figure 1B) indicating that this chemokine receptor might be somehow involved in the development of inflammatory bowel disease. To determine the functional role of CCR8 in the development of intestinal inflammation in mice, microbiota-normalized wildtype control and Ccr8-deficient (Ccr8−/−) mice were administered with DSS in drinking water for 7 days, a model resembling many features of ulcerative colitis in humans (Figure 1C) (23). Following treatment with DSS, Ccr8−/− animals displayed significantly greater body weight loss and increased disease activity indices (DAI) when compared with WT mice (Figures 1D, E). Moreover, Ccr8−/− mice exhibited high lethality by day 11, while all WT mice survived in this setting (Figure 1F). Consistently, miniendoscopic and histopathological analysis of colonic tissue by hematoxylin and eosin (H&E) staining clearly showed that Ccr8-deficiency was accompanied by largely increased inflammatory cell infiltration and by a more severe destruction of the mucosal epithelial layer and the regular colonic crypt structure in response to DSS treatment (Figure 1G). Collectively, these data demonstrate that CCR8 expression potently provides protection against DSS-induced intestinal inflammation.




Figure 1 | Ccr8−/− mice are highly susceptible to development of DSS colitis. (A) CCR8 relative expression in gut biopsies of patients with UC, CD, and controls as determined by qPCR. (B) The expression of Ccr8 was determined in whole colonic tissue lysates of naïve and DSS-treated (day 9) C57BL/6 mice (n = 5/group). (C) Schematic overview of the procedure of the DSS treatment protocol. (D) Body weight curve throughout the experiment. (E) Disease activity index at day 8. (F) Survival curves of two groups post 2% DSS treatment. (G) Mini-endoscopic images were acquired at day 6 (upper panel). Histological changes were scored in H & E stained paraffin-embedded colonic cross-sections (lower panel). (A) Each dot represents one patient. (D–G) Graphs show data of one representative experiment out of six independent experiments with four to six mice per group. Statistical analysis was performed using one-way ANOVA (A), Mann-Whitney U test (B, D, E, G) or log rank test (F). Data are shown as mean ± S.E.M.; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.





CCL1 Selectively Protects Mice From DSS Colitis

Similar to most other chemokine receptors, CCR8 responds to multiple chemokine ligands. We therefore quantified the expression of CCL1 and CCL18, the two known human ligands for CCR8, in intestinal tissue specimens of controls and patients with active IBD by qPCR. Thereby we found significantly increased CCL1 expression in both UC and CD patients, while CCL18 expression was only evident in the mucosa of a smaller subgroup of patients and here most prominently in individuals with CD (Figure 2A). Likewise, data from RNAseq experiments confirmed that transcripts of CCL1 and CCL8, the murine homolog of CCL18, were upregulated across several mouse models of intestinal inflammation relative to normal colon samples (Figure 2B). Moreover, increased CCL1 and CCL8 protein concentrations were present in supernatants of stimulated lamina propria mononuclear cells (LPMCs) isolated from mice with DSS colitis (Figure 2C). Although lower compared to unspecific stimulation with PMA/Ionomycin, stimulation with the TLR9 ligand CpG1668 or a combination of LPS and ATP increased CCL1 in LPMC supernatants (Supplementary Figure 3). Notably, flow cytometry studies identified intestinal macrophages as important producer of CCL1 (Figure 2D) compared to ILC2s (20) or regulatory T cells (16) or other important immune cells within LPMC of mice with DSS colitis (Figures 2E, F) confirming previous results that found CCL1 protein in exosomes of gut-derived M2 macrophages (24). Similarly, CCL8 expression in the course of DSS colitis was localized to intestinal macrophages in earlier studies (25).




