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Store-operated Ca2+ release-activated Ca2+ (CRAC) channel is the main Ca2+ influx pathway in lymphocytes and is essential for immune response. Lupus nephritis (LN) is an autoimmune disease characterized by the production of autoantibodies due to widespread loss of immune tolerance. In this study, RNA-seq analysis revealed that calcium transmembrane transport and calcium channel activity were enhanced in naive B cells from patients with LN. The increased expression of ORAI1, ORAI2, and STIM2 in naive B cells from patients with LN was confirmed by flow cytometry and Western blot, implying a role of CRAC channel in B-cell dysregulation in LN. For in vitro study, CRAC channel inhibition by YM-58483 or downregulation by ORAI1-specific small-interfering RNA (siRNA) decreased the phosphorylation of Ca2+/calmodulin-dependent protein kinase2 (CaMK2) and suppressed Blimp-1 expression in primary human B cells, resulting in decreased B-cell differentiation and immunoglobulin G (IgG) production. B cells treated with CaMK2-specific siRNA showed defects in plasma cell differentiation and IgG production. For in vivo study, YM-58483 not only ameliorated the progression of LN but also prevented the development of LN. MRL/lpr lupus mice treated with YM-58483 showed lower percentage of plasma cells in the spleen and reduced concentration of anti-double-stranded DNA antibodies in the sera significantly. Importantly, mice treated with YM-58483 showed decreased immune deposition in the glomeruli and alleviated kidney damage, which was further confirmed in NZM2328 lupus mice. Collectively, CRAC channel controlled the differentiation of pathogenic B cells and promoted the progression of LN. This study provides insights into the pathogenic mechanisms of LN and that CRAC channel could serve as a potential therapeutic target for LN.
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Introduction

Systemic lupus erythematous (SLE) is a prototype of autoimmune disease, which is characterized by the production of a spectrum of autoantibodies including antinuclear antibodies and anti-double-stranded DNA antibodies (1, 2). Lupus nephritis (LN) is one of the most serious complications of SLE. Autoreactive B cells and production of autoantibodies are critical for the initiation and progression of LN (3, 4). Although the therapeutic regimen of LN has been advanced greatly over the past decades, progress on new therapies for LN has been hampered for the poor understanding of disease pathogenesis.

B cells and plasma cells are the source of autoantibodies in autoimmune diseases (5). Memory B cells have been shown to be increased in the blood of SLE patients (6). CD138+ plasma cells are also found to be increased in patients with active SLE (7). The activation of autoreactive B cells leads to increased production of autoantibodies, which results in the deposition of immune complexes in the glomeruli, causing kidney damages by the subsequent activation of complement system (8). For the critical role of B cells in the initiation and development of LN, B-cell-targeting therapies should have an important place in the therapeutic management of LN.

Calcium signals control a vast array of cellular activities and physiological functions. Mutations in Bruton’s tyrosine kinase (BTK) leads to defects in inositol 1,4,5-trisphosphate (IP3)-mediated calcium signaling, resulting in low numbers of mature B cells and a lack of immunoglobulin production (9). Loss of IP3-receptor-mediated Ca2+ release in mouse B cells results in abnormal B-cell development and function (10). Mice with a gain-of-function mutation in PLCγ2, a Ca2+-dependent lipase that hydrolyzes phosphatidylinositol 4, 5-bisphosphate (PIP2) to produce IP3, are shown to develop multiorgan autoimmune inflammatory disease with increased Ca2+ responses in B cells (11). Dysregulated calcium signaling is involved with the pathophysiological processes in several autoimmune and inflammatory diseases (12) and in SLE (13). It has been shown that B-cell receptor (BCR)-mediated early signal transduction events in B cells from SLE patients are abnormal and lead to increased calcium signals in these B cells (14), pinpointing the important role of calcium signaling in B cell activation in LN.

Store-operated Ca2+ entry (SOCE) is the main Ca2+ influx pathway in lymphocytes and is essential for immune response (12, 15, 16). SOCE is mediated by Ca2+ release-activated Ca2+ (CRAC) channels, which are comprised of stromal interaction molecule (STIM) and calcium release-activated calcium modulators (ORAI) (17, 18). Mutations in genes encoding the CRAC channel abolish SOCE in cells of the immune system and cause severe combined immunodeficiency (17, 19). Calcium signaling via ORAI1 has been involved in the pathogenesis of autoimmune diseases by driving Th17 differentiation (20). STIM1 deficiency significantly reduced Th1/Th17 responses and resulted in complete protection from experimental autoimmune encephalomyelitis (21). Compared to T cells, the roles of CRAC channel in B cells are far less clear. How CRAC channel affects B cells and its pathogenic roles in LN is not clear.

Ca²⁺/calmodulin (CaM)-dependent protein kinase2 (CaMK2) is a serine-/threonine-specific protein kinase that is regulated by the Ca²⁺/CaM complex (22). CaMK2 has been involved in many signaling pathways and is necessary for Ca²⁺ homeostasis, T-cell development, and activation (23, 24). CaMK4, another member of the CaMK family, has been shown to compromise podocyte function and promote renal diseases in LN (25, 26). Inhibition of CaMK4 decreases the frequency of Th17 cell differentiation and ameliorates lupus-like disease in murine model (27). Previous data reveal that CaMK2 promotes proteinuria by regulating kidney podocytes (28). However, the roles of CaMK2 in human B cells and its contribution to LN is not clear yet.

In the current study, we found that CRAC-channel-mediated calcium signaling is enhanced in B cells from patients with LN. CRAC channel inhibition by YM-58483 or knockdown of CRAC channel by ORAI1- and STIM2-specific siRNA led to suppression of CaMK2 signaling and decreased B-cell differentiation. Lupus mice treated with YM-58483 showed reduced anti-double-stranded DNA antibodies (anti-dsDNA), decreased immune deposition in the glomeruli, and improved renal function. Taken together, CRAC channel mediates the development and progression of LN by promoting the differentiation of B cells into plasma cells.



Methods and Materials


Patient Samples

Patients with SLE were recruited from the First Affiliated Hospital, Sun Yat-sen University, who fulfilled the American College of Rheumatology criteria for the classification of SLE with renal damages confirmed by renal biopsy or defined as proteinuria >0.5 g/24 h or ≥3+ (29). Patients with rheumatoid arthritis (RA) (30) or primary Sjögren’s syndrome (pSS) (31) were recruited as disease controls. Patients with preexisting cancer, pregnancy, or acute and chronic infections were excluded from this study. The demographic data are summarized in Supplementary Table S1. Age- and sex-matched blood samples were obtained from Guangzhou Blood Center from healthy donors. Clinical disease activity was scored using SLE Disease Activity Index (SLEDAI) scoring system (32). Informed consents were obtained from all patients. The study was conducted in accordance with recognized ethical guidelines of Declaration of Helsinki.



Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples of patients with LN or healthy controls (HC) by density gradient centrifugation. CD19+ B cells were purified from PBMCs by positive selection using the EasySep™ Human CD19 Positive Selection Kit. Naive B cells were isolated using EasySep™ Human Naive B Cell Isolation Kit (STEMCELL Technologies). Cell purities were checked by FACS (>95%).



B-Cell Transfections

Isolated human B cells were transfected with ORAI1- or CaMK2-specific small-interfering RNA (siRNA) (RiboBio) using a NucleofectorTM Kit (Lonza) according to the manufacturer’s protocols as described (33). Cells were then let to rest overnight to recover from the electroporation. Knockdown efficiency was confirmed by Western blot.



B-Cell Culture

For B-cell differentiation, isolated naive B cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% fetal bovine serum (FBS) (Life Technologies) and 1% penicillin/streptomycin (Life Technologies). Cells were stimulated with antihuman IgM (5 μg/ml, Sigma, #10759) and antihuman CD40 (1 μg/ml, Bioxcell, #BE0189) antibodies in the presence of interleukin (IL)-2 (20 ng/ml, PeproTech), IL-4 (25 ng/ml, Sino Biological) and IL-21 (50 ng/ml, Sino Biological) for 8 days.

For signaling study, B cells were stimulated with antihuman IgM (5 μg/ml) and antihuman CD40 (1 μg/ml) antibodies for 72 h. CRAC channel inhibitor YM-58483 (50 nM, MedChemExpress, USA) or CaMK2 inhibitor KN-93 (5 μM, Selleck) was included in some of the experiments. Cells were maintained in a humidified atmosphere at 37°C with 5% CO2. Cells were collected for Western blot or FACS analysis.



Ca2+ Measurement

To measure basil level of Ca2+ in B cells, cells were incubated with Fluo-3, AM (Sigma) in Ca2+-free buffer at 37°C for 30 min and detected by flow cytometry. To detect Ca2+ influx in B cells, cells were first labeled with Fluo-3, AM and run by flow cytometry in buffer with Ca2+. Antihuman IgM antibody (10 μg/ml) was added to stimulate Ca2+ influx during measurement. YM-58483 was used to block the influx of Ca2+ in some of the experiments.



Western Blot

B cells were processed for Western blot analysis as we described previously (34). Proteins were loaded to sodium dodecyl sulfate (SDS)-polyacrylamide gels and electrotransferred onto polyvinylidine difluoride membranes after separation. Membranes were blocked with 5% bovine serum albumin in TBST buffer and incubated with primary antibodies against ORAI1 (Abcam, #ab59330), ORAI2 (Abcam, #ab180146), STIM2 (ABclonal, #A17743), Blimp-1 (BD Bioscience, #564703), and p-CaMK2 (Abcam, #ab171095), at 4°C overnight. Membranes were incubated with anti-GAPDH primary antibody (Cell Signaling Technology, #2118s) and used as internal control. Membranes were then washed with TBST and incubated with horseradish-peroxidase-conjugated antirabbit (Cell Signaling Technology, #7074S) or antimouse IgG (Cell Signaling Technology, #7076S) at room temperature for 60 min. Signals were detected by enhanced chemiluminescence analysis kit.



Flow Cytometry

For human B cell staining, cells were stained with PE-Cy7-conjugated anti-CD19 (BioLegend, #302216), PE-conjugated CD27 (BioLegend, #302808), BV421-conjugated IgD (BioLegend, #348226), BV421-conjugated anti-CD138 (BioLegend, #356516), and APC-conjugated anti-IgG antibodies (BioLegend, #304136). Alternately, cells were permeabilized and stained with primary antibodies against ORAI1, ORAI2, and STIM2 at 37°C for 30 min. Cells were then washed with phosphate-buffered saline (PBS) and incubated with Alexa Fluor® 488 Goat antirabbit IgG (Thermo Fisher, #A-11008) secondary antibodies at room temperature for 30 min. For mouse cell staining, cells were stained with APC-conjugated B220 (BioLegend, #318326), PE-Cy7-conjugated CD38 (BioLegend, #102718), BV421-conjugated CD138 (BioLegend, #142523), PE-conjugated PD-1 (BioLegend, #135205), APC-conjugated CXCR5 (BioLegend, #145506), PE-conjugated CD95 (BioLegend, #152608), fluorescein isothiocyanate (FITC)-conjugated GL-7 (BioLegend, #144612), APC-Cy7-conjugated-CD4 (BioLegend, #100526), BV510-conjugated-CD3 (BioLegend, #100234), Percp-cy5.5-conjugated-CD45 (BioLegend, #103132), APC-conjugated-CD8 (BioLegend, #100712), PE-Cy7-conjugated-CD19 (BioLegend, #506921) and BV605-conjugated-CD11b (BioLegend, #101257). Samples were analyzed using a BD LSR Fortessa (BD Bioscience).



B-Cell Proliferation Assay

Isolated human naive B cells were stained with 5 μM of carboxyfluorescein succinimidyl ester (CFSE, Thermo Fisher) at 37°C for 10 min. Cells were then incubated with precold PBS on ice for 5 min to stop the reaction. Cells were then washed twice and seeded to 96-well plates in the presence of antihuman IgM (5 μg/ml) and antihuman CD40 (1 μg/ml) antibodies and IL-2 (20 ng/ml) for 4 days. Proliferation was measured by flow cytometry according to the dilution of CFSE as we described before (35).



qPCR

Trizol (Invitrogen) was used to isolate RNA from human B cells. RNA was then reverse transcribed into complementary DNA (cDNA) using a reverse transcript kit (Accurate Biotechnology). cDNA was amplified in a SYBR green-based quantitative RT-PCR using SYBR Green qPCR Kit (Accurate Biotechnology). Primers for human CaMK1, CaMK2d, CaMK2g, and CaMK4, and GAPDH were used: CaMK1, 5′- GGATTGCTGGTCCATAGGTGTC-3′ (forward), 5′-CAGAGATGTCGTCCCAGTAAGG-3′ (reverse); CaMK2d, 5′- ACACGGTGACTCCTGAAGCCAA-3′ (forward), 5′- GTCTCCTGTCTGTGCATCATGG-3′ (reverse); CaMK2g, 5′- GACACGGTAACTCCTGAAGCCA3′ (forward), 5′-TCCACAGTCTCCTGACGATGCA-3′ (reverse); CaMK4, 5′-GTTCTTCTTCGCCTCTCACATCC-3′ (forward), 5′- CTGTGACGAGTTCTAGGACCAG-3′ (reverse); and GAPDH, 5′-GGAGCGAGATCCCTCCAAAAT-3′ (forward), 5′- GGCTGTTGTCATACTTCTCATGG-3′ (reverse). For amplification, cDNA was denatured at 95°C for 30 s and amplified for 40 cycles at 95°C for 5 s and 60°C for 30 s. Transcripts for individual genes were normalized to GAPDH transcripts and presented as relative expression.



Proteinuria, Blood Urea Nitrogen, and Creatinine

Proteinuria were detected with proteinuria analysis strips (Multistix 10SG). The severity of proteinuria was classified into six levels as: negative, 10, 30, 100, 300, and ≥2000 mg/dl protein. Mouse urine samples with protein ≥300 mg/dl was defined as severe proteinuria. Blood urea nitrogen (BUN) and creatinine concentrations in mouse sera were determined by using a commercial autoanalyzer (Beckman Coulter).



Transmission Electron Microscopy

Mice were euthanized using a carbon dioxide chamber. Mouse kidneys were then perfused with prewarmed normal saline. Kidney samples were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde (wt/vol) in 0.1M phosphate buffer pH 7.4, processed for electron microscopy and examined with a Tecnai G2 Spirt Twin electron microscope as we described before (36).



Histopathology

Mouse kidneys were fixed in 10% neutral formalin, dehydrated, and embedded with paraffin. Tissue blocks were sectioned (2 µm) and followed by periodic acid–Schiff (PAS) staining. Histopathological evaluation was performed on a scale of 0–3 according to cell proliferation and cell infiltration by two observers blind to the protocol as previously described (37).

To assess immune deposition in the glomeruli, kidney samples were collected and embedded in optimal cutting temperature (OCT) compound (SAKURA). Renal blocks were sectioned (4 μm), and slides were fixed in pre-cold acetone for 10 min. Tissue slides were then washed with PBS twice and incubated with FITC-conjugated antihuman IgG (Thermo Fisher, #A11001) and FITC-conjugated antihuman complement component 3 (C3) antibodies (Thermo Fisher, #PA1-28933) at 4°C overnight. Sections were washed and counterstained with 4′,6-diamidino-2-phenylindole (DAPI) in mounting medium (Vector Laboratories). Fluorescence signals were examined using a fluorescence microscopy (Olympus).



ELISA

Serum anti-DNA level was determined by anti-dsDNA enzyme-linked immunosorbent assay (ELISA) Kit (AMEKO) according to the manufacturer’s protocol.



Mouse Experiments

Female MRL/lpr mice were obtained from SLAC Laboratory Animal Company. NZM2328 mice were a gift from Dr. SM Fu from University of Virginia. All of the mice were maintained under specific pathogen-free condition at the Experimental Animal Center of Sun Yat-sen University. Mice were randomized divided into vehicle- or YM-58483-treated group. Mice were treated with YM-58483 (1 mg/kg) or equal volume of vehicle intraperitoneal daily for 6 weeks. Mice were monitored for the potential therapeutic-related toxicities, and no signs of toxicities related to YM-58483 treatment was recorded (Supplementary Figure S1). For disease treatment, MRL/lpr mice were treated from 12 weeks of age after the development of proteinuria. For disease prevention, MRL/lpr mice were treated from 8 weeks of age before the development of proteinuria. At the end of treatment, mice were euthanized. Spleen and kidney samples were collected for single cell analysis or pathological evaluation. Mouse spleens were collected, cut into 3–5 mm pieces, and smashed using a syringe plunger to prepare single cell suspension. ACK lysing buffer was used to remove red blood cells from splenocytes. Cells were then filtered through a 70-µm nylon cell strainer (BD Pharmingen).



RNA-Seq and Bioinformatics

Naive human B cells were isolated from three donors and stimulated with antihuman IgM (5 μg/ml) and antihuman CD40 (1 μg/ml) antibodies in the presence of YM-58483 or vehicle for 72 h. RNA purification was performed using RNeasy Kit (Qiagen), and DNA was removed by DNase digestion. RNA quality was defined by RIN and OD260/280. The RNA-seq libraries were made with the Ovation® Ultralow Library Systems and sequenced on an Illumina HiSeq at POHC@IGB. Human reference genome (hg38) was used for alignment using STAR. Aligned reads were mapped to known genes. The samples were compared in terms of their total reads mapped to genes, distribution of reads across genes, and global correlation with each other.

