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Background and aim

Type I interferons (IFNs) are highly expressed in the gut mucosa of celiac disease (CD) gut mucosa and stimulates immune response prompted by gluten ingestion, but the processes that maintain the production of these inflammatory molecules are not well understood. Adenosine deaminase acting on RNA 1 (ADAR1), an RNA-editing enzyme, plays a crucial role in inhibiting self or viral RNAs from activating auto-immune mediated responses, most notably within the type-I IFN production pathway. The aim of this study was to assess whether ADAR1 could contribute to the induction and/or progression of gut inflammation in patients with celiac disease.





Material and methods

ADAR1 expression was assessed by Real time PCR and Western blotting in duodenal biopsy taken from inactive and active celiac disease (CD) patients and normal controls (CTR). To analyze the role of ADAR1 in inflamed CD mucosa, lamina propria mononuclear cells (LPMC) were isolated from inactive CD and ADAR1 was silenced in with a specific antisense oligonucleotide (AS) and then incubated with a synthetic analogue of viral dsRNA (poly I:C). IFN-inducing pathways (IRF3, IRF7) in these cells were evaluated with Western blotting and inflammatory cytokines were evaluated with flow cytometry. Lastly, the role of ADAR1 was investigated in a mouse model of poly I:C-driven small intestine atrophy.





Results

Reduced ADAR1 expression was seen in duodenal biopsies compared to inactive CD and normal controls. Ex vivo organ cultures of duodenal mucosal biopsies, taken from inactive CD patients, stimulated with a peptic-tryptic digest of gliadin displayed a decreased expression of ADAR1. ADAR1 silencing in LPMC stimulated with a synthetic analogue of viral dsRNA strongly boosted the activation of IRF3 and IRF7 and the production of type-I IFN, TNF-α and IFN-γ. Administration of ADAR1 antisense but not sense oligonucleotide to mice with poly I:C-induced intestinal atrophy, significantly increased gut damage and inflammatory cytokines production.





Conclusions

These data show that ADAR1 is an important regulator of intestinal immune homeostasis and demonstrate that defective ADAR1 expression could provide to amplifying pathogenic responses in CD intestinal mucosa.
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Introduction

Celiac disease (CD) is a complex immune disorder with chronic enteropathy triggered by dietary gluten (1, 2). In genetically predisposed individuals, HLA-DQ2- and HLA-DQ8-restricted gluten peptides activate an inflammatory T helper 1 (Th1) immune response against dietary gluten with the consequent release of interferon (IFN)-γ and interleukin (IL)-21 by T cells (3–5). However, both adaptive and innate immune reactions are thought to trigger and propagate the mucosal inflammation, indeed, gluten drives also the production of IL-15, which triggers cytotoxic cells with the downstream resulting in villous atrophy and crypt hyperplasia (1, 6). In the last years several epidemiological and immunological studies suggest a role for further genetic and environmental factors in CD pathogenesis (2, 7). Indeed, exposure to gluten is necessary but not sufficient to trigger CD in genetically predisposed individuals and environmental factors, such as dietary and microbial factors, likely contribute to promoting or, in some cases, protecting against the disruption of tolerance to gluten (1, 7). Much evidence suggests the role of intestinal viral infection in triggering CD, and one of the first papers on the topic published more than 30 years ago indicated mimicry between gliadins and adenovirus (8). Viral infections have been proved in several birth cohorts of children at risk, and in two longitudinal studies, a higher incidence of enterovirus infections during early childhood was associated with later coeliac disease (9, 10). Furthermore, recent studies found that frequent viral exposure to viruses, such as gastrointestinal viruses, before two years of age was related with the development of CD while the risk of developing it was reduced in children vaccinated against rotavirus (11, 12). A viral contribution to CD pathogenesis is corroborated by experiments in humanized HLA-DQ8 mice. In these mouse models, gut infection by the T1L reovirus prevented systemic tolerance generated by gluten ingestion. Loss of tolerance was imputed to the production of type-I IFN, which activates an anti-gluten Th1 response (13). Indeed, type-I interferon, and in particular, IFN-α can promote IFN-γ synthesis and has been involved in the progress of Th1-mediated immune disorders (14, 15). Furthermore, a case of CD-like enteropathy responsive to gluten exclusion was also reported in a patient receiving IFN-α therapy for leukemia (16). IFN-α, that is highly expressed in CD gut mucosa, can facilitate the induction of Th1-reactive cells and drive the CD immune response and gut damage; however, the mechanism that sustains the production of these cytokines in CD mucosa is not well known (17, 18).

