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IL-17C Mitigates Murine Acute Graft-vs.-Host Disease by Promoting Intestinal Barrier Functions and Treg Differentiation
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Acute graft-vs.-host disease (aGVHD) is one of the major complications and results in high mortality after allogeneic hematopoietic stem cell transplantation (allo-HSCT). IL-17C is involved in many inflammatory immune disorders. However, the role of IL-17C in aGVHD remains unknown. Here we demonstrated that IL-17C deficiency in the graft significantly promoted alloreactive T cell responses and induced aggravated aGVHD compared with wildtype donors in a fully MHC-mismatched allo-HSCT model. In contrast, IL-17C overexpression ameliorated aGVHD. IL-17C deficiency increased intestinal epithelial permeability and elevated inflammatory cytokine production, leading to an enhanced aGVHD progression. Tregs was reduced in recipients of IL-17C−/− graft, whilst restored after IL-17C overexpression. Decreased Treg differentiation was abrogated after neutralizing IFN-γ, but not IL-6. Moreover, depletion of Tregs diminished the protective effect of IL-17C. Of note, patients with low IL-17C expression displayed higher aGVHD incidence together with poor overall survival, thereby IL-17C could be an independent risk factor for aGVHD development. Our results are the first demonstrating the protective role of IL-17C in aGVHD by promoting intestinal barrier functions and Treg differentiation in a MHC fully mismatched murine aGVHD model. IL-17C may serve as a novel biomarker and potential therapeutic target for aGVHD.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative therapeutic strategy for treating malignant hematological diseases. However, acute graft-vs.-host disease (aGVHD) is one of the major complications of allo-HSCT, limiting its clinical application, and prognosis (1). Occurrence of aGVHD is predominantly induced by activation of donor-derived T cells and the production of proinflammatory cytokines, resulting in the damage of host organs such as liver, lung, gut, and skin (2). Presence of inflammatory milieu is critical for the initiation of aGVHD and amplification of alloreactive T cell responses (3, 4). Proinflammatory cytokines including IL-1, IL-6, IFN-γ, and TNF-α contribute to the inflammatory settings and substantially promote the pathogenesis of aGVHD (5–7). Therefore, developing effective therapies to mitigate inflammation is vital in prevention and treatment of aGVHD.

IL-17 cytokine family consists of IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F, and its receptor family includes IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE. The role of IL-17A in aGVHD has been well established. IL-17A can be produced by Th17 cells, Tc17 cells, γδ T cells, natural killer (NK) cells, natural killer T (NKT) cells, macrophages, T follicular helper cells, and lymph tissue inducer (LTi) cells (8–14). Studies by our group and others demonstrated that IL-17A could alleviate aGVHD by suppressing Th1 responses and macrophage infiltration (15, 16). Recipient-derived IL-17A has recently been reported in the prevention of dysbiosis and intestinal aGVHD (17). However, Th17 cells augment aGVHD by enhancing IFN-γ production (18–20). Tc17 cells have also been found to promote aGVHD in response to IL-6 and host dendritic cells, without contributing to GVL effects (21). Genetic depletion of IL-17RB in host, which blocks IL-17B and IL-17E signaling, didn't alter the aGVHD-related survival (17). The functions of other IL-17 family cytokines, including IL-17C during aGVHD is still unknown.

Recently, IL-17RE has been characterized as the functional receptor for IL-17C, and IL-17C plays a critical role in the regulation of host defense against infections and autoimmune disorders (22–24). IL-17C was initially demonstrated to stimulate TNF-α and IL-1β production in human THP-1 cells (25). IL-17C can also promote Th17 response in experimental autoimmune encephalomyelitis (EAE) to aggravate inflammation (22). In autoimmune hepatitis, IL-17C augments T cells function by enhancing IL-2 production (26). During C. albicans infection, IL-17C amplifies proinflammatory cytokine expression to promote lethal inflammation (27). Thus, IL-17C can regulate T cell responses and inflammatory milieu, which indicates a possible role in aGVHD.

In this study, we first investigated the role of IL-17C in aGVHD in a murine fully-mismatched allo-HSCT model using IL-17C-deficient mice and IL-17C overexpression model. IL-17C could mitigate aGVHD by promoting intestinal epithelia barrier function and Treg differentiation. We further investigated the role of IL-17C in allo-HSCT patients. IL-17C serum levels in more severe aGVHD patients were significantly lower than those with no or moderate aGVHD. In addition, low IL-17C serum level is an independent risk factor for predicting grade II-IV aGVHD. Therefore, IL-17C plays a critical role in aGVHD and could serve as a prognosis marker or therapeutic target in clinical aGVHD management.

MATERIALS AND METHODS

Animals

Female BALB/C(H-2d), C57BL/6(H-2b)and B6D2F1 (F1 hybrid of B6 and DBA/2; H-2b/d) mice were purchased from Shanghai Laboratory Animal Center (Shanghai, China). C57BL/6 IL-17C−/− mice were kindly provided by Dr. Chen Dong (Tsinghua University, Beijing, China). C57BL/6 FoxP3-eGFP mice (CD45.2; H-2b) were provided by Dr. Zhinan Yin (Jinan University, Guangzhou, China). C57BL/6 CD45.1 mice (H-2b) were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd (Beijing, China). All mice were housed in a specific-pathogen-free environment and received acidified autoclaved water at Animal Facilities of Soochow University. All animal experiments were performed in accordance with the guidelines and approved by the Animal Care and Use Committee of Soochow University.

Establishment of aGVHD Model and Histology Assessment

Murine aGVHD model was established as previously described (16, 28). Briefly, BALB/C recipients received lethal irradiation of 650cGy (Co60 or X-Ray, 325cGy per dose with 4 h interval) and were injected intravenously with 1 × 10∧7 bone marrow (BM) cells and 5 × 10∧6 splenocytes (SP) from C57BL/6 or IL-17C−/− mice, respectively. For IL-17C overexpression aGVHD model, BALB/C recipients were injected with IL-17C-expresssing plasmid or vector control (60 ug/2 ml) by hydrodynamic gene transfer 3 days before transplantation. Recipients were conditioned with total body irradiation of 650 cGy by X-Ray in two divided dose 4 h apart (100 cGy/min). BALB/C recipients were transplanted with 1 × 10∧7 bone marrow (BM) cells and 5 × 10∧6 splenocytes from IL-17C−/− donors. In some experiments, recipients were injected with 0.5 ug/200 ul rmIL-17C (R&D, Minneapolis, MN) or PBS every 3 days, respectively. For Treg differentiation experiments BALB/C recipients were injected with IL-17C-expresssing plasmid or vector control (60 ug/2 ml). 3 days later, recipients were lethally irradiated by X-Ray and transplanted with 1 × 10∧7 bone marrow (BM) cells and 3 × 10∧6 splenocytes from CD45.1 mice together with 5 × 10∧5 nTregs from FoxP3-eGFP mice or 1 × 10∧7 bone marrow (BM) cells from CD45.1 mice and 2 × 10∧6 naïve CD4+ T cells from FoxP3-eGFP mice. For haplo-identical aGVHD model, B6D2F1 mice received lethal irradiation by X-Ray at a dose of 950 cGy and were transplanted with 1 × 10∧7 bone marrow (BM) cells and 7.5 × 10∧7 splenocytes from C57BL/6 or IL-17C−/− donors, respectively. Mice were monitored daily. Weight change and aGVHD symptoms were recorded every 3 days. Systemic aGVHD score was assessed by a cumulative scoring system as in previous reports (29). For histology examination, 2 weeks after transplantation, tissue was fixed in 10% formalin and embedded in paraffin for cutting into 5 μm sections and staining with hematoxylin and eosin (H&E). The histopathology score was assessed by a semi-quantitative scoring system as previously reported (16, 28).

