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Changes in the Gut Microbiome Contribute to the Development of Behcet’s Disease via Adjuvant Effects
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Behcet’s disease (BD) is associated with considerable gut microbiome changes. However, it still remains unknown how the composition of the gut microbiome exactly affects the development of this disease. In this study, transplantation of stool samples from patients with active ocular BD to mice via oral gavage was performed. This resulted in decreases of three short chain fatty acids (SCFAs) including butyric acid, propionic acid and valeric acid in the feces of the BD-recipient group. Intestinal barrier integrity of mice receiving BD feces was damaged as shown by a decreased expression of tight junction proteins and was associated with the release of Lipopolysaccharides (LPS) in the circulation. The mice also showed a higher frequency of splenic neutrophils as well as an enrichment of genes associated with innate immune responses in the neutrophils and CD4 + T cells as identified by single cell RNA sequencing. Analysis of neutrophils and T cells functions in these mice showed an enhanced mesenteric lymph node and splenic Th1 and Th17 cell differentiation in association with activation of neutrophils. Transplantation of BD feces to mice and subsequent induction of experimental uveitis (EAU) or encephalomyelitis (EAE) led to an exacerbation of disease in both models, suggesting a microbial adjuvant effect. These findings suggest that the gut microbiome may regulate an autoimmune response via adjuvant effects including increased gut permeability and enhancement of innate immunity.
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INTRODUCTION

Behcet’s disease (BD) is a chronic, multisystemic inflammatory disorder (Zeidan et al., 2016), characterized by recurrent oral and genital ulcers, skin lesions, as well as a sight-threatening intraocular inflammation called panuveitis (Takeuchi et al., 2015). BD is thought to share both autoimmune and autoinflammatory disease features caused by an aberrant population of Th1 and Th17 cells in combination with hyper-activated neutrophils (Yamashita, 1997; Nanke et al., 2008). The exact etiology of the disease is however not yet clear.

Changes in the gut microbiome composition are thought to contribute to the development of various immune and infectious diseases (Bevins and Salzman, 2011; de Oliveira et al., 2017; Russler-Germain et al., 2017; Domingue et al., 2020). Dysbiosis of the gut microbiota has been found in rheumatoid arthritis (RA) and type 1 diabetes (T1D) using metagenomic sequence (MGS) and 16S rDNA gene sequence analysis (Zhang et al., 2015; Vatanen et al., 2018). Studies dealing with the pathogenesis of autoimmunity have suggested that the composition of the gut microbiota plays a crucial role in the development of auto-reactive lymphocytes and the recruitment of neutrophils (Littman and Rudensky, 2010). Some opportunistic intestinal pathogens have been shown to produce the effector pathogen-associated molecular pattern (PAMP) and microbe-associated molecular pattern (MAMP) molecules which can trigger an inflammatory response via host cell receptors such as toll like receptors (TLRs) (Fraiture and Brunner, 2014). An impaired gut barrier function caused by metabolites released from the gut microbiota may facilitate this response (Wang et al., 2012; Furusawa et al., 2013).

We recently started investigating the role of the gut microbiome in the development of ocular BD (Consolandi et al., 2015; Ye et al., 2018). Recent studies provided strong evidence that the gut microbiome contains triggers and/or amplification signals for autoreactive T cells that can drive spontaneous uveitis in mice (Horai et al., 2015). These findings may also have implications for the contribution of the gut microbiome to the etiology of human uveitis. However, the mechanisms underlying the contribution of the gut microbiome to the development of clinical uveitis is still unclear. In the present study, we provide evidence that the BD gut microbiome may contribute to the development of intraocular inflammation via a complex mechanism including altered gut permeability and immunological adjuvant effects.



MATERIALS AND METHODS


Study Participants

For fecal transplantation, five active BD patients along with 5 sex- and age-matched healthy controls were recruited for this study. The active patients included for the study showed active ocular inflammation and had stopped taking immunosuppressive medicines except topical corticosteroids and cycloplegics for at least 1 month, prior to sampling when they visited our clinic. Healthy controls with diabetes, cardiovascular diseases, systemic disease and other inflammatory diseases were excluded. Additionally, the subjects enrolled for sample collection had not received antibiotics or probiotics for at least 1 month (BD patients are generally not treated with antibiotics). Stool samples from five untreated active BD patients and five healthy controls (the metadata of samples for fecal transplantation are shown in Supplementary Table 1) were used to colonize mice. Diagnosis of BD was based on the diagnostic criteria of the international study group for BD (Criteria for diagnosis of Behcet’s disease, 1990). Active BD was defined according to the presence of active intraocular inflammation. The study was approved by the Ethics Committee of Chongqing Medical University. Signed informed consent was obtained from all participants at the beginning of the study. All procedures were performed in accordance with the Declaration of Helsinki.



Fecal Microbiome Transplantation in Mice

A fecal sample from each donor was resuspended in sterile PBS to a final concentration of 200 mg/ml and then equal volumes of five donor suspensions were pooled. The suspensions were divided in 1 ml portions per centrifuge tube and stored at −80°C until use. The same batch of fecal samples from BD patients and controls was used for the entire study. Each mouse was orally administered with 200 μl of the pooled fecal suspension once a day for 1 week as described in our previous study after being treated with an antibiotic cocktail containing ampicillin (1 mg/ml), neomycin (1 mg/ml), metronidazole (1 mg/ml), and vancomycin (0.5 mg/ml) (all purchased from Sigma-Aldrich) for 3 weeks (Ye et al., 2018).



Autoimmune Animal Models: Induction, Clinical and Histological Assessment

B10.RIII mice and C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, United States) and maintained under specific pathogen free (SPF) conditions. EAU induction was induced in B10.RIII mice using 25 μg of interphotoreceptor retinoid binding protein (IRBP)161–180, which is half the dose of peptide for experimental uveitis (EAU) induction as used in earlier studies, in complete Freund’s adjuvant (CFA) (Sigma-Aldrich, St. Louis, MO, United States) supplemented with 1.0 mg/ml Mycobacterium tuberculosis strain (MTB) (Jiang et al., 2008). For experimental encephalomyelitis (EAE) induction, female C57BL/6 mice were immunized with 100 μg of myelin Oligodendrocyte Glycoprotein (MOG) 35–55 (half dose of peptide for EAE induction before) emulsified in CFA. 200 ng of pertussis toxin (List Biological, Campbell, CA, United States) was injected intraperitoneally (i.p.) 0 and 48 h later (Constantinescu et al., 2011). Low doses of peptides were used to obtain a milder form of the disease so as to enable experiments showing a worsening effect of our experimental conditions on both the EAU as well as the EAE model. To obtain clinical and histological scores of the EAU model, animals were scored at day 14 as described previously (Cortes et al., 2008). The clinical score and body weight of EAE mice was measured starting at 16 days after immunization (Badawi et al., 2012). The animal study was approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University.



Isolation of Lymphocytes and Cytokine Secretion Assays

Lymphocytes from mouse spleen were filtered with cell strainers and purified by mouse Ficoll–Hypaque density gradient centrifugation. The cells were cultured in culture medium consisting of RPMI medium 1640, 100 U/ml penicillin/streptomycin and 10% fetal bovine serum (Invitrogen, CA, United States). For cytokine secretion assays, cells (5 × 105/500 μl) were seeded into each well of a 48-well plate. The supernatants of lymphocytes after stimulation with peptides were collected after 3 days. The production of IFN-γ and IL-17 in the supernatants was quantified using Duoset ELISA development kits (R&D Systems, MN, United States) according to the manufacturer’s instructions. For statistical analysis, concentrations below the detection limit were converted to a value of 50% of the lowest point of the calibration curve (de Jager et al., 2005).



Assessment of Intestinal Barrier Function and LPS in Serum

The colon and serum samples were collected from mice at day 7 after fecal transplantation. Three tight junction proteins were detected by real-time PCR as described above and Western Blotting (WB) analysis. Protein was extracted from colon tissues by radio immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) including 1% protease inhibitor (Beyotime). WB analysis was performed as described previously (Yang et al., 2014). Bands were analyzed using Image J software, version 1.43. Analysis was normalized against β-actin. Specific primary antibodies used included: Claudin-1 (1/1,000, ImmunoWay, United States), Claudin-4 (1/1,000, ImmunoWay, United States), Occludin (1/1,000, ImmunoWay, United States) and β-actin (1/10,000, ABclonal, United States). The level of Lipopolysaccharide (LPS) in serum was quantified using an Instant ELISA Kit for LPS in accordance with the manufacturer instructions (USCN, Wuhan, China).