Our innate immune system has developed to specifically identify conventional virus products as double-stranded (ds)RNA. These molecular patterns generally described as pathogen-associated molecular patterns or MAMPs are identified by specific receptors, known as pattern recognition receptors (PRRs), which can quickly activate the immune system after ligand identification (19). As these dsRNA are uncommon in the cytoplasm of eukaryotic cells, specific receptors have been developed to reveal this MAMP. The main systems for detecting cytoplasmic dsRNA are the RIG-I-like receptor (RLR) signaling pathway, melanoma differentiation-associated gene 5 (MDA5), and Toll-like receptor (TLR) 3 (19, 20). Moreover, large numbers of endogenous dsRNA are expected to appear in normal cells as well, mainly due to the abundance of mobile elements in the genome transcripts harboring nearby reversed copies of the same repeat fold to generate an endogenous self dsRNA structure (probably long dsRNA formed by Alu : Alu hybrids) (21). Therefore, PRR stimulation and IFNs production are closely regulated to prevent false activation of the immune system by this self dsRNA. Mounting evidence suggests that immune response to intracellular viral dsRNA and self dsRNA is monitored by RNA editing, an enzymatic process that drives the deamination of adenosines to inosines (A-to-I editing) by adenosine deaminase acting on RNA (ADAR) gene family as ADAR1, that plays a crucial function in the innate immune response by marking endogenous dsRNAs thus avoiding their improper recognition by the cytosolic RNA sensing receptor MDA5 and activates innate immune pro-inflammatory responses via the MAVS adaptor (22–24). Mutations in the ADAR1 gene lead autoimmunity in mice models and human and ADAR1 has been demonstrated to control the canonical PRR activation pathway that leads to the production and secretion of type-I IFN (23, 25–27). Therefore, the purpose of our study was to assess whether ADAR1 could participate to the induction and/or progression of intestinal inflammation in CD patients. Herein, we tested the hypothesis that ADAR1 expression are altered in the pro-inflammatory milieu of CD, thus influencing the expression of pro-inflammatory genes in response to viral product. We found that ADAR1 protein expression is strongly reduced in CD gut mucosa and knock-down of ADAR1 in inactive CD LPMC enhanced the expression of inflammatory pathway. Moreover, in a mouse model of poly I:C-induced intestinal atrophy the silencing of ADAR1 significantly increased the intestinal release of TNF-α, IFN-γ and IFN-α and the mucosal damage.





Materials and methods




Patients and samples

Biopsy specimens taken from the duodenum of 21 patients with active CD (median age 32, range 21–46), 25 patients with inactive CD (median age 37, range 26–52) on a gluten free diet and 20 normal controls (median age 37, range 29–58) were obtained during upper gastrointestinal endoscopy. Active CD patients were on a gluten including diet, were positive for both IgA anti-endomysium (EMA) and IgA anti-tissue transglutaminase 2 (TG2) and had villous atrophy on histological examination. All patients with inactive CD were on a gluten-free diet for at least 2 years and were EMA and anti-TG2 negative and none of them had villous atrophy on histological examination. Normal controls were under investigation for gastrointestinal symptoms but had normal histology and no increase in inflammatory cells and were EMA and anti-TG2 Ab negative. Each patient who enrolled in the study gave informed consent and the local Ethics Committee of the University hospital of Tor Vergata have approved the study protocol.





Immunohistochemistry

All reagents were from Sigma-Aldrich (Milan, Italy) unless specified. Immunohistochemistry was performed as described before (28) on duodenal sections of 3 patients with active CD, 3 with inactive CD and 4 controls. Tissue sections were incubated with a mouse monoclonal anti-human ADAR1 (Santa Cruz Biothecnology, final dilution 1:100) for 1 h at room temperature, followed by a horseradish peroxidase-conjugated goat anti-mouse IgG monoclonal antibody. Immunoreactive cells were visualized using DAB and lightly counterstained with hematoxylin.