Plasmid Construction

IL-17C was amplified from cDNA obtained from Hepa1-6 cell line and inserted into minicircle plasmid (pMC.EF1; SBI, Palo Alto, CA). Forward 5′-AGATCTATGAGTCTCCTGCTTCTAGGC-3′, reverse 5′-AGATCTTCACTGTGTAGACCTGGGAAG-3′. For in vivo overexpression, vector plasmid or minicircle-IL-17C plasmid was injected into BALB/C recipients by hydrodynamic gene transfer (HGT) 3 days before transplantation.

Cell Preparation and Flow Cytometry

Single-cell suspensions of the aGVHD target organs, including spleen, liver, lung, and intestine, were prepared as previously described (16). Antibodies used for flow cytometry staining including anti-CD69-PerCP/Cy5.5, anti-CD3-PE/CF594, anti-CD8-Pacific Blue, anti-CD4-APC/CY7, anti-CD25-PE, anti-FoxP3-APC, anti-CD4-PE/CF594, were purchased from BD Biosciences (Franklin lakes, NJ). Anti-IFN-γ-APC, anti-TNF-α-PE/CY7, anti-IL-17A-PerCP/Cy5.5, anti-H-2kb-PE, anti-H-2kd-FITC, anti-CD45.2-APC, anti-CD45.1-APC/CY7 were purchased from Biolegend (San Diego, CA). For hepatocytes isolation, single liver cells were resuspended in 50% Percoll solution, centrifuged at 2,000 rpm for 20 min. The purified anti-mouse CD16/32 antibody was purchased from eBioscience (San Diego, CA). Intercellular staining and Treg detection were performed by using CytoFix/CytoPerm buffer (BD Biosciences, San Diego, CA) and FoxP3 staining Kit (eBioscience, San Diego, CA), respectively according to the manufacturer's instructions. Samples were detected on a NovoCyte Flow Cytometer (ACEA Biosciences, San Diego, CA) and data were analyzed by using Flowjo software (Flowjo, Ashland, OR).

Serum Cytokine Detection

Serum was harvested on day 14 post transplantation and stored at −80°C. Serum cytokine production, including IFN-γ, TNF, IL-2, IL-4, IL-6, IL-10, IL-17A, were measured by using a BD Th1/Th2/Th17 Cytometric Bead Array (CBA) kits on FACS CantoII Cytometry (BD Biosciences, San Diego, CA). Data were analyzed by BD FCAP Array software (BD Biosciences, San Diego, CA).

Real-Time PCR

Total RNA from aGVHD target tissues, including spleen, liver, lung and intestine, or sorted cell subsets was extracted using TRIzol reagent (Takara, Japan) and reverse transcribed into cDNA. Quantitative real-time PCR was performed using SYBR Green Master Mix (Applied Biosystems, Warrington, UK). All primers are listed as followers: β-actin, Forward 5′-ATCTGGCACCACACCTTC-3′, reverse 5′-AGCCAGGTCCAGACGCA-3′; Occludin, Forward 5′-AGACTACACGACAGGTGGGG-3′, reverse 5′-CTGCAGACCTGCATCAAAAT-3′; Zo-1, Forward 5′-GCAGACTTCTGGAGGTTTCG-3′, reverse 5′-CTTGCCAACTTTTCTCTGGC-3′; Claudin-1, Forward 5′-ACTGCCCTGCCCCAGTGGAA-3′, reverse 5′-TCAGCCCCAGCAGGATGCCA-3′; Claudin-4, Forward 5′-TCGCGCTTGGTAGCTGGTGC-3′, reverse 5′-GATCCCCAGCCAGCCCAGGA-3′; IL-6, Forward 5′-ACCAGAGGAAATTTTCAATAGGC-3′, reverse 5′-TGATGCACTTGCAGAAAACA-3′; IFN-γ, Forward 5′-GATGCATTCATGAGTATTGCCAAGT-3′, reverse 5′-GTGGACCACTCGGATGAGCTC-3′; IL-1β, Forward 5′-ACCTGTCCTGTGTAATGAAAGACG-3′, reverse 5′-TGGGTATTGCTAGGGATCCA; TNF, Forward 5′-AGGGTCTGGGCCATAGAACT-3′, reverse 5′-CCACCACGCTCTTCTGTCTAC-3′; IL-17C, Forward 5′-GCTCCTCCACACCTGCTAAC-3′, reverse 5′-CTGTGGGTAGCGGTTCTCAT-3′; IL-17RE, Forward 5′-CAGTCCCAGTGACGCTAGAC-3′, reverse 5′-ACCCATTAGAGCGGTGAGAG-3′. Housekeeping gene β-actin was used as an internal control. Relative expression levels of interested genes were calculated according to a ΔCt method.

Treg Differentiation Assay

Plates were coated with 2 μg/ml anti-CD3 and 0.4 μg/ml anti-CD28 (eBioscience, San Digeo, CA) overnight at 4°C. Splenocytes from B6 WT mice and IL-17C−/− mice were seeded 2 × 10∧5 cells/200 μl each well in the presence of 50 UI/ml rhIL-2 and 2.5 ng/ml rmTGF-β (Pepro Tech, Rosemont, IL) in RPMI 1640 medium (Gibco, Grand Island, NY) with 10% fetal bovine serum (BBI Life Sciences, Shanghai, China) for 72 h. Additionally,IL-17C−/− splenocytes were treated with 200 ng/ml rmIL-17C or culture medium, respectively (R&D, Minneapolis, MN). For allo-antigen stimulated Treg polarizing assay, splenocytes from BALB/C mice were irradiated with 10Gy using X-Ray, then co-cultured with B6 WT or IL-17C−/− splenocytes, respectively at a ratio of 1:3 for 72 h. Tregs differentiation was detected by using FoxP3 staining Kit (eBioscience, San Diego, CA). For experiments of iTreg differentiation, 1 × 10∧5 CD4+GFP−CD62L+CD44− naïve CD4+ T cells were seeded into pre-coated plate (2 μg/ml anti-CD3 and 0.4 μg/ml anti-CD28) with or without 200 ng/ml rmIL-17C in the presence of 50 UI/ml rhIL-2 and 2.5 ng/ml rmTGF-β for 5 days. The indicated cells were sorted from FoxP3-eGFP mice by BD Melody (BD Biosciences, San Diego, CA).

Depletion and Blocking Antibodies

Treg depletion were performed by using anti-CD25 antibodies (BioXCell,West Lebanon, NH) as previously described (30). Donor B6 WT and IL-17C−/− mice were injected i.v. with 500 ug anti-CD25 or rat IgM isotype control on day −10, −7, −4. Consistent to previous studies, the efficiency of Treg depletion is about 60% detected by FACS. To block IL-6 signaling, recipient mice were intravenously administrated with 500 ug anti-mouse IL-6R or rat IgG2b antibody as control (BioXCell, West Lebanon, NH) on day −1, 3, 7. To block IFN-γ, mice were injected 250 ug anti-IFN-γ or rat IgG1 antibody as control (BioXCell,West Lebanon, NH) on day −1 and 6.

Measurement of Intestinal Epithelia Permeability

Mice were fasted for 4 h prior to deliver FITC-dextran (MW 4 kDa, 600 mg/Kg) via gavage 7 days post transplantation (Sigma, St. Louis, MO). Serums were harvested 4 h after dextran infusion. The FITC-dextran concentration was read at 480 and 520 nm with a SYNERGY HTX multi-mode reader (Bio-Tek, Winooski, VT). Permeability was normalized to an age-matched healthy mouse.

Patients and Sample Collection

The study includes 68 patients with hematologic malignancies who underwent allo-HSCT at the First Affiliated Hospital of Soochow University in 2012. All patients were conditioned with the same myeloablative conditioning regimen, including high-dose cyclophosphamide (CTX) with busulfan. Serums were collected at the time of pre-conditioning. All patients have full clinical follow-up data. This study was approved by the Ethics Committee of Soochow University. Written informed consent was obtained from each patient in accordance with the Declaration of Helsinki.

Statistical Analysis

Murine aGVHD-related survival curves were plotted and analyzed by log-rank test using GraphPad Prism version 7 (GraphPad, San Diego, CA). Data were shown as mean±SEM. Paired Student t-test and one-way ANOVA with Dunnet's test were used for statistics of two groups or multiple comparisons, respectively. In human samples, receiver operator characteristic (ROC) curves were constructed for IL-17C level predicting the occurrence of aGVHD. The cutoff value was evaluated for sensitivity and specificity. The cumulative incidence of aGVHD was calculated by Gray's test. Factors that showed statistical significance (P < 0.05) in the univariate analysis were included in the multivariate analysis using Fine and Gray proportional hazards model. Overall survival (OS) was estimated using the Kaplan-Meier method, and compared between the groups using log-rank test. P value < 0.05 is considered significantly different (*P < 0.05; **P < 0.01; ***P < 0.001).

RESULTS

IL-17C Mitigates Murine aGVHD After Allo-HSCT

To assess the possible role of IL-17C in the pathogenesis of aGVHD, we first examined the expressions of IL-17C and IL-17RE on day 3, 7, 12 post syngeneic and allogeneic HSCT by real-time PCR (Supplemental Figure 1). IL-17C expression was significantly increased in spleen, liver, lung, and intestine after both syngeneic and allogeneic HSCT (Supplemental Figure 1A). However, the IL-17C expression was lower in allogeneic than syngeneic HSCT hosts, suggesting the allogeneic immune response may inhibit the upregulation of IL-17C. IL-17RE expression was also up-regulated in the spleen, liver, and lung, but not intestine after HSCT, while stayed low after allo-HSCT.

Next, we performed an MHC fully mismatched aGVHD model (B6 to BALB/C) to explore whether IL-17C could affect the development of aGVHD. BALB/C recipients were lethally irradiated with 650cGy by Co60 and transplanted with 1 × 10∧7 BM cells alone or with 5 × 10∧6 splenocytes from B6 WT mice or IL-17C−/− mice, respectively (Figure 1A). Recipients of WT or IL-17C−/− BM alone exhibited no aGVHD symptoms or aGVHD-related death (data not shown). Recipients of WT BMs and splenocytes survived for more than 60 days, while the recipients of IL-17C−/− grafts all died within 40 days (P = 0.0016; Figure 1B). Recipients of IL-17−/− grafts showed significantly higher aGVHD scores compared with WT controls (Figure 1C). Histologic assessment revealed more severe tissue damage in the liver, lung, small intestine, as well as skin in recipients with IL-17C−/− grafts (Figures 1D,E). Moreover, in order to determine whether IL-17C produced by BM cells or splenocytes is required for aGVHD protection, we performed the transplant with either IL-17C−/− BM or splenocytes together with the WT controls (Figure 1F). Recipients of either IL-17C−/− BM/WT splenocytes or IL-17C−/− splenocytes/WT BM developed a more severe aGVHD than WT controls, but had prolonged survival compared with the recipients of IL-17C−/− BM/IL-17C−/− splenocytes. In order to determine the cellular source of IL-17C, we then analyzed IL-17C expressions in recipient organs, as well as the donor-derived cell subsets (Figure 1G and Supplemental Figure 2). In recipients, IL-17C expression was significantly elevated in the liver (Figure 1G, left panel), especially in hepatocytes (Figure 1G, right panel). Donor-derived immune cell subsets exhibited relatively lower levels of IL-17C expression in both liver (Figure 1G right panel) and spleen (Supplemental Figure 2). Thus, our results demonstrated that IL-17C mitigated murine aGVHD and IL-17C derived from both donor BM and splenocytes, although produced at a relatively lower level compared with the host cells, contributed to its protective effect against aGVHD.
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FIGURE 1. IL-17C mitigates murine aGVHD after allo-HSCT. BALB/c recipients were lethally irradiated and transplanted with 1 × 10∧7 bone marrow cells and 5 × 10∧6 splenocytes from B6 WT or B6 IL-17C−/− mice respectively (A–E). (A) Schematic diagram of the experimental design; (B) aGVHD-related survival; (C) aGVHD clinical scores; (D) H&E staining; and (E) Histological analysis 14 days post-transplantation; (F) BALB/C recipients were transplanted with either B6 WT or IL-17C−/− allografts of splenocytes and bone marrow cells as indicated; n = 6–7 per group. Survival was monitored and compared by log-rank test; (G) RNA from aGVHD target tissues (left) or the indicated cell subsets (right) were extracted and reversed into cDNA 2 weeks post transplantation. IL-17C expression was detected by real-time PCR. Data are representative of at least three experiments and presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.



IL-17C Inhibits Donor T Cell Responses During Allo-HSCT

Allo-reactive donor T cell responses are the driving force for aGVHD. To investigate whether IL-17C can regulate T cell response, we analyzed T cell activation and cytokine production 14 days post-transplantation by flow cytometry. Percentages of CD69+CD4+ T cells and CD69+CD8+ T cells were significantly increased in spleen and lung in recipients of IL-17C−/− graft (Figures 2A,B). Percentages of IFN-γ-producing CD4+ T cells in spleen, liver, lung, and intestine were also increased in the absence of IL-17C (Figures 2C,D). The numbers of CD4+IFN-γ+ T cells were significantly upregulated in spleen and lung in recipients of IL-17C−/− graft (Figure 2E). Moreover, we observed an increase of CD8+IFN-γ+ T cell subsets in spleen, liver and intestine in recipients of IL-17C−/− graft (Figures 2F,G). The numbers of CD8+IFN-γ+ T cells also showed a trend of increase in liver and intestine in recipients of IL-17C−/− graft (Figure 2H). In addition, we examined the levels of inflammatory cytokines in serum (Supplemental Figure 3). In line with previous findings, we observed an increase of serum IFN-γ levels in recipients of IL-17C−/− BM and splenocytes. The production of IL-6 and IL-17A were also significantly enhanced in the same group. Collectively, the results demonstrated that IL-17C could inhibit T cell activation and cytokine production in allo-HSCT recipients.
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FIGURE 2. IL-17C inhibits donor T cell responses during allo-HSCT. BALB/c recipients were lethally irradiated and transplanted with 1 × 10∧7 bone marrow cells and 5 × 10∧6 splenocytes from WT or IL-17C−/− mice, respectively. Percentages of donor T cell subsets were analyzed by FACS; n = 6–7 per group. Populations of activated CD4+ (A) and CD8+ (B) T cells were detected in spleen, liver, lung, and intestine 14 days post-transplantation. Populations of IFN-γ-producing CD4+ T (C,D) and CD8+ T cells (F,G) were examined by intracellular staining. Absolute cell numbers of Th1 and Tc1 cells were calculated (E,H). Data are representative of at least three experiments and presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.