Neutrophil Isolation and Neutrophil Extracellular Traps Detection

Neutrophils were isolated from mouse spleen, filtered with cell strainers and purified by Ficoll–Hypaque density gradient centrifugation. After centrifugation, red blood cell (RBC) lysis was performed to obtain pure neutrophils (Coquery et al., 2012). For mesenteric lymph node, we isolated total cells from tissues and filtered by cell strainers. For eye tissue, we dissected the retina from eye balls after removing the cornea, sclera and choroid, and then we isolated total cells from retina by filtering through cell strainers. 1 × 106 cells from these tissues were seeded into each well of a 48-well plate and stimulated with 100 nM phorbol 12-myristate 13-acetate (PMA) for 4 h at 37°C. After stimulation with PMA, slides with neutrophils were washed by PBS and fixed with 4% paraformaldehyde in PBS. Blocking was performed with 10% normal goat serum. Neutrophil extracellular traps (NETs) were detected with rabbit anti-NE (Abcam, Cambridge, MA, United States) and rabbit anti-MPO (Abcam, Cambridge, MA, United States) in 10% normal goat serum. Slides were incubated with goat anti-rabbit IgG secondary antibody (Alexa Fluor 555, ImmunoWay, Plano, TX, United States) and (FITC, ImmunoWay, Plano, TX, United States) in PBS. Images were obtained with a confocal microscope (Nikon, Japan). The supernatants of neutrophil cultures after stimulation were collected for NETs secretion assays. The levels of NE and MPO were quantified in the supernatants of neutrophils using Duoset ELISA development kits (R&D Systems, MN, United States) in accordance with the manufacturer instructions. For co-culture experiments, 1 × 106 lymphocytes were seeded into each well of a 48-well plate and co-cultured with 500 μl neutrophil culture supernatants and 1 μl cell activation cocktail with Brefeldin A for 6 h before flow cytometry.



Single Cell RNA Sequencing of Splenic Cells

Splenic cells were isolated from mice at day 7 after fecal transplantation. Before loading onto chromium microfluidic chips, red blood cells (RBCs) were removed from the splenic cells by RBC lysis. Sequencing was performed with Illumina (HiSeq 2000) according to the manufacturer’s instructions (Illumina). In the quality control of the raw reads, low-quality reads (the average quality per base drops below 10), trailing low quality or N bases (below quality 3), adapters and drop reads below 26 bases long were removed from raw reads by fastq. Then the raw reads were demultiplexed and mapped to the reference genome by 10X Genomics Cell Ranger pipeline1 using default parameters. The SingleR2 and Seurat3 packages were performed to cluster and annotate cell populations and types. After annotating these cells populations, functional enrichment analysis of differential genes in the different cell types was performed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (Ashburner et al., 2000; Kanehisa and Goto, 2000).



Flow Cytometry, Reagents and Antibodies

For flow cytometry, cells were isolated from tissues as described before and seeded into each well of a 48-well plate and treated with 1 μl cell activation cocktail with Brefeldin A (Biolegend, San Diego, CA, United States) for 6 h at 37°C. Then cells were washed, fixed and permeabilized using fixation buffer (Biolegend, San Diego, CA, United States) and permeabilization buffer (Biolegend, San Diego, CA, United States) according to the manufacturer’s instructions. The cells were stained with fluorescent antibodies including anti-mouse CD4-APC, anti-mouse IFN-γ-PE-Cy7 and anti-mouse IL-17-PE (all antibodies were purchased from Biolegend, San Diego, CA, United States) for 20 min.



Real-Time PCR

Total RNA was isolated by TRIzol reagent (Invitrogen, Carlsbad, CA, United States) from PBMCs and colon tissue. The PrimeScript RT kit (Takara Biotechnology, Dalian, China) was used to reverse the extracted RNA into complementary DNA. The ABI Prism 7500 system on the SYBR Premix (BIO-RAD, CA, United States) was used to detect and analyze the expression. The relative expression of target genes was quantified by using the 2–ΔΔCt method with β-actin as the internal reference. The sequences of target genes and β-actin PCR primer pairs are shown in Supplementary Table 2.



16S rDNA Gene Sequence Analysis

DNA was extracted from the mice fecal pellets using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions and was subjected to amplification of polymerase chain reaction (PCR) using primers directed at hypervariable region 3–4 (V3–V4) of the 16S rRNA gene (341F and 806R). The PCR products were quantified using Qubit (Invitrogen, Carlsbad, CA, United States). The resulting raw reads matched to sequences spanning the entire V3–V4 amplicon using PANDAseq. The annotation of bacteria was performed by RDP Classifier (version 2.2). The differential abundance of bacteria between groups was analyzed by Wilcoxon test. P-value was corrected by False Discovery Rate (FDR). LEfSe analysis was used to explain the features of microbiome composition between the BD and healthy control group. According to the normalized OTU abundance table, PCoA was applied to visualize similarities or dissimilarities of the microbiota of samples in the BD-recipient mice and healthy controls-recipient mice groups and displayed by QIIME2 and ggplot2 package. In brief, a distance matrix of unweighted Unifrac in the samples was transformed to a new set of orthogonal axes. The maximum variation factor was demonstrated by first principal coordinate and the second maximum one by the second principal coordinate. Shannon index was applied to the difference of microbial diversity between the BD-recipient mice with and healthy controls-recipient mice groups. GC-MS analysis was performed using an Agilent 7890B gas chromatograph system coupled with a Agilent 5977B mass spectrometer. This analysis was performed at the Shanghai Biotree Biomedical Technology Co., Ltd., (Shanghai, China).



Statistical Analyses

The results were analyzed by GraphPad Prism V 7.0. The statistical significance between two independent groups was analyzed with the Mann–Whitney U test. The data are shown as mean ± SEM. A p-value less than 0.05 was considered as statistically significant.



RESULTS


Fecal Transplantation of Stool Samples Obtained From Active BD Patients to Mice

To study the role of the gut microbiome in the development of ocular Behcet’s disease, we used a previously established method of transplanting pooled stool samples obtained from five active ocular BD patients and healthy individuals to B10.RIII mice (Ye et al., 2018). Gut microbiome composition in the recipient mice was tested by the ACE index, Shannon index and principle coordination analysis (PCoA) (Supplementary Figure 1 and Figures 1A,B). The PCoA showed that there was a segregation of gut microbiome composition between these two groups. However, we found that there was no statistical significance in ACE index and Shannon index between these groups. After false discovery rate (FDR) correction (FDR < 0.2), gut microbiome composition was different when comparing BD-recipient mice with healthy controls-recipient mice as shown by analysis of the relative abundances of 11 genera and 14 species (Supplementary Tables 3, 4). Up to eight genera and 10 species were enriched in the BD-recipient mice. More importantly, we observed an enrichment in opportunistic pathogen Parabacteroides species, sulfate-reducing bacteria (SRB) Bilophila species and Desulfovibrionaceae species in the BD-treated group. Moreover, there was a reduction in butyrate-producing bacteria (BPB) Clostridium species in this group. LDA Effect Size (LEfSe) was used to determine the microbiome most likely to explain differences between these two groups. The results showed 14 genera including Bilophila were positively associated with BD-recipient mice, whereas four genera were negatively associated with BD-recipient mice (Figure 1C). Because the human fecal samples used for transplanation in the present study were randomly selected from the samples used in our previous MGS study (Ye et al., 2018), we compared the data of 16S rDNA gene sequence analysis in the present study with those of our previous MGS study. The present results were in line with the data of MGS analysis on Behcet and healthy individuals that Bilophila and Parabacteroides were enriched in BD patients, whereas the level of Clostridium was decreased. Because an aberrant abundance of SRB and BPB was found in the BD-recipient mice, we also investigated the changes of short chain fatty acids (SCFAs) in the stool samples after fecal transplantation by gas chromatography-mass spectrometer analysis (GC-MS). Three kinds of SCFAs including butyric acid, propionic acid and valeric acid concentrations were decreased in the BD-recipient mice (Figure 1D). These data showed that the gut microbiome composition in the BD-recipient mice may contribute to a concomitant SCFA change.
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FIGURE 1. The relative abundances of gut microbiota at genus and species levels and fecal SCFAs comparing the BD-recipient group with the healthy controls-recipient group. (A) PCoA analysis of BD-recipient and healthy controls-recipient mice. n = 5 for each group; (B) Shannon index analysis comparing the BD-recipient and healthy controls-recipient group. n = 5 for each group; (C) Histogram of the LDA scores computed for taxa differentially abundant between BD-recipient mice and healthy controls-recipient mice. (D) The concentrations of SCFAs in the feces comparing BD-recipient mice and healthy controls-recipient mice. **P < 0.01, *P < 0.05, NS, not significant. n = 6 for each group.