Figure 2 | CCR8 ligands are upregulated during intestinal inflammatory conditions. (A) CCL1 and CCL18 relative expression in gut biopsies of patients with UC, CD, and controls as determined by qPCR. (B) Heat map representation of relative Ccl1 (upper), Ccl8 (lower) expression in dextran sulfate sodium (DSS) (early, d4), DSS (late, d8), Oxazolone (Oxa), Transfer (TC) colitis model (n = 3 per group). (C) The concentrations of CCL1 and CCL8 protein in supernatants of colonic C57BL/6 LPMC stimulated with or without Ionomycin and Phorbol 12-myristate 13-acetate (PMA) for 48 h (n = 6/group). (D–F) The expression of CCL1 in selected immune cell subsets within LPMC isolated from C57BL/6 mice with DSS colitis (day 9) was analyzed. Representative flow cytometric plots (n = 5/group). Statistical analyses were performed using one-way ANOVA (A) or Mann-Whitney U test (C). The results were expressed in mean ± S.E.M. *P ≤ 0.05; **P ≤ 0.01.



To ascertain the individual capacity of both CCR8 ligands to regulate mucosal damage during acute colitis, we studied in the next series of experiments the development of DSS colitis in the absence or presence of systemic CCL1 or CCL8 overexpression. To this end, C57BL/6 wildtype mice were intravenously-treated with minicircle-based expression vectors as described previously (20) 2 days prior oral DSS treatment (Figure 3A). Compared to the control group (Mock), in which DSS treatment led to a rapid body weight loss from days 5 to 11, CCL1 overexpression markedly blocked wasting disease (Figure 3B) and mice developed only mild histological signs of inflammation. By contrast, CCL8 overexpressing mice suffered from severe colitis characterized by profound loss of crypt structure, edema formation and inflammatory cell infiltrations (Figure 3C). We furthermore increased in a similar manner the systemic abundance of CCL1 and CCL8 in Ccr8−/− mice before treatment with DSS (Figure 3D). In this setting, CCL8 treatment resulted in increased colitis even in the absence of CCR8 (Figures 3E, F) supporting the concept that this chemokine seemingly at least under these particular experimental settings employs other CCR8 independent signal transduction pathways to amplify intestinal inflammation in vivo. Conversely, CCL1 treated mice displayed similar susceptibility to mucosal damage as control-treated Ccr8−/− mice consistent with a gut protective functional role of CCL1/CCR8 signaling during experimental colitis.




Figure 3 | CCL1 but not CCL8 protects from DSS colitis. C57BL/6 (A-C) or Ccr8−/− (D-F) mice were intravenously treated with 5 μg of expression vectors (CCL1, CCL8, and Mock). Two days later, the mice were treated with 2% of DSS in drinking water for 7 days. (A, D) Schematic overview of the procedure. (B, E) Relative body weight. (C, F) Representative H&E stainings of colonic cross sections and histological scoring of mucosal damage. Scale bar 500 µm and 200 µm. All graphs show data of one representative experiment out of three to four independent experiments with four to six mice per group. Statistical analyses were performed using one-way ANOVA. Data is shown as mean ± S.E.M.: *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001, ns, not significant.





Decreased Expression of Type II IFN Signature Genes in Ccr8-Deficient Mice With Colitis

We next used RNAseq-based gene expression profiling to investigate the impact of Ccr8 inactivation on the global colonic transcriptome in mice with DSS colitis. Principal component analysis (PCA) and unsupervised hierarchical clustering of gene expression counts showed clustering of CCR8-deficient mice away from the wildtype tissue samples indicating genotype-associated gene expression patterns that might relate to the differences in the extent of intestinal inflammation (Figures 4A, B). Moreover, comparative analysis of the response of control and Ccr8−/− mice to DSS-treatment identified a number of genes specifically upregulated in wildtype mice, while at the same time only a few genes were significantly upregulated in intestinal tissues of Ccr8−/− mice (Figure 4C). Interestingly, further analysis including gene set enrichment analysis revealed in the list of genes downregulated in the absence of CCR8, the enrichment of IFN-γ and several other genes known to be induced by interferon-signaling. These included a number of guanylate binding proteins (Gbps), chemokines (CXCL9, CXCL10, CXCL11), basic leucine zipper transcription factor (Batf) 2, erythroid differentiation regulator (Erdr) 1 and Indoleamine 2,3-Dioxygenase (IDO) 1 (Figures 4C, D). The differential regulation of some of these genes was confirmed via qPCR, while other genes previously implicated in CCR8 signaling in Treg or ILC2s such as IL-10, amphiregulin (AREG) and IL-5 were not differentially expressed in both genotypes (Figure 4E). Consistent with these gene expression data, we found decreased concentrations of IFN-γ protein in supernatants of stimulated lamina propria mononuclear cells (LPMC) of Ccr8−/− mice compared to controls, while IL-22 concentrations were similar between both genotypes (Figure 4F).