Fifty picograms of total RNA was used as input for the SMART-seq v3 cDNA synthesis kit (Takara) using 10 cycles of PCR amplification. One nanogram of cDNA was used as input for the NexteraXT kit (Illumina) using nine cycles of PCR amplification. Final libraries were quantitated by qPCR and sized distribution determined by a bioanalyzer prior to pooling and sequencing on a HiSeq2500 using 50 bp PE chemistry. RAN-seq data generated in this study is available at GEO data base (GSE175424).

RNA-seq data of B cell purified from peripheral blood of patients with SLE or HC (GSE118254) were acquired from NCBI GEO database (https://www.ncbi.nlm.nih.gov/geo/) (38). The dataset was based on GPL16791 (Illumina HiSeq 2500, Homo sapiens), containing 83 samples (including 7 SLE and 6 HC active naive B cells samples, 8 SLE and 7 HC switched memory B cells).

“fastqc (version 0.11.9)” for the quality assessment of raw RNA-seq reads, “hisat2 (version 7.5.0)” for the sequencing reads alignment to the reference human genome (version hg38, UCSC Genome Browser), and “featureCounts (version 2.0.1)” for transcripts assemble and expression levels calculation were adopted.



Identification of DEGs

For RNA-seq data acquired from GEO database or data from YM-58483 or vehicle-treated samples, Statistical software R (version 4.0.1, https://www.r-project.org/) and Bioconductor packages (available online: http://www.bioconductor.org/) were applied to screen differential expression genes (DEGs). “DESeq2” package was used for DEG analysis, and p < 0.1 and |log2foldchange| > 0 were the cutoff criteria for the identification of DEGs. For RNA-seq data acquired from GEO database, the top 200 DEGs ordering by |log2foldchange| were chosen to picture a heat map.



Gene Ontology and Pathway Enrichment Analysis

For RNA-seq data acquired from GEO database, DAVID 6.8 (available online: https://david.ncifcrf.bov/) was applied to analyze the molecular function (MF), cellular component (CC), biological process (BP), and Kyoto Encyclopedia of Genes and Genomes (KEGG) of the top 200 DEGs. A value of p < 0.1 was considered statistically significant. A bubble plot of top 20 enriched GO and KEGG terms was drawn by using “ggplot2” R package. Focusing on terms related to calcium transport, we screen DEGs in these terms to picture a heat map and violin plots of interested genes. p < 0.1 was considered reaching statistic significant level.



Gene Set Enrichment Analysis

For RNA-seq data acquired from GEO database or data from YM-58483 or vehicle-treated samples, Gene Set Enrichment Analysis (GSEA) enrichment scores (ES) using interested gene sets (“GO_CALCIUM_ION_TRANSMEMBRANE_TRANSPORT” and “KEGG_CALCIUM_SIGNALING_PATHWAY”) was calculated for seven SLE and six HC phenotype. For the three YM-58483 and three vehicle phenotype, ES was calculated using interested gene sets (“GO_CALCIUM_ION_TRANSMEMBRANE_TRANSPORT”, “KEGG_CALCIUM_SIGNALING_PATHWAY,” “PID_NFAT_3PATHWAY,” “GO_NIK_NF_KAPPAB_SIGNALING,” and “GO_TOR_SIGNALING” that are available at molecular signature database (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp), and “GO: 0042100” available at GENEONTOLOGY (http://geneontology.org/). p < 0.1 was considered reaching statistic significant level.



Statistical Analysis

Data are presented as means ± standard error of mean (SEM). Statistical analysis was performed using Prism 5.0. Comparisons were assessed using either the Student’s t-test, paired Student’s t-test or one-way ANOVA with or without repeated measurements followed by Bonferroni’s multiple comparison post-test, as appropriate. Unless otherwise stated, p < 0.05 were considered as statistically significant.




Results


B Cell Dysregulation and Bioinformatic Analysis of RNA-Seq Data From SLE Patients

LN is characterized by the production of autoantibodies by B cells or plasma cells. B-cell-targeted therapy has been effective in the treatment of LN (39). B cells from human peripheral blood can be categorized into four distinct fractions based on the expression of IgD and CD27: IgD+CD27− naive B cells, IgD−CD27+ switched memory (SM) B cells, IgD+CD27+ unswitched memory (UN-SM) B cells, and IgD−CD27− double-negative (DN) B cells (Figure 1A). We found that naive population was decreased in patients with LN, while the naive B cells were not different in RA and pSS patients (Figure 1B). SM B cells were not different between patients with LN, RA, pSS, and HC (Figure 1C). Interestingly, UN-SM B cells were found to be decreased in patients with LN, RA, and pSS (Figure 1D). DN B cells were only observed to be increased in patients with LN (Figure 1E).




Figure 1 | Enriched calcium signaling in B cells from patients with LN. (A–E) PBMCs were isolated from patients with lupus nephritis (LN), rheumatoid arthritis (RA), primary Sjogren’s syndrome (pSS), or healthy controls (HC). Naive B cells (CD19+IgD+CD27−), switched memory B cells (CD19+IgD−CD27+, SM), unswitched memory B cells (CD19+IgD+CD27+, UN-SM), and double-negative B cells (CD19+IgD−CD27−, DN) were analyzed by flow cytometry. (A) Gating strategy. Percentages of (B) naive B cells, (C) SM B cells, (D) UNSM B cells, and (E) DN B cells are summarized in dot plot with bar plot. LN = 40, RA = 20, pSS = 10, HC = 20. (F–J) RNA-seq data of B cell purified from peripheral blood of patients with systemic lupus erythematosus (SLE) or HC were acquired from the database (GSE118254) for gene expression and bioinformatics analysis. (F) Gene expression clustered heatmap represents the scaled average expression of top 200 DEGs. (G) Bubble plot of GO and KEGG analysis. The number of DEGs enriched in different terms are indicated by size of dots. (H) Clustered heatmap of the scaled average expression 79 DEGs in three calcium-related GO classes. (I, J) Violin plot of ORAI1, ORAI2, ORAI3, STIM1, and STIM2 expression levels. The upper, median, and lower horizontal lines of white box represent 75th, median, and 25th percentage of the gene expression distribution, respectively. All data are mean ± SEM. *p < 0.05 and **p < 0.01 by one-way ANOVA in Panel (B–E) and Student’s t-test in Panels (I, J) ns, not significant.



To investigate the underlying signaling that drive B-cell dysregulation in LN, RNA-seq analysis was performed as we described in Methods and Materials to study the differential gene expressions and enriched signaling in SLE B cells. Comparing to HC, we found 2,757 upregulated and 2,059 downregulated differentially expressed genes (DEGs) in active naive B cells (CD19+IgD+CD27−MTG+CD24−CD38−) from SLE patients (p < 0.1). The top 200 DEGs in naive B cells from patients with SLE or HC were shown as heat map ordered by absolute value of log2 (fold change). The result demonstrated that samples from the two groups could be divided into two different categories, indicating great difference in gene expression in naive B cells between patients with SLE and HC (Figure 1F). We put the 200 DEGs into GO and KEGG analysis and clustered 35 classes, including 20 biological processes (BF), 7 cellular components (CC), 6 molecular function (MF), and 2 KEGG pathway (p < 0.1).

After ordered by fold enrichment, the top 20 classes were displayed in a bubble plot. The result showed that three GO classes were related to calcium ion transport (GO: 0070588 calcium ion transmembrane transport, GO: 0006816 calcium ion transport, GO: 0005262 calcium channel activity) (Figure 1G). We focused on the calcium-related classes and performed a further analysis. The heat map showed a clustering of 79 DEGs in the three GO terms we focused (GO: 0005262, GO: 0006816, and GO: 0070588), which demonstrated that the two groups of samples could be divided into two different categories, and DEGs could be clustered into eight categories. Of these 79 DEGs, 44 genes were upregulated in naive B cells from SLE patients [log2 (fold change) > 0, p <0.1] (Figure 1H). Furthermore, we found that CRAC channel associated genes of ORAI2 and STIM2 were increased significantly at p < 0.1 level in naive B cells from SLE patients. ORAI3 was downregulated in naive B cells from SLE patients. The expression level of ORAI3 was very low in all samples (Figures 1I, J). However, genes were not different in CD4 T cells during calcium transmembrane transport (“GOMP_CALCIUM_ION_TRANSMEMBRANE_TRANSPORT”), calcium ion transport (“GOMP_CALCIUM_ION_TRANSPORT”), and calcium channel activity (“GOMF_CALCIUM_CHANNEL_REGULATORY_ACTIVITY”) in SLE phenotype by GESA analysis (Supplementary Figure S2).



Increased CRAC Channel Components in B Cells From LN Patients

To further confirm the RNA-seq data, B cells were isolated from patients with LN or HC. The expression of ORAI1, ORAI2, and STIM2 was measured by flow cytometry. In consistent with the RNA-seq data, the expression of ORAI1, ORAI2, and STIM2 was increased significantly in B cells from patients with LN at the protein level. The expression of ORAI1, ORAI2, and STIM2 in B cells from patients with RA or pSS was not different compared to that of HC (Figures 2A–F). The expression of ORAI1, ORAI2, and STIM2 in B cells from LN or HC was further measured by Western blot. Similar results were found that further confirmed the increased expression of CARC channel components in B cells from LN (Figure 2G). The increased CRAC channel in B cells from patients with LN was followed by increased Ca2+ level (Supplementary Figures S3A, B). Ca2+ influx by BCR stimulation was increased in B cells from LN patients (Supplementary Figure S3C). Interestingly, the expression of ORAI1, ORAI2, and STIM2 in B cells from LN patients was correlated with disease activities as determined by SLEDAI (Supplementary Figures S3D–F), suggesting the important role of CRAC channel in the pathogenesis of LN by regulating B-cell activation.




Figure 2 | Increased CRAC channel in B cells from patients with LN. PBMCs were isolated from patients with lupus nephritis (LN), rheumatoid arthritis (RA), primary Sjogren’s syndrome (pSS), or healthy controls (HC). Orai1, Orai2, and STIM2 expression in B cells was measured by flow cytometry or Western blot. (A–F) ORAI1, ORAI2, and STIM2 expression in B cells from LN, RA, pSS, or HC was measured by flow cytometry. Representative histograms were gated on CD19+ B cells. Mean fluorescence intensity (MFI) of ORAI1, ORAI2, and STIM2 from LN (n = 20), RA (n = 10), pSS (n = 10), or HC (n = 10) were summarized. (G) CD19+ B cells were isolated from LN or HC. ORAI1, ORAI2, and STIM2 expression in B cells were measured by Western blot. GAPDH was used as internal control, and relative expression values are indicated above each lane. Representative bands are shown. (H–J) Mean fluorescence intensity (MFI) of Orai1, Orai2, and STIM2 in naive B cells (CD19+IgD+CD27−), switched memory B cells (CD19+IgD−CD27+, SM), unswitched memory B cells (CD19+IgD+CD27+, UNSM), and double-negative B cells (CD19+IgD−CD27−, DN) were analyzed by flow cytometry and are summarized in dot plot with bar plot. All data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 by one-way ANOVA. ns, not significant.



To further explore and characterize the expression of CRAC channel components in B-cell subsets described in Figure 1, we measured ORAI1, ORAI2, and STIM2 expression in the B cell subsets by flow cytometry. The expression of all these three CRAC channel components was increased in naive B cells and UN-SM B cells from patients with LN. However, other than STIM2 in SM and DN B cells, the expression of all these three CRAC channel components in SM and DN B cells were largely unchanged in patients with LN when compared to that of HC (Figures 2H–J). Although the percentage of UN-SM B cells was decreased in patients with RA and pSS, we did not find the changed expression of ORAI1, ORAI2, and STIM2 in these B-cell fractions compared to that of HC (Figures 2H–J), indicating that B cells might be regulated by different signals in RA and pSS.



CRAC Channel Inhibition Suppresses B-Cell Differentiation

Blimp-1 is the key transcription factor that drives the terminal differentiation of B cells into plasma cells (40). We found that Blimp-1 expression was profoundly increased in B cells from LN as measured by Western blot (Figure 3A). Furthermore, naive B cells from patients with LN were prone to differentiate into CD19lowCD138+ plasma cells as induced in vitro (Figures 3B, C). To investigate whether CARC channel regulates B-cell differentiation, YM-58483 was used to block CRAC channel in B cells during the induction of B cell differentiation in vitro. The inhibition of Ca2+ influx into B cells by YM-58483 was confirmed by flow cytometry (Supplementary Figure S4). We first performed an RNA-seq to screen the effects of YM-58483 over B-cell activation and differentiation. We found that B-cell differentiation was inhibited by YM-58483 as by RNA-seq analysis (Figure 3D), indicating that store-operated CRAC channel might be associated with B-cell differentiation. Blimp-1 expression in B cells was inhibited by YM-58483 significantly as measured by Western blot (Figure 3E). To further confirm the regulation of CRAC channel over B cells, B cells were transfected with ORAI1-specific siRNA. Knockdown efficiency was confirmed by Western blot (Figure 3F). We found that knockdown of ORAI1 decreased the expression of Blimp-1 as measured by Western blot (Figure 3F). As for B-cell differentiation, YM-58483 decreased the differentiation of plasma cells from 12.59% to 5.73%. YM-58483 also decreased IgG production by differentiated plasma cells from 12.37% to 8.17% (Figures 3G, H). Knockdown of ORAI1 effectively suppressed B-cell differentiation and IgG production (Figures 3I, J). However, B-cell proliferation was not affected by YM-58483 (Supplementary Figures S5A, B). These data demonstrated that CRAC channel is important for B-cell differentiation and IgG production.




Figure 3 | CRAC channel inhibition suppressed B cell differentiation. (A) Blimp-1 expression in B cells from patients with lupus nephritis (LN) or healthy controls (HC) was measured by Western blot and representative bands of six independent samples. (B, C) Naive B cells from LN or HC were cultured in the presence of anti-IgM (5 μg/ml), anti-CD40 (1 μg/ml), IL-2 (20 ng/ml), IL-4 (20 ng/ml), and IL-21 (50 ng/ml) for 8 days. Percentages of CD19lowCD138+ plasma cells were determined by flow cytometry. Representative counter plots are shown and data from five samples. Data are mean ± SEM. *p < 0.05 by t-test. (D) GSEA plot for the gene set of B-cell differentiation showing the enrichment scores for YM-58483 or vehicle-treated B cells (n = 3). (E) Blimp-1 expression in B cells treated with YM58483 or vehicle was measured by Western blot and representative bands of six independent samples. (F) Blimp-1, ORAI1 expression in B cells treated with ORAI1 siRNA or scramble siRNA was measured by Western blot. Representative bands of six samples are shown. (G, H) CD138 and IgG expression in B cells treated with YM-58483 or vehicle. Representative counter plots are shown, and the percentages of CD138+ or CD138+IgG+ cells are summarized in dot plot with bar plot (n = 5). (I, J) CD138 and IgG expression in B cells treated with ORAI1 siRNA or scramble siRNA. Representative counter plots are shown, and the percentage of CD138+ or CD138+IgG+ cells are summarized in dot plot with bar plot (n = 5). For the Western blot data, relative expression values to GAPDH are indicated above each lane. *p < 0.05, **p < 0.01 by paired t-test.





CRAC Channel Regulates B-Cell Differentiation Through CaMK2

Upon increased intracellular Ca2+, CaM responses and alters the functionality of numerous proteins including a family of protein kinases CaMKs (41). We found that the expression of Camk2d was among the most abundant CaMK gene in human B cells as determined by qPCR (Figure 4A). Camk2d, as one of the key CaMKs activated by CaM, was upregulated in B cells from LN patients (Figure 4B). Furthermore, the phosphorylation of CaMK2 was significantly increased in naive B cells from patients with LN (Figure 4C). To investigate whether CRAC channel regulates CaMK2 in human B cells, human B cells were treated with CRAC channel inhibitor YM-58483. We found that the phosphorylation of CaMK2 was inhibited by YM-58483 significantly (Figure 4D). B cells were further treated with ORAI1 siRNA by electroporation. B cells treated with ORAI1 siRNA showed decreased phosphorylation of CaMK2 significantly as measured by Western blot (Figure 4E).