Dysfunction of the Intestinal Barrier in Mice Following Transplantation of BD Feces

To investigate the effect of BD feces transplantation on intestinal barrier function in mice, we performed the following experiment. Colon tissue was separated from mice after BD feces transplantation and analyzed for mRNA and protein expression. We found that the expression of three tight junction proteins (Epple et al., 2009), Claudin1 (CLDN1), Claudin4 (CLDN4) and Occludin (OCLN) in the colon tissue from the BD-recipient group was significantly decreased as compared to the healthy control-recipient group (Figures 2A–G). We subsequently investigated whether the altered gut microbial composition in the mice following BD feces transplantation could lead to the release of lipopolysaccharides (LPS) into the blood circulation of these animals. Serum was collected from the two groups after gut microbiome transplantation and the results showed that the level of LPS in the serum of the BD-recipient group was significantly increased as compared to that of the healthy control-recipient group (Figure 2H).
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FIGURE 2. The mRNA and protein expression of tight junction proteins in mouse colon tissue and concentration of LPS in the serum after BD feces transplantation. (A–C) Comparison of CLDN1, CLDN4 and OCLN mRNA expression in the colon tissue between BD-recipient and healthy controls-recipient mice. Expression was normalized to β-actin and calculated relative to the healthy control group that was taken as 1.0. ∗∗P < 0.01. Data was analyzed by the Mann–Whitney U test. n = 6 for each group; (D–G) Comparison of CLDN1, CLDN4 and OCLN protein expression in the colon tissue between BD-recipient and healthy controls-recipient mice, ∗∗P < 0.01. (H) The concentration of LPS in the serum of BD-recipient and healthy controls-recipient mice. ∗∗∗P < 0.001. Data was analyzed by the Mann–Whitney U test. n = 6 for each group.




The Effect of Transplantation of BD Feces on Th1 and Th17 Cell Differentiation in Mice

Since BD feces transplantation affected intestinal permeability, we further investigated whether the gut microbiome from BD patients could influence Th1 and Th17 cell differentiation in mice. BD feces was transplanted to mice and on day 7, the animals were sacrificed and mesenteric lymph node, splenic lymphocytes as well as retinal tissue were separated. The IFN-γ and IL-17 mRNA expression was significantly increased in the mesenteric lymph node and spleen of the BD-recipient group as compared with the healthy control-recipient group, whereas IL-10 mRNA expression was decreased in the mesenteric lymph node and spleen (Figures 3A,B). In addition, the mRNA expression of MCP-1 was found to be increased following BD feces transplantation in the splenic lymphocytes (Figure 3B). The transplantation did not lead to ocular inflammation in these non-immunized mice, as shown by real-time PCR analysis of retinal tissue (Figure 3C). The percentages of Th1 cells and Th17 cells in the mesenteric lymph node and splenic lymphocytes of BD-recipient group were higher than that in the healthy control-recipient group (Figures 3D,E). These data indicate that transplantation of the gut microbiome from BD patients to mice induces Th1 and Th17 cell differentiation in the mesenteric lymph node and spleen cells.
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FIGURE 3. The mRNA expression of IFN-γ, IL-17, IL-10, MCP-1, IL-1β and TNF-α as well as Th1 and Th17 cells in the mesenteric lymph node, splenic lymphocytes and retina after transplantation of BD feces to mice. (A–C) Comparison of IFN-γ, IL-17, IL-10, MCP-1, IL-1β and TNF-α mRNA expression in the mesenteric lymph node, splenic lymphocytes and retina between BD-recipient and healthy controls-recipient mice, relative to the healthy control group (taken as 1.0). ∗∗P < 0.01, ∗P < 0.05, NS, not significant, data was analyzed by the Mann–Whitney U test. n = 5–6 for each group; (D,E) the percentages of CD4 + IFN-γ + Th1 cells and CD4 + IL-17 + Th17 cells in the mesenteric lymph node and splenic lymphocytes in the BD-recipient and healthy controls-recipient group. ∗∗P < 0.01, ∗P < 0.05. Data was analyzed by the Mann–Whitney U test. n = 6 for each group.




Single Cell RNA Sequencing of Spleen From Mice Following Transplantation of BD Feces

To investigate the mechanisms underlying the contributions of the gut microbiome from BD patients to the induction of Th1 and Th17 cell differentiation, we performed single cell RNA sequencing of splenic cells from mice after transplantation of BD feces. Twenty six cell clusters were characterized as 10 cell types including B cells, macrophages, T cells, DC, monocytes, neutrophils, NK cells, stem cells, NKT cells and basophils after annotation (Figure 4A). The ratio of neutrophils (cluster 12) was increased in BD-recipient mice as compared to healthy control-recipient mice (Figure 4B). After comparing the mRNA expression levels of neutrophils between these two groups, the expression of 1,321 genes was increased in the BD-recipient mice, whereas 177 genes were decreased (Figure 4C). More importantly, the mRNA expression of Mpo and Elane, the components of NETs, were increased in the BD-recipient mice. In addition, the mRNA expression of S100a8 and S100a9, two antimicrobial proteins, were also significantly increased in the BD-recipient mice (Supplementary Table 5). Functional enrichment analysis of these differential mRNAs via KEGG showed bacterial invasion of epithelial cells and leukocyte transendothelial migration was significantly up-regulated in the neutrophils from BD-recipient mice (Figure 4D and Supplementary Table 6). Based on GO enrichment analysis, these differential mRNAs were enriched in the ATP metabolic process, oxidative phosphorylation and several terms associated with neutrophils function, such as neutrophil chemotaxis and neutrophil mediated immunity (Supplementary Figure 2 and Supplementary Table 7).
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FIGURE 4. Single cell RNA sequencing of splenic cells from mice after feces transplantation. (A) Characterization of cell types in the splenic cells in the tSNE plot; (B) The relative ratios of different cell types in the splenic cells between BD-recipient mice and healthy control-recipient mice; (C) The volcano plot of differential genes in the neutrophils between BD-recipient and healthy controls-recipient mice; (D) KEGG analysis of differential genes in the neutrophils between BD-recipient and healthy controls-recipient mice. Top twenty pathways with the most significant differences are listed; (E) The volcano plot of differential genes in the CD4 + T cells between BD-recipient and healthy controls-recipient group; (F) KEGG analysis of differential genes in the CD4 + T cells between BD-recipient and healthy controls-recipient mice. Top twenty pathways with the most significant differences are listed.


We also compared the mRNA expression of CD4 + T cells from T cell populations between BD-recipient and healthy control-recipient mice. The expression of 1,378 genes was increased in the BD-recipient mice, whereas 276 genes were decreased (Figure 4E). Among them, IL-17 mRNA expression was significantly increased in the CD4 + T cells from BD-recipient animals (Supplementary Table 8), which was consistent with the results mentioned before. Through KEGG analysis, these differential mRNAs were found enriched in antigen processing and presentation and in Systemic Lupus Erythematosus (SLE, Figure 4F and Supplementary Table 9). GO enrichment analysis was also performed on these differentially expressed mRNAs. The results showed that the mRNAs were enriched in the innate immune response, positive regulation of immune response, T cell activation, lymphocyte differentiation and response to bacteria (Supplementary Figure 3 and Supplementary Table 10).