Immunofluorescence

Immunofluorescence was performed on archival frozen sections of 3 patients with active CD, 3 with inactive CD and 3 controls. Samples were embedded in a cryostat mounting medium [Neg–50 Frozen Section Medium, Thermo Scientific], snap frozen and stored at −80°C. Sections 6 µm thick were mounted onto superfrost plus glass slides [Thermo Scientific] and fixed in 4% paraformaldehyde [PFA] for 10 min at 4°C. Slides were washed three times with PBS and treated with 0.1% Triton X-100 for 20 min at room temperature [RT]. Blocking was performed with a 10% normal goat serum PBS solution for 1 h at RT. Slides were then incubated overnight at 4°C with mouse anti-human CD3 (1:100, M3070 from Spring Bioscence); or hamster anti-human CD11c (1:75, MA11C5 from Invitrogen); and rabbit anti-human/mouse ADAR1 (1:100, sc-73408 from Santa Cruz Biotechnology). After washing three times with PBS, slides were incubated for 1 h at RT with specific secondary antibodies AF 488 goat anti-mouse (A11017), AF 568 goat anti-rabbit (A11011), AF 568 goat anti-hamster (A21112) all 1:2000 from Invitrogen. Coverslips were mounted on glass slides using ProLong Gold antifade reagent with DAPI [Invitrogen] to counterstain the DNA. Images were acquired on a Leica DMI 4000 B fluorescence microscope [Leica].





Ex vivo organ cultures

Ex vivo organ cultures were performed as indicated before (29). Biopsies obtained from inactive CD patients were cultured in presence or absence of a peptic-tryptic digest of gliadin (PT) (1 mg/ml) or IL-15 (50 ng/ml), IFN-γ (100 ng/ml) and IL-21 (50 ng/ml) for 36 h. ADAR1 protein expression was evaluated by Western blotting.





Murine model of small intestinal atrophy

Polyinosinic:polycytidylic acid (poly I:C, 15μg/g) dissolved in phosphate buffered saline (PBS) or PBS only (controls) were given intra-peritoneally to eight week-old female Balb/c mice wild type. Mice were sacrificed 12 hours later through cervical dislocation. 24 hours and 6 hours before poly I:C administration, mice were given orally a control oligonucleotide (sense; S) (125 μg/mouse) or a specific phosphorothioate oligonucleotide of ADAR1 with antisense orientation ((AS) 125 μg/mouse) (IDT, Coralville, IA, USA). This antisense oligonucleotide (5’- ATCTGGGATGTCATCTGTGG -3’) was previously selected from three different ADAR1 antisense oligonucleotides on the potency of ADAR1 protein expression knockdown in vitro (data not shown). The in vivo method of AS administration and its dose were selected based upon our previous studies on the therapeutic effect of a specific antisense oligonucleotide on the course of ongoing intestinal inflammation (30). The small intestine was collected for histology, RNA extraction, and total protein extraction for ELISA analysis. For histological evaluation sections of proximal small intestine of treated mice were scored in a blinded fashion as indicated before (31): 0, normal mucosa; 1, subepithelial space at villus tips; 2, extension of subepithelial space with moderate lifting; 3, massive lifting down sides of villi, some denuded tips; 4, denuded villi, dilated capillaries; 5, disintegration of lamina propria; 6, crypt layer injury; 7, transmucosal infarction; 8, transmural infarction. The LEICA DMI4000 B microscope and LEICA application suite software (V4.6.2) were used for histological examination. The murine experiments were approved by the local Institutional Animal Care and Use Committee of the University of Tor Vergata.





RNA extraction, complementary DNA preparation, and real-time polymerase chain reaction

RNA isolation, reverse transcription of the mRNA, and Real time PCR were carried out as previously described (32). A constant amount of RNA (1 μg per sample) was reverse-transcribed into complementary DNA (cDNA) by M-MLV Reverse Transcriptase, and this was amplified using the following conditions: denaturation for 1 min at 95°C; annealing for 30 seconds at 60°C for human and mouse ADAR1 (forward: 5’-GCTTGGGAACAGGGAATCG-3’, reverse: 5’-CTGTAGAGAAACCTGATGAAGCC-3’), human/mouse β-actin (forward: 5’-AAGATGACCCAGATCATGTTTGAGACC-3’, reverse: 5’-AGCCAGGTCCAGACGCAGGAT-3’), 58°C, for mouse TNF-α (forward: 5´-ACCCTCACA CTCAGATCATC-3´, reverse: 5´-GAGTAGACAAGGTACAACCC-3´) 60°C, mouse IFN-γ (forward: 5´-CAATGAACGCTACACACTGC-3´, reverse: 5´-TATGCCACTTGAGTTAAAATA GTTATTC-3´); and 30 seconds of extension at 72°C. Gene expression was calculated using the ΔΔCt algorithm.