Figure 4 | Decreased expression of type II IFN signature genes in Ccr8-deficient mice with colitis. Ccr8+/+ and Ccr8−/− mice were subjected to the oral DSS treatment for 7 days. Total RNA of distal colonic specimens (day 9) was isolated and used for bulk RNAseq analysis. (A) Principal component analysis (PCA) of total variation in differentially expressed genes. (B) Hierarchical cluster analysis of differentially expressed genes among Ccr8+/+ and Ccr8−/− mice. (C) Volcano plot representation of gene expression changes. (D) Gene set enrichment analysis (GSEA) showing enrichment in IFN-γ regulated genes in Ccr8+/+ mice compared to Ccr8−/− mice. N = 3 mice/group. (E) The transcripts of selected genes in colonic tissue lysates were determined by specific qPCR. The data are represent one of three independent experiment (n = 3–5/group). (F) The concentration of IFN-γ and IL-22 in cell culture supernatants of LPMC stimulated for 48 h with PMA/Ionomycin was determined by ELISA. Pooled data from two independent experiments (n = 6/group). Statistical analysis was performed using Mann-Whitney U test. Results represent means ± S.E.M.: *P ≤ 0.05, ns, not significant.





CCL1/CCR8 Signaling Supports Mucosal Innate Lymphoid Cells IFN-γ Production

Excessive IFN-γ production has been implicated in mucosal damage and the pathogenesis of IBD in mice and humans (26, 27). However, it has also been shown that IFN-γ signaling in the gut promotes the expression of important regulators of intestinal immune homeostasis (28–31) suggesting that a tightly controlled IFN-γ production by immune cells is important to maintain the delicate balance between immune tolerance to commensal microbes and effective immune responses to pathogens or pathobionts. We therefore next compared the frequencies of IFN-γ-producing lymphocytes in LPMC of Ccr8+/+ and Ccr8−/− mice with DSS colitis using flow cytometry. While there were no clear differences in Lin+Tbet+ cells, which include Th1 cells, CD8+ T cells and NKT cells (Figure 5A), we found in colonic tissue decreased numbers of IFN-γ producing innate lymphocytes in the absence of CCR8. Here, a population of Lin-Tbet+NK1.1+DX5- cells that comprise ILC1/exILC3s was significantly decreased in Ccr8−/− mice. Noteworthy, some IFN-γ expressing ILCs co-expressed IL-22, but their numbers were low in comparison. (Figure 5B). The numbers of Lin-Tbet+NK1.1+DX5+ natural killer (NK) cells producing IFN-γ tended to be reduced in these mice (Figure 5C), while the frequencies of other ILCs (Lin-Thy1+Gata3+ ILC2s, Lin-Thy1+Rorgt+ ILC3s) (Figure 5D) as well as CD4+Foxp3+ regulatory T cells and TCRγδ+ T cells (Figure 5E) were similar in both genotypes. In line with this finding, we were able to detect CCR8 on the surface of gut ILC1-like cells by flow cytometric analysis using fluorescence-labeled CCL1 proteins and cells from Ccr8−/− mice as controls. However, although CCR8 has been previously found to be expressed in human NK cells, intestinal NK cells stained negative for this receptor (Figure 5F). In further experiments, we also analyzed, whether increased in vivo concentrations of CCL1 or CCL8 affected the mucosal frequencies of IFN-γ producing ILCs in the lamina propria of mice with DSS colitis. Notably, in this gain of function approach CCL1 but not CCL8 overexpression increased the frequencies of gut ILC1/exILC3 populations indicating that CCL1/CCR8 signaling supports mucosal innate lymphoid cells IFN-γ production (Figure 5G).