Figure 4 | CRAC channel suppressed B-cell differentiation by inhibiting CaMK2. (A) qPCR analysis of CaMK1, CaMK2d, CaMK2g, and CaMK4 mRNA expression in B cells from healthy controls (HC) stimulated by anti-IgM (5 μg/ml) and anti-CD40 (1 μg/ml) at 0 and 6 h time points. (B) qPCR analysis of Camk2d mRNA expression in B cells from patients with lupus nephritis (LN) or healthy controls (HC). Data were normalized to GAPDH (n = 6). Data are mean ± SEM. (C) Phosphorylation of CaMK2 (p-CaMK2) in B cells from patients with LN or HC was measured by Western blot. Representative bands of six samples are shown. (D) p-CaMK2 in B cells treated by YM-58483 (20 nM) or vehicle was measured by Western blot. Representative bands of six samples are shown. (E) ORAI1 and p-CAMK2 expression in B cells treated with ORAI1- or scramble-siRNA was measured by Western blot. Representative bands of six samples are shown. (F) Blimp-1 expression in B cells treated with KN-93 (1 μM) or vehicle was measured by Western blot. Representative bands are shown. (G, H) CD138 and IgG expression in B cells treated with YM-58483 or vehicle. Representative counter plots are shown, and the percentages of CD138+ or CD138+IgG+ cells are summarized in dot plot with bar plot (n = 5). (I) CaMK2 and Blimp-1 expression in B cells treated with CaMK2- or scramble-siRNA was measured by Western blot. Representative bands of six samples were shown. (J, K) CD138 and IgG expression in B cells treated with CaMK2- or scramble-siRNA. Representative counter plots are shown, and the percentage of CD138+ or CD138+IgG+ cells are summarized in dot plot with bar plot (n = 5). For the Western blot data, relative expression values to GAPDH are indicated above each lane. All data are mean ± SEM. *p < 0.05, **p < 0.01 by paired t-test.



To further study the roles of CaMK2 in human B-cell differentiation, human B cells were first treated with CaMK2 inhibitor KN-93 during the induction of plasma cell differentiation. We found that KN-93 inhibited Blimp-1 expression in B cells as measured by Western blot (Figure 4F). B-cell differentiation and IgG production by differentiated plasma cells were also reduced by KN-93 (Figures 4G, H). To further confirm the role of CaMK2 in B-cell differentiation, CaMK2 expression was knocked down by CaMK2-specific siRNA (Figure 4I). The results revealed that knockdown of CaMK2 not only decreased Blimp-1 expression but also suppressed the differentiation of B cells into plasma cells as measured by Western blot and flow cytometry, respectively (Figures 4I–K). IgG production was also reduced by the knockdown of CaMK2 significantly as measured by flow cytometry (Figures 4J, K). However, the proliferation of B cells was not affected by KN-93 (Supplementary Figures 5C, D).



YM-58483 Decreases B-Cell Differentiation and Immune Complex Deposition in the Kidney of MRL/lpr Mice

To further investigate the role of CRAC channel in B-cell differentiation and LN development in vivo, MRL/lpr mice were treated with YM-58483 from 12 weeks of age after the development of proteinuria as described in Methods and Materials. Percentage of B220−CD138+ plasma cells in the spleens of YM-58483-treated mice were significantly lower than those treated with vehicle as determined by flow cytometry (Figures 5A, B). Tfh cells play a critical role in GC reaction and B-cell differentiation into plasm cells. However, the percentages of Tfh cells and GC B cells were not affected by YM-58483 (Supplementary Figures S6A–D). The percentages of CD4+, CD8+, B220+, and CD11b+ cells in the spleens were not different between YM-58483 or vehicle-treated groups neither (Supplementary Figures S6E–L), indicating that the homeostasis of these immune cells in the spleen was not affected by YM-58483 treatment.




Figure 5 | YM-58483 reduced immune deposition in the glomeruli by suppressing B-cell differentiation in MRL/lpr lupus mice. MRL/lpr mice (12-week) were treated with YM-58483 (1 mg/kg) or vehicle intraperitoneal once a day for 6 weeks as described in Materials and Methods. (A, B) B220-CD138+ plasma cells in the spleen of YM-58483- or vehicle-treated mice was determined by flow cytometry. Representative pseudocolor plots are shown. The percentages of B220-CD138+ plasma cells in the spleen of YM-58483- or vehicle-treated mice. (C) Anti-dsDNA antibodies (anti-dsDNA) in the sera of YM-58483- or vehicle-treated mice was measured by ELISA and shown as dot plot with bar. (D) Kidney samples from YM-58483- or vehicle-treated mice were examined with a Tecnai G2 Spirt Twin electron microscope. Representative images are shown, and immune complex deposition in subendothelial area of glomeruli is indicated by red arrows. Scale bar 1μM. (E, F) OCT-embedded kidney samples from YM-58483- or vehicle-treated mice were sectioned and stained with antibodies against IgG and C3. Sections were counterstained with DAPI and visualized using a fluorescence microscopy. Representative images are shown. Fluorescence intensity of IgG or C3 is summarized and shown as dot plot with bar plot. n = 7 in vehicle group and n = 8 in YM-58483 group. Scale bar 50μM. All data are mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by t-test.



Anti-dsDNA are produced by autoreactive B cells or plasma cells. We found that the concentration of anti-dsDNA in the sera was decreased from 25.3 to 12.4 ng/ml by YM-58483 (Figure 5C). Additionally, immune complex deposition in subendothelial area of glomeruli was reduced by YM-58483 as determined by transmission electron microscopy (TEM) (Figure 5D). IgG and C3 deposition in the glomeruli were decreased profoundly by YM-58483 as measured by immunofluorescence (Figures 5E, F). To further investigate whether CRAC channel inhibition can prevent the immune complex deposition to the kidney, MRL/lpr mice were treated with YM-58483 from 8 weeks of age before the development of proteinuria. We found that the deposition of immune complex to the kidney was greatly prevented by YM-58483 (Supplementary Figure S7).



YM-58483 Ameliorates Kidney Damages and Improved Renal Function in MRL/lpr Mice

MRL/lpr mice were treated with YM-58483 when disease was established as described (Figure 6A). We found that the severity of proteinuria was significantly reduced by YM-58483. By the end of treatment, 90% of the mice from vehicle group developed severe proteinuria, and only 30% of the mice from YM-58483 group developed severe proteinuria (Figure 6B). Renal function was improved in YM-58483-treated mice. The levels of creatinine and BUN in the sera were decreased by YM-58483 significantly (Figures 6C, D). YM-58483 treatment attenuated cellular proliferation and infiltration profoundly as assessed by PAS staining (Figures 6E, F). TEM imaging also showed decreased effacement of podocyte foot process by YM-58483 treatment (Figure 6G). To further investigate whether CRAC channel play a role during disease initiation, MRL/lpr mice were treated with YM-58483 at the age of 8 weeks before the development of proteinuria (Figure 6H). We found that YM-58483 treatment prevented the development of proteinuria (Figure 6I) and nephritis in MRL/lpr mice (Figures 6J, K).




Figure 6 | YM-58483 ameliorated kidney damage and improved renal function in MRL/lpr lupus mice. (A) MRL/lpr mice (12-week) were treated with YM-58483 (1 mg/kg) or vehicle intraperitoneal once a day for 6 weeks. (B) Severity of proteinuria of YM-58483- or vehicle-treated mice were monitored and recorded weekly. (C, D) Concentrations of creatinine or blood urea nitrogen (BUN) in the sera. (E) Kidney samples from YM-58483- or vehicle-treated mice were stained with PAS. Scale bar 50μM. (F) Histology score for PAS staining was summarized, n = 7 in the vehicle group and n = 8 in the YM-58483 group. (G) Kidney samples were prepared for transmission electron microscopy to assess the pathological features of glomeruli. Representative images are shown. Red arrows indicate foot process of podocytes. Scale bar 1μM. (H) MRL/lpr mice (8-week) were treated with YM-58483 (1 mg/kg) or vehicle intraperitoneal once a day for 6 weeks. (I) Proteinuria of YM-58483- or vehicle-treated mice were recorded in 14 weeks. (J) Kidney samples from YM-58483- or vehicle-treated mice were stained with PAS to assess the pathological features of glomeruli. Scale bar 20μM. (K) Histology score for PAS staining was summarized. n =7 in the vehicle group and n = 7 in the YM-58483 group. All data are mean ± SEM. *p < 0.05, **p < 0.01 by t-test.





YM-58483 Decreases Immune Deposition and Ameliorates Kidney Damages in Lupus Mice of NZM2328

To further confirm the therapeutic effects of CRAC channel inhibition over LN, another lupus mouse model NZM2328 was adopted and treated with CRAC channel inhibitor YM-58483. Immune deposition in the glomeruli was first evaluated by immunofluorescence. In consistent with data from MRL/lpr mice, YM-58483 greatly reduced immune complex deposition in the glomeruli. IgG and C3 were found to be significantly less in the glomeruli of NMZ2328 mice treated by YM-58483 when compared to the vehicle group (Figures 7A, B). The autoantibody of anti-dsDNA was measured by ELISA, the result revealed that the concentration of anti-dsDNA in the sera of NZM2328 mice was reduced by YM-58483 significantly (Figure 7C). Next, we were to evaluate renal function and pathological changes in YM-58483 or vehicle-treated mice. We found that YM-58483 prevented the progression of proteinuria in NZM2328 mice effectively (Figure 7D). The levels of creatinine and BUN in the sera of mice were lower in YM-58483-treated mice (Figures 7E, F). Furthermore, YM-58483 treatment decreased cellular proliferation of glomeruli as assessed by PAS staining (Figures 7G, H). TEM was applied for kidney damage evaluation, and the result showed decreased effacement of podocyte foot process in YM-58483-treated NZM2328 mice (Figure 7I), which further confirmed the therapeutic effects of YM-58483 over the progression of LN.




Figure 7 | YM-58483 reduced immune deposition and ameliorated kidney damage in NZM2328 lupus mice. NZM2328 mice were treated with YM-58483 (1 mg/kg) or vehicle intraperitoneal once a day for 6 weeks. (A, B) OCT-embedded kidney samples from YM-58483- or vehicle-treated mice were sectioned and stained with antibodies against IgG and C3. Sections were counterstained with DAPI and visualized using a fluorescence microscopy. Representative images are shown. Fluorescence intensity of IgG or C3 were summarized and shown as dot plot with bar plot. Scale bar 50μM. (C) Anti-dsDNA antibodies (anti-dsDNA) in the sera of YM-58483- or vehicle-treated mice was measured by ELISA and shown as dot plot with bar. (D) Proteinuria of YM-58483- or vehicle-treated mice were monitored and recorded weekly. (E, F) Concentrations of creatinine or blood urea nitrogen (BUN) in the sera. (G, H) Kidney samples from YM-58483- or vehicle-treated mice were stained with PAS. Histology score for PAS staining was summarized. Representative images were shown. Scale bar 20μM. (I) Kidney samples were prepared for transmission electron microscopy to assess the pathological features of glomeruli. Electron microscope images. Red arrows indicate foot process of podocytes. Scale bar 0.5μM. n = 5 in the vehicle group and n = 5 in the YM-58483 group. All data are mean ± SEM. *p < 0.05, **p < 0.01 by t-test.






Discussion

The development of novel therapies for lupus nephritis (LN) has been hampered by the poor understanding of disease pathogenesis. Progress has been made in the past two decades in the field of B-cell targeted therapy in SLE (42).

By searching the public databases, RNA-seq analysis, using patient blood samples and mouse models, we found that the expression of CRAC channel and Ca2+ influx was increased in B cells from patients with LN. Downstream calcium signals as mediated by CaM/CaMK2 were also enhanced. CRAC-channel-mediated SOCE is the major mechanism that controls Ca2+ influx in lymphocytes (43). BCR stimulation leads to increased IP3 production, which mediates Ca2+ release to trigger SOCE in B cells (9, 44). A large variety of signaling cascades are known to participate in the generation and modulation of calcium signals in B cells as mediated by BCR stimulation. BCR-triggered calcium signals are essential for B-cell development and activation (45). A gain-of-function mutation has been identified in the murine Plcg2 gene, which leads to hyperreactive Ca2+ entry in B cells and results in severe spontaneous autoimmune inflammation (11). Mutations in the BLNK gene, an essential component for the generation of calcium signaling by BCR, resulted in humoral immunodeficiency for the defect of early B-cell development in the bone marrow (46). The increased CRAC channels in B cells could contribute to B-cell dysregulation and cause kidney damage in LN.

In the current study, we found that store-operated CRAC channel and the associated calcium signaling were particularly enhanced in naive B cells from patients with LN when compared to other B-cell subsets. We also detected decreased naive B cells in patients with LN. In considering the important roles of DN B cells in SLE (47), we also found an expansion of DN B cells in patients with LN. However, CRAC channel in DN B cells was not different compared to that from HC. These data demonstrate that CRAC channel promotes early activation of B cells in patients with LN, pinpointing an important role of CRAC channel in the initiation and development of LN. It has been shown that patients with mutations in genes of ORAI1 and STIM1 show little SOCE but normal B-cell numbers (48). It seems that SOCE is dispensable for B-cell development. However, other immunes, like T cells, NK cells, and monocytes, are also defective in these patients. It is difficult to speculate the specific functions of SOCE over B cells in these patients with mutations.

Blimp-1 is the key transcription factor for the differentiation of plasma cells (40, 49). We found that Blimp-1 was upregulated in B cells from LN patients. Naive B cells from patients with LN were prone to differentiate into plasma cells. CRAC channel inhibition or knockdown of ORAI1 suppressed Blimp-1 expression and decreased the differentiation of IgG-producing plasma cells, which is in consistent with the previous study that CRAC inhibitors attenuate the function of B cells from patients with RA (50). However, CRAC channel inhibition did not affect proliferation of human B cells. This might be due to the stimulation of CD40 on B cells in our cell culture system, which was in accordance with the previous study that CD40 stimulation can bypass the inhibition over CRAC channel and rescue B cell proliferation (51).

Calcium functions as a universal second messenger in basically all eukaryotic cells, including B cells, T cells, and other immune cells. BCR stimulation leads to the activation of SOCE and influx of Ca2+ (52). Ca2+ influxes through CRAC channels and activates Ca2+-dependent enzymes, such as calcineurin and CaM/CaMK, and thereafter transcription factors, such as nuclear factor of activated T cell (NFAT) and nuclear factor kappa B (NF-κB) (53, 54). RNA-seq data in this study revealed that NFAT, NF-κB, and TOR signaling pathways were not affected by YM-58483, pointing to the dispensable role of CRAC channels in controlling these pathways in human B cells (Supplementary Figure S8). Interestingly, calcium signaling pathway mediated by CaM/CaMK2 was enriched by YM-58483-treated B cells (Supplementary Figure S8). The Western blot analysis showed that CRAC channel inhibition suppressed the phosphorylation of CaMK2. The enriched gene set of calcium signaling pathway at the RNA level should be the result of a compensatory reaction following the inhibition of CaMK2. Combined together, these data demonstrated that CRAC channel controlled calcium signaling pathway through CaM/CaMK2 in human B cells. CaMK2 could play an important role in the function and differentiation of human B cells.

The roles of CaMK2 in LN is not clear. In this study, we found that phosphorylation of CaMK2 was upregulated in B cells from LN patients. CaMK2 inhibitor or knockdown of CaMK2 downregulated Blimp-1 expression in B cells and led to the decreased differentiation of IgG-producing plasma cells. These data suggest that CaMK2 could be involved with the pathogenesis of LN by controlling B cell activation.

Data in this study showed that CRAC channel was increased in B cells from patients with LN and that CRAC channel might promote the development of LN by controlling B cell differentiating into IgG-producing plasma cells. Lupus mice treated with CRAC channel inhibitor YM-58483 were found to have less plasma cells in the spleens. The concentration of anti-dsDNA was significantly decreased in YM-58483-treated mice. The inhibition of plasma cell differentiation and decreased anti-dsDNA production were in consistent with reduced immune deposition in the glomeruli of lupus mice, which led to improved renal function as by CRAC channel inhibition. The percentage of other immune cell linages including CD4+ T cells, CD8+ T cells, B220+ B cells, and CD11b+ monocytes were largely unaffected. Previous study showed that conditional knockout of STIM1/STIM2 in T cells led to impaired antibody response for the defect of Tfh development (55). CRAC channel inhibition also decreased antibody production in a humanized chimeric mouse model for RA in another study (50). The difference might be due to the disease model used and the relatively low dosage of the YM-58483 inhibitor (56) in the current study. These data demonstrate that CRAC channel controls B-cell differentiation independent of help from Tfh cells in lupus mice.

It has been revealed that conditional knockout of STIM1/STIM2 in B cells showed no effect on B-cell development (51). However, the authors did not analyze the effects of CRAC channel on the development of GC B cells into memory B cells or plasma cells in that study. It was not clear whether CRAC channel affected B-cell differentiation in that study or not. In the current study, B220+ B cells and GC B cells were not affected by CRAC channel inhibition neither. We speculate that store-operated CRAC channel might mediate the differentiation of B cells into plasma cells but does not affect B-cell development and B-cell differentiation before entering GC. The true roles of CRAC channel in B cells could also be different under disease conditions. What we need to point out in this study is that we did not see the difference in total CD4+/CD8+ T cells in the spleens of YM-58483-treated mice. We did not analyze the subsets of these T cells. YM-58483 could act on some specific T cell subsets with an indirect effect on B cells.