Neutrophil Activation Following Fecal Transplantation and the Role of Activated Neutrophils on Th1 and Th17 Differentiation

Neutrophils are found to be hyper-activated in patients with BD (Nelson et al., 2018). Numerous factors from the gut microbiome are found to induce neutrophil activation, including LPS (Alexis et al., 2001). Based on the above findings, we hypothesized that the activation of neutrophils in BD patients could be associated with the composition of their gut microbiome. To investigate whether neutrophils can be activated after fecal transplantation, we isolated the total cells from mesenteric lymph nodes and neutrophils from spleens of mice and detected the level of NETs secreted by activated neutrophils after fecal transplantation. After immunostaining neutrophils, we found that NE and MPO were more prominently expressed by neutrophils from the BD-recipient group (Figure 5A). The levels of the NETs components, NE and MPO were significantly increased in the cells from mesenteric lymph nodes and neutrophils from spleens from the BD-recipient group as compared to the healthy control-recipient group (Figures 5B,C). We also co-cultured lymphocytes the mesenteric lymph nodes of normal B10.RIII mice with neutrophil supernatants of the BD-recipient or healthy control-recipient group, respectively. The percentages of Th1 cells and Th17 cells in the BD-recipient neutrophils co-culture group were higher than in the healthy control-recipient neutrophil co-culture group (Figure 5D). These results indicate that the gut microbiome in BD patients might induce Th1 and Th17 cell differentiation via activated neutrophils.
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FIGURE 5. NETs secretion as well as Th1 and Th17 cell differentiation after co-culture with neutrophils. (A) Fluorescent images of NETs (MPO and NE) in the BD-recipient group and healthy controls-recipient group. (B,C) The protein levels of NE and MPO in the supernatants of mesenteric lymph nodes and splenic neutrophils from the BD-recipient and healthy controls-recipient group. ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05. Data was analyzed by the Mann–Whitney U test. n = 6 for each group. (D) the percentages of CD4 + IFN-γ + Th1 cells and CD4 + IL-17 + Th17 cells after co-culture with neutrophil supernatants from the BD-recipient and healthy controls-recipient group. ∗∗∗P < 0.001, ∗P < 0.01, NS, not significant. Data was analyzed by the Mann–Whitney U test. n = 5–6 for each group.




The Effect of Fecal Transplantation With BD Patients Gut Microbiome on the Severity of EAU and EAE Models

In our previous study, we demonstrated that feces from active BD patients could exacerbate the development and severity of uveitis in EAU mice (Ye et al., 2018). In this study, we repeated the experiment concerning the effect of BD patients’ gut microbiome on EAU and expanded these earlier studies by also analyzing the cytokine response and lymphocyte differentiation. B10.RIII mice were immunized with 25 μg IRBP161–180 combined with CFA for EAU induction after fecal transplantation (Figure 6A). At 14 days after immunization, BD-recipient mice showed a more severe clinical and histological uveitis than the healthy control-recipient group (Figure 6B). In line with these observations, we found that the IFN-γ and IL-17 mRNA expression was also significantly increased in the mesenteric lymph node, splenic lymphocytes and retinas of the BD-recipient group as compared with the healthy control-recipient group (Supplementary Figures 2A,B,D). IL-10 mRNA expression was decreased in the splenic lymphocytes of the BD-recipient group but not in the mesenteric lymph nodes and retina (Supplementary Figures 2A,B,D). The mRNA expression of MCP-1, IL-1β and TNF-α was also increased in the BD-recipient group (Supplementary Figures 2A,B,D). The protein levels of IFN-γ and IL-17 in the splenic lymphocytes of the BD-recipient group were also higher than that in the healthy control-recipient group (Supplementary Figure 2C). We then investigated the activation of neutrophils, Th1 and Th17 cells differentiation in the mesenteric lymph node, spleen and eye between these two groups. In line with the results mentioned before, NE and MPO were significantly increased in the neutrophils from the mesenteric lymph node, splenic lymphocytes and eyes of the BD-recipient group as compared to the healthy control-recipient group (Figures 6C–E). The increased Th1 and Th17 cell percentages were also found in the mesenteric lymph node, spleen and eyes of the BD-recipient group (Figures 6F,G and Supplementary Figure 2E).
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FIGURE 6. Clinical and histological scores of EAU mice as well as clinical score and weight changes of EAE mice in the BD-recipient and healthy controls-recipient group. (A) The experimental scheme of mice experiment; (B) Clinical and histological scores of the EAU model in the BD-recipient and healthy controls-recipient group. ∗∗P < 0.01. Data was analyzed by the Mann–Whitney U test. n = 6 for each group; (C–E) The protein levels of NE and MPO in the supernatants of mesenteric lymph nodes, splenic neutrophils and retina from the BD-recipient and healthy controls-recipient group. ∗∗∗P < 0.001, ∗∗P < 0.01. Data was analyzed by the Mann–Whitney U test. n = 6–7 for each group. (F,G) The percentages of CD4 + IFN-γ + Th1 cells and CD4 + IL-17 + Th17 cells in the mesenteric lymph node and splenic lymphocytes from the BD-recipient and healthy controls-recipient group. ∗∗P < 0.01, ∗P < 0.05. Data was analyzed by the Mann–Whitney U test. n = 6–7 for each group. (H) Clinical score and weight changes of EAE mice in the BD-recipient and healthy controls-recipient group. ∗∗P < 0.01, ∗P < 0.05. Data was analyzed by the Mann–Whitney U test. n = 6 for each group.


To investigate whether the effect of BD patient gut microbiome composition was a general effect or whether it was specific for EAU, we also tested fecal transplantation in mice undergoing EAE (Figure 6A). We therefore immunized C57/BL6 mice with 100 μg Myelin Oligodendrocyte Glycoprotein (MOG) 35–55 combined with CFA after BD feces transplantation to determine its effect on the severity of EAE. The results showed that the BD-recipient mice also showed a more severe clinical manifestation that began at day 19 following immunization (Figure 6H). The expression of pro-inflammatory cytokines, including IFN-γ, IL-17 and MCP-1 was increased in the lymphocytes from the BD-recipient group, whereas the expression of IL-10 was decreased (Supplementary Figures 3A–F). A similar result was also observed in the BD-recipient group concerning the protein expression of IFN-γ and IL-17 (Supplementary Figures 3G,H). These results demonstrated that BD patients’ feces not only exacerbated the severity of EAU but also of EAE, suggesting an immunological adjuvant effect.



DISCUSSION

In this report, we provide evidence showing that the gut microbiome may affect the development of BD via a complex mechanism that includes an enhanced gut permeability and stimulation of innate immunity (Figure 7).


[image: image]

FIGURE 7. Schematic model demonstrating how the gut microbiome may contribute to the autoimmune response via complex mechanisms involving a damaged intestinal barrier leading to the transfer of immuno-stimulatory factors resulting in a state of immune hyper-reactivity.


Transplantation of clinical fecal samples to mice provides evidence for a role of the gut microbiome in the pathogenesis of various diseases which are found to be associated with a dysbiosis of gut microbiota (De Palma et al., 2017). The differential abundance of bacteria between the BD-recipient group and healthy control-recipient group were not exactly in line with the data of MGS analysis showed in our previous study, which might be due to differences between humans and mice in their indigenous microbial community, the limited sample size and batch effects of microbiome sequencing (De Palma et al., 2017; Ye et al., 2018). It might also be due to the fact that we used SPF mice in this study, although we did treat mice with antibiotics for 3 weeks before fecal transplantation. Using germ-free mice, in future experiments, may solve the issue. On the other hand, we did find that the Parabacteroides species, Bilophila species and Desulfovibrionaceae species were enriched and Clostridium species were reduced in the BD-treated group which was in line with our earlier results on the gut microbiome in ocular BD (Ye et al., 2018). Parabacteroides species are generally considered as opportunistic pathogens in infectious diseases and are associated with changes in the inflammatory response, T cell differentiation and altered abundance of short-chain fatty acid producers (Claesson et al., 2012; Bindels et al., 2016). Bilophila species and Desulfovibrionaceae species are two kinds of SRB which inhibit butyrate β-oxidation and degrade butyrate (Dostal Webster et al., 2019). A lower level of BPB such as the Clostridium species in the BD-treated group might lead to a reduction of butyrate in the host. Butyrate is a beneficial metabolite that maintains host immune homeostasis and protects the integrity of the intestinal epithelial barrier (Furusawa et al., 2013; Geirnaert et al., 2017; Goncalves et al., 2018). Furthermore, SRB produce cytotoxic molecules such as hydrogen sulfide (H2S) as well as immune stimulating factors like LPS (Muyzer and Stams, 2008). These factors can exacerbate intestinal epithelial barrier damage and produce innate immune triggering signals finally leading to an aberrant Th1 and Th17 cell differentiation (Muyzer and Stams, 2008; Leal Rojas et al., 2017; Stevens et al., 2018). Recently, propionic acid and valeric acid (decreased in the BD-treated group) were also reported as SCFAs that can regulate the function of Th1 and Th17 cells (Bottcher et al., 2000; Duscha et al., 2020). We hypothesize that the concomitant SCFA change caused by the gut microbiome from patients may contribute to the development of autoimmune uveitis.