Cell isolation and culture

Human LPMC were isolated as previously described (33). Cells were transfected with AS or S oligonucleotides (IDT, Coralville, IA, USA; both used at 100-nM final concentration) for 24 h using Opti-MEM medium and Lipofectamine 3000 reagent according to the manufacturer’s instructions (both from Thermo Fisher Scientific) and then incubated with poly I:C (5μg/ml) for 18 hours and the analyzed by flow cytometry.





Flow cytometry

Following monoclonal anti-human antibodies were used to staining immune cells: APC-H7 anti-CD45, FITC anti-TNF-α, PE anti-IFN-α/β and APC anti-IFN-γ (all from Becton Dickinson, Milan, Italy) and appropriate isotype control IgGs (Becton Dickinson and eBioscience). All antibodies were used at 1:100 final dilution. For intracellular immunostaining, cells were fixed and permeabilized using staining buffer set and permeabilization buffer (both from eBioscience) according to the manufacturer’s instruction. Cells were analyzed by flow cytometry (Gallios, Beckman Coulter, Indianapolis, IN).





Western blotting

Total proteins were extracted from whole small intestine samples of mice, human biopsy samples, and ex vivo organ culture as described before (32). Blots were incubated with a mouse monoclonal anti-human ADAR1 (Santa Cruz Biothecnology, final dilution 1:500) and with a mouse monoclonal anti-human phosphorylated form of IRF3 and IRF7 (Cell Signaling; 1:1000 final dilution), followed by horseradish peroxidase (HRP)-conjugated secondary IgG monoclonal antibodies (all used at 1:20 000 final dilution; Dako). The reaction was detected with a sensitive ECL kit (Thermo Fisher Scientific). After analysis, each blot was stripped and incubated with a mouse monoclonal β-actin antibody (Sigma-Aldrich; 1:5000 final dilution) to ascertain equivalent loading of the lanes.





ELISA

Total proteins extracted from colon samples of mice were analyzed for the content of mouse TNF-α, IFN-γ and IFN-α using commercial ELISA kits (R&D Systems) in accordance with the manufacturer’s instructions.





Statistical analysis

Parametric data were analyzed using the two-tailed Student’s t-test for comparison between two groups or one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple comparisons. Significance was defined as P-values<0.05. All analyses were performed using GraphPad Prism version 5.00 software for Windows (GraphPad Software, San Diego California, USA, www.graphpad.com).






Results




ADAR1 expression is down-regulated in the gut mucosa of active celiac disease

We first evaluated ADAR1 RNA expression in duodenal mucosal biopsies taken from healthy controls, active and inactive CD patients to evaluate whether CD-related inflamed intestinal mucosa is distinguished by an altered expression of ADAR1. ADAR1 RNA expression was significantly decreased in biopsies taken from active CD patients as compared to inactive CD patients and controls, while there was not statistically distinction between controls and inactive CD (Figure 1A). By Western blotting, we have confirmed that in duodena mucosal explant the expression of the N-terminally extended ADAR1 p150 isoform, which is predominantly cytoplasmic and has been shown to edit dsRNA (34), was significantly decreased in active CD duodenal mucosa as compared to inactive CD patients and controls, no significant difference was observed between controls and inactive CD (Figure 1B). We also validated ADAR1 protein expression by immunohistochemistry in duodenal tissue taken from inactive and active CD patients and healthy controls. Western blot results were confirmed by immunohistochemistry, revealing an increase of ADAR1 levels in duodenal mucosal sections taken from controls and inactive CD patients compared with active CD patients, especially in the lamina propria and epithelium compartments (Figure 1C). Moreover, immunofluorescence analysis confirms an increase of ADAR1 expression in duodenal mucosal sections taken from controls and inactive CD patients compared with active CD patients and that ADAR1 is manly expressed by macrophages/dendritic cells CD11c + cells (Figures 1D, E). Overall, these results show that CD-associated inflammation is evidenced by reduced ADAR1 expression.