Figure 5 | CCL1/CCR8 signaling affects intestinal IFN-γ producing ILC1/ex-ILC3s. (A–E) LPMC cells were isolated from Ccr8+/+ and Ccr8−/− mice subjected to DSS-treatment (day 9), stimulated for 4 h with PMA/Ionomycin in the presence of a protein transport inhibitor and analyzed by flow cytometry. (F) Representative flow cytometric plots of CCR8 expression on ILC1s and NK cells using fluorophore-coupled CCL1 (CCL1-AF647) in Ccr8+/+ and Ccr8−/− mice. (G) LPMC cells were isolated from C57BL/6 mice overexpressing CCL1 or CCL8 subjected to DSS-treatment (day 9), stimulated for 4 h with PMA/Ionomycin in the presence of a protein transport inhibitor and analyzed by flow cytometry. Pooled data of two independent experiments with at least four mice in each group. Statistical analysis was performed using the Mann-Whitney U test or one-way ANOVA and the results were expressed in mean ± S.E.M.: *P ≤ 0.05; ***P ≤ 0.001, ns, not significant.



To establish further evidence that the protective role of CCL1/CCR8 signaling during acute colitis is primarily driven by innate immune system mediated mechanisms, we overexpressed CCL1 in lymphopenic Rag1−/− mice, which lack T and B cells, but harbor a functional ILC compartment. Interestingly, mice overexpressing CCL1 showed significantly less colitis-dependent weight loss (Figure 6A) consistent with reduced endoscopic and histological signs of disease (Figure 6B). Moreover, increased expression of CCL1, was related to increased mucosal IFN-γ transcription, its target gene Ido1 and also IL-22 (Figure 6C). In addition, increased frequencies of ILC subsets were present in LPMC of these mice (Figure 6D).




Figure 6 | CCL1/CCR8 axis protects from colitis in the absence of adaptive immune cells. Rag1−/− mice were intravenously treated with 5 μg of CCL1 or control expression vectors. Two days later, the mice were exposed to 2% of DSS in drinking water for 7 days. (A) Relative body weight. (B) Representative H&E stainings of colonic cross sections and endoscopic pictures. Scale bar 100 µm. Histological and endoscopic scoring of mucosal damage. (C) Transcripts of IFN-γ and amphiregulin in colonic tissue lysates were determined by specific qPCR. (D) LPMC cells were isolated, stimulated for 4 h with PMA/Ionomycin in the presence of a protein transport inhibitor and analyzed by flow cytometry. The graphs show data of one representative experiment out of two independent experiments with four to six mice per group. Statistical analyses were performed using the Mann-Whitney U test. Data represent means ± S.E.M. n≥4 per group: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.



Collectively, these findings infer that activation of CCR8 by CCL1 during intestinal inflammation alters the colonic microenvironment. This pathway protects from the development of innate colitis and is linked to transcriptional programs driven by IFN-γ produced by innate lymphocytes.