In conclusion, our results suggested that store-operated CRAC channel controls the differentiation of B cells into plasma cells through CaMK2. CRAC channel inhibition is effective in protecting against LN by inhibiting the differentiation of pathogenic B cells. CRAC channel could serve as a potential therapeutic target for LN.
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Early weaning piglet is frequently accompanied by severe enteric inflammatory responses and microbiota dysbiosis. The links between the gut microbiome and the etiology of gut inflammation are not fully understood. The study is aimed to investigate the potential molecular mechanisms mediating inflammatory reactivity following early weaning, and to find whether these changes are correlated with gut microbiota and metabolite signatures by comparison between suckling piglets (SPs) and weaning piglets (WPs). Histopathology analysis showed a severe inflammatory response and the disruption of epithelial barrier function. Early weaning resulted in reduced autophagy indicated as the suppression of autophagic flux, whereas induced the TLR4/P38MAPK/IL-1β-mediated apoptotic pathway, as well as activation of the IL-1β precursor. The alpha-diversity and microbial composition were changed in WPs, such as the decreased abundances of Bifidobacterium, Bacteroides, Bacillus, Lactobacillus, and Ruminococcus. Microbial co-concurrence analysis revealed that early weaning significantly decreased network complexity, including network size, degree, average clustering coefficient and number of keystone species, as compared with the SP group. Differentially abundant metabolites were mainly associated with amino acid and purine metabolism. Strong correlations were detected between discrepant microbial taxa and multiple inflammatory parameters. In conclusion, we found that dysregulations of autophagy and apoptosis pathway were involved in colon inflammation during weaned period, which may result from gut microbiota dysbiosis. This study may provide possible intervention modalities for preventing or treating post-weaning infections through maintaining gut microbial ecosystem integrity.
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Introduction

Early weaning is a widely used strategy for improving sow breeding efficiency in the swine breeding industry. However, early weaning exposes piglets to multiple environmental stresses, such as separation from the sow, a switch in fibrous feed, handling and litter mixing. These experiences result in serious gut health concerns and, eventually, economic losses (1, 2). The circumstances of weaning transition generally induced gastrointestinal infections via mucosal surfaces, which attributes to around 17% losses of piglets born in Europe (3). Accumulating evidence has indicated that mammalian offspring are highly susceptible to enteric diseases during the transition of the early weaning (4, 5). Due to the immature gastrointestinal (GI) tract, young animals experience large changes in intestinal morphology, architecture, and physiological functions under weaning stressors (6, 7). The intestinal immune system and barrier function of the pre-weaning piglet have not specialized and expanded completely (3). All these external and internal factors inevitably affect the intestinal development of weaned piglets (WPs) and can lead to inflammation. It is necessary to explore the mechanism how early weaning induces intestinal inflammation.

Autophagy and apoptosis represent distinct adaptive forms of programmed cell death, that are essential for maintaining the complex interplay between the host and gut microbes (8, 9). Excessive apoptosis induced by extracellular stimuli inevitably results in aberrant cell death and inflammation. Autophagy, meanwhile, is a highly conserved mechanism that plays dual roles in routine cell turnover and cellular homeostasis (10). Recent studies have implicated that dysregulated apoptosis and autophagy in intestinal tissues following gut microbiota dysbiosis can lead to bacterial dissemination and an overactive inflammatory response (11, 12). However, it is not clear how these two processes promote specific immunopathological characteristics in the intestinal epithelium of piglets under early weaning stress. Studies have shown that Toll-like receptor 4 (TLR4) is a critical mediator of inflammation and adaptive immunity (13). Mitogen-activated protein kinase (MAPK), a downstream target of TLR4, plays a key role in the progression of mucosal inflammation through the stimulation of an apoptotic cascade (14). These observations imply that the TLR4/P38MAPK signaling pathway may participate in the progression of gut inflammation induced by disturbances in the gut microbiota. However, early weaning-induced regulation of TLR4/P38MAPK or autophagy signaling pathway associated with intestinal homeostasis have not been fully characterized.

The gut microbiota plays a crucial role in the health of the host by producing components and metabolites essential for many biological processes, such as immune regulation, the maintenance of enterocyte function, and the stabilization of the microecosystem (15, 16). The intestinal microbiota of pig comprises a vast and complex community exhibiting dynamic taxonomic richness and diversity that fluctuate over time and along the longitudinal axis of the GI tract (17). Gut microbiota assembly is initiated at birth and develops toward a breastfeeding-oriented microbiome during lactation (18). An abrupt shift from maternal milk to complex solid feed is deemed to result in the remodeling of the gut microbiota structure in piglets. Thus, the examination of the composition of the gut microbiota is important for explaining enteric diseases in WPs. The ecological roles of individual microbial members possess uneven importance within microecosystems (19). The remodeling of the intestinal microbiota structure by weaning transition strongly affects co-occurrence patterns of microorganism. The altered microorganism co-occurrence patterns may further have an impact on the gut health of piglets. Computational-derived co-occurrence network hubs are conducive to determining whether the core ecological modules formed by microorganisms would change within different responsiveness to intervention (20).

The dysbiosis of the intestinal flora frequently alters metabolomic profiles in the GI content, which is thought to be related to modifications in microbe-derived gut metabolites (21). The microbiota-derived metabolites are key intermediates in host-microbiota interactions and influences a wide variety of physiological functions (16, 22). During the weaning transition, solid feed consumed by piglets provides heterogeneous fermentation substrates and prolonged transit time in the GI tract (23). These changes are expected to affect microbial metabolic activity. However, how early weaning influences the gut microbiota and the metabolome of piglets remains incompletely understood. Here, we speculated that the gut metabolome of piglets may undergo profound alterations at the weaning transition period. The exploration of the potential role of the intestinal microbiota and associated metabolomes would help to find the determinants of gut inflammatory disease in piglets.

In this study, the genetic background, age, and feeding environment of the animal were strictly controlled (24). We hypothesized that early weaning induced the colon inflammatory response through dysregulating the autophagy and apoptosis signaling pathways, and alternations of gut microbiota and metabolome are associated with the dysregulation of these two signaling pathways.



Materials and Methods


Animal Care and Experimental Design

All procedures involving animals were performed in full compliance with the “Regulation for the Use of Experimental Animals” of Zhejiang Province, China. This research was specifically approved by the Animal Care and Use Committee of Zhejiang University (Ethics Code Permit ZJU20170529). Twelve piglets (Landrace × Yorkshire) were selected from three litters. At age of 21 days, piglets (body weight, 6.95 ± 0.73 kg) from the same litter were randomly allocated to two treatments. The two groups were as follows: suckling piglet group (SP), were continued to be breastfed by sows; and weaning piglet group (WP), were separated from the sows and had ad libitum access to water and feed (n = 6/group). At age of 25 days, all piglets were euthanized via an intravenous injection of sodium pentobarbital solution (25 mg/kg body weight). Colonic content and tissue were harvested and lyophilized. Tissues adjacent to the colon were stored in 2.5% glutaraldehyde for evaluation by transmission electron microscopy (TEM). Colonic tissue was fixed in 4% buffered formalin for paraffin embedding. Colonic mucosa was collected with a microscope slide and immediately stored at −80°C until use.



Morphology, Histological Score, and TUNEL Labeling

Specimens of the colon were dehydrated with ethanol, cleared with xylene, embedded in paraffin, and cut into 4-μm-thick serial sections. After deparaffinization, the sections were stained with hematoxylin and eosin (H&E) for morphometric analysis. Crypt depth was scored by capturing image of colon tissue in H&E staining slides at 10× using a Bx63-Olympus microscope (Olympus, USA). The images were analyzed using the pen tool form Image J software (ImageJ, NIH, USA). For each sample, at least 20 intact and well-oriented crypts were measured as distance from the apical side to the basal side of crypt. The crypt depth data was shown as mean value. Intestinal acidic and neutral mucin content was examined using periodic acid-Schiff-alcian blue (PAS-AB; Sigma Aldrich) staining. Images were acquired using a scanner (Leica Aperio CS2, San Diego, CA, USA). Morphology was analyzed using the Aperio XT system (San Diego, CA, USA). To assess intestinal inflammation severity, colonic histopathological scoring of H&E-stained sections (100× magnification) were performed. Two blinded histopathological scoring methods were carried out using the following four criteria: 1) the extent of inflammation, 2) bleeding, 3) crypt hyperplasia, and 4) crypt density loss (Supplementary Table 1). Each criterion score ranged from 0 to 3 and the sum of the scores for the four criteria were calculated. A TUNEL Apoptosis Assay Kit (Roche, Sweden) was used to visualize the extent of cell apoptosis in paraffin-embedded colonic tissue. Images were captured using an Olympus VS200 digital slide scanner (Japan) to judge the difference in TUNEL-positive cell counts between the two groups. The nuclei of apoptotic cells were identified by the presence of green fluorescence.



Detection of Cytokines in Serum and Colon Mucosa

Venous blood sample was drawn from SPs and WPs into sterile collection tubes. Blood was centrifuged at 3,000 rpm for 10 min at 4°C to collect serum. The colonic mucosa (100 mg) was added to 1 mL of pre-cooled phosphate-buffered saline (PBS) and ground using a tissue grinder (Tissuelyser-24, JingXin, Shanghai, China). The supernatant of the colonic mucosa homogenate was extracted after centrifugation at 3,000 rpm for 12 min at 4°C. The concentrations of IL-1β, IL-6, IL-10, IFN-γ, and TNF-α in the serum and tissue supernatants were detected using porcine ELISA assay kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocols. To calculate the concentration of each cytokine, the optical density was measured using a standard microplate reader (Phenix Research Products, Hayward, CA).



Immunofluorescence (IF) and Immunohistochemistry (IHC)

Colon sections were kept in neutral formalin buffer for 12 h and then embedded in paraffin and sliced into 4-μm-thick sections. The sections were subsequently dewaxed and rehydrated. For IF staining, the sections were processed with antigen retrieval, permeabilization and blocking. The sections were incubated first with a primary antibody (rabbit anti-MUC2, Biorbyt Ltd, orb372331, 1:400) for 8 h at 4°C. Then, the sections were washed and incubated with a fluorescence-labeled secondary antibody (Alexa Fluor 488-conjugated anti-rabbit IgG, Abcam, #ab150077, 1:600) for 2 h. Nuclei were counterstained with 4ʹ,6-diamidino-2-phenylindole (DAPI) (Cell Signaling Technology, #8961, 150 ng/mL) for 20 min. For IHC, the sections were subjected to antigen retrieval by incubating in AR9 buffer (pH 6.0, PerkinElmer) at 96°C for 20 min. Then, 3% H2O2 in methanol was used to quench endogenous peroxidase activity on samples. The sections were followed by incubation with primary antibody (rabbit anti-LC3A/B, Cell Signaling Technology, #12741, 1:450) for 8 h at 4°C. A DAB HRO substrate kit was used for visualization following the manufacturer’s instructions. Images were captured using a Bx63-Olympus microscope (Olympus, USA) and analyzed using ImageJ software.



TEM

Small pieces (1.5–2.5 mm3) of colonic specimens were immersed in a mixture of 2% glutaraldehyde and 0.1 M cacodylate buffer (pH 7.4) until needed. The specimens were washed twice with PBS, incubated with 1% osmium tetroxide in PBS at 4°C for 40 min, and then washed again twice with PBS. The specimens were dehydrated in a series of increasing ethanol concentrations (20%, 40%, 60%, 80%, and 100% v/v) with 15 min each step. After fixation in pure Spurr resin for 12 h, the specimens were embedded in capsules containing embedding medium and polymerized at 65°C for 4 h. The sections were stained with 0.5% uranyl acetate and alkaline lead citrate (AC20, Leica) for 15 min. Finally, the sections were imaged by TEM using a Model H-7650 microscope.



Immunoblotting

Total protein was extracted from colonic tissue and lysed by lysis buffer (Solarbio, Beijing, China). The protein content of the supernatants or serum was concentrated using StrataClean resin (Agilent, CA, USA). All protein samples were prepared according to the manufacturer’s instructions. The protein samples were separated by 12% SDS–PAGE and transferred to PVDF membranes. The membranes were blocked in TBST buffer containing 3% BSA (w/v) for 60 min at room temperature. Then, the membrane was incubated first with primary antibodies (diluted in TBST buffer containing 1% BSA [w/v]) targeting primary antibodies overnight at 4°C. They were followed treatment with the appropriate HRP-conjugated secondary antibodies (anti-mouse IgG and anti-rabbit IgG; all 1:4,000) (EMD Millipore, MA, USA) diluted in TBST buffer containing 1% BSA (w/v) for 1 h at room temperature. Finally, the protein bands were developed using SuperSignal Chemiluminescent Substrate (Thermo Fisher Scientific, MA, USA). Primary antibody details were listed in Supplementary Table 2.



16S rRNA Library Construction and Sequencing

Bacterial genomic DNA was extracted from samples of colonic content using the Omega E.Z.N.A. Stool DNA Kit following the manufacturer’s protocol. DNA concentration and purity were detected using both a NanoDrop One (Thermo Scientific) spectrophotometer and a Qubit 2.0 Fluorometer (Thermo Scientific). Libraries were constructed and sequenced at the Realbio Genomics Institute (Shanghai, China). Briefly, the V3–V4 region of the 16S rRNA gene was PCR-amplified using the primer pair 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GACTACHVGGGTATCTAATCC-3′). The amplicons were converted to sequencing libraries using the Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illumina, USA). The libraries were sequenced on the MiSeq/HiSeq platform (Illumina, Inc., San Diego, CA, USA) to generate paired-end 500/250 bp reads. Demultiplexed fastq files were generated from the raw data using bcl2fast (v2.20.0.422).



Bioinformatics Analysis of the Sequencing Data

Raw sequencing data from the 16S rRNA V3–V4 hypervariable region were submitted to the following three steps: i) Raw reads were first filtered using Trimmomatic v0.33 and then Cutadapt (version 1.9.1) to remove standard primer sequences to generate high-quality reads; ii) high-quality clean reads were assembled using FLASH v1.2.7; iii) sequences were denoised using dada2 (25) in QIIME2-2020.6 (26) to generate non-chimeric reads. Data quality was estimated based on read length and counts at each stage (Supplementary Table 2). An amplicon sequence variant (ASV) table was generated using the standard dada2 workflow. Based on the ASV table, common and unique features between the two groups were visualized using a Venn diagram (27). Taxonomic classification of the ASVs was achieved by Bayesian classifier and BLAST using GreenGene as the reference database. QIIME2 was applied to calculate the abundance of each species and the distribution at each taxonomic level. Alpha diversity was evaluated using species richness and the corresponding significance was determined using the Wilcoxon rank sum test. Beta diversity was estimated using principal coordinate analysis (PCoA) on a matrix of Bray–Curtis distances using QIIME2 software. The statistical significance of the PCoA results was determined using PERMANOVA. According to the NCBI taxonomy database for existing microbial species, MEGAN software was applied to combine species abundance information obtained by sequencing into a taxonomic tree (28). Significant differences in relative abundance between the groups were determined using the Wilcoxon rank sum test and corrected P-values (false discovery rate [FDR]). Predictive metabolic functional analysis was performed using the PICRUSt2 plugin for QIIME2 (29). Pathways were assigned based on the KEGG Orthology database while DESeq2 was used for differential abundance testing.



Co-Occurrence Network Diagram

Spearman’s rank correlation analysis was used to analyze the differences in the abundance of all species among samples. Data with a correlation coefficient |ρ-value| >0.5 and a P-value <0.05 were selected to construct a co-occurrence network. Subnetworks were isolated from the whole network using the following filters: ASVs comprising >0.01% of the total relative abundance and taxa present in >30% of the samples. The network diagram was visualized using a customized Organic layout algorithm in Cytoscape (v3.6.0). For both groups, the five modules were obtained using the vertex and edge betweenness centrality functions in the igraph R package (19). Node-level topological properties were calculated using Gephi (v0.9.2), the properties include degree, clustering coefficient, closeness centrality, betweeness centrality, Zi (within-module connectivity) and Pi (among-module connectivity) (30, 31). Statistically significant differences in node-level attributes were determined by non-parametric Mann–Whitney U tests.



Metabolomics Profiling

A total of 50 ± 1 mg of colonic content was added to 500 μL of a pre-cooled methanol/chloroform extraction mixture in a 3:1 (v/v) ratio. The samples were mixed with 10 μL of internal standard (Adonitol, 0.5 mg/mL stock). Then, the samples were vortexed and homogenized using a ball mill for 4 min at 50 Hz, and followed by ultrasonication for 5 min in ice-cold water. After centrifugation at 4°C for 15 min at 12,000 rpm, 200 μL of the supernatant was transferred to a fresh tube. To prepare the quality control (QC) sample, 18 μL of each sample were combined. After evaporation in a vacuum concentrator, 80 μL of methoxyamine hydrochloride (20 mg/mL in pyridine) was added followed by incubation at 80°C for 30 min and derivatization by 1 mL of BSTFA regent (1% TMCS, v/v) at 70°C for 1.5 h. Fatty acid methyl esters (FAMEs; 5 μL in chloroform) were added to the QC sample. Gas chromatography time-of-flight mass spectrometry (GC–TOF–MS) was performed using an Agilent 7890 gas chromatograph coupled with a time-of-flight mass spectrometer (DB-5MS capillary column). A 1 μL aliquot of sample was injected in splitless mode. Helium was used as the carrier gas, the front inlet purge flow was 3 mL/min. The gas flow rate through the column was 1 mL/min. The initial temperature was kept at 50°C for 1 min, raised to 310°C at a rate of 10°C/min, and kept for 8 min at 310°C. The injection, transfer line, and ion source temperatures were set at 250, 280, and 280°C, respectively. The mass spectrometry data were obtained in full-scan mode within the mass range of 50 to 500 m/z at a rate of 15.5 spectra per second after a solvent delay of 6.25 min.