Figure 1 | ADAR1 expression is down-regulated in duodenal mucosa of patients with active CD. (A) Total RNA was obtained by duodenal biopsies of 15 normal controls (CTR), 8 inactive CD patients (ICD) and 10 active CD patients (ACD) and ADAR1 expression analyzed by Real-time PCR. *p<0.05. (B) Representative expression of ADAR1 (upper blot) and β-actin (lower blot) protein in duodenal mucosal samples taken from normal control, inactive and active CD patients. The blot is representative of four separate experiments analyzing total mucosal samples from 15 normal controls, 8 inactive CD patients and 10 active CD patients. Quantitative data are shown in the right panel as measured by densitometry scanning of all Western blots. Values are expressed in arbitrary units (a.u.). Each point represents the value of ADAR1/β-actin ratio in mucosal samples taken from a single subject. Horizontal bars indicate the median value. *p<0.01. (C) Immunohistochemical images, representative of 3 separate experiments in which similar results were obtained, showing ADAR1-positive cells in duodenal sections of normal controls, inactive CD and active CD patients. Staining with isotype control IgG is also shown. (D) Representative images of double-immunofluorescence staining of duodenal sections of normal controls, inactive CD and active CD patients, analyzed for the expression of CD3 (red), ADAR1 (green) and DAPI (blue). The scale bars are 100 µm. Arrows indicate cells co-expressing ADAR1 and CD3. (E) Representative images of double-immunofluorescence staining of duodenal sections of normal controls, inactive CD and active CD patients, analyzed for the expression of CD11c (red), ADAR1 (green) and DAPI (blue). The scale bars are 100 µm. Arrows indicate cells co-expressing ADAR1 and CD11c.







Gliadin reduces ADAR1 expression in organ cultures of CD duodenal explants

Next, we carried out ex vivo organ cultures of explants of CD mucosa explants and examined whether PT affects ADAR1 expression in duodenal mucosa. Therefore, we treated mucosal duodenal biopsies taken from inactive CD patients with PT. PT stimulation, but not BSA, induced a significant down-regulation of ADAR1 protein expression (Figure 2A). The demonstration that ADAR1 is down-regulated in active CD patients and that PT administration affects its mucosal expression prompted us to analyze whether ADAR1 was negatively regulated by some of the excess inflammatory cytokines produced in the CD mucosa in response to PT. ADAR1 expression was downregulated in duodenal biopsies taken from patients with inactive CD by IL-15 and IL-21, otherwise IFN−γ was not able to downregulates ADAR1 (Figure 2B).




Figure 2 | Incubation of inactive CD biopsy with a peptic-tryptic digest of gliadin (PT) results in reduced expression of ADAR1. (A) Representative expression of ADAR1 (upper blot) and β-actin (lower blot) protein in duodenal mucosal samples taken from duodenal biopsies of one inactive CD patient left untreated (Unst), stimulated with BSA or with PT for 36 hours. Quantitative data are shown in the right panel as measured by densitometry scanning of all Western blots. Values are expressed in arbitrary units (a.u.) as mean ± SEM of 4 separate experiments. *p<0.05. (B) Representative expression of ADAR1 (upper blot) and β-actin (lower blot) in duodenal mucosal samples taken from duodenal biopsies of inactive CD patient cultured without (Unst, unstimulated) or with recombinant human IL-15 (50 ng/ml), IFN-γ (100 ng/ml) and IL-21 (50 ng/ml) for 24h. Quantitative data are shown in the right panel as measured by densitometry scanning of all Western blots. Values are expressed in arbitrary units (a.u.) as mean ± SEM of 3 separate experiments. *p<0.05.