Using the fecal transplantation model, we showed that it could affect intestinal permeability leading to the leakage of bacterial factors such as LPS into the systemic circulation. Although intestinal manifestations are common (3–60%) in BD patients from Eastern Asia (Ananthakrishnan, 2015), it should be noted that none of the ocular BD patients that donated their stool samples for our study had obvious intestinal problems. Intestinal barrier dysfunction has been observed in several immune-mediated diseases such as ankylosing spondylitis (AS), whereas these patients did not have obvious intestinal problems or intestinal inflammation (Vaile et al., 1999). Intestinal barrier function in ocular BD patients has not yet been investigated and is indeed an interesting area for further research. LPS is one of the most potent gram-negative derived factors that can stimulate Th1 and Th17 cell differentiation and is able to exacerbate experimental autoimmune disease models such as EAU and EAE (Fang et al., 2010; Klaska et al., 2017; Mardiguian et al., 2017). These findings are also consistent with previous studies in which LPS/TLR4 pathways are involved in the aberrant immune response observed in BD and our result showing a higher abundance of SRB (such as Bilophila species) in the BD-recipient mice (Liang et al., 2013). Whether other microbe-associated molecular patterns induced by the gut microbiome may also contribute to Th1 and Th17 differentiation needs to be addressed in future experiments. It should be noted that the specificity of the Th1 and Th17 cells in the BD-recipient mice was not investigated and it would be interesting to study whether feces transplantation affected the population of autoreactive cells. However, the increase of Th1 and Th17 cells in the BD-recipient mice might lead to an augmented secretion of pro-inflammatory cytokines including IFN-γ, TNF- α, IL-6 and IL-17 that may contribute to the development of disease (Tang et al., 2009; Pattarini et al., 2017).

Previous studies have implied a role for infections in the pathogenesis of BD, including streptococcus species (Lellouche et al., 2003; Oh et al., 2008). In the study presented here, we provide additional evidence that gut microbiota from BD patients can induce innate immune responses and that this response might play a role in the stimulation of pathogenic T cell populations. An alternative mechanism is also possible where IL-17 triggers neutrophil production and release from the bone marrow (Chuammitri et al., 2019). IL-17 has been shown to recruit neutrophils at the site of T cell activation by inducing the production of chemokines and other cytokines, such as TNF-α (Isailovic et al., 2015). Further studies are needed to show how Th17 cells and neutrophils interact and how this is affected by gut microbiota. The results of single cell sequencing on splenic cells from mice after fecal transplantation also provided evidence that the gut microbiome from BD patients has effects on both neutrophil activation as well as on T cell differentiation. We found that the differential mRNAs in neutrophils were enriched in the oxidative phosphorylation, neutrophil chemotaxis and neutrophil mediated immunity, which all play critical roles in the activation of neutrophils (Li et al., 2019). When analyzing CD4 + T cells, we found that the IL-17 mRNA level was increased in CD4 + T cells from BD-recipient mice. Differentially expressed mRNAs in CD4 + T cells were found enriched in antigen processing and presentation. It is well established that antigen processing and presentation induces activation and differentiation of naïve T cells into Th1 and Th17 cells (Mascanfroni et al., 2013). These results indicate that the gut microbiome in BD-recipient mice might contribute to both neutrophil activation and regulation of T cell differentiation. It should also be mentioned that other cell clusters, such as cluster 24 in B cells, appear to be distinct between BD and healthy-recipient mice. It would be interesting to study the contributions of these cell clusters to disease in future studies. To investigate whether the gut microbiome regulates the function of neutrophils or CD4 + T cells directly, single cell sequencing analysis on intestinal tissue or MLN from mice and human blood is also needed to address this issue in future longitudinal studies.

To our knowledge, this is the first report that directly links a dysbiotic gut microbiome to the activation of neutrophils in BD. There is evidence in the literature that the link between neutrophil activation and the induction of Th1 and Th17 cell differentiation may be mediated by dendritic cells (Warnatsch et al., 2015; Papadaki et al., 2016). Taken together these findings support our hypothesis that a combination of gut metabolites and immune-stimulatory factors behave as an adjuvant leading to a hyperactive immune system.

We realize that our study suffers from several limitations concerning the protocol of fecal transplantation. First of all, we didn’t perform a comparison between recipient mice and original donors in the present manuscript due to sample size limitations in the original donors used for transplantation. To further validate our study, further longitudinal studies with a larger sample size are needed to address this issue. Secondly, fecal transplantation was done with pooled patient or healthy control fecal samples in the present study. Gut microbiome diversity could be very different between individuals. Thus, the pooled samples may not be a faithful representation of a real-world individual gut microbiome composition. Fecal transplantation using individual samples may be a favorable method in future experiments. In addition, the donors included in this study had stopped taking immunosuppressive and antibiotic treatment for at least 1 month. However, several studies have suggested that past treatment, such as with antibiotics, may have contributed to the observed changes in the gut microbiome composition of host (Palleja et al., 2018). Using samples from the first-episode BD patients without treatment may solve this issue in future studies. Thirdly, the immunization in the mice may also affect the gut microbiome (Janowitz et al., 2019). To evaluate whether immunization has an influence on the transplanted microbiome, analysis of microbiome composition should be performed before and after immunization.

In conclusion, we show that the gut microbiome may contribute to the development of BD via complex mechanisms involving a damaged intestinal barrier leading to the transfer of immuno-stimulatory factors resulting in a state of immune hyper-reactivity. The observations shown in this paper are focused on the eye but similar mechanisms may be operative in other autoimmune diseases and manipulation of the gut microbiome may be a feasible approach to treat these disorders.
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Supplementary Figure 5 | The mRNA expression of IFN-γ, IL-17, IL-10, MCP-1, IL-1β and TNF-α as well as the protein levels of IFN-γ and IL-17 from splenic lymphocytes in the EAE mice of the BD-recipient and healthy controls-recipient group. (A–F) Comparison of IFN-γ, IL-17, IL-10, MCP-1, IL-1β and TNF-α mRNA expression in the EAE mice of the BD-recipient and healthy controls-recipient group, ∗∗P < 0.01, ∗P < 0.05, NS, no significant. Data was analyzed by the Mann–Whitney U test. n = 6 for each group; (G,H) IRBP161-180-induced production of IFN-γ and IL-17 at the protein level in the BD-recipient and healthy controls-recipient group. ∗P < 0.05, Data was analyzed by the Mann–Whitney U test. n = 6 for each group.


FOOTNOTES

1https://support.10xgenomics.com/single-cell gene expression/software/pipelines/latest/what-is-cell-ranger

2https://github.com/dviraran/SingleR

3https://satijalab.org/seurat/


REFERENCES

Alexis, N., Eldridge, M., Reed, W., Bromberg, P., and Peden, D. B. (2001). CD14-dependent airway neutrophil response to inhaled LPS: role of atopy. J. Allergy Clin. Immunol. 107, 31–35. doi: 10.1067/mai.2001.111594

Ananthakrishnan, A. N. (2015). Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. Hepatol. 12, 205–217. doi: 10.1038/nrgastro.2015.34

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. the gene ontology consortium. Nat. Genet. 25, 25–29.

Badawi, A. H., Kiptoo, P., Wang, W. T., Choi, I. Y., Lee, P., Vines, C. M., et al. (2012). Suppression of EAE and prevention of blood-brain barrier breakdown after vaccination with novel bifunctional peptide inhibitor. Neuropharmacology 62, 1874–1881. doi: 10.1016/j.neuropharm.2011.12.013

Bevins, C. L., and Salzman, N. H. (2011). Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis. Nat. Rev. Microbiol. 9, 356–368. doi: 10.1038/nrmicro2546

Bindels, L. B., Neyrinck, A. M., Claus, S. P., Le Roy, C. I., Grangette, C., Pot, B., et al. (2016). Synbiotic approach restores intestinal homeostasis and prolongs survival in leukaemic mice with cachexia. ISME J. 10, 1456–1470. doi: 10.1038/ismej.2015.209

Bottcher, M. F., Nordin, E. K., Sandin, A., Midtvedt, T., and Bjorksten, B. (2000). Microflora-associated characteristics in faeces from allergic and nonallergic infants. Clin. Exp. Allergy 30, 1590–1596.