Metabolomics Data Analysis

Metabolomics data analysis was performed as previously described (32) with some modifications. Briefly, raw data were processed using Chroma TOF4.3x software (32). The LECO-Fiehn Rtx5 database was used for metabolite identification. Finally, peaks detected in less than half of the QC samples or those with a relative standard deviation (RSD) >30% in the QC samples were removed (33). The final dataset was imported into SIMCA15.0.2 (Sartorius Stedim Data Analytics AB, Umea, Sweden) for principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). The variable importance in projection (VIP) score of the first principal component in the OPLS-DA was also calculated, which summarizes the importance of each variable to the model. Metabolites with a VIP score >1 and a Student’s t-test P-value <0.05 were determined to display significantly different abundance. The KEGG and MetaboAnalyst (http://www.metaboanalyst.ca) databases were referenced for pathway enrichment analysis. A correlation analysis between genera and metabolites was undertaken using Spearman’s correlation in R (Hmisc package, v3.4.3) and visualized using a heatmap.



Statistical Analysis

The statistical significance of differences was assessed using the Student’s unpaired t-test, the Wilcoxon rank sum test, Mann–Whitney non-parametric tests, or PERMANOVA where appropriate. The results are presented as means ± SEM. Data were analyzed in SPSS (v2.1.0; IBM, USA) or R (for 16S rRNA sequencing data and the metabolomics profile). A P-value <0.05 was considered statistically significant and a 0.05 ≤ P-value <0.10 was considered a tendency.




Results


Comparison of the Colonic Morphology and Barrier Function Between WPs and SPs

Colonic morphological examination showed that, compared with the SP group, WPs displayed a loosely adherent intestinal epithelial layer structure and less intact surface, as well as erosion and crypt abscesses (Figure 1A). The WP group was characterized by a significantly greater crypt depth compared with that of the SP group (Figure 1B). In addition, histopathological evaluation revealed that the WP group was characterized by significantly greater crypt density loss, degree of bleeding and inflammatory cell infiltration compared with the SP group (Figure 1C). PAS-AB staining analysis showed that the thickness of the mucosal layer and the number of secretory goblet cells were significantly decreased in the WP group compared with those in the SP group (Figures 1D–F). IF staining for MUC2 further confirmed the reduced abundance of mucin-producing goblet cells in the WP group compared with that in the SP group (Figure 1G). The protein expression of zonula occludens-1 (ZO-1), occludin, and claudin 3 were significantly lower in the WP group than in the SP group (Figures 1H, I and Supplementary Figure 1).




Figure 1 | Effects of early weaning on colonic morphology and mucosal barrier function. (A) Representative images of hematoxylin and eosin-stained colon sections from SP and WP groups (scale bars, 50 μm). (B) Statistical analysis of crypt depth. (C) Stacked bar graph showing the total histology scores and individual histological criteria score differences between the two groups. (D) Representative images of periodic acid-Schiff-alcian blue (PAS-AB)-stained colonic sections from the SP and WP groups (scale bars, 50 μm). (E) Mucin layer width in the colon of SPs and WPs was quantified from images of AB staining. (F) Statistical analysis of the numbers of mucus-producing goblet cells. (G) Immunofluorescence staining for the goblet cell marker MUC2 (green). Scale bars, 50 μm. (H, I) Western blotting results for ZO-1, occludin, and claudin-3 expression in the colon. All data are presented as means ± SEM, Student’s t-test, *P < 0.05, **P < 0.01; n = 6. SP, suckling piglet; WP, weaning piglets.





Early Weaning Induced Intestinal Impairment via Inhibiting Autophagy and Activating the Apoptotic Signaling Pathway

The TUNEL assay results showed the presence of a significantly greater number of apoptotic cells in the colonic submucosa of WPs compared with that in the SP group (Figure 2 and Supplementary Figure 2). The accumulation of apoptotic cells may be linked with modulating autophagy and apoptotic signal pathway. Therefore, we first examined the expression levels of autophagy-related proteins. The expression levels of beclin-1 and ATG5 were significantly decreased in the WP group compared with those of the SP group, which was in accordance with the reduced expression of microtubule-associated protein light chain 3 (LC3)-I and a decrease trend in expression of LC3-II (Figures 3A, B and Supplementary Figure 3). Similarly, IHC staining indicated that the number of LC3 puncta was lower in the WP group than in the SP group (Figure 3C).




Figure 2 | TUNEL staining in colonic sections from SPs and WPs. The nuclei of apoptotic cells are positive for TUNEL staining (green). Scale bars, 1 mm.






Figure 3 | Autophagy-related signaling was suppressed in WPs relative to that in SPs. (A, B) The expression of autophagy-related proteins in colonic tissue was determined by immunoblotting. (C) Representative images of immunohistochemistry for LC3A/B (n = 6). Scale bars, 25 μm. The data are presented as the means ± SEM, Student’s t-test, *P < 0.05, **P < 0.01; n = 6.



The WP group had significantly higher serum IL-6 and IL-1β concentration, and had significantly higher colonic IL-1β and lower IL-10 content than the SP group (Figure 4A). Meanwhile, the colonic TNF-α content had a trend increase in the WPs than the SP group (Figure 4A). Ultrastructure analysis showed that a large number of damaged cells were detached and scattered at the bottom of the colon crypts in the WP group, which was accompanied by nuclear fragmentation as a hallmark of cell apoptosis (Figure 4B and Supplementary Figure 4). Accordingly, we further assessed the status of the TLR4/P38MAPK-mediated apoptotic signaling pathway, which functions upstream of IL-1β. Western blotting results showed that the protein levels of TLR4, pro IL-1β and IL-β were significantly higher in the WP group than in the SP group (Figures 4C, D and Supplementary Figure 5). Additionally, the ratio of p-P38MAPK to MAPK was significantly increased in the WP group than in the SP group (Figures 4C, D and Supplementary Figure 5). Moreover, the concentrations of caspase-1 p10, caspase-3, and cleaved (activated) caspase-3 were also significantly higher in the WP group than in the SP group (Figures 4C, E and Supplementary Figure 5), which indicated the greater rate of IL-1β conversion existed in the WP group than in the SP group.




Figure 4 | The TLR4/P38MAPK/IL-1β-mediated apoptosis signaling pathway was activated in WPs but not in SPs. (A) The levels of various cytokines in serum and colon tissue measured by ELISA. (B) Representative transmission electron micrographs of colonic crypts from the SP and WP groups. The low magnification image (scale bar, 5 μm; ×3,000 magnification) demonstrates abundant degeneration and the presence of necrotic cells scattered at the bottom of crypts in the WP group. The higher magnification image (scale bar, 1 μm; ×10,000 magnification) shows a typical apoptosis event characterized by fragmented nuclei and leaking of the nuclear mass (arrow). (C–E) The expression of components of the TLR4/P38MAPK/IL-1β signaling pathway and caspase-related proteins in colon tissue were determined by immunoblotting. All data are presented as the means ± SEM, Student’s t-test, *P < 0.05, **P < 0.01; n = 6.





The Microbial Community Structure and the Co-Existence Pattern Differed Between the WP and SP Groups

The number of denoised clean reads (average of 31,439) was determined for each sample (Supplementary Table 3). Rarefaction curves for the ASVs indicated that all the samples achieved a high sampling coverage (>99%) (Supplementary Figure 6 and Supplementary Table 3). These raw data analyses demonstrated that the sequencing depth was sufficient for analyzing the colonic microbiota. Next, we compared the results of 16S rRNA gene sequencing between the SP and WP groups. Common and unique ASV features between the groups were visualized by Venn diagram (Figure 5A), from which 235 and 115 unique ASVs were classified in the SP and WP group, respectively. As shown in Supplementary Table 4, differences in α-diversity were found between the two groups indicated as common and unique ASV features and the Shannon, Simpson, and Chao1 indices. The WP group had a lower trend inASVs than the SP group (Wilcoxon rank sum test, P = 0.092) (Figure 5B). The Shannon index was lower in the WP group than in the SP group (Wilcoxon rank sum test, P = 0.015) (Figure 5C). We found a clear separation between the two groups, which suggests significantly distinct in bacterial community composition between the SP and WP group, respectively (PERMANOVA, P = 0.045) (Figure 5D).




Figure 5 | Differences in gut microbiota structure and co-occurrence patterns between the SP and WP groups. (A) Venn diagram displaying the numbers of identified amplicon sequence variants (ASVs) in the SP and WP groups. (B, C) Differences in alpha diversity in the gut bacteria were assessed based on features and the Shannon index. (D) Principal coordinate analysis (PCoA) plots based on the Bray–Curtis distances identified distinct clusters between the SP and WP groups. (E) MEGAN taxonomic tree emphasized the evolutionary relationship and differences in abundance of microorganisms in the SP and WP groups. Relative abundance is displayed in a colored pie-chart; the size of the pie-chart indicates relative sequence abundance. (F) Microbial co-occurrence patterns in the colon ecosystems of the SP and WP groups were visualized using network diagrams. Co-occurrence relationships with a strong Spearman’s correlation coefficient (|ρ value| >0.5 and P < 0.05) were selected and formed five modules in both groups; the size of each node is proportional to the degree of correlation. Phylum information for each node is indicated by color. The edges represent the correlation between the two genera, the thickness of the edge represents the strength of the correlation, orange represents a positive correlation, and green a negative correlation. (G, H) Topological properties (degree and clustering coefficient) of co-occurrence networks for bacterial communities in the SP and WP groups. All data are presented as means ± SEM. Wilcoxon rank sum test for (B, C, F); PERMANOVA for (D); and the Mann–Whitney non-parametric test for (G, H). *P < 0.05, **P < 0.01, ***P < 0.001; n = 6.



Relative abundance values were used to calculate the biomass for each species and generate a distribution histogram at each taxonomic level. At the phylum level, bacterial communities in the piglet colon were dominated by Firmicutes (61.87%–63.57%), Bacteroidetes (22.76%–23.47%), and Proteobacteria (4.18%–4.93%) (Supplementary Figure 7A). No significant differences were found in read numbers or relative abundance between the SP and the WP groups (Supplementary Figures 7B, C). At the genus level, we identified a total of 83 genera from the core bacterial community and combined relative abundance information to taxonomic tree (provided by NCBI) (Figure 5E). The results showed a comprehensive framework of the taxonomic branch and differences in the abundance of bacterial members between the two groups. The relative abundance of Bifidobacterium, Bacteroides, Bacillus, Lactobacillus, Faecalibacterium, and Ruminococcus were significantly decreased in the WP group than the SP group (Wilcoxon rank sum test). Conversely, we observed that the genera Butyrivibrio, Coprococcus, Roseburia, and Succinivibrio abundances were significantly higher in the WPs than in the SPs (Wilcoxon rank sum test). Moreover, in contrast to the SP group, the WP group was lack of several genera with relatively low proportional abundance, such as Acinetobacter, Campylobacter, Enhydrobacter and Proteus.

The SP and WP groups were mainly characterized by two co-occurrence networks with scattered nodes represented by multiple primary genera within distinct phyla. Both ecological networks were obviously parsed into five relatively consistent modules of co-occurring microbial members (Figure 5F). The highest degree and clustering coefficient score conceivably pointed out core community members within each ecosystem. The result showed that Firmicutes was the keystone species for determining the network in both the SP and WP groups, while the role of Bacteroidetes was minimized in the WP community (Figure 5F and Supplementary Table 5). We also undertook a detailed statistical analysis of the network characteristics including modularity, diameter, density, average clustering coefficient, and so on. A comparison was carried out for these network property parameters and node-level topological features between the two groups, the result indicated that the overall complexity and composition of the networks for the WP group were clearly reduced compared with those of the SP group (Figures 5G, H and Supplementary Table 6). Genera with larger degree centrality scores were considered as keystone taxa in the SP group, such as Peptococcus, Ruminococcus, Bifidobacterium, Lactobacillus, and Bacteroides; however, these genera contributed less to network construction in the WP group, within which Anaerovibrio, Pyramidobacter, Butyrivibrio, and Collinsella were more influential.



Metabolomics Analysis Identified Different Metabolic Patterns Between the SP and WP Groups

A total of 215 metabolites were identified (Supplementary Table 7). The samples from the SP and WP groups were clearly separated according to the PCA and OPLS-DA (R2Y = 0.997, Q2 = 0.829, permutation test, Supplementary Figure 8), which suggested that the weaning promoted the development of a metabolome composition distinct from that present in breastfeeding (Figures 6A, B). We identified the 56 individual metabolites that most contributed to the discrimination between the two groups based on the following criteria: a VIP score >1.0 from OPLS-DA modeling and a |log10 (P-value) | >1.3 (Student’s t test) (Figure 6C). We classified all the metabolites into six major categories. The differences were displayed in overall metabolic clusters between the two groups through a stacked bar graph (Figure 6D). We found a higher abundance of organic acids and carbohydrate-associated metabolites in the WP group than in the SP group, whereas lower abundance of amino acids in the WP group. The WP group was largely characterized by a reduction in amino acid (including leucine, isoleucine, lysine, methionine, threonine, valine, and phenylalanine) and purine (including xanthine, inosine, guanosine, and 5-aminoimidazole-4-carboxamide) metabolites (Figure 6E). In contrast, the abundance of 9 metabolites associated with carbohydrate and lipid metabolism was significantly increased in the WP group than in the SP group (e.g., cellobiose, octanoate, xylose, monoolein, pelargonic acid, and glycerol) (Supplementary Table 7). KEGG pathway analysis of these significantly changed metabolites identified 19 different enrichment pathways between the two groups (Figure 6F). The key enrichment pathways identified were aminoacyl-tRNA biosynthesis (enrichment ratio [ER] = 6.24), fatty acid biosynthesis (ER = 5.72), pantothenate and CoA biosynthesis (ER = 5.92), glutathione metabolism (ER = 5.43), and purine metabolism (ER = 7.89).




Figure 6 | Differences in metabolic patterns between the SP and WP groups. (A) The principal coordinate analysis (PCA) plot revealed a separation of the metabolites between the two groups. (B) Orthogonal partial least squares discriminant analysis (OPLS-DA) of the metabolomics profiles in the colon. (C) Dot diagram determined 56 individual metabolites based on the double criteria of VIP ≥1.0 and P < 0.05 (Student’s t-test). These metabolites strongly contributed to the discrimination of the two groups. (D) Stacked bar graph showing the differences in relative abundance of six metabolite categories between the two groups. (E) Volcano plots of significantly changed metabolites in the SP and WP groups. (F) Metabolic pathway analysis of differentially abundant metabolites between the two groups. The P-value for each term is represented by the color intensity. The data are presented as means ± SEM for (D), *P < 0.05, **P < 0.01, Student’s t-test; n = 6.





Correlation Analysis and Functional Prediction of the Microbiome

The results of the 16S rRNA sequencing showed that early weaning disturbed the taxonomic composition of the colonic microbiota. Moreover, a metabolomics analysis indicated that the metabolic profiles of the two groups were different. We further explored the functional correlations between the 26 identified bacterial genomes and the 68 altered colon metabolites. Analysis based on Spearman’s correlation coefficient revealed 362 significant associations, many of which involved genera enriched in the SP group. For instance, within the amino acid class, seven metabolites were positively associated with the genera Lactobacillus, Bacillus, Bacteroides, and Ruminococcus (r≥0.621, FDR-corrected P-value <0.01) but negatively correlated with Coprococcus, Butytivibrio, and Succinivibrio (r≥0.489, FDR-corrected P-value <0.05). For purine metabolism, the genera Ruminococcus, Acinetobacter, Lactobacillus, and Bacteroides were positively correlated with inosine, guanosine, and 5-aminoimidazole-4-carboxamide (r≥0.585, FDR-corrected P-value <0.05). For carbohydrate metabolism, most genera enriched in the SP group were negatively correlated with lactamide, caprylic acid, pelargonic acid, iminodiacetic acid, and fructose 2,6-biphosphate (r≥0.422, FDR-corrected P-value <0.05) (Figure 7A). Next, the abundances of the original 16S rRNA sequences were processed with PICRUSt2 to impute the putative biological functional compositions of the microbiomes in the SP and WP groups (Figure 7B). In general, symbionts and vigorous fermentation were enriched in the SP group, while pathogens gastroenteritis- and pathogens diarrhea-related genes were more abundant in the WP group. Among these predicted metabolic functions, the abundances of functional genes associated with methanogenesis, starch and sucrose metabolism, and aerobic metabolism significantly increased in the WP group than in the SP group, which suggested that early weaning led to the disturbance of intestinal flora linked with gut inflammation and a shift in metabolic function. In contrast, we found that the gut microbiota of the SP group was characterized by significant enrichment of several metabolism-related pathways. These pathways included nitrogen respiration, nitrate reduction, nitrate respiration, nitrite ammonification, and nucleotide metabolism. Spearman’s correlation matrix suggested that the imbalance of the gut microbiota influenced mucosal inflammation and barrier integrity (Figure 7C). The relative abundance of Bifidobacterium, Bacteroides, Bacillus, Lactobacillus, Faecalibacterium, and Ruminococcus decreased in the WP group, which was positively correlated with the expression levels of ZO-1, occludin and claudin 3, the number of goblet cells, and mucosal layer thickness. In contrast, the increased relative abundance of Butyrivibrio, Coprococcus, and Succinivibrio in the WP group was positively associated with crypt depth and inflammation scores.