Knock-down of ADAR1 in inactive CD LPMC enhanced the expression of inflammatory pathway

PRR signaling activated by viral dsRNA led to the phosphorylation and subsequent activation of the transcription factors IRF3 and IRF7 that trigger IFN promoters. Therefore, we analyzed the effect of ADAR1 on IRF activation and the production of inflammatory molecules, such as IFN-α/β, IFN-γ and TNF-α, which have a main role in CD-related mucosal inflammation. LPMCs, isolated from the duodenal mucosa of inactive CD patients, were treated them with poly I:C in the presence or absence of a specific ADAR1 AS. Treatment of LPMCs with the ADAR1 AS, but not with the control oligonucleotide (S), inhibited ADAR1 expression (Figure 3A), and this associated with improved IRF3 and IRF7 phosphorylation in response to poly I:C, suggesting a subsequent activation of IFN promoters (Figure 3A). Therefore, in the following experiments, LPMCs isolated from the mucosa of inactive CD and active CD patients were treated in the absence or presence of poly I:C with or without ADAR1 AS. As expected, treatment with poly I:C significantly increased IFN-α/β and IFN-γ expression with a slightly upregulation trend for TNF-α levels. (Figure 3B and supplemental figure 1). ADAR1 AS-treated, but not S-treated LPMCs, in presence of poly I:C resulted in a large expression of IFN-α/β, IFN-γ and TNF-α (Figure 3B and supplemental figure 1). Collectively, these findings indicate that a defective ADAR1 expression can intensify the production of inflammatory cytokine when CD immune cells respond to viral products.




Figure 3 | Knock-down of ADAR1 in inactive CD LPMCs enhances inflammatory pathway. (A) Active IRF3 (phosphorylated, p-IRF3, upper panel), active IRF7 (phosphorylated, p-IRF7, middle panel) and β-actin (lower panel) protein expression in LPMCs isolated from one inactive CD patient and stimulated with poly I:C for 1 hour and pre-incubated in presence of a specific ADAR1 antisense oligonucleotide (AS) or a control oligonucleotide (S) for 24h. Quantitative data (right panel) are presented as mean ± SEM of 4 separate experiments. *p<0.05. (B) LMPCs were isolated from one inactive CD patient and stimulated with poly I:C for 12h and pre-incubated with the specific ADAR1 antisense oligonucleotide (AS) or a control oligonucleotide (S) for 24h. Representative histoplots showing IFN-α/β, IFN-γ and TNF-α expression in CD45+ cells analyzed by flow-cytometry. Data are shown as mean ± SEM of 4 separate experiments. *p<0.05, **p<0.01.







ADAR1 avoids poly I:C-induced intestinal injury

The intraperitoneal inoculation of poly I:C in mice strongly activates immune cells, thereby driving to small intestinal epithelial injuries (28, 35). We thus evaluated whether the administration of ADAR1-specific AS could affect the course of experimental intestinal atrophy. To this end, mice were given with poly I:C in presence of a specific ADAR1 AS or a control oligonucleotide (S). Treatment of mice with poly I:C induced intestinal injury distinguished by flattening of small intestinal villi (Figure 4A) and significantly increased TNF-α, IFN-γ and IFN-α production as compared to control mice (Figures 4B, C). Administration of ADAR1 AS significantly reduced ADAR1 expression in small intestinal mucosa (Figure 4B). Furthermore, histologic analysis of small intestinal tissue and blinded histologic scoring of intestinal damage in the different groups were significantly greater in antisense-treated mice as compared with untreated or sense-treated mice (Figure 4A). Moreover, administration of ADAR1 AS, but not S oligonucleotide to mice with poly I:C- significantly increased the intestinal release of TNF-α, IFN-γ and IFN-α stimulated by poly I:C injection (Figures 4B, C).




Figure 4 | Mice treated with ADAR1 antisense develop a severe poly I:C-induced villous atrophy. (A) Representative H&E-stained small intestinal sections of mice left untreated (CTR), receiving poly I:C with a control oligonucleotide (poly I:C+S) or poly I:C with a specific ADAR1 antisense oligonucleotide (poly I:C+AS). Right inset shows the histological score of the small intestine sections taken from all groups of mice. *p<0.01. (B) ADAR1, TNF-α and IFN-γ mRNAs were analyzed in the small intestine of control mice (CTR), mice treated with poly I:C+S and mice receiving poly I:C+AS by real-time PCR and normalized to β-actin. *p<0.05. (C) Colonic samples taken from all mice treated as above, were analyzed for TNF-α, IFN-γ and IFN-α by enzyme-linked immunosorbent assay. *p=0.05. All data indicate mean ± SEM of 3 separated experiments in which at least 5 mice/group were considered.