Discussion

Healthy tissue environments are able to provide fine-tuned immune responses by proper coordination of the migration, local positioning and activation of leukocytes. Given the multicellular immune cell infiltrate in IBD, chemokines and their cognate receptors are most likely of foreseeable importance for the pathophysiology of these severe diseases. Indeed, data from mouse models and studies with tissue from patients with IBD suggests important roles for several chemokine receptors in the development of intestinal inflammation (8). In this study here, we explored the functional role of the CC chemokine receptor CCR8 and its activation by the two known ligands CCL1 and CCL8 in DSS colitis, a widely used mouse model of IBD resembling important features of UC. Different from the closely related molecule CCR4, which has been previously shown to drive pathogenic inflammatory reactions in mouse colitis models (32), Ccr8−/− mice developed highly increased mucosal damage compared to control mice. Interestingly, further experiments clearly suggested that these CCR8-mediated tissue protective effects are exclusively mediated by the ligand CCL1, while CCL8-treatment of wildtype mice rather exacerbated colitis. In line with the latter observation, Asano et al. demonstrated that an antibody-mediated strategy to neutralize CCL8 protected mice from DSS colitis. In this study, high CCL8 expression was located to lamina propria resident CD169+ macrophages and required for chemo-attraction of inflammatory monocytes (25). It remains unclear at present, how such different roles of CCL1 and CCL8 could be explained. Many chemokine receptors can be stimulated by more than one chemokine ligand, and there is emerging evidence that signaling of individual ligands can result in differential functional responses. Such functional selectivity/biased agonism has been described for several other important chemokine receptor ligands including CCR4 (33, 34). In the case of CCR8, functional selectivity has not been studied in depth, yet recent studies by us and others indicate that CCL1 and CCL8 differentially regulate biological functions of ILC2s (19, 20). However, CCL8-injected Ccr8−/− mice still displayed higher mucosal damage than control mice indicating that these proinflammatory effects are mediated by signaling to one or more further chemokine receptors. Indeed, most chemokine receptors bind to more than one cellular receptor subtype to mediate their biological functions and are often highly promiscuous with regard to ligand specificity (35). Whether CCL8 employs further receptors in addition to CCR8 remains to be determined in future studies.

Treatment of mice with DSS leads to a compromised barrier integrity and subsequently exposes mucosal immune cells to luminal antigens resulting in a rapid and profound inflammatory immune response. The appearance of strong colitis in lymphopenic mice indicates the importance of effector mechanism not depending on the presence of adaptive immune cells (36). Nonetheless, T cells have been demonstrated to accumulate in the inflamed mucosa over time in DSS colitis, where they appear to have a pathogenic role or in the case of Treg help to suppress colitis (37, 38). Because CCR8 is expressed on Foxp3+ Treg and has been implicated in their suppressive capacity in autoimmunity and cancer, it was tempting to speculate that dysregulated Treg functions contributed to exacerbated DSS colitis in Ccr8−/− mice (16). However, we observed in the acute DSS model no changes in intestinal Foxp3+ Treg frequencies or the production of the immunosuppressive Treg effector cytokine IL-10 in Ccr8−/− mice. Moreover, CCL1-treatment of Rag1−/− mice ameliorated intestinal inflammation indicating that CCR8-dependent innate immune responses are critical mediators of the tissue protective capacity of the CCL1/CCR8 axis. Possibly, CCR8 expressing Treg are more prominent immunoregulatory factors in T cell dependent models of colitis such as chronic DSS colitis or T cell transfer colitis. Indeed we observed upregulation of CCL1 expression in the latter model and oxazolone colitis suggesting that this chemokine plays broad immunoregulatory roles in various settings of experimental colitis and potentially IBD in humans. In the innate immune cell compartment, the numbers of innate lymphocytes were reduced in the lamina propria of Ccr8−/− mice with DSS colitis compared to controls. This only recently characterized cell population modulates immune responses and tissue homeostasis at multiple levels and is particularly enriched in barrier surfaces such as the gut (39, 40). In previous studies we found that ILC2s, the innate counterpart of T helper type 2 cells, display compared to all other immune cells we studied the highest levels of surface CCR8 expression (20). Even though Monticelli et al. reported protective roles of the ILC2-derived growth factor amphiregulin during intestinal damage repair (41), we observed no significant changes in the intestinal ILC2 compartment in Ccr8−/− mice. In addition, our in depth analysis of ILC2-deficient mice revealed no major tissue protective role of these cells in the DSS model. Conversely, we identified that Ccr8-deficiency was clearly associated with reduced intestinal frequencies of ILCs expressing the transcription factor T-bet and upon stimulation the cytokine IFN-γ. Accordingly, these cells, which are most likely bona fide ILC1s or so-called ex-ILC3s that lost expression of ROR-γt, express CCR8 protein and are increased by treatment of mice with CCL1. Interestingly, our data indicate that CCL1 not only regulates innate type 2 responses, which are broadly implicated in tissue repair processes, but also cells related to the innate type 1 response. During type 2 polarized immune responses e.g. induced by parasitic infections or atopic diseases, CCL1 has been shown to be primarily produced by mast cells and ILC2s (20, 42) most likely by stimulation via alarmins, such as IL-33. In the context of DSS colitis our data support previous findings that macrophages are dominant producers of CCL1 (24, 43). This indicates that the spatiotemporal context of CCL1 expression as well as local factors driving its release by distinct subsets of immune cells are important for the immunoregulatory role of this chemokine. Further studies are therefore necessary to ascertain whether the increased expression of the Ccr8 receptor and its ligands CCL1 and CCL18 in human IBD is contributing to type 2 immunity mediated tissue repair or supports innate type 1 immunity, which has been implicated in CD pathophysiology (44).