Figure 7 | Correlation and pathway analysis of significant differentially abundant metabolites and bacteria. (A) Heatmap showing the correlations between gut bacterial genera and individual metabolites. Spearman’s rank correlation coefficients and P-values for the correlations of genera and their metabolites were calculated. The correlation effect is indicated by a color gradient from red (positive correlation) to blue (negative correlation). (B) The enriched pathways of microbial genes between the SP and WP groups. (C) Spearman’s correlation analysis between the colonic microbiota and gut barrier integrity or inflammation-related signaling parameters. *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

The demand for efficient and healthful pig production has posed challenges for the implementation of early weaning in the modern swine industry (34). Multiple stressors encountered during the early weaning contribute to transient anorexia, gut inflammation, and the disturbance of the intestinal flora of piglets (2). The exploration of cross-interaction between GI inflammation, gut microbiota and metabolomic in weaning piglets is prerequisite of develop strategies to overcome weaning stress and optimize the weaning transition (35). Our integrated analysis revealed that early weaning caused serious colonic inflammation in the piglets, which is linked with impaired mucosal barrier function. We also found that autophagy and apoptosis-related signaling pathways played an important role in promoting the inflammatory process. TLR4 is a major inducer of apoptosis. We observed high levels of TLR4 activation in the WP group, which suggested that the occurrence of intestinal inflammation post-weaning was related with the disturbance of the gut microbiome (13). Although there was a partial overlap in the composition of the gut microbiome and metabolome profiles between the SP and WP groups, the colonic symptom-associated features identified in the current study presented differences between the two groups.

Consistent with previously reported results, weaning stress resulted in severe damage to the colon, which morphologically manifested as high crypt density loss, hyperplasia, and compromised mucosal integrity (36, 37). The intestine of weaning piglets is not fully functionally developed and cannot adapt to sudden dietary transitions and/or environmental changes, which may be the main cause of weaning-associated intestinal inflammation. Impaired barrier function leads to excessive leakage of intraluminal antigens, toxins, and the consequent activation of an intestinal immune response (38). Indeed, the loss of the gut mucus layer and the reduction in the levels of tight junction proteins were evident in the piglets after weaning. Deficiencies in these components indicated that the capacity of the intestinal barrier to defend against pathogens and luminal antigens was impaired (39). These observations suggested that an imbalance in autophagy and apoptosis resulting from weaning stressors could be involved in the etiology of post-weaning enteric inflammation.

In the current study, the TUNEL and TEM analyses confirmed that discontinuous mucosal and transmural inflammation was the noticeable worsening of cell apoptosis seen in the colon tissue of weaned piglets. Meanwhile, ELISA analysis showed that the relatively higher production of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) were in the WP group than in the SP group, which indicated that early weaning led to the systemic inflammatory cytokine profiles of the piglets. Conversely, the WP group showed a reduced IL-10, which often exerts critical suppressive effects on the progress of gut inflammation (40). Changes in the release levels of these cytokines can modulate autophagy and apoptosis in response to adverse conditions, such as dysbiosis of the gut microbiota (41). Notably, we found that the level of the autophagosome marker LC3 was reduced in colon tissues of the weaned piglets, suggesting a deficiency in autophagosome elongation and assembly. Beclin-1 and ATG5 proteins are critical for the completion of autophagy involving the LC3-conjugation machinery (42, 43). These autophagy-related molecules were markedly downregulated in WPs, which may account for the decreased autophagic flux seen in the colon of the weaned piglets. Our results supported that a link exists between autophagy and goblet cell function, which is in line with a previous report (44). The emerging evidence has indicated that appropriate levels of autophagy in the intestinal epithelium functions as a deterrent to cytokine-meditated programmed cell apoptosis, thereby promoting intestinal homeostasis and limiting immunopathology (43, 45). In the current study, autophagy deficiency and an abnormal pro-inflammatory cytokine elevation occurred simultaneously in the WP group, which suggested that weaned piglets are susceptible to immunopathology resulting from the activity of proinflammatory cytokines, particularly IL-1β. Accordingly, we further tested the release and activation status of IL-1β. TLR4 modulates the secretion of various cytokines following the sensing of exogenous pathogen-associated molecules, which plays a significant role in mediating gut microbiota disorder-induced enteric infections (46). Similarly, we found that TLR4 and P38MAPK were highly expressed, and P38MAPK phosphorylation was also enhanced in the WP group. Upon microbial invasion, the activation of TLR4/P38MAPK signaling accelerates P38MAPK phosphorylation, which further induces the release of IL-1β (14, 47). The expression of caspase-1 p10 was also markedly higher in the WP group than in the SP group. Caspase-1 p10 is an auto-cleaved fragment of caspase-1 responsible for cleaving pro-IL-1β into mature form to induce cell death (48). Additionally, the key executor of the apoptotic process, caspase-3, was also highly activated in the WP group, which confirmed the occurrence of severe apoptotic progression during early weaning. Collectively, these results suggested that early weaning led to reduced autophagy and aberrant elevated apoptosis in the colon.

Early weaning caused a reduction in gut microbial richness and diversity and shifted the microbial community in piglets, which was in line with previous findings (49, 50). This reduction in gut microbial richness and diversity might be due to the imbalance between symbionts and potentially pathogenic microorganisms by assessment of PICRUSt2 in this study. Differences in sequence abundance in each taxonomic branch were indicative of the existence of taxonomic perturbations, which allowed for distinguishing the WP group from the SP group. Bifidobacterium, Bacillus, Bacteroides, and Lactobacillus were abundant in the SP group than in the WP. Most of these bacteria are considered as probiotics for a long history (51, 52). Faecalibacterium was found to exert anti-inflammatory effects on both cell and mouse models of colitis (53). The absence of these commensal bacteria may be relative with the gut physiology dysbiosis of the piglets in the WP group. Meanwhile, the gut microbial ecosystem in WPs was characterized by the enrichment of Butyrivibrio and Succinivibrio. The Spearmen correlation analysis suggested that the differentially abundant gut microbiota community of the WP group was significantly associated with intestinal barrier function and inflammation-related signals. Such disturbances in the intestinal flora and loss of microbial biomass at the early stage of life have previously been reported to be highly associated with GI diseases (54).

Major shifts in microbial composition will lead to an unstable network of microbes, which is often associated with poor host health (55). In this study, co-occurrence analysis was employed to discern the differences in network associations across microbial communities from the SP and WP groups. The bacterial interactions were more intricate and extensive in the SPs than in the WPs. Empirical work has shown that reduced ecological interaction frequencies can disrupt the stability of the microbiome within the mammalian intestine, with detrimental consequences for the health of the host (55). Moreover, based on node properties, we found that the importance of some community members in the network had changed in the weaned piglets. Although five relatively consistent modules of co-occurring gut microbes were detected in both the SP and WP groups. Some species with high ‘degree’ and ‘clustering coefficient’ scores contributed equally to the networks of the SP group, which were evenly distributed and dispersed. In contrast, several important species played a dominant role in constructing the network of the WP group, such as Anaerovibrio, Roseburia, Pyramidobacter, Butyrivibrio, and Collinsella. In addition to changes in diversity, symbiotic relationships tended to be concentrated and monotonous in the WP group, which would be expected to exert a long-term adverse effect on the intestinal health of the piglets (56–58).

The gut metabolites can mediate the interactions between the gut microbiota and the host (16, 21). Multiple-omics analyses yielded unique and differential features of microbiota-metabolic correlations between the SP and WP groups. The abundances of leucine, isoleucine, and lysine were significantly decreased in the WP group than in the SP group. These metabolites were positively correlated with the number of dominant bacteria in the SP group based on correlation analysis. Meanwhile, the prediction of microbial biological function showed that the pattern amino acid metabolites utilization mediated by the intestinal microflora had collapsed in the weaned piglets. The loss of amino acid metabolites may cause an aberrant progression of mucus synthesis (59), because the synthesis of ‘mucin domain’, a core element of mucins, requires various amino acid residues (60). Furthermore, early weaning resulted in a prominent decrease in the levels of purine metabolites such as xanthine, inosine, and guanosine. We also found that several bacteria, such as Bacillus, Escherichia, Akkermansia, and Ruminococcus, may be involved in purine metabolism, which is consistent with previous studies (61, 62). A previous study reported that gut microbial-derived purine metabolites could attenuate intestinal barrier dysfunction (62). These findings may partly explain the inflammatory response present in the colon of the weaned piglets.

In conclusion, early weaning resulted in damage to colonic crypt architecture and a severe inflammatory response, which may be attributable to the dysregulation of autophagy and the TLR4/P38MAPK/IL-1β-mediated apoptotic signaling pathway. Meanwhile, early weaning not only caused the loss of richness and diversity of the microbial community and the dysregulation of the pattern of co-occurrence, but also concomitantly induced metabolic changes in the colonic content. Gut microbiota disturbance caused by early weaning inhibited autophagy and activated the TLR4/P38MAPK/IL-1β apoptosis signaling pathway, ultimately aggravated colon inflammation. These findings provide new knowledge concerning exploiting microbial metabolites to regulate gut barrier integrity and immune responses in weaned piglets.
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An increase in mast cells (MCs) and MCs mediators has been observed in malaria-associated bacteremia, however, the role of these granulocytes in malarial immunity is poorly understood. Herein, we studied the role of mouse MC protease (Mcpt) 4, an ortholog of human MC chymase, in malaria-induced bacteremia using Mcpt4 knockout (Mcpt4-/-) mice and Mcpt4+/+ C57BL/6J controls, and the non-lethal mouse parasite Plasmodium yoelii yoelii 17XNL. Significantly lower parasitemia was observed in Mcpt4-/- mice compared with Mcpt4+/+ controls by day 10 post infection (PI). Although bacterial 16S DNA levels in blood were not different between groups, increased intestinal permeability to FITC-dextran and altered ileal adherens junction E-cadherin were observed in Mcpt4-/- mice. Relative to infected Mcpt4+/+ mice, ileal MC accumulation in Mcpt4-/- mice occurred two days earlier and IgE levels were higher by days 8-10 PI. Increased levels of circulating myeloperoxidase were observed at 6 and 10 days PI in Mcpt4+/+ but not Mcpt4-/- mice, affirming a role for neutrophil activation that was not predictive of parasitemia or bacterial 16S copies in blood. In contrast, early increased plasma levels of TNF-α, IL-12p40 and IL-3 were observed in Mcpt4-/- mice, while levels of IL-2, IL-10 and MIP1β (CCL4) were increased over the same period in Mcpt4+/+ mice, suggesting that the host response to infection was skewed toward a type-1 immune response in Mcpt4-/- mice and type-2 response in Mcpt4+/+ mice. Spearman analysis revealed an early (day 4 PI) correlation of Mcpt4-/- parasitemia with TNF-α and IFN-γ, inflammatory cytokines known for their roles in pathogen clearance, a pattern that was observed in Mcpt4+/+ mice much later (day 10 PI). Transmission success of P. y. yoelii 17XNL to Anopheles stephensi was significantly higher from infected Mcpt4-/- mice compared with infected Mcpt4+/+ mice, suggesting that Mcpt4 also impacts transmissibility of sexual stage parasites. Together, these results suggest that early MCs activation and release of Mcpt4 suppresses the host immune response to P. y. yoelii 17XNL, perhaps via degradation of TNF-α and promotion of a type-2 immune response that concordantly protects epithelial barrier integrity, while limiting the systemic response to bacteremia and parasite transmissibility.
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Introduction

Malaria is a vector-borne parasitic disease caused by infection with protozoa of the genus Plasmodium. The disease is endemic in tropical and sub-tropical regions worldwide and affects about 45% of the global population. In 2019, there were an estimated of 229 million malaria cases and 409,000 deaths, mainly due to Plasmodium falciparum, with 67% of malaria deaths in children under 5 years (1). Numerous studies have indicated that children with acute falciparum malaria are predisposed to developing concomitant bacteremia, resulting in increased risk of mortality (2). In contrast, a lower prevalence of bacteremia has been reported in adults with severe malaria (3). However, as observed in children with malaria, adult bacteremic patients present with increased disease severity and have a greater risk of death than non-bacteremic patients regardless of parasitemia levels (4; 5).

Our studies with malaria in mouse and non-human primate models have demonstrated that intestinal permeability and bacteremia are functionally associated with increased intestinal infiltration of mast cells (MCs) or intestinal mastocytosis (6–8). MCs are rare granulocytes that can respond to and synthesize a large number of effectors including prostaglandin D2, cytokines, chemokines, heparin and histamine as well as a variety of proteases such as tryptases, carboxypeptidase A3 and chymases (9–11). In previous work, we demonstrated that L-arginine and L-citrulline supplementation reversed murine malaria-induced intestinal mastocytosis, significantly reduced bacteremia, and improved epithelial barrier morphology (6). Further, we showed that MC-deficient mice with malaria exhibited reduced gut permeability and bacteremia relative to controls, with histamine contributing to some but not all of this pathology (7), supporting the involvement of MCs in malaria-induced gut barrier disruption. In recent studies with the nonlethal mouse parasite Plasmodium yoelii yoelii 17XNL, we observed increased circulating MC protease-4 (Mcpt4) at 4 days post infection (PI) (10-fold above control) and 8 days PI (6-fold above control) and sharply increased numbers of intestinal MCs on those same days. Infection was also associated with rising levels of IgE and the MC-activating type-2 cytokines interleukin (IL)-3, -4, -5, -9, -10 and -13 as well as increased intestinal permeability and bacteremia through 10 days PI (8).

Mouse Mcpt4 is functionally homologous to human chymase and has been associated with MC-dependent regulation of intestinal epithelial cell migration and barrier function (12), the extravascular coagulation system (13), survival in models of sepsis and traumatic spinal cord injury and recruitment of leukocytes in a variety of inflammatory contexts (10). Together with our data showing high circulating levels of Mcpt4 during P. y. yoelii 17XNL infection (8), these observations suggested that Mcpt4 could contribute to early intestinal epithelial barrier damage and regulation of the observed type-2 immune response shift in this model. To test these hypotheses, we used P. y. yoelii 17XNL-infected Mcpt4-/- and Mcpt4+/+ C57BL/6J mice as well as uninfected controls. Our data demonstrate for the first time that this human chymase ortholog orchestrates the regulation of malarial parasitemia and sexual stage parasite transmissibility as well as intestinal barrier function and host immunity to both infection and bacteremia.



Materials and Methods


Mouse Strains

Female, 7-8 week old Mcpt4-/- (13) and Mcpt4+/+ C57BL/6J mice (Jackson Laboratory 000664) were housed in ventilated micro-isolator caging and provided food and water ad libitum. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Idaho (IACUC Protocol 2020-10, approved 30 March 2020).



Mouse Infection and Monitoring

Mcpt4-/- (n=44) and Mcpt4+/+ (n=44) mice, distributed in three biological replicates, were injected intraperitoneally with 150 μL of P. y. yoelii 17XNL-infected red blood cells (iRBCs, 1 × 106 parasites) as described (8). Control Mcpt4-/- (n=11) and Mcpt4+/+ (n=10) mice were injected with equivalent numbers of uninfected RBCs. Infected mice were distributed into subgroups (n=11), in three replicates of 4, 4 and 3 mice, respectively, that were sacrificed at 4, 6, 8, or 10 days PI. Daily parasitemias were recorded from microscopic examination of Giemsa-stained thin blood films. Blood, plasma and ileum samples were collected and processed as described below.



Bacterial 16S qPCR

Bacterial 16S copy numbers were determined by qPCR as described (8) for individual infected and uninfected mice from the three replicate studies (n=109). Briefly, whole blood was collected into EDTA on the day of necropsy and DNA was isolated using DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer’s protocol. Samples were analyzed in triplicate using DNA SYBR Green/ROX qPCR Master Mix (2X) (Bio-Rad) with 16S primers and quantified against a 16S bacterial DNA plasmid standard curve using a QuantStudio 6 Flex Applied Biosystems qPCR as described (8).



Intestinal Permeability

Intestinal permeability was determined as described (8) for individual mice in the third replicate (n=30), with 15 Mcpt4-/- and 15 Mcpt4+/+ mice distributed in 5 subgroups each of 3 mice. Four subgroups were infected and sacrificed at 4, 6, 8 and 10 days PI and one subgroup served as uninfected controls. Briefly, fasted mice were orally gavaged with 4 kDa fluorescein isothiocyanate (FITC)-dextran and blood samples collected into EDTA at 3 h after gavage were analyzed using a microplate reader (Molecular Devices LLC, San Jose, CA) at excitation/emission wavelengths of 490/520 nm.



Cytokines and Chemokines in Plasma and Ileum Samples

Plasma cytokine and chemokine concentrations (IL-1α, -1β, -2, -3, -4, -5, -6, -9, -10, -12p70, -12p40, -13, -17, IFN-γ, TNF-α, MCP-1, MIP-1α, MIP-1β, RANTES, eotaxin, GM-CSF, KC) were determined for individual infected and uninfected control mice in the three replicates (n=109) using a Bio-Plex Pro™ Luminex assay and analyzed on a Bio-Plex 200 system (Bio-Rad Laboratories) using Bio-Plex Manager software (Bio-Rad Laboratories) as described (8).

Ileum tissue sections (~2 cm long) collected at necropsy were weighed and processed for protein isolation using the Bio-Plex cell lysis kit (Bio-Rad, Hercules, CA). A lysing solution containing Bio-Plex cell lysis buffer and factors 1 and 2, along with a complete protease inhibitor cocktail (Millipore Sigma) was prepped and stored on ice until use. Tissue samples were kept on dry ice prior to lysing. Each tissue was rinsed thoroughly with 500 μL wash buffer provided in the lysis kit. The wash buffer was discarded and replaced with 500 μL of lysis solution. Ileum tissue was then lysed by sonication with a probe sonicator (Branson SFX150, Danbury, CT) using 8-12 pulses at 75 sec with 50% amplitude and 1 sec pause between each pulse. Once ileum tissue was homogenized, samples were transferred to dry ice for minimum of 10 min, then placed on ice to thaw slowly. After thawing, samples were sonicated in a water bath for 3 min then centrifuged at 4500 x g for 4 min at 4 °C. Supernatant was collected and placed on ice. Protein concentration was determined using Pierce BCA assay (ThermoFisher) based on the manufacturer’s protocol. Each sample was diluted 1:20 and absorbance was determined at 595 nm on an iMark Bio-Rad Microplate reader (Bio-Rad, Hercules, CA). Cytokine/chemokine profiles of the supernatants were determined by Bio-Plex Pro™ Luminex as for plasma samples and run in duplicate (14).



ELISAs

Levels of plasma IgE (eBioscience; Thermo Fisher Scientific, Inc.), Mcpt1 (eBioscience) neutrophil elastase (NE) (Abcam) and myeloperoxidase (MPO) (eBioscience; Thermo Fisher Scientific, Inc.) were determined for individual mice in the three replicates (n=109) using commercial ELISAs according to manufacturer’s instructions and a microplate reader (Molecular Devices, LLC).



Ileum Histochemistry

Ileum samples from individual mice in the first two replicates (n=79) were formalin-fixed and embedded in paraffin at the Washington Animal Disease Diagnostic Laboratory, Washington State University, and then subjected to detection of MC chymase activity by naphthol AS-D chloroacetate esterase (NASDCE) activity (Sigma-Aldrich) as described (8).



Immunofluorescence of Mouse Ileum Sections

Paraffin-embedded ileum sections from three mice per time point (n=15) were heated for 20 min at 50 ̊C in a dry oven to soften the paraffin and then treated with xylene (three exchanges, 5 min each) to remove paraffin, followed by a wash/incubation sequence (100%, 90% and 70% ethanol, 5 min each) at room temperature to rehydrate the tissues, then the slides were rinsed in distilled water for 5 min. To enhance antigen retrieval, the slides were steamed for 40 min in Epitope Retrieval Solution (IHC WORLD). Slides were then washed with phosphate-buffered saline (PBS) and incubated for 1 h at room temperature in 5% bovine serum albumin (BSA) to block nonspecific binding sites. After three PBS washes, primary antibodies or isotype controls (1:100 rabbit anti-ZO-1, 1:100 monoclonal rat anti-E-cadherin, 1:100 rabbit primary isotype control, 1:100 mouse primary isotype control, eBioscience) were added, and the slides incubated overnight in a humidified chamber at 4°C. Following this incubation, slides were washed three time with PBS and fluorochrome-labeled secondary antibodies (1:150 chicken anti-rat Alexa Fluor 488 or 1:150 goat anti-rabbit Alexa Fluor 568; Invitrogen) were applied, and the slides were incubated for 1 h in a humidified chamber in the dark. After three PBS washes, coverslips were mounted with ProLong Gold antifade reagent (Invitrogen). Slides were viewed using a Nikon ECLIPSE Ti confocal microscope with a 40x objective. Quantitative analysis of immunofluorescence was performed by densitometry using NIH ImageJ software. A total of 10 to 15 high-power fields (HPF) per section were evaluated for each mouse from three independent biological replicates per time point.



Mosquito Infection

Anopheles stephensi Liston were reared and allowed to feed on P. y. yoelii 17XNL-infected mice as described (15). Briefly, Mcpt4-/- (n=7) and Mcpt4+/+ (n=7) mice from three biological replicates were infected as described above. At 3 days after mouse infection, levels of blood-stage parasitemia, gametocytemia and exflagellation were recorded and each mouse was used to infect 3-5 day old female A. stephensi (∼60 mosquitoes per mouse). At least 30 fed mosquitoes per mouse were dissected and microscopically examined for the presence of oocysts in the midgut at 10 days post-feeding. Midgut oocysts were counted by microscopic examination at 20X magnification.



Statistical Analyses

Parasitemia and bacterial 16S DNA copies per µL of blood were analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test of each time point with the control group, or Šídák’s multiple comparisons test between Mcpt4-/- and Mcpt4+/+ at 4, 6, 8 and 10 days PI. Plasma FITC-dextran, Mcpt1, IgE and NE, ileal MCs per HPF, plasma and ileal cytokines and chemokines and fluorescence intensity of E-cadherin and ZO-1 were analyzed with the Kruskal-Wallis test followed by Dunn’s multiple comparison of infected versus uninfected controls or Mcpt4-/- versus Mcpt4+/+ mice at 4, 6, 8, and 10 days PI. Plasma MPO levels and percentages of infected mosquitoes were analyzed using Fisher’s exact test of Mcpt4-/- versus Mcpt4+/+ mice. The numbers of oocysts per midgut from mosquitoes fed on Mcpt4-/- and Mcpt4+/+ infected mice were compared using the Mann Whitney test. Parasitemia and gametocytemia at day 3 PI were analyzed using an unpaired t test of Mcpt4-/- versus Mcpt4+/+ mice. P values ≤ 0.05 were considered significant. Correlations among parasitemia, blood 16S copies, plasma and ileal cytokines and chemokines as well as plasma IgE, Mcpt1, NE and MPO were assessed by Spearman test at 4, 6, 8, and 10 days PI. Network analysis was performed with Cytoscape® software (www.cytoscape.org) version 3.8.2 using significant Spearman correlation coefficients (P ≤ 0.05) with parasitemia and 16S copies as main targets and MCs and immune factors as sources. Immune factors with a fold-change >1.5 relative to uninfected control were included in the network visualization analyses.




Results


Mcpt4 Deficiency Was Associated With Decreased P. y. yoelii 17XNL Parasitemia and Elevated Intestinal Permeability, But Unaltered Bacteremia Relative to Mcpt4+/+ Mice

Previous studies showed that Mcpt4-/- mice exhibit increased basal intestinal barrier integrity relative to Mcpt4+/+ mice (12), while Mcpt4-/- mice infected with the protozoan parasite Giardia intestinalis showed significantly reduced intestinal cytokine and alarmin expression and increased weight loss over time that was both more rapid and more severe relative to weight loss in infected Mcpt4+/+ mice (16). Together with our data affirming the role of MCs in malaria-induced bacteremia (6, 7), we sought to determine whether Mcpt4 deficiency in the context of malaria was associated with alterations in parasitemia, intestinal permeability and infection-induced bacteremia over time.

In our studies, Mcpt4-/- mice exhibited a trend towards reduced mean P. y. yoelii 17XNL parasitemia by 6 days PI (Mcpt4-/- mice = 3.9%, Mcpt4+/+ mice = 4.6%) and 8 days PI (Mcpt4-/- mice = 12%, Mcpt4+/+ mice = 15%) that was significantly lower relative to Mcpt4+/+ mice by 10 days PI (Mcpt4-/- mice = 18%, Mcpt4+/+ mice = 32%) (Figure 1A). Intestinal permeability, as measured by FITC-dextran translocation in vivo across the gut barrier (Figure 1B), was significantly increased in Mcpt4+/+ mice relative to control at days 4 and 10 PI as previously observed (8). In Mcpt4-/- mice, FITC-dextran levels were significantly increased relative to control at 6 and 8 days PI, with a trend toward higher levels in Mcpt4-/- mice compared to Mcpt4+/+ mice at 4 and 6 days PI that was significant at 8 days PI (Figure 1B). Levels in Mcpt4-/- mice decreased to control at 10 days PI (Figure 1B). Despite a pattern of increased intestinal permeability in Mcpt4-/- mice, infected Mcpt4-/- and Mcpt4+/+ mice exhibited similarly increased bacterial 16S DNA levels in blood over time (Figure 1C). In contrast to Mcpt4-dependent host resistance to G. intestinalis-induced pathology, our data suggested that Mcpt4 suppresses the host immune response to P. y. yoelii 17XNL with alterations in parasitemia that overlapped with Mcpt4-dependent changes in intestinal permeability.




Figure 1 | Plasmodium y. yoelii 17XNL parasitemia was decreased, intestinal permeability to FITC-dextran was increased, but bacteremia over time was not different in Mcpt4-/- relative to Mcpt4+/+ mice. (A) Peripheral parasitemia following P. y. yoelii 17XNL infection, (B) intestinal permeability quantified as FITC-dextran in plasma of infected and uninfected mice after oral gavage and (C) bacterial 16S DNA copies/µL of blood in infected and uninfected mice. Each dot represents a single mouse. Parasitemia and bacterial 16S copies were determined for the three replicates (n=11 per group, per time point), while FITC-dextran was determined using the last replicate of mice only (n=3 mice per group per time point). Parasitemia and log 16S copies per μL of blood were analyzed using one-way ANOVA followed by Dunnett’s or Šídák’s multiple comparisons test; lines represent the mean. FITC-dextran data were analyzed with the Kruskal-Wallis test followed by Dunn’s test for multiple comparisons for each time point versus control or between Mcpt4-/- and Mcpt4+/+ mice at specific time points; lines represent the median. P values ≤ 0.05 were considered significant. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.





P. y. yoelii 17XNL-Infected Mcpt4-/- Mice Exhibited Earlier Increases in Infection-Associated Ileal MCs and Higher Circulating Levels of IgE Relative to Infected Mcpt4+/+ Mice

Together with data showing that Mcpt4 controls intestinal barrier function (12) and the potential for autocrine regulation of MCs by chymase/Mcpt4 (17), our observations of MC-dependent malaria-induced disruption of the intestinal barrier suggested that Mcpt4 might mediate intestinal MC accumulation and activation during P. y. yoelii 17XNL infection. To test this hypothesis, we counted NASDCE-positive ileal MC and quantified plasma Mcpt1 as an additional marker of MC activation in control uninfected and P. y. yoelii 17XNL-infected Mcpt4-/- and Mcpt4+/+ mice.

An infection-associated increase in ileal MCs was observed in Mcpt4-/- mice at 6 days PI relative to uninfected controls, while no increase was noted in Mcpt4+/+ mice at this time point (Figures 2A, D). By 8 and 10 days PI, both infected Mcpt4+/+ and Mcpt4-/- mice exhibited significantly increased ileal MCs relative to uninfected controls (Figures 2A, D and Figure 1S). While Mcpt1 levels rose over time with infection, there were no differences in plasma Mcpt1 levels between Mcpt4+/+ and Mcpt4-/- mice at any time point PI (Figures 2A, B). Elevated levels of IgE were observed at 8 days PI in both Mcpt4+/+ and Mcpt4-/- mice relative to control uninfected mice with a trend towards higher levels in Mcpt4-/- mice (Figure 2C). By 10 days PI, IgE levels dropped in both groups and were no longer significant relative to control uninfected mice, but IgE levels in infected Mcpt4-/- mice were significantly higher than levels in infected Mcpt4+/+ mice (Figure 2C). Mcpt4 deficiency has been associated with increased serum IgE levels in a model of airway allergic inflammation (18), suggesting an effect of Mcpt4 that is conserved in our model. Overall, our data indicate that significantly increased intestinal MCs appeared earlier in infected Mcpt4-/- mice. Further, contrary to our hypothesis, MC activation is not disabled by Mcpt4 depletion, a state which is also associated with a stronger and more sustained IgE response later in infection.




Figure 2 | Plasmodium y. yoelii 17XNL-infected Mcpt4-/- mice exhibited earlier infection-associated increases in ileal MCs and higher circulating levels of IgE relative to infected Mcpt4+/+ mice. (A) Numbers of ileal MCs per high-powered field (HPF) from naphthol AS-D chloroacetate esterase (NASDCE) stained sections from uninfected control mice and infected Mcpt4-/- and Mcpt4+/+ mice. (B) Plasma MC protease 1 (Mcpt1) concentrations as determined by ELISA. (C) Plasma IgE concentrations as determined by ELISA. (D) Representative stained MCs (pink cells indicated by yellow arrows) in ileum of Mcpt4-/- (left) and Mcpt4+/+ (right) mice at 8 days PI. Number of MCs and IgE levels in plasma were determined for biological replicates 1 and 2 (n=8 mice per group per time point), while plasma Mcpt1 levels were determined for the three replicates (n=11 mice per group per time point). Data were analyzed with the Kruskal-Wallis test followed by Dunn’s multiple comparison for each time point versus control or between Mcpt4-/- and Mcpt4+/+ mice at specific time points; lines represent the median. P values ≤ 0.05 were considered significant. *P ≤ 0.05, **P ≤ 0.01; ***P ≤ 0.001, ****P ≤ 0.0001.





Mcpt4 Deficiency Was Associated With Altered Patterns of Ileal Adherens Junctions During P. y. yoelii 17XNL Infection Relative to Mcpt4+/+ Mice

Differences in intestinal permeability can be positively associated with physical structure of the intestinal epithelial barrier and MCs are important regulators of the integrity of this barrier (19, 20). Accordingly, we evaluated distribution and intensity of zonula occludens 1 (ZO-1) and E-cadherin in the ileal epithelium as indicators of the integrity of intracellular tight junctions (TJs) and adherens junctions (AJs), respectively, in tissue sections from uninfected and infected Mcpt4-/- and Mcpt4+/+ mice (Figures 3A, B).




Figure 3 | Mcpt4-/- mice exhibited altered patterns of ileal adherens junctions during P. y. yoelii 17XNL infection relative to Mcpt4+/+ mice. Representative images from P. y. yoelii 17XNL-infected Mcpt4-/- (A) and Mcpt4+/+ (B) mice and uninfected controls. The top, middle and bottom rows contain images of E-cadherin (green) and ZO-1 (red) staining and merged images. Scale bars represent 50 μm length. Quantitation of E-cadherin (C) and ZO-1 (D). Quantitative analysis of fluorescence was performed using NIH ImageJ software. Data are represented as mean ± SD from 10-15 HPF per mouse from three independent biological replicates (n=5 Mcpt4-/- mice and n=5 Mcpt4+/+ mice per replicate). Data were analyzed with the Kruskal-Wallis test followed by Dunn’s multiple comparison for each time point versus control or between Mcpt4-/- and Mcpt4+/+ mice at specific time points. P values ≤ 0.05 were considered significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.



In uninfected control mice, E-cadherin and ZO-1 staining intensities were significantly lower in Mcpt4-/- relative to Mcpt4+/+ mice (Figures 3C, D). E-cadherin staining was significantly increased by parasite infection in Mcpt4-/- mice at 4 and 6 days PI and these increases were significant relative to infected Mcpt4+/+ mice within these time points (Figure 3C). E-cadherin staining in infected Mcpt4-/- mice was significantly lower than in infected Mcpt4+/+ mice at days 8 and 10 PI, but staining intensities at these time points were not different from uninfected controls. ZO-1 staining was significantly increased in Mcpt4-/- mice at 4, 6, and 8 days PI relative to uninfected controls, but staining intensity was not different from infected Mcpt4+/+ mice within these time points (Figure 3D). ZO-1 staining in Mcpt4-/- mice was reduced relative to infected Mcpt4+/+ mice at day 10 PI, but staining intensity at this time point was not different from uninfected controls. In looking more closely at the patterns of staining in infected Mcpt4-/- versus infected Mcpt4+/+ mice, intracellular E-cadherin staining was more evident in infected Mcpt4-/- versus infected Mcpt4+/+ mice at 4 and 6 days PI, while ZO-1 staining remained localized to the cell surface (merge, Figures 3A, B and Figure 2S). Further, intracellular E-cadherin staining at days 4 and 6 PI in Mcpt4-/- mice corresponded with trends toward increased permeability to FITC-dextran relative to Mcpt4+/+ at days 4 and 6 PI that were followed by a significant infection-associated increase at 8 days PI (Figure 1B). In a mouse model of irritable bowel disease (IBD; C1orf106 -/-), intestinal epithelial cells from mutant mice showed increased intracellular versus cell surface staining of E-cadherin in the absence of significant changes in the distribution of ZO-1 (21). Although this pattern was not associated with increased permeability to FITC-dextran in vivo, the C1orf106 -/- intestinal epithelium was significantly more permeable in vitro to the smaller compound lucifer yellow and C1orf106 -/- mice exhibited significantly increased extraintestinal translocation of the enteric pathogen Citrobacter rodentium relative to C1orf106 +/+ mice (21). Taken together with these observations, the shift in intensity and localization of ileal E-cadherin staining in infected Mcpt4-/- mice relative to infected Mcpt4+/+ mice provide an interesting foundation for future studies.