Chuammitri, P., Wongsawan, K., Pringproa, K., and Thanawongnuwech, R. (2019). Interleukin 17 (IL-17) manipulates mouse bone marrow- derived neutrophils in response to acute lung inflammation. Comp. Immunol. Microbiol. Infect. Dis. 67:101356. doi: 10.1016/j.cimid.2019.101356

Claesson, M. J., Jeffery, I. B., Conde, S., Power, S. E., O’Connor, E. M., Cusack, S., et al. (2012). Gut microbiota composition correlates with diet and health in the elderly. Nature 488, 178–184.

Consolandi, C., Turroni, S., Emmi, G., Severgnini, M., Fiori, J., Peano, C., et al. (2015). Behcet’s syndrome patients exhibit specific microbiome signature. Autoimmun. Rev. 14, 269–276. doi: 10.1016/j.autrev.2014.11.009

Constantinescu, C. S., Farooqi, N., O’Brien, K., and Gran, B. (2011). Experimental autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br. J. Pharmacol. 164, 1079–1106. doi: 10.1111/j.1476-5381.2011.01302.x

Coquery, C. M., Loo, W., Buszko, M., Lannigan, J., and Erickson, L. D. (2012). Optimized protocol for the isolation of spleen-resident murine neutrophils. Cytometry A 81, 806–814. doi: 10.1002/cyto.a.22096

Cortes, L. M., Mattapallil, M. J., Silver, P. B., Donoso, L. A., Liou, G. I., Zhu, W., et al. (2008). Repertoire analysis and new pathogenic epitopes of IRBP in C57BL/6 (H-2b) and B10.RIII (H-2r) mice. Invest. Ophthalmol. Vis. Sci. 49, 1946–1956.

Criteria for diagnosis of Behcet’s disease (1990). Criteria for diagnosis of Behcet’s disease, international study group for Behcet’s disease. Lancet 335, 1078–1080.

de Jager, W., Prakken, B. J., Bijlsma, J. W., Kuis, W., and Rijkers, G. T. (2005). Improved multiplex immunoassay performance in human plasma and synovial fluid following removal of interfering heterophilic antibodies. J. Immunol. Methods 300, 124–135. doi: 10.1016/j.jim.2005.03.009

de Oliveira, G. L. V., Leite, A. Z., Higuchi, B. S., Gonzaga, M. I., and Mariano, V. S. (2017). Intestinal dysbiosis and probiotic applications in autoimmune diseases. Immunology 152, 1–12. doi: 10.1111/imm.12765

De Palma, G., Lynch, M. D., Lu, J., Dang, V. T., Deng, Y., Jury, J., et al. (2017). Transplantation of fecal microbiota from patients with irritable bowel syndrome alters gut function and behavior in recipient mice. Sci. Transl. Med. 9:eaaf6397.

Domingue, J. C., Drewes, J. L., Merlo, C. A., Housseau, F., and Sears, C. L. (2020). Host responses to mucosal biofilms in the lung and gut. Mucosal Immunol. 13, 413–422. doi: 10.1038/s41385-020-0270-1

Dostal Webster, A., Staley, C., Hamilton, M. J., Huang, M., Fryxell, K., Erickson, R., et al. (2019). Influence of short-term changes in dietary sulfur on the relative abundances of intestinal sulfate-reducing bacteria. Gut Microbes 10, 447–457. doi: 10.1080/19490976.2018.1559682

Duscha, A., Gisevius, B., Hirschberg, S., Yissachar, N., Stangl, G. I., Eilers, E., et al. (2020). Propionic acid shapes the multiple sclerosis disease course by an immunomodulatory mechanism. Cell 180, 1067–108 0.e16.

Epple, H. J., Schneider, T., Troeger, H., Kunkel, D., Allers, K., Moos, V., et al. (2009). Impairment of the intestinal barrier is evident in untreated but absent in suppressively treated HIV-infected patients. Gut 58, 220–227. doi: 10.1136/gut.2008.150425

Fang, J., Fang, D., Silver, P. B., Wen, F., Li, B., Ren, X., et al. (2010). The role of TLR2, TRL3, TRL4, and TRL9 signaling in the pathogenesis of autoimmune disease in a retinal autoimmunity model. Invest. Ophthalmol. Vis. Sci. 51, 3092–3099. doi: 10.1167/iovs.09-4754

Fraiture, M., and Brunner, F. (2014). Killing two birds with one stone: trans-kingdom suppression of PAMP/MAMP-induced immunity by T3E from enteropathogenic bacteria. Front. Microbiol. 5:320. doi: 10.3389/fmicb.2014.00320

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., et al. (2013). Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504, 446–450. doi: 10.1038/nature12721

Geirnaert, A., Calatayud, M., Grootaert, C., Laukens, D., Devriese, S., Smagghe, G., et al. (2017). Butyrate-producing bacteria supplemented in vitro to Crohn’s disease patient microbiota increased butyrate production and enhanced intestinal epithelial barrier integrity. Sci. Rep. 7: 11450.

Goncalves, P., Araujo, J. R., and Di Santo, J. P. (2018). a cross-talk between microbiota-derived short-chain fatty acids and the host mucosal immune system regulates intestinal homeostasis and inflammatory bowel disease. Inflamm. Bowel Dis. 24, 558–572. doi: 10.1093/ibd/izx029

Horai, R., Zarate-Blades, C. R., Dillenburg-Pilla, P., Chen, J., Kielczewski, J. L., Silver, P. B., et al. (2015). Microbiota-dependent activation of an autoreactive T cell receptor provokes autoimmunity in an immunologically privileged site. Immunity 43, 343–353. doi: 10.1016/j.immuni.2015.07.014

Isailovic, N., Daigo, K., Mantovani, A., and Selmi, C. (2015). Interleukin-17 and innate immunity in infections and chronic inflammation. J. Autoimmun. 60, 1–11. doi: 10.1016/j.jaut.2015.04.006

Janowitz, C., Nakamura, Y. K., Metea, C., Gligor, A., Yu, W., Karstens, L., et al. (2019). Disruption of intestinal homeostasis and intestinal microbiota during experimental autoimmune uveitis. Invest. Ophthalmol. Vis. Sci. 60, 420–429. doi: 10.1167/iovs.18-24813

Jiang, G., Ke, Y., Sun, D., Han, G., Kaplan, H. J., and Shao, H. (2008). Reactivation of uveitogenic T cells by retinal astrocytes derived from experimental autoimmune uveitis-prone B10RIII mice. Invest. Ophthalmol. Vis. Sci. 49, 282–289. doi: 10.1167/iovs.07-0371

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30.

Klaska, I. P., Muckersie, E., Martin-Granados, C., Christofi, M., and Forrester, J. V. (2017). Lipopolysaccharide-primed heterotolerant dendritic cells suppress experimental autoimmune uveoretinitis by multiple mechanisms. Immunology 150, 364–377. doi: 10.1111/imm.12691

Leal Rojas, I. M., Mok, W. H., Pearson, F. E., Minoda, Y., Kenna, T. J., Barnard, R. T., et al. (2017). Human blood CD1c(+) dendritic cells promote Th1 and Th17 effector function in memory CD4(+) T cells. Front. Immunol. 8:971. doi: 10.3389/fimmu.2017.00971

Lellouche, N., Belmatoug, N., Bourgoin, P., Logeart, D., Acar, C., Cohen-Solal, A., et al. (2003). Recurrent valvular replacement due to exacerbation of Behcet’s disease by Streptococcus agalactiae infection. Eur. J. Intern. Med. 14, 120–122. doi: 10.1016/s0953-6205(03)00019-0

Li, Y., Jia, A., Wang, Y. X., Dong, L., Wang, Y. F., He, Y., et al. (2019). Immune effects of glycolysis or oxidative phosphorylation metabolic pathway in protecting against bacterial infection. J. Cell. Physiol. 234, 20298–20309. doi: 10.1002/jcp.28630

Liang, L., Tan, X., Zhou, Q., Zhu, Y., Tian, Y., Yu, H., et al. (2013). IL-1beta triggered by peptidoglycan and lipopolysaccharide through TLR2/4 and ROS-NLRP3 inflammasome-dependent pathways is involved in ocular Behcet’s disease. Invest. Ophthalmol. Vis. Sci. 54, 402–414. doi: 10.1167/iovs.12-11047

Littman, D. R., and Rudensky, A. Y. (2010). Th17 and regulatory T cells in mediating and restraining inflammation. Cell 140, 845–858. doi: 10.1016/j.cell.2010.02.021

Mardiguian, S., Ladds, E., Turner, R., Shepherd, H., Campbell, S. J., and Anthony, D. C. (2017). The contribution of the acute phase response to the pathogenesis of relapse in chronic-relapsing experimental autoimmune encephalitis models of multiple sclerosis. J. Neuroinflammation 14:196.