Although their functions in the gut are complex and there is a high degree of plasticity between individual subpopulations, there is a substantial body of literature highlighting the critical role of ILC1s and ILC3s in the regulation of the critical balance between maintenance and loss of intestinal homeostasis (45). Indeed, mainly by secreting cytokines but also through cell contact mediated mechanisms they control barrier integrity, provide containment of commensals to the gut lumen and are vital effector cells in immunity against proteobacterial pathogens such as Citrobacter rodentium or Salmonella Typhimurium (46). Notably, we observed a selective reduction of Tbet+ ILCs in colitic Ccr8−/− mice, while the numbers of Rorγt+ ILC3s were seemingly not affected. Given that rather NKp46+ ILC1s than ILC3s have been shown to be necessary for the control of DSS colitis (47), this indicates that reduced frequencies of ILC1s are causatively involved in the exacerbated disease phenotype in Ccr8−/− mice. In line with their gut protective functions, mice lacking these ILCs have alterations in cecal homeostasis and suffer from bacterial infection in the absence of adaptive lymphocytes (48, 49). Whether CCL1/CCR8 signaling supports pathogenic functions of ILCs that have been reported in e.g. in anti-CD40-induced innate colitis (44, 48) remains to be determined. In addition, conditional Ccr8-deficient mice will help to further characterize the role of CCL1/CCR8 signaling for regulation of ILCs in vivo and to identify its cell-type specific functions in the complex immune cell network regulation of intestinal inflammation.

The secretion of the cytokine IFN-γ is a characteristic feature of Tbet+ ILC1, while Tbet+ exILC3s have been shown to produce much less of the cytokine IL-22 after conversion (50). IL-22 is a pleiotropic cytokine with broad immunoregulatory functions during intestinal infection and inflammation (51). Given that the frequencies of IL-22+ ILC3s are not altered in Ccr8−/− mice with DSS colitis and IL-22+IFN-γ+ exILC3s comprised only a minor fraction of Tbet+ ILCs, our results rather indicate that a lack of the anti-inflammatory function of this cytokine did not largely contributes to severe disease development. However, reduced frequencies of ILCs In the inflamed colon of Ccr8−/− mice were linked to lower presence of IFN-γ protein and, as revealed by analysis of the global colonic transcriptome by bulk RNAseq, to the reduced expression of a number of important target genes of IFN-γ signaling. The pleiotropic roles of this potent cytokine in the gut are complex and still incompletely understood. This is exemplified by the fact that depending on the mouse model and on the studied cell population, IFN-γ has been reported as proinflammatory, redundant or even anti-inflammatory contributor to intestinal inflammation (29, 52). Thereby, even in the DSS model the role of IFN-γ is controversial most likely reflecting different housing conditions and/or compositional differences in the intestinal microbiome. For example IFN-γ deficient mice were protected in the studies by Nava et al. and Ito et al. (26, 53), while in other studies this strain developed significantly higher weight loss and mucosal damage than wildtype controls (28, 30). Our study with mice supports the notion that ILC-derived IFN-γ has important tissue protective functions in acute DSS colitis. Noteworthy, transcripts of IL-18 binding protein and IDO1 were highly downregulated in Ccr8−/− mice with colitis. These factors are known to be strongly induced by IFN-γ signaling in intestinal epithelial and other cells and have previously shown to operate as fine tuners of inflammatory responses in the gut and are thus potential mediators of the gut protective functions of CCR8 signaling during intestinal tissue repair (54–56). However, antibody-mediated IL-18 neutralization did not rescue Ccr8−/− from severe intestinal pathology (Supplementary Figure 3B) indicating that excessive IL-18 signaling is not a main driver of colitis in this strain.