Mcpt4 Deficiency Was Associated With Decreased Neutrophil Activation During P. y. yoelii 17XNL Infection

The association of altered ileal adherens junctions in a mouse model of IBD with both increased intestinal permeability and increased extraintestinal translocation of gut bacteria (21) pointed to a clear difference compared with our data. That is, relative to Mcpt4+/+ mice, parasitemia was reduced in Mcpt4-/- mice (Figure 1A), adherens junctions were altered (Figures 3A–C) and intestinal permeability to FITC-dextran was markedly increased (Figure 1B), but there were no differences in blood 16S copies over time between infected Mcpt4-/- and Mcpt4+/+ mice (Figure 1C). Human chymase and mouse Mcpt4 can induce the inflammatory recruitment and accumulation of neutrophils (10), cells which could provide protection against infection but also contribute to disease pathology (22). To examine neutrophil activation in the context of parasite infection and Mcpt4 deficiency, we examined levels of plasma myeloperoxidase (MPO) and neutrophil elastase (NE) (23), antimicrobial effectors frequently used as markers for neutrophil activation (24, 25). The proportions of MPO-positive mice varied across infection with no difference at 4 days PI, decreased MPO detection in Mcpt4-/- versus Mcpt4+/+ mice at 6 days PI, low MPO detection in Mcpt4-/- mice relative to no detection in Mcpt4+/+ mice at 8 days PI and decreased MPO detection in Mcpt4-/- versus Mcpt4+/+ mice at 10 days PI (Figure 4A). Levels of plasma NE were not different between Mcpt4-/- and Mcpt4+/+ mice, with elevated levels in both groups at 4, 8, and 10 days PI relative to uninfected controls (Figure 4B). While robust MPO detection at 6 and 10 days PI in infected Mcpt4+/+ mice relative to Mcpt4-/- mice affirmed a role for Mcpt4 in neutrophil activation, these observations were not consistent with increased parasitemia in Mcpt4+/+ mice relative to the Mcpt4-/- mice at 10 days PI (Figure 1A) and with the lack of differences in blood 16S copies in Mcpt4-/- and Mcpt4+/+ mice over time (Figure 1C).




Figure 4 | Mcpt4-/- mice exhibited significantly decreased neutrophil activation at 6 and 10 days following P. y. yoelii 17XNL infection. (A) Plasma myeloperoxidase (MPO) detection by ELISA, represented as percentage of positive plasma samples at 4, 6, 8, and 10 days PI. (B) Plasma neutrophil elastase (NE) as determined by ELISA. MPO and NE were determined for the three biological replicates (n=11 mice per group per time point). MPO data were analyzed with Fisher’s exact test and NE data were analyzed with the Kruskal-Wallis test followed by Dunn’s multiple comparison for each time point versus control or between Mcpt4-/- and Mcpt4+/+ mice at specific time points. P values ≤ 0.05 were considered significant. **P ≤ 0.01; ***P ≤ 0.001, ****P ≤ 0.0001.





Cytokine Profiles During P. y. yoelii 17XNL Infection Suggested an Earlier Type-1 Immune Response in Mcpt4-/- Mice and a Type-2 Response in Mcpt4+/+ Mice

Given that Mcpt4 can degrade a variety of pro-inflammatory cytokines (10), we hypothesized that a deficiency in this protease could be correlated with increased levels of cytokines associated with host protection against parasite infection and bacteremia. To test this hypothesis, we examined cytokine and chemokine levels in both plasma and ileum tissue over time to reveal patterns of systemic and local responses, respectively, following P. y. yoelii 17XNL infection in Mcpt4-/- and Mcpt4+/+ mice.

The pro-inflammatory cytokines IL-12p40 (Figure 5A) and TNF-α (Figure 5B) as well as the MC growth factor IL-3 (Figure 5C) were significantly increased in plasma of Mcpt4-/- mice compared to uninfected controls early after infection (4 days PI). In Mcpt4+/+ mice, IL-2 (Figure 5D), IL-10 (Figure 5E) and MIP-1β/CCL4 (Figure 5F) were significantly increased compared to uninfected controls by the same days PI as observed previously (8). Pro-inflammatory IL-6 (Figure 5G), IFN-γ (Figure 5H) and IL-1β (Figure 5I), the type 1 chemokine MIP-1α/CCL3 (Figure 5J), the type 2 regulatory cytokine IL-4 (Figure 5K), MCP-1/CCL2 (Figure 5L), RANTES/CCL5 (Figure 5M) and the granulocytic growth factor GM-CSF (Figure 5N) were increased in plasma at 4 days PI in both Mcpt4-/- and Mcpt4+/+ mice. Within time points, MCP-1/CCL2 was significantly different between Mcpt4-/- and Mcpt4+/+ mice at 10 days PI (Figure 5L). Increased plasma levels of IL-9 (Figure 5O) and IL-13 (Figure 5P), both of which are associated with type 2 immunity and MC activation, were observed at 6 and 8 days PI, respectively, in both Mcpt4-/- and Mcpt4+/+ mice. Eotaxin/CCL11 was significantly decreased relative to control by 10 days PI in both Mcpt4-/- and Mcpt4+/+ mice (Figure 5Q). No differences relative to control were observed for IL-12p70 (Figure 5R), IL-17 (Figure 5S) and KC (CXCL1) (Figure 5T). Overall, these results suggested an early type 1 response in infected Mcpt4-/- mice and skewing towards a type-2 response in infected Mcpt4+/+ mice over the same time period. Based on MCP-1/CCL2 regulation of the migration and infiltration of monocytes and macrophages (26), an early type-1 response and elevated MCP-1/CCL2 in Mcpt4-/- relative to Mcpt4+/+ mice could explain the significant reduction in parasitemia in Mcpt4-/- mice.




Figure 5 | Plasma cytokines and chemokines in P. y. yoelii 17XNL-infected Mcpt4-/- and Mcpt4+/+ mice and uninfected controls. (A–T) The x axis represents the time points in days after infection, and the y axis represents the concentrations of IL-12p40 (A), TNF-α (B), IL-3 (C), IL-2 (D), IL-10 (E), MIP1β (CCL4) (F), IL-6 (G), IFN-γ (H), IL-1β (I), MIP1α (CCL3) (J), IL-4 (K), MCP-1 (CCL2) (L), RANTES (CCL5) (M), GM-CSF (N), IL-9 (O) IL-13 (P) Eotaxin (CCL11) (Q), IL-12p70 (R), IL-17 (S) and KC (CXCL1) (T). Each dot represents a single mouse. Plasma cytokines were determined for the three biological replicates (n=11 mice per group per time point). Data were analyzed with the Kruskal-Wallis test followed by Dunn’s multiple comparison for each time point versus control or between Mcpt4-/- and Mcpt4+/+ mice at specific time points. P values ≤ 0.05 were considered significant. *P ≤ 0.05, **P ≤ 0.01; ***P ≤ 0.001, **** P ≤ 0.0001.



In the ileum, early expression (4 days PI) of IL-12p40 (Figure 6A) and IL-4 (Figure 6B) were observed in Mcpt4-/- mice, while increased expression of IL-12p70 (Figure 6C) (antagonist of IL-12p40), IL-10 (Figure 6D) and the neutrophil chemoattractant KC/CXCL1 (Figure 6E) were observed in Mcpt4+/+ mice at the same time point, followed by RANTES/CCL5 (Figure 6F) at 6 days PI in the same group of animals. Early (4 days PI) increases in MCP-1/CCL2 (Figure 6G) and MIP-1α/CCL3 (Figure 6H) were observed in both Mcpt4-/- and Mcpt4+/+ mice, followed by later (8 days PI) increases in MIP-1β/CCL4 (Figure 6I) in Mcpt4-/- mice and IL-6 (Figure 6J) in both Mcpt4-/- and Mcpt4+/+ mice. No differences relative to control were observed for IL-17 (Figure 6K) and IL-2 (Figure 6L). In general, ileum cytokine levels were lower than plasma levels, but as observed in plasma samples, the local ileal immune response in Mcpt4-/- mice was more consistent with a type-1 immune response (IL-12p40), while the local response in Mcpt4+/+ mice was more type-2 (IL-12p70, IL-10).




Figure 6 | Ileal cytokines and chemokines in P. y. yoelii 17XNL-infected Mcpt4-/- and Mcpt4+/+ mice and uninfected controls. (A–L) The x axis represents the time points in days after infection, and the y axis represents the concentrations of IL-12p40 (A), IL-4 (B), IL-12p40 (C), IL-10 (D), KC (CXCL1) (E), RANTES (CCL5) (F), MCP-1 (CCL2) (G), MIP1α (CCL3) (H), MIP1β (CCL4) (I), IL-6 (J), IL-17 (K) and IL-2 (L). Each dot represents a single mouse. Cytokines levels in ileum were determined for the three biological replicates (n=11 mice per group per time point). Data were analyzed with the Kruskal-Wallis test followed by Dunn’s multiple comparison for each time point versus control or between Mcpt4-/- and Mcpt4+/+ mice at specific time points. P values ≤ 0.05 were considered significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.





Correlation Analyses and Network Visualization Affirmed a Stronger Earlier Immune Response in Mcpt4-/- Mice Relative to Mcpt4+/+ Mice

To visualize the networked host response, we first constructed correlation matrices for Mcpt4-/- and Mcpt4+/+ mice to identify significant positive and negative relationships over time between parasitemia and blood 16S copies with ileal MC numbers, levels of plasma and ileal cytokines and chemokines, plasma IgE, plasma Mcpt1, MPO and NE (Figure S3). Significant correlations (P ≤ 0.05) with fold changes > 1.5 relative to uninfected controls were used to build interaction networks by day to better understand these complex host responses (Figure 7).




Figure 7 | Network visualization of Mcpt4-/- and Mcpt4+/+ mouse phenotypes during P. y. yoelii 17XNL infection. Network visualization of significant correlations (Figure S3) at different times post-infection in Mcpt4-/-mice (left) and Mcpt4+/+ mice (right). The size of a circular node represents relative fold change (larger circle = larger fold change) of a parameter calculated as average levels in infected mice/average levels in control uninfected mice. The border width represents the degree or number of connections (the higher the number of connected edges, the thicker the edge). Parasitemia and 16S nodes are presented in gray, blue nodes are pro-inflammatory cytokines and chemokines (type-1 immune response), pink nodes are anti-inflammatory or regulatory cytokines and chemokines (type-2 immune response), green nodes are type-17 immunity-related cytokines and chemokines, orange nodes represent cells and cells markers (MCs, Mcpt1, MPO and NE). Gray strokes connect nodes with positive correlations and red strokes reflect negative correlations. Increasing stroke line width reflects increasing Spearman’s correlation value.



At 4 days PI, Mcpt4-/- mice exhibited a more balanced type-1/type-2 immune response relative to Mcpt4+/+ mice as evidenced by the presence of IFN-γ at the center of the host response network and the presence of plasma IL-17. In Mcpt4-/- mice, MCs were also networked directly and negatively correlated with parasitemia, suggesting early MC regulation of parasitemia. In Mcpt4+/+ mice, no correlations between parasitemia and any cytokines or chemokines were observed at 4 days PI, and the host response appears to be driven primarily by blood 16S copies at the level of the ileum. Plasma IgE was positively correlated with parasitemia in both Mcpt4-/- and Mcpt4+/+ mice, with this being the only direct correlation with parasitemia in Mcpt4+/+ mice.

By 6 days PI, no correlations were observed between parasitemia and any cytokines or chemokines in Mcpt4-/- or Mcpt4+/+ mice. The host responses in both Mcpt4-/- and Mcpt4+/+ mice were 16S-dependent with blood 16S copies directly and positively correlated with plasma MCP-1/CCL2 and eotaxin/CCL11 and ileal MIP-1β/CCL4 as well as NE and MPO in Mcpt4-/- mice. In Mcpt4+/+ mice, blood 16S copies were negatively correlated with NE and MCs and positively correlated with plasma eotaxin/CCL11 and MCP-1/CCL2.

By 8 days PI, parasitemia in Mcpt4-/- was correlated with larger fold changes in plasma type-2 cytokines (IL-3, IL-13 and IL-10) and chemokines (MIP-1α/CCL3 and MIP-1β/CCL4), while blood 16S copies were correlated directly and positively with plasma eotaxin/CCL11, IL-9, MCP-1/CCL2 and RANTES/CCL5 and ileal KC/CXCL1. Plasma MCP-1/CCL2 and ileal KC/CXCL1 connected blood 16S copies with a series of ileal cytokines and chemokines (IL-6, IL-10, MCP-1/CCL2, MIP-1α/CCL3, MIP-1β/CCL4 and RANTES/CCL5) and with MCs. In Mcpt4+/+ mice, parasitemia was positively correlated with plasma IL-10 and negatively with plasma IL-1β while blood 16S copies were positively correlated with MCs and Mcpt1

By 10 days PI, parasitemia in Mcpt4-/- mice was correlated only with the pro-inflammatory cytokine IL-17 in the plasma and this correlation was negative. The overall host response in Mcpt4-/- mice appears to be driven by blood 16S copies, with a notable number of direct negative correlations with plasma and ileal cytokines and chemokines. In Mcpt4+/+ mice, parasitemia is the overwhelming focal point of the host immune response, with correlations between type 1 (IFN-γ) and type 2 (IL-10 and IL-13) cytokines and chemokines as well as MPO. In Mcpt4+/+ mice, MCs connect with parasitemia through Mcpt1 and are positively correlated with blood 16S copies.



Mcpt4 Deficiency Was Associated With Increased P. y. yoelii 17XNL Transmission to Anopheles stephensi

The interruption of malaria parasite transmission from infected humans to mosquitoes is one of the main challenges for malaria control and elimination programs. It has been established that naturally acquired immune responses to gametocytes can affect parasite infectiousness to Anopheles mosquitoes (27). To identify the effects of Mcpt4 on gametocytemia and parasite transmission in our model, we exposed infected Mcpt4-/- and Mcpt4+/+ mice to 3-5 day old female A. stephensi. In three biological replicates, midgut oocyst numbers were modestly, but significantly higher in A. stephensi fed on Mcpt4-/- mice relative to mosquitoes fed on infected Mcpt4+/+ mice (Figure 8A). Similarly, a higher percentage of mosquitoes were infected following feeding on Mcpt4-/- versus Mcpt4+/+ mice (Figure 8B). Surprisingly, there were no differences in exflagellation (not shown), parasitemia (Figure 8C) or gametocytemia (Figure 8D) between infected Mcpt4-/- and Mcpt4+/+ mice on the day of mosquito infection. Taken together, these results suggest that the mouse chymase Mcpt4 alters parasite transmissibility without discernable effects on peripheral gametocytemia.




Figure 8 | Transmission of P. y. yoelii 17XNL from infected Mcpt4-/- and Mcpt4+/+ mice to Anopheles stephensi. Panels (A, B), respectively, represent the numbers of oocysts per midgut and proportions of infected mosquitoes in three independent biological replicates. Panels (C, D), respectively, illustrate the percentages of mouse erythrocytes infected with asexual stage P. y. yoelii 17XNL and sexual stage gametocytes on the day of mosquito infection (day 3 PI). Parasite transmission was determined in three biological replicates (n=7 mice per group, 30 fed mosquitoes per mouse). The numbers of midgut oocysts in mosquitoes fed on Mcpt4-/- and Mcpt4+/+ infected mice were analyzed by Mann Whitney test. The percentages of infected mosquitoes (mosquitoes with zero oocysts excluded) were analyzed with Fisher’s exact test. Parasitemia and gametocytemia data were analyzed using unpaired t tests. P values ≤ 0.05 were considered significant. *P ≤ 0.05, **P ≤ 0.01.






Discussion

In a previous study, we observed that circulating levels of mouse Mcpt4 were significantly increased at 4 days (10-fold above control) and 8 days (6-fold above control) after P. y. yoelii 17XNL infection (8) with sharply increased intestinal MCs relative to control on the same days. Mcpt4 has been associated with MC-dependent regulation and homeostasis of the intestinal epithelium (12), limiting inflammation in a sepsis model (28), modulating scar development (29, 30) and regulation of the intestinal inflammatory response to G. intestinalis (16), but the role of Mcpt4 in malaria has not been studied. Here we provide data that suggest for the first time that Mcpt4, the ortholog of human chymase, promotes a type-2 immune response, regulates alterations to the intestinal barrier associated with the development of parasitemia and bacteremia and restricts parasite transmission to A. stephensi.

In general, our network analyses revealed patterns and complexity over time that were consistent with an interpretation of temporally accelerated control of parasitemia and a stronger systemic response to bacteremia in Mcpt4-/- mice relative to Mcpt4+/+ mice. The Mcpt4-/- interaction network had a substantially larger number of nodes around parasitemia at days 4 and 8 PI and around blood 16S copies at 4, 8, and 10 days PI than observed in Mcpt4+/+ mice. At 4 days PI, the Mcpt4+/+ network had a single node connected with parasitemia; a strong network focus on parasitemia was delayed in Mcpt4+/+ mice until 10 days PI. In contrast, blood 16S copies were the major network focus in