Overexpression of IL-17C Ameliorates aGVHD

To further confirm the function of IL-17C in aGVHD development, recipient BALB/C mice were injected with IL-17C-expressing plasmid or control vector plasmid, respectively by hydrodynamic gene transfer (HGT) 3 days before transplantation. The expression of IL-17C was confirmed in vivo by real time PCR (Supplemental Figure 4). The mice were transplanted with 1 × 10∧7 IL-17C−/− BMs and 5 × 10∧6 IL-17C−/− splenocytes. As shown in Figure 3A, control mice developed severe aGVHD and died within 22 days. In contrast, about 40% recipient mice, which received IL-17C-expressing plasmid, survived more than 30 days. Next, we assessed T cell activation status and found that the activation of CD4+ T cells was significantly reduced in lung with IL-17C expression (Figure 3B). Moreover, we observed a significant reduction of CD8+ T cell activation in liver, lung and intestine (Figure 3C). Similarly, the percentages of Th1 cells were significantly decreased in spleen and lung (Figure 3D) and the Tc1 subsets were also decreased in spleen (Figure 3E) with IL-17C expression. Recombinant IL-17C injection further confirmed that IL-17C could prolong the aGVHD-related survival (Figure 3F). These data confirmed that IL-17C mitigates aGVHD and inhibits T cell activation and IFN-γ production after allo-HSCT.
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FIGURE 3. Overexpression IL-17C ameliorates aGVHD. Vector plasmid or minicircle-IL-17C plasmid was injected into BALB/C recipients by hydrodynamic gene transfer (HGT) 3 days before transplantation. Recipients were lethally irradiated and transplanted with 1 × 10∧7 bone marrow cells and 5 × 10∧6 splenocytes from IL-17C−/− mice. (A) aGVHD-related survival; n = 7 per group. (B) Percentages of CD69+CD4+ T cells (B) and CD69+CD8+ T cells (C) in spleen, liver, lung, and intestine were detected on day 14 post-transplantation; n = 6 per group. Percentages of IFN-γ-producing CD4+ T (D) and CD8+ T (E) cells were examined by intracellular staining. (F) BALB/C recipients were transplanted with 1 × 10∧7 bone marrow cells together with 5 × 10∧6 splenocytes or 1 × 10∧7 bone marrow cells from IL-17C−/− mice. Recipients were administrated with PBS or rmIL-17C every 3 days. BM only, n = 3; PBS, n = 7; rmIL-17C, n = 7. Data are representative of at least three experiments and presented as mean ± SEM. *P < 0.05.



IL-17C Maintains Intestinal Epithelia Integrity and Suppresses Inflammation

Previous studies suggested the role of IL-17C in maintaining intestinal barrier functions (31), we then next investigated whether IL-17C could regulate intestinal epithelia integrity during allo-HSCT (Figure 4). We examined the intestinal permeability in recipients of WT or IL-17C−/− graft 7 days post allo-HSCT. Recipients with IL-17C−/− grafts showed significantly higher amount of FITC-dextran in the serum, indicating increased intestinal permeability (Figure 4A). Expression of tight junction protein occludin was significantly decreased in recipients with IL-17C−/− grafts (Figure 4B). Zo-1 and Claudin-4 expressions were also showed slight decrease with no change in claudin-1 expression. IFN-γ expression was significantly increased in the intestine in recipients of IL-17C−/− graft (Figure 4C). IL-6 expression was slightly elevated with no statistical difference. Thus, IL-17C may reduce aGVHD-related inflammation by maintaining intestinal barrier function.
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FIGURE 4. IL-17C maintains intestinal epithelia integrity and suppresses inflammation. BALB/c recipients were lethally irradiated and transplanted with 1 × 10∧7 bone marrow cells and 5 × 10∧6 splenocytes from WT or IL-17C−/− mice, respectively. Recipients were fasted for 4 h prior to delivering 600 mg/Kg FITC-dextran via gavage 7 days post-transplantation. (A) The FITC-dextran concentration in serum was measured 4 h after infusion 7 days post-transplantation; n = 5 per group. (B) Total RNA from aGVHD target tissues was extracted and reversed into cDNA. Tight junction protein (B) and inflammatory cytokine (C) expressions were detected by real-time PCR; n = 4–5 per group. (D) BALB/c recipients were injected with vector plasmid or minicircle-IL-17C plasmid 3 days before transplantation, and then transplanted with 1 × 10∧7 bone marrow cells and 5 × 10∧6 splenocytes from B6 WT donors. Serum FITC-dextran concentration was measured on day 7 using the same method described before; n = 5 per group. Tight junction protein (E) and inflammatory cytokine (F) expressions in spleen, liver, lung, and intestine were detected by real-time PCR on day 7; n = 4 per group. Data are representative of at least three experiments and presented as mean ± SEM. *P < 0.05.



To further confirm therole of IL-17C on the regulation of intestinal permeability and inflammation, we overexpressed IL-17Cin the host of allo-HSCT. IL-17C overexpression significantly reduced intestinal barrier permeability(Figure 4D). Tight junction proteins, including occludin and claudin-4, were markedly upregulated with IL-17C overexpression (Figure 4E). Moreover, we observed a substantial reduction of INF-γ and IL-6 expression (Figure 4F). These results demonstrated that IL-17C could maintain intestinal epithelia integrity and suppress inflammation.

IL-17C Promotes Treg Differentiation

Treg cells play a vital role in maintaining immune-tolerance, preventing autoimmune diseases and limiting inflammatory diseases, including aGVHD (30, 32–34). In autoimmune hepatitis, IL-17C−/− mice displayed a significant reduction of CD25 expressions on T cells (26). Therefore, IL-17C may inhibit aGVHD pathogenesis through regulation of Tregs. Indeed, in our aGVHD model, there was a reduction in Treg percentages in spleen, liver, lung and intestines of recipients of IL-17C−/− graft compared with those of WT graft (Figure 5A), indicating IL-17C may promote Treg differentiation or maintain its stability in vivo. When we overexpressed IL-17C in the host of allo-HSCT, percentages of Treg cells were significantly elevated in spleen and lung when compared to vector controls (Figure 5B). In order to determine whether the reduced Tregs populations in recipients of IL-17C−/− graft were due to the decreased proliferation, we examined Treg cell proliferation in vivo (Figure 5C). As expected, we found significantly reduced EdU+ Treg cells in recipients of IL-17C−/− graft in spleen, liver and intestine. Then we performed mixed lymphocyte reactions with B6 WT or IL-17C−/− splenocytes as the responders and BALB/C splenocytes as the stimulators and determined the percentages of Treg cells in the reaction. The percentage of Treg cells was significantly reduced in IL-17C−/− responders (Figure 5D). In vitro Treg differentiation assay also revealed that IL-17C deficiency significantly inhibited Treg differentiation, whilst exogenous IL-17C treatment could restore the Treg percentages (Figure 5E). IFN-γ has been reported to inhibit Treg functions and differentiations (35–37). The reduced Treg percentages in recipients of IL-17C−/− graft was restored to the same levels as those of WT recipients when IFN-γ was neutralized (Figure 5F), indicating an important role of IFN-γ in IL-17C-regulated Treg differentiation.
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FIGURE 5. IL-17C promotes Treg cells differentiation. Lethally irradiated BALB/c recipients were transplanted with 1 × 10∧7 bone marrow cells and 5 × 10∧6 splenocytes from B6 WT and IL-17C−/− donors, respectively. (A) Percentages of Treg cells in spleen, liver, lung, and intestine were detected on day 14 post-transplantation; n = 5–6 per group. (B) Percentages of Treg cells in BALB/c recipients IL-17C overexpression and vector control were detected on day 14 post-transplantation; n = 5–6 per group. (C) BALB/c recipients were transplanted with B6 WT and IL-17C−/− allografts respectively, and injected with 5 mg/kg EdU 4 h prior to detection on day 14 post-transplantation. EdU incorporation was analyzed by flow cytometry; n = 6 per group. (D) Irradiated BALB/C splenocytes were co-cultured with B6 WT and IL-17C−/− splenocytes, respectively at a ratio of 1:3 for 72 h. Differentiation of Treg cells was examined by flow cytometry. (E) Plate was pretreated with anti-CD3 and anti-CD28 overnight at 4°C. Splenocytes from B6 WT mice and IL-17C−/− mice were seeded into 96-well plate in the presence with rhIL-2 and rmTGF-β. Percentage of Treg cells was examined 72 h later by flow cytometry. (F) Recipients were administered with anti-IFN-γ or rat IgG1 antibody on day−1 and 6. Recipients were transplanted with WT or IL-17C−/− allografts on day 0; n = 5–6 per group. Percentages of Treg cells in spleen, liver, lung, and intestine were detected on day 12–14. (G) B6 WT and IL-17C−/− donors were injected with anti-CD25 or rat IgM isotype control on day −10, −7, −4. BALB/c recipients were lethally irradiated and received B6 WT, IL-17C−/−, B6 Treg depleted, and IL-17C−/− Treg depleted grafts. aGVHD-related survival was monitored; n = 6 per group. Data are representative of at least three experiments and presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.



To further investigate whether IL-17C could inhibit aGVHD through promoting Treg differentiation and expansion, we depleted donor-derived Treg cells by using anti-CD25 antibody as described previously (30). Consistent with previous findings (30), depletion of donor-derived Treg cells significantly accelerated the aGVHD-associated mortality (Figure 5G). IL-17C deficiency did not further aggravate aGVHD in the absence of Treg cells. Together, these results indicated that IL-17C promoted Treg differentiation and expansion in an IFN-γ dependent manner, which was essential in mitigating murine aGVHD.

IL-17C Regulates Both iTreg and nTreg Subsets During aGVHD

To further investigate the role of IL-17C on Treg cells, we induced iTreg cells from FoxP3-GFP− naïve CD4+ T cells from FoxP3-eGFP reporter mice in vitro in the presence or absence of IL-17C. IL-17C significantly promoted the generation of iTreg cells in a dose-dependent manner (Figure 6A). To evaluate the role of IL-17C on iTreg cells in vivo in the setting of aGVHD, we first overexpressed IL-17C with minicircle plasmid and adoptively transferred CD45.1+ BMs together with CD45.2+ FoxP3-GFP− naïve CD4+ T cells. We found that iTreg percentages were significantly increased in IL-17C overexpressing recipients (Figure 6B). With respect to the nTregs, recipients with IL-17C expression received CD45.1+ BMs and splenocytes together with CD45.2+ FoxP3-GFP+CD4+ nTreg cells. A substantial population of nTregs lost FoxP3 expression during aGVHD, whereas IL-17C significantly sustained FoxP3 expression (Figure 6C). Therefore, IL-17C promotes both iTreg and nTreg subsets in aGVHD.
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FIGURE 6. IL-17C regulates both iTreg and nTreg cells during aGVHD. (A) Plate was coated with anti-CD3 and anti-CD28 overnight at 4°C. Naïve CD4+ T cells (CD4+CD62L+CD44−GFP−) were sorted from FoxP3-eGFP mice and seeded into 96-well plate in the presence or absence with rmIL-17C. Generation of iTreg cells were induced by rhIL-2 combined with rmTGF-β and examined 5 days later by flow cytometry. (B) BALB/C recipients were injected with IL-17C or control plasmid. 3 days later, recipients were lethally irradiated and transplanted with 1 × 10∧7 bone marrow cells from CD45.1 mice and 2 × 10∧6 naïve CD4+ T cells (CD45.2+CD4+CD62L+CD44−GFP−) from FoxP3-eGFP mice. Generation of iTregs were determined in H2-Kb+CD45.2+CD45.1−CD4+ populations at 10 days post transplantation in spleen; n = 5 per group. (C) BALB/C recipients were hydrodynamically injected with IL-17C plasmid or vector control. 3 days later, recipients were lethally irradiated and transplanted with 1 × 10∧7 bone marrow cells together with 3 × 10∧6 splenocytes from CD45.1 mice and 5 × 10∧5 nTreg cells (CD45.2+CD4+GFP+) from FoxP3-eGFP mice. GFP expression was determined in H2-Kb+CD45.2+CD45.1−CD4+ populations at 10 days post transplantation in spleen; n = 3 per group. Data are representative of two experiments and presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.



IL-17C Expression Level Predicts aGVHD Incidence and Severity in Allo-HSCT Patients

To determine the clinical relevance of IL-17C in aGVHD patients, we examined IL-17C production in serums from 68 patients during pre-conditioning. The donor and patient characteristics are showed in Table 1. Among them, 26 patients (38.2%) developed grade I aGVHD, 19 patients (27.9%) developed grade II aGVHD, 5 patients (7.4%) developed grade III aGVHD, and 4 patients (5.9%) developed grade IV aGVHD. Serum IL-17C levels were significantly decreased in grade II-IV aGVHD patients compared to grade 0-I aGVHD patients (Figure 7A). Total of 30 patients (44.1%) had cGVHD. However, IL-17C expression levels were comparable between cGVHD patients and non-cGVHD patients (Figure 7B). IL-17C serum level during pre-conditioning could predict grade II-IV aGVHD (AUC = 0.668, 95% CI = 0.535-0.802, P = 0.019) when we used 106.32 pg/ml as cutoff value from the ROC curve (Figure 7C). Next, patients were divided into two groups according to the cutoff value. Cumulative incidence of grade II-IV aGVHD was significantly lower in IL-17C high patients (IL-17C≥106.32 pg/ml) than in IL-17C low patients (IL-17C < 106.32 pg/ml) (Figure 7D). Patients with high IL-17C expression had prolonged survival than patients with low IL-17C expression (Figure 7E). To determine the predictive value of IL-17C in the occurrence of grade II-IV aGVHD, we performed univariate analysis and found that IL-17C expression level < 106.32 pg/ml (HR = 3.974, 95% CI = 1.391-11.356, P = 0.010) and high risk of disease status (HR = 3.000, 95% CI = 1.022-8.810, P = 0.046) were significantly associated with higher aGVHD incidences (Figure 7F). Multivariate analysis further confirmed that low IL-17C level (HR = 1.480, 95% CI = 0.276-12.003, P = 0.012) was the strongest parameter associated with grade II-IV aGVHD (Figure 7G). These results demonstrated that low IL-17C expression level could be an independent risk factor for predicting grade II-IV aGVHD.


Table 1. The association of IL-17C levels at pre-conditioning with clinical factors.
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FIGURE 7. IL-17C expression level predicts aGVHD incidence and severity in allo-HSCT patients. Expressions of IL-17C in human allo-HSCT patients during pre-conditioning were measured by ELISA. (A) IL-17C expression in aGVHD patients. (B) IL-17C expression in cGVHD patients. (C) Sensitivity and specificity of the analysis. The area under the ROC curve (AUC) was 0.668. The cutoff value used from the ROC curve was 106.32 pg/ml. Sensitivity and specificity was 77.5 and 53.6%, respectively. (D) The cumulative incidence of grade II-IV aGVHD was significantly lower in patients with high IL-17C expression levels by using Gray's test. (E) IL-17C-high patients showed prolonged survival compared to those with low IL-17C expression with Kaplan-Meier survival by log-rank test. (F) Univariate analyses revealed that IL-17C levels < 106.32 pg/ml were significantly associated with grade II-IV aGVHD. (G) Fine and Gray proportional hazards model analysis confirmed that low IL-17C level was the strongest parameter associated with II-IV aGVHD. *P < 0.05.



DISCUSSION

The protective role of IL-17A in aGVHD after allo-HSCT has been characterized (15–21), while the function of IL-17C in aGVHD remains unknown. In the current study we utilized the IL-17C-deficient graft and IL-17C overexpression model to investigate the effect of IL-17C on murine aGVHD and further analyzed its potential application in human aGVHD patients. To our knowledge, this is the first report to show IL-17C deficiency resulted in aggravated aGVHD, whilst IL-17C overexpression significantly prolonged aGVHD-associated survival. T cells showed enhanced activation and cytokine production in the hosts that received IL-17C-deficient grafts, while IL-17C overexpression reduced T cell activation and cytokine production. Moreover, IL-17C deficiency resulted in increased intestinal permeability and amplified inflammation, while IL-17C overexpression showed the opposite results. Further studies demonstrated IL-17C might inhibit aGVHD by promoting donor-derived Treg differentiation in an IFN-γ dependent manner. In human aGVHD patients, IL-17C expression is reduced in more severe aGVHD and low IL-17C expression level is significantly associated with grade II-IV aGVHD incidence and could be an independent risk factor for aGVHD.

IL-17C has been reported to be produced by intestinal epithelial cells after flagellin stimulation (23). Microbiota can also drive IL-17C expression in intestinal epithelial cells (38). Moreover, IL-17C is significantly up-regulated in hepatocytes treated by Con-A (26). In our murine aGVHD model, we investigated IL-17C expression after syngeneic and allogeneic HSCT and found although IL-17C expression was increased in both situations, its expression was significantly lower in allo-HSCT when compared to syngeneic HSCT. Next, we demonstrated that both splenocyte- and BM-derived IL-17C contributed to the protective effect of IL-17C. Although produced at a relatively lower level by the donor-derived immune cells compared with the host cells, donor-derived IL-17C is still important in mitigating aGVHD in our murine aGVHD model. The underlining mechanism needs further investigation. We also performed haplo-identical aGVHD model to explore the function of IL-17C. However, we didn't observe any difference in the survival between recipients of WT and IL-17C−/− grafts (Supplemental Figure 5), which may be due to the reduced allo-reactivity of the donor T cells and retained Treg function in haplo-identical model. A recent study revealed that the suppressive function of iTreg in haplo-identical model was less marked than that in the MHC-fully mismatched aGVHD model (39). It has also been reported that most nTreg cells retained FoxP3 expression in syngeneic BMT, whereas they lost FoxP3 expression in allogenic transplantation (40, 41). As nTreg is more stable than iTreg in FoxP3 expression, in vitro experiments for inducing loss of FoxP3 expression for nTregs required a high concentration of inflammatory cytokines (41, 42). Therefore, the loss of suppressive function of both iTreg and nTreg may be less in the haplo-identical model than the MHC-fully mismatched aGVHD model, possibly due to reduced allo-reactivity of the donor T cells and inflammation. IL-17RE is identified as the unique functional receptor for IL-17C (22–24). The host IL-17RE expression was also increased in the spleen, liver and lung, but not intestine. The IL-17RE expression level became higher on day 12 after allo-HSCT than syngeneic HSCT, which could be a compensatory increase due to the lower IL-17C expression. The significance of IL-17RE expression in the aGVHD target organs also needs further investigation.

T cell activation in recipients of IL-17C-deficient grafts was elevated compared to that in WT recipients. However, CD8+ T cells activation was significantly reduced in IL-17C−/− mice after ConA stimulation in autoimmune hepatitis (26). We also observed the IFN-γ production in CD4+ and CD8+ T cells were significantly elevated in recipients of IL-17C−/− graft. No differences were detected in the TNF-α productions between recipients of WT and IL-17C−/− graft. However, IL-17C was firstly reported for the induction of TNF-α production in THP-1 cells (25). Besides, IL-17C also promoted TNF-α production after C. rodentium and C. albicans infection (24, 27). Although we found increased IFN-γ mRNA level in the intestine and elevated IL-6 and IFN-γ serum levels in hosts receiving IL-17C−/− graft, decreased IL-6 and IFN-γ productions were detected in hepatitis with IL-17C deficiency (26). IL-17C does not directly affect effector T cell function (data not shown). Its effect on T cell activation and cytokine production may heavily depend on the status of the myeloid cell populations in certain disease conditions. Therefore, the regulatory role of IL-17C on T cells and inflammatory cytokine productions may be largely dependent on the disease settings.

IL-17C has been reported to maintain intestinal stability through tight junction formation (31). Expression and localization of tight junction proteins occludin and Zo-1 were critical for aGVHD prevention (43). We also found altered expression of tight junction proteins and increased intestinal permeability after allo-HSCT in the absence of IL-17C. Thus, IL-17C may promote intestinal barrier function through upregulating the expression of tight junction proteins. However, further studies are needed to characterize the signaling pathways involved in this process.

Previous studies have demonstrated that Treg cells can effectively prevent aGVHD by secreting IL-10 and directly suppressing donor T cell expansion (44, 45). We found reduced percentages of Tregs in recipients of IL-17C−/− grafts. As predicted, an increase of Treg cells was observed with IL-17C overexpression. Depletion of Treg cells in the graft diminished the protective effect of IL-17C in aGVHD model. Although we found IFN-γ production is essential for the decreased Treg percentages in recipients of IL-17C−/− graft, other studies suggest Treg-derived IFN-γ is critical for its suppressive capacity (46, 47). Thus, Treg intrinsic IFN-γ may play an opposite role from that produced by conventional CD4+ T cells. IL-6 promotes the activation of signal transducer and activator of transcription (STAT)-3 (48), which is an important inhibitor of Treg differentiation in aGVHD (40, 41). The precise role of IL-6/IL-6R signaling on Treg differentiation in the course of aGVHD is controversial. One group demonstrated that blockade of IL-6 signaling augmented Treg reconstitution (49), while another group found that inhibition of IL-6 signaling did not alter the absolute number of Treg cells (50). We observed increased IL-6 production in the recipients of IL-17C−/− grafts, which led us to assess the possibility of IL-17C affecting Treg differentiation through IL-6 in our aGVHD model. However, we found IL-6/IL-6R signaling is dispensable for the decreased Treg differentiation observed in recipients of IL-17C−/− graft (Supplemental Figure 6). Increased IFN-γ production may also inhibit Treg differentiation, as IFN-γ has been reported to promote Treg fragility (37).

Serum IL-17C expression level significantly predicts aGVHD incidence and was decreased in grade II-IV aGVHD patients compared to grade 0-I aGVHD patients (Figure 7A). However, it was comparable between cGVHD patients and non-cGVHD patients (Figure 7B). This may be due to the differences in pathogenesis between aGVHD and cGVHD. aGVHD is mostly driven by allo-reactive T cells, but chronic GVHD is possibly mediated by both allo- and auto-reactive T cells (51). cGVHD has been recently recognized as a Th17/Tc17, Tfh, and TGF-β-producing macrophages-mediated disease (52, 53). The aberrant of germinal center B cell reaction and antibody formation are also critical for cGVHD (54). However, the effect of IL-17C on B cell functions remains unknown. Studies are needed to further uncover the function of IL-17C in cGVHD in preclinical models.

Taken together, our study provides the first evidence that IL-17C can regulate the immune responses and pathogenesis of aGVHD. It may mitigate aGVHD through promoting epithelial barrier function and Treg differentiation. In allo-HSCT patients, IL-17C may serve as a novel prognosis marker and potential therapeutic target for aGVHD.

AUTHOR CONTRIBUTIONS

DW and HaL designed the study. HG, SM, and SL performed the research. YoL, ZJ, YZ, YS, LL, BH, YuL, YW, YX, and YM contributed to the experiments. HG analyzed the data. SL collected and analyzed the clinical data. HoL provided the blood samples and patient data. CD provided the IL-17C−/− mice. HG, DW, and HaL wrote the manuscript.

FUNDING

This work was supported by grants from National Natural Science Foundation of China (81471586, 815715556, 31500728, 81400145, 81500146), Natural Science foundation of Jiangsu province (BK201500352, BK20150356), China Postdoctoral Science Foundation (7131702415), The Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD), The Innovation Capability Development Project of Jiangsu Province (No. BM2015004), The National Key Research and Development Program (2016YFC0902800, 2017YFA0104502, 2017ZX09304021), and the start-up grant from National University of Singapore.

ACKNOWLEDGMENTS

We thank Dr. Yiqiang Wang, Dr. Yun Zhao, Dr. Jianhong Chu, and Dr. Yuhui Huang for insightful suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.02724/full#supplementary-material

REFERENCES

 1. Atkinson K. Bone marrow transplantation. Med J Aust. (1992) 157:408–11.

 2. Markey KA, MacDonald KP, Hill GR. The biology of graft-versus-host disease: experimental systems instructing clinical practice. Blood (2014) 124:354–62. doi: 10.1182/blood-2014-02-514745

 3. Ferrara JL, Deeg HJ. Graft-versus-host disease. N Engl J Med. (1991) 324:667–74. doi: 10.1056/NEJM199103073241005

 4. Blazar BR, Murphy WJ. Bone marrow transplantation and approaches to avoid graft-versus-host disease (GVHD). Philos Trans R Soc Lond B Biol Sci. (2005) 360:1747–67. doi: 10.1098/rstb.2005.1701

 5. Xun CQ, Thompson JS, Jennings CD, Brown SA, Widmer MB. Effect of total body irradiation, busulfan-cyclophosphamide, or cyclophosphamide conditioning on inflammatory cytokine release and development of acute and chronic graft-versus-host disease in H-2-incompatible transplanted SCID mice. Blood (1994) 83:2360–7.

 6. Hill GR, Crawford JM, Cooke KR, Brinson YS, Pan L, Ferrara JL. Total body irradiation and acute graft-versus-host disease: the role of gastrointestinal damage and inflammatory cytokines. Blood (1997) 90:3204–13.

 7. Ferrara JL, Reddy P. Pathophysiology of graft-versus-host disease. Semin Hematol. (2006) 43:3–10. doi: 10.1053/j.seminhematol.2005.09.001

 8. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, et al. A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat Immunol. (2005) 6:1133–41. doi: 10.1038/ni1261

 9. Coquet JM, Chakravarti S, Kyparissoudis K, McNab FW, Pitt LA, McKenzie BS, et al. Diverse cytokine production by NKT cell subsets and identification of an IL-17-producing CD4-NK1.1- NKT cell population. Proc Natl Acad Sci USA. (2008) 105:11287–92. doi: 10.1073/pnas.0801631105

 10. Hamada H, Garcia-Hernandez Mde L, Reome JB, Misra SK, Strutt TM, McKinstry KK, et al. Tc17, a unique subset of CD8 T cells that can protect against lethal influenza challenge. J Immunol. (2009) 182:3469–81. doi: 10.4049/jimmunol.0801814

 11. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annu Rev Immunol. (2009) 27:485–517. doi: 10.1146/annurev.immunol.021908.132710

 12. Cua DJ, Tato CM. Innate IL-17-producing cells: the sentinels of the immune system. Nat Rev Immunol. (2010) 10:479–89. doi: 10.1038/nri2800

 13. Passos ST, Silver JS, O'Hara AC, Sehy D, Stumhofer JS, Hunter CA. IL-6 promotes NK cell production of IL-17 during toxoplasmosis. J Immunol. (2010) 184:1776–83. doi: 10.4049/jimmunol.0901843

 14. Ma S, Cheng Q, Cai Y, Gong H, Wu Y, Yu X, et al. IL-17A produced by gammadelta T cells promotes tumor growth in hepatocellular carcinoma. Cancer Res. (2014) 74:1969–82. doi: 10.1158/0008-5472.CAN-13-2534

 15. Yi T, Zhao D, Lin CL, Zhang C, Chen Y, Todorov I, et al. Absence of donor Th17 leads to augmented Th1 differentiation and exacerbated acute graft-versus-host disease. Blood (2008) 112:2101–10. doi: 10.1182/blood-2007-12-126987

 16. Cai Y, Ma S, Liu Y, Gong H, Cheng Q, Hu B, et al. Adoptively transferred donor IL-17-producing CD4+ T cells augment, but IL-17 alleviates, acute graft-versus-host disease. Cell Mol Immunol. (2016) 15:233–45. doi: 10.1038/cmi.2016.37

 17. Varelias A, Ormerod KL, Bunting MD, Koyama M, Gartlan KH, Kuns RD, et al. Acute graft-versus-host disease is regulated by an IL-17-sensitive microbiome. Blood (2017) 129:2172–85. doi: 10.1182/blood-2016-08-732628

 18. Carlson MJ, West ML, Coghill JM, Panoskaltsis-Mortari A, Blazar BR, Serody JS. In vitro-differentiated TH17 cells mediate lethal acute graft-versus-host disease with severe cutaneous and pulmonary pathologic manifestations. Blood (2009) 113:1365–74. doi: 10.1182/blood-2008-06-162420

 19. Kappel LW, Goldberg GL, King CG, Suh DY, Smith OM, Ligh C, et al. IL-17 contributes to CD4-mediated graft-versus-host disease. Blood (2009) 113:945–52. doi: 10.1182/blood-2008-08-172155

 20. Yu Y, Wang D, Liu C, Kaosaard K, Semple K, Anasetti C, et al. Prevention of GVHD while sparing GVL effect by targeting Th1 and Th17 transcription factor T-bet and RORgammat in mice. Blood (2011) 118:5011–20. doi: 10.1182/blood-2011-03-340315

 21. Gartlan KH, Markey KA, Varelias A, Bunting MD, Koyama M, Kuns RD, et al. Tc17 cells are a proinflammatory, plastic lineage of pathogenic CD8+ T cells that induce GVHD without antileukemic effects. Blood (2015) 126:1609–20. doi: 10.1182/blood-2015-01-622662

 22. Chang SH, Reynolds JM, Pappu BP, Chen G, Martinez GJ, Dong C. Interleukin-17C promotes Th17 cell responses and autoimmune disease via interleukin-17 receptor E. Immunity (2011) 35:611–21. doi: 10.1016/j.immuni.2011.09.010

 23. Ramirez-Carrozzi V, Sambandam A, Luis E, Lin Z, Jeet S, Lesch J, et al. IL-17C regulates the innate immune function of epithelial cells in an autocrine manner. Nat Immunol. (2011) 12:1159–66. doi: 10.1038/ni.2156

 24. Song X, Zhu S, Shi P, Liu Y, Shi Y, Levin SD, et al. IL-17RE is the functional receptor for IL-17C and mediates mucosal immunity to infection with intestinal pathogens. Nat Immunol. (2011) 12:1151–8. doi: 10.1038/ni.2155

 25. Li H, Chen J, Huang A, Stinson J, Heldens S, Foster J, et al. Cloning and characterization of IL-17B and IL-17C, two new members of the IL-17 cytokine family. Proc Natl Acad Sci USA. (2000) 97:773–8. doi: 10.1073/pnas.97.2.773

 26. Huang J, Yuan Q, Zhu H, Yin L, Hong S, Dong Z, et al. IL-17C/IL-17RE Augments T cell function in autoimmune hepatitis. J Immunol. (2017) 198:669–80. doi: 10.4049/jimmunol.1600977

 27. Huang J, Meng S, Hong S, Lin X, Jin W, Dong C. IL-17C is required for lethal inflammation during systemic fungal infection. Cell Mol Immunol. (2016) 13:474–83. doi: 10.1038/cmi.2015.56

 28. Liu Y, Wu Y, Wang Y, Cai Y, Hu B, Bao G, et al. IL-35 mitigates murine acute graft-versus-host disease with retention of graft-versus-leukemia effects. Leukemia (2015) 29:939–46. doi: 10.1038/leu.2014.310

 29. Cooke KR, Kobzik L, Martin TR, Brewer J, Delmonte J Jr, Crawford JM, et al. An experimental model of idiopathic pneumonia syndrome after bone marrow transplantation: I. The roles of minor H antigens and endotoxin. Blood (1996) 88:3230–9.

 30. Taylor PA, Lees CJ, Blazar BR. The infusion of ex vivo activated and expanded CD4(+)CD25(+) immune regulatory cells inhibits graft-versus-host disease lethality. Blood (2002) 99:3493–9. doi: 10.1182/blood.V99.10.3493

 31. Reynolds JM, Martinez GJ, Nallaparaju KC, Chang SH, Wang YH, Dong C. Cutting edge: regulation of intestinal inflammation and barrier function by IL-17C. J Immunol. (2012) 189:4226–30. doi: 10.4049/jimmunol.1103014

 32. Taylor PA, Noelle RJ, Blazar BR. CD4(+)CD25(+) immune regulatory cells are required for induction of tolerance to alloantigen via costimulatory blockade. J Exp Med. (2001) 193:1311–8. doi: 10.1084/jem.193.11.1311

 33. Sakaguchi S. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in immunological tolerance to self and non-self. Nat Immunol. (2005) 6:345–52. doi: 10.1038/ni1178

 34. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol. (2008) 8:523–32. doi: 10.1038/nri2343

 35. Deligne C, Metidji A, Fridman WH, Teillaud JL. Anti-CD20 therapy induces a memory Th1 response through the IFN-gamma/IL-12 axis and prevents protumor regulatory T-cell expansion in mice. Leukemia (2015) 29:947–57. doi: 10.1038/leu.2014.275

 36. Olalekan SA, Cao Y, Hamel KM, Finnegan A. B cells expressing IFN-gamma suppress Treg-cell differentiation and promote autoimmune experimental arthritis. Eur J Immunol. (2015) 45:988–98. doi: 10.1002/eji.201445036

 37. Overacre-Delgoffe AE, Chikina M, Dadey RE, Yano H, Brunazzi EA, Shayan G, et al. Interferon-gamma drives treg fragility to promote anti-tumor immunity. Cell (2017) 169:1130–41 e1111.

 38. Song X, Gao H, Lin Y, Yao Y, Zhu S, Wang J, et al. Alterations in the microbiota drive interleukin-17C production from intestinal epithelial cells to promote tumorigenesis. Immunity (2014) 40:140–52. doi: 10.1016/j.immuni.2013.11.018

 39. Iamsawat S, Daenthanasanmak A, Voss JH, Nguyen H, Bastian D, Liu C, et al. Stabilization of Foxp3 by targeting JAK2 enhances efficacy of CD8 induced regulatory T cells in the prevention of graft-versus-host disease. J Immunol. (2018) 201:2812–23. doi: 10.4049/jimmunol.1800793

 40. Lu SX, Alpdogan O, Lin J, Balderas R, Campos-Gonzalez R, Wang X, et al. STAT-3 and ERK 1/2 phosphorylation are critical for T-cell alloactivation and graft-versus-host disease. Blood (2008) 112:5254–8. doi: 10.1182/blood-2008-03-147322

 41. Laurence A, Amarnath S, Mariotti J, Kim YC, Foley J, Eckhaus M, et al. STAT3 transcription factor promotes instability of nTreg cells and limits generation of iTreg cells during acute murine graft-versus-host disease. Immunity (2012) 37:209–22. doi: 10.1016/j.immuni.2012.05.027

 42. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription factor Foxp3. Science (2003) 299:1057–61. doi: 10.1126/science.1079490

 43. Noth R, Lange-Grumfeld J, Stuber E, Kruse ML, Ellrichmann M, Hasler R, et al. Increased intestinal permeability and tight junction disruption by altered expression and localization of occludin in a murine graft versus host disease model. BMC Gastroenterol. (2011) 11:109. doi: 10.1186/1471-230X-11-109

 44. Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S. Donor-type CD4(+)CD25(+) regulatory T cells suppress lethal acute graft-versus-host disease after allogeneic bone marrow transplantation. J Exp Med. (2002) 196:389–99. doi: 10.1084/jem.20020399

 45. Edinger M, Hoffmann P, Ermann J, Drago K, Fathman CG, Strober S, et al. CD4+CD25+ regulatory T cells preserve graft-versus-tumor activity while inhibiting graft-versus-host disease after bone marrow transplantation. Nat Med. (2003) 9:1144–50. doi: 10.1038/nm915

 46. Wei B, Baker S, Wieckiewicz J, Wood KJ. IFN-gamma triggered STAT1-PKB/AKT signalling pathway influences the function of alloantigen reactive regulatory T cells. Am J Transplant. (2010) 10:69–80. doi: 10.1111/j.1600-6143.2009.02858.x

 47. Koenecke C, Lee CW, Thamm K, Fohse L, Schafferus M, Mittrucker HW, et al. IFN-gamma production by allogeneic Foxp3+ regulatory T cells is essential for preventing experimental graft-versus-host disease. J Immunol. (2012) 189:2890–6. doi: 10.4049/jimmunol.1200413

 48. Atreya R, Neurath MF. Involvement of IL-6 in the pathogenesis of inflammatory bowel disease and colon cancer. Clin Rev Allergy Immunol. (2005) 28:187–96. doi: 10.1385/CRIAI:28:3:187

 49. Chen X, Das R, Komorowski R, Beres A, Hessner MJ, Mihara M, et al. Blockade of interleukin-6 signaling augments regulatory T-cell reconstitution and attenuates the severity of graft-versus-host disease. Blood (2009) 114:891–900. doi: 10.1182/blood-2009-01-197178

 50. Tawara I, Koyama M, Liu C, Toubai T, Thomas D, Evers R, et al. Interleukin-6 modulates graft-versus-host responses after experimental allogeneic bone marrow transplantation. Clin Cancer Res. (2011) 17:77–88. doi: 10.1158/1078-0432.CCR-10-1198

 51. Leveque-El Mouttie L, Koyama M, Le Texier L, Markey KA, Cheong M, Kuns RD, et al. Corruption of dendritic cell antigen presentation during acute GVHD leads to regulatory T-cell failure and chronic GVHD. Blood (2016) 128:794–804. doi: 10.1182/blood-2015-11-680876

 52. MacDonald KP, Blazar BR, Hill GR. Cytokine mediators of chronic graft-versus-host disease. J Clin Invest. (2017) 127:2452–63. doi: 10.1172/JCI90593

 53. MacDonald KP, Hill GR, Blazar BR. Chronic graft-versus-host disease: biological insights from preclinical and clinical studies. Blood (2017) 129:13–21. doi: 10.1182/blood-2016-06-686618

 54. Flynn R, Du J, Veenstra RG, Reichenbach DK, Panoskaltsis-Mortari A, Taylor PA, et al. Increased T follicular helper cells and germinal center B cells are required for cGVHD and bronchiolitis obliterans. Blood (2014) 123:3988–98. doi: 10.1182/blood-2014-03-562231

Conflict of Interest Statement: 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 © 2018 Gong, Ma, Liu, Liu, Jin, Zhu, Song, Lei, Hu, Mei, Liu, Liu, Wu, Dong, Xu, Wu and Liu. 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.

OPS/images/fimmu-09-02724-g005.gif
]3
E «! i
li ST {
§ ) § I
4T LY S






OPS/images/fimmu-09-02724-g006.gif
i \:\1
~,-

b






OPS/images/fimmu-09-02724-g003.gif





OPS/images/fimmu-09-02724-g004.gif





OPS/images/fimmu-09-02724-g007.gif





OPS/images/fimmu-09-02724-t001.jpg
Factors Total IL-17¢ > 106.32  IL-17c < 106.32 P value

Agemedian  28(3-59) 27.5(3-59) 29 (13-52) 0904
Male 41 25 16 0428
Female 27 19 8

Donorage  36(16-55) 87 (16-62) 35 (18-56) 0887
Match 44 14 0417
Mismatch 24 14 10

CsAbased 8 a2 16 0.189
FK506 based 20 12

Related 8 16 0600
Unrelated 20 12 8

AML 20 20 9 0263
ALL 23 14 9

MDS 6 2 4

oML 10 8 2

Standard risk 48 32 16 0600
High risk 20 12 8

0 14 1 3 0005
1 26 20 6

[ 19 1 8

i 5 1 4

Y 4 1 3

Survival 49 35 14 0473
Replase 8 4 4






OPS/images/fimmu-09-02724-g001.gif





OPS/images/fimmu-09-02724-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

IL-17C Mitigates Murine Acute
Graft-vs.-Host Disease by Promoting
Intestinal Barrier Functions and Treg

Differentiation









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