Mascanfroni, I. D., Yeste, A., Vieira, S. M., Burns, E. J., Patel, B., Sloma, I., et al. (2013). IL-27 acts on DCs to suppress the T cell response and autoimmunity by inducing expression of the immunoregulatory molecule CD39. Nat. Immunol. 14, 1054–1063. doi: 10.1038/ni.2695

Muyzer, G., and Stams, A. J. (2008). The ecology and biotechnology of sulphate-reducing bacteria. Nat. Rev. Microbiol. 6, 441–454. doi: 10.1038/nrmicro1892

Nanke, Y., Kotake, S., Goto, M., Ujihara, H., Matsubara, M., and Kamatani, N. (2008). Decreased percentages of regulatory T cells in peripheral blood of patients with Behcet’s disease before ocular attack: a possible predictive marker of ocular attack. Mod. Rheumatol. 18, 354–358. doi: 10.3109/s10165-008-0064-x

Nelson, C. A., Stephen, S., Ashchyan, H. J., James, W. D., Micheletti, R. G., and Rosenbach, M. (2018). Neutrophilic dermatoses: pathogenesis, sweet syndrome, neutrophilic eccrine hidradenitis, and Behcet disease. J. Am. Acad. Dermatol. 79, 987–1006.

Oh, S. H., Lee, K. Y., Lee, J. H., and Bang, D. (2008). Clinical manifestations associated with high titer of anti-streptolysin O in Behcet’s disease. Clin. Rheumatol. 27, 999–1003. doi: 10.1007/s10067-008-0844-x

Palleja, A., Mikkelsen, K. H., Forslund, S. K., Kashani, A., Allin, K. H., Nielsen, T., et al. (2018). Recovery of gut microbiota of healthy adults following antibiotic exposure. Nat. Microbiol. 3, 1255–1265. doi: 10.1038/s41564-018-0257-9

Papadaki, G., Kambas, K., Choulaki, C., Vlachou, K., Drakos, E., Bertsias, G., et al. (2016). Neutrophil extracellular traps exacerbate Th1-mediated autoimmune responses in rheumatoid arthritis by promoting DC maturation. Eur. J. Immunol. 46, 2542–2554. doi: 10.1002/eji.201646542

Pattarini, L., Trichot, C., Bogiatzi, S., Grandclaudon, M., Meller, S., Keuylian, Z., et al. (2017). TSLP-activated dendritic cells induce human T follicular helper cell differentiation through OX40-ligand. J. Exp. Med. 214, 1529–1546. doi: 10.1084/jem.20150402

Russler-Germain, E. V., Rengarajan, S., and Hsieh, C. S. (2017). Antigen-specific regulatory T-cell responses to intestinal microbiota. Mucosal Immunol. 10, 1375–1386. doi: 10.1038/mi.2017.65

Stevens, B. R., Goel, R., Seungbum, K., Richards, E. M., Holbert, R. C., Pepine, C. J., et al. (2018). Increased human intestinal barrier permeability plasma biomarkers zonulin and FABP2 correlated with plasma LPS and altered gut microbiome in anxiety or depression. Gut 67, 1555–1557.

Takeuchi, M., Kastner, D. L., and Remmers, E. F. (2015). The immunogenetics of Behcet’s disease: a comprehensive review. J. Autoimmun. 64, 137–148.

Tang, J., Zhou, R., Luger, D., Zhu, W., Silver, P. B., Grajewski, R. S., et al. (2009). Calcitriol suppresses antiretinal autoimmunity through inhibitory effects on the Th17 effector response. J. Immunol. 182, 4624–4632. doi: 10.4049/jimmunol.0801543

Vaile, J. H., Meddings, J. B., Yacyshyn, B. R., Russell, A. S., and Maksymowych, W. P. (1999). Bowel permeability and CD45RO expression on circulating CD20+ B cells in patients with ankylosing spondylitis and their relatives. J. Rheumatol. 26, 128–135.

Vatanen, T., Franzosa, E. A., Schwager, R., Tripathi, S., Arthur, T. D., Vehik, K., et al. (2018). The human gut microbiome in early-onset type 1 diabetes from the TEDDY study. Nature 562, 589–594. doi: 10.1038/s41586-018-0620-2

Wang, H. B., Wang, P. Y., Wang, X., Wan, Y. L., and Liu, Y. C. (2012). Butyrate enhances intestinal epithelial barrier function via up-regulation of tight junction protein Claudin-1 transcription. Dig. Dis. Sci. 57, 3126–3135. doi: 10.1007/s10620-012-2259-4

Warnatsch, A., Ioannou, M., Wang, Q., and Papayannopoulos, V. (2015). Inflammation. Neutrophil extracellular traps license macrophages for cytokine production in atherosclerosis. Science 349, 316–320. doi: 10.1126/science.aaa8064

Yamashita, N. (1997). Hyperreactivity of neutrophils and abnormal T cell homeostasis: a new insight for pathogenesis of Behcet’s disease. Int. Rev. Immunol. 14, 11–19. doi: 10.3109/08830189709116841

Yang, H., Zheng, S., Qiu, Y., Yang, Y., Wang, C., Yang, P., et al. (2014). Activation of liver X receptor alleviates ocular inflammation in experimental autoimmune uveitis. Invest. Ophthalmol. Vis. Sci. 55, 2795–2804. doi: 10.1167/iovs.13-13323

Ye, Z., Zhang, N., Wu, C., Zhang, X., Wang, Q., Huang, X., et al. (2018). A metagenomic study of the gut microbiome in Behcet’s disease. Microbiome 6:135.

Zeidan, M. J., Saadoun, D., Garrido, M., Klatzmann, D., Six, A., and Cacoub, P. (2016). Behcet’s disease physiopathology: a contemporary review. Auto Immun. Highlights 7:4.

Zhang, X., Zhang, D., Jia, H., Feng, Q., Wang, D., Liang, D., et al. (2015). The oral and gut microbiomes are perturbed in rheumatoid arthritis and partly normalized after treatment. Nat. Med. 21, 895–905. doi: 10.1038/nm.3914


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

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Yi, Su, Du, Pan, Huang, Cao, Yuan, Kijlstra and Yang. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Changes in the Gut Microbiome Contribute to the Development of Behcet’s Disease via Adjuvant Effects



		INTRODUCTION



		MATERIALS AND METHODS



		Study Participants



		Fecal Microbiome Transplantation in Mice



		Autoimmune Animal Models: Induction, Clinical and Histological Assessment



		Isolation of Lymphocytes and Cytokine Secretion Assays



		Assessment of Intestinal Barrier Function and LPS in Serum



		Neutrophil Isolation and Neutrophil Extracellular Traps Detection



		Single Cell RNA Sequencing of Splenic Cells



		Flow Cytometry, Reagents and Antibodies



		Real-Time PCR



		16S rDNA Gene Sequence Analysis



		Statistical Analyses







		RESULTS



		Fecal Transplantation of Stool Samples Obtained From Active BD Patients to Mice



		Dysfunction of the Intestinal Barrier in Mice Following Transplantation of BD Feces



		The Effect of Transplantation of BD Feces on Th1 and Th17 Cell Differentiation in Mice



		Single Cell RNA Sequencing of Spleen From Mice Following Transplantation of BD Feces



		Neutrophil Activation Following Fecal Transplantation and the Role of Activated Neutrophils on Th1 and Th17 Differentiation



		The Effect of Fecal Transplantation With BD Patients Gut Microbiome on the Severity of EAU and EAE Models







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Changes in the Gut Microbiome
Contribute to the Development
of Behcet’s Disease via Adjuvant
Effects





OPS/images/fcell-09-716760-g001.jpg
A PCOA - PC1 vs PC2 B Multi samples Shannon Curves
. ~—— Behcet
e 3.01 —— Healthy
5 1 L]

Q
B | s 251
=
= L]
£ "N < % 2.0 1
s 3
g ° E
£ © Behcet S 151
2 5] © Healthy E
g -5 -]
= w1
g 1.0
g °
& 107 051
@
9]
&

0.0

15| . : ; . ; . :
0 10000 20000 30000 40000 50000
_1‘5 _1'0 _'5 0 é 10 Number of sequences sampled

PC-1 Percent variation explained 33.70%

C D ® __Ns
3 1500 %
=1000{ _: -

—_~ g .

mmBehcet =W Healthy 2000 . 3 so0 —:E—:. H

y i ] y ) ; 2 §

5 1500 i A
2 1000 Ra
S
£ 500 - A
E o . ) NS
o & & .
& =
A ¥ g4
S| == —=b—
2100 £ g 2 ° .
Z 80 = g0
~ Alloprevotella Z 60 = = e &
E————— ;_Lactococcus b AR
I ¢_Bilophila 5 20 2 - =
N ©_Escherichia_Shigella g W0 = 50 L
I { Enterobacteriaceae > 0'—,2—4— 2 .
I o_Enterobacteriales F & < 40 . &
I < Gammaproteobacteria F Qﬁ’ '3 30 A =
] ;_Coprococcus 2200 - .
g Comamonas 2 o
g_Clostridium IV £ 10 o
I _Odoribacter = . 2 ol
] Entcrorhabdus 2 2 S
P o_Rubrobacterales ® T &
I {_Rubrobacteraceae =
S ¢ Phascolarctobacterium g -
I {_A cidaminococcaceae < =
I 2 Rubrobacter g Ej
| ¢ Eiscuberigidl kK =
I ©_Selenomonadales > g
I ¢_Negativicutes &
I ¢_Ureeaplasma £
I {_Oxalobacteraceae =
Beeee—7-—-=e = 1 g Massilia 2
I ¢ _Allisonella =
4 -3 -2 0 3 4 5

1
LDA SCORE (log 10)







OPS/images/fcell-09-716760-g004.jpg
-log10(padj)

8

-log10(padj)

%3
<

o group

" up 1231
« down 177
* no 10792

group
+ up 1378
* down 276
. « no 13474

2
log2FoldChange

D terila invasion of epithelia cells-

00

6

T
7

T T
§ 910 1112 13 14 15 16 17 18 19 20 21 22 23 24

cluster

Amoebiasis

Carbon metabilism{

Amio sugar and nucleotide sugar metabolism |
Glyeolysis/Gluconeogenesis 1

Phagosome |

Regulation of actin cytoskeleton-

Starch and sucrose metabolism{ +

Fe gamma R-mediated phagocytosis {
Platelet activation

Proteasome +

Leukocyte transendothelia migration:
Retrograde endocannabinold signaling
Cardiac muscle contraction <
Non-alcoholic fatty liver disease (NAFLD)
Hunington’s disease

Alzheimer's disease

Ribosome

Parkinson’s disease

Oxidative phosphorylation |

Description

Staphylococeus aureus infection
Transeriptional misregulation in cancer
Protein export

Viral carcinogenesis

Hematopoletic cell lineage

Kaposi’s sarcoma-associated herpesvirus infection
Primary immunodeficiency

Ribosome-
Cell adhesion molecules (CAMs)-

s

g Phagosome |
o
2

Non-alcoholic fatty liver disease (NAFLD);

Antigen processing and presentation

Oxidative phosphorylation |

0.025 0050 0.075
GeneRatio

o
S

0.01 0.02 0.03 0.04 0.05 0.06

GeneRatio

T
25

if






OPS/images/fcell-09-716760-g005.jpg
DAPI

MPO (Alexa Fluro 555)

NE (FITC)

Behcet

Behcet Healthy

o o [
10° Jo00s 10° {000 1.26%, 3
i 4 g
10 10 3
32
£ e
w0 w H
= 81
2 2 E
Z 10? 10 F
s o o
0 o o
=% 000% 0.00%
= . —
o 10 o 10

okok o1 02 o1 02
B w C ( ,
o {ooos 10° Jo00s . 25
*e w3 2.04% 1.15%)|
4000 g
o =™ = !t ot 4
o £ E 3000 320
o 2w - 2 + )
Sy - g 2000 S 0 2
0 2
o “w . - = ="
E‘ = It 0 £
) o Jos o Jos
= o o & o oo 000 o
-2 < [=) A ¢
s [47) [} 0 10
S L. *k oo ok
=]
Q _ 200 = o
b = £ 10000
2 £ 1500 =
2 g DXy
© 1000 o
4
2 S s000
500
& o 3







OPS/images/fcell-09-716760-g002.jpg
A.QN\N@ o

& (835 Q@Q

400+
3004
2004
1004

(¥N3) sd1

CLDNI s S 22 kDa
CLDN4 | que s 22 kDa

OCLN s S ],

B-ACTIN i S > (D,
skokok
ae
R —
..
&
& ¥

= LJ L B
0, S, S,
% % %
*
¥ *
* * M
. | I . L
1 S Y Bl Bt
00 QQ QQ
w o © o w ) © o w ) © °

] < S P - < = = - < s =
co_wmo‘axw_.zo._o:o_oow>=a_wm:o_wm?_axmvzoqo:o_oog:a_wm:o_mmmaxmzj_oo:n_oom>_um_om

(=] w T8
[ |
oo X F 7 . .I.o F 7 WQ L
k4 L % , %
* *
M * *
1 P Air . o b4 _yﬁo %
[ . I *s. L] [ s
%, * %, %,
L4 4 L4
© e © £ e ®w 9 w o w L © °
- - o o o~ - - o o o - o o
abueyo plo4 uojssaidx3 Lup|D aBuey) pjo4 uoissaidx3 pup|o abueyd pjo4 uoissaidx3 ujpQ

< m (]





OPS/images/fcell-09-716760-g003.jpg
Mesenteric lymph node

it

ik |

NS

—_ &

& A

&

NS

nFold Changs

Mesenteric lymph node

Healthy

2.59%

T calls (CD4+%)

B

0963%

THIT calls (CD4+%)

A

Spleen

Behcet Healthy
’ 10.4% o 6.44%
- 1.32%

T calls (CD4+%)

ThAT calls (CD4%%)






OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-716760-g006.jpg
A B Beheet Healthy Cc

3-week old G-week old 7-week old & i
H] . g . 3 .
il g* s - 2 o Eem
] 3 = & 2
L3 £ 3 == ) 3 S
EAU model £ 2 e 2 o ]
k=Y o £ - 5 8 §™
* S B S g fom
— H ] .
Treatment with ImBinea o — 2 = ol
antibiotic for 3 weeks Witl2Sig IREE 0,,&" &
in SPF facility L ] &
I " P D
B - -
CSTBLIG mice T R="3 - a Aoty oom 5
™ ~ EAE model % 3 — P -
B kY . - 5 g % g o
£ £ Fomo 2
Immunization with : ] =4 g° g oo
100pg MOG ® 1008
ol
e
S
E s
F Mesenteric lymph node w0 4000 *k
P . £ o .
§1 ok o & é sgm . H Lo
. . o - -
T S A £
. c : d
2 g = o o
8. S <
= .Mrl - N N
gl [ S £ ol < &
& &
< & H
S - S
3, . T
2 e o
O . 3] 3 * *k a
4 s = ~+ Behcet 5, -+ Behcet
Eh 5 g = Healthy g = Healthy
il » - 4
= = 22 g
E ol 3 L8
R & i 3
¥ 5, £
w 23
=< 2
b §
2
5

o e
Day16 Dayi7 Dayi8 Day13 Day20 Dayl6 Dayi7 Day18 Dayl9 Day20





OPS/images/fcell-09-716760-g007.jpg
T cells differentiation

(Th1 and Th17 cells?)

Activated geutrophils
LPS/Concomitant A change

Gut microbiome from BD patients