Although mature intestinal ILCs are mainly tissue resident, their local migration and accumulation upon tissue injury is believed to highly impact their capacity to support repair processes (57). NCR+ILCs and ILC2s are dispersed in the lamina propria or in the case of intraepithelial ILC1s positioned within the epithelial layer (58). Whether CCL1 controls anatomical compartmentalization of CCR8+ intestinal ILCs in the steady state and intestinal inflammation remains an important open question. The availability of sensitive antibodies for specific CCR8 staining or reporter mouse strains will help to elucidate, whether CCL1 secretion by macrophages represents a migratory signal to guide ILCs to e.g. inflammatory foci. Similarly, CCR8 expression on CD301b+ DCs was shown to be essential for migration of these cells from the subcapsular sinus to the parenchyma within lymph nodes (15). This effect was dependent on the ligand CCL8, which also promoted ILC2 trafficking and motility within inflamed lungs. Conversely, autocrine CCL1 production was shown to enhance proliferation of CCR8+ Treg and ILC2s indicating that CCL1 secretion could also promote ILC1/exILC3 activation or proliferation.

In summary, we identified CCL1 signaling via the cognate chemokine receptor CCR8 as a critical regulatory pathway promoting mucosal homeostasis after intestinal epithelial damage. We described intestinal ILC subsets as novel innate immune cell population regulated by CCL1/CCR8 and implicate their capacity to produce IFN-γ in the tissue protective role of this pathway. Modulation of this regulatory circuit may therefore represent, in combination with other therapeutic strategies, a new method to treat inflammatory bowel disease in humans.
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Supplementary Figure 1 | Fecal pellets of wildtype and Ccr8−/− mice cohoused for 4 weeks were collected. Genomic DNA was isolated and used for 16S-based metagenomic sequencing. (A) PcoA plot showing beta-diversity (bray curtis dissimilarity). (B) Alpha diversity (Chao1 index). N = 4–6 mice/group.

Supplementary Figure 2 | Gating strategies for flow cytometric characterization of different lymphocyte populations within the mouse intestinal lamina propria.

Supplementary Figure 3 | (A) The concentrations of CCL1 protein in supernatants of colonic Ccr8+ LPMCs stimulated with LPS (1 µg/ml), CpG1668 (1 µm), polyIC (1 µg/ml), Flagellin (0,1 µg/ml), Lipoteichoic acid (LTA; 2 µg/ml), ATP (2,5 mM), IFN-γ (10 ng/ml) IL-1-β (10 ng/ml) alone or in combination or with Ionomycin and Phorbol 12-myristate 13-acetate (PMA) for 48 h (N = 4–6/group). (B) Ccr8−/− mice were exposed to 2% of DSS in drinking water for 7 days. At days 4 and 7, they were i.p. treated with 200 mg of anti-IL-18 (clone YIGIF74-1G7) mABs or control antibodies. (N = 4/group).
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