Discussion

This study indicates that impediment of dsRNA PRR sensing by ADAR1 is required for preventing immune responses and gut mucosal damage. We have shown that duodenal samples from active CD patients exhibit low levels of ADAR1 protein expression in comparison with inactive CD patients and normal controls. The limited biological material available prevented us from evaluating global editing in the duodenal mucosa of CD patients and controls. However, it has been widely demonstrated that a strong reduction of ADAR1 in tissue significantly impairs the physiological editing capacity present in healthy tissue (23, 25). The molecular pathway that control ADAR1 expression in CD gut mucosa remain to be discovered. Experiments carried out with ex vivo organ culture revealed that PT treatment associated with reduced ADAR1 expression levels in duodenal biopsies of inactive CD patients. Although these findings would seem to indicate a direct and negative impact of dietary gluten on ADAR1, several studies have previously recorded the altered expression of ADAR1 in other chronic inflammatory disorders which is not driven by gluten (36, 37). Indeed, our data suggest that some inflammatory cytokines over-produced in CD mucosa in response to gluten ingestion are able to downregulates ADAR1 expression. Thus, it is plausible that ADAR1 can be downregulated by inflammatory cytokines (e.g., IL- 15 and Th1-related molecules), which are over-produced in different inflammatory diseases similar to CD, such as psoriasis. Moreover, given the short time span within which PT induces the reduction of ADAR1 protein expression, we do not exclude the possibility that ADAR1 translation can be also controlled by miRNAs such as miR-17-5p and miR-432 as demonstrated in other systems, which expression is significantly altered also by PT-induced inflammatory cytokines in CD duodenal mucosa (38, 39).

Regrettably, the amount of cells isolated from intestinal biopsy was not enough to analyze the expression of ADAR1 in immune or other cell types (e.g., dendritic cells, macrophages, lymphocytes, fibroblasts or epithelial cells). However, the fact that ADAR1 was reduced in CD duodenal mucosal samples and regulates self-tolerance and prevents autoimmunity in other systems (23, 27), prompted us to explore the possibility that its downregulation in a normal mucosa with a specific oligonucleotide could amplify CD-associated inflammatory pathways. To this end, LPMCs were stimulated with poly I:C in the presence or absence of ADAR1 antisense oligonucleotide. Knockdown of ADAR1 expression restored PRR signaling with upregulation of activated form of IRF3 and IRF7, and induced proinflammatory cytokines production. We revealed that the loss of ADAR1 expression is critical in producing aberrant PRR-mediated innate immune responses in CD gut mucosa, confirming its crucial role in controlling innate immune responses to viral products. Nevertheless, we do not exclude the possibility that other molecular mechanisms are involved in controlling inflammatory response after ADAR1 abrogation; indeed, a recent paper demonstrated that ADAR1 is directly involved in apoptosis regulation (40). However, our results agree with data from previous findings showing that ADAR1 directly controls the production of inflammatory molecules in response to viral products (23, 25). To further validate the immune-modulatory role of ADAR1 in the intestinal mucosa, we utilized a mouse model of small intestinal damage induced by poly I:C intraperitoneal injection (28). Our data revealed that ADAR1 protected mice from poly I:C-induced gut injury and reduced the production of inflammatory molecules. We are conscious that this mouse model does not summarize the major immunological/morphological features of CD, however, in this model, the gut damage was supposed to be led by inflammatory pathways which are activated in CD (35). Moreover, our results are in agreement with a previous study showing that ADAR1-mediated RNA editing contributes to the prevention of pathogenic immune responses as well as gut inflammation and colitis and inflammatory gastrointestinal problems are sometimes observed in patients with ADAR1 gene mutations (26, 41). Several evidences indicate that environmental factors (dietary and microbial factors) have an important role in trigger or amplify the inflammatory response in CD patients. Indeed in our previous work we demonstrated that defective expression of Aryl hydrocarbon receptor (AhR), that are involved in detection environmental signals, could contribute to magnify pathogenic responses in the intestinal mucosa of CD patients (28). This new study provides support for the concept that the absence of an important checkpoint such as ADAR1 can allow viral products to disrupt intestinal immune homeostasis and initiate or magnify harmful immune signals in CD intestinal mucosa.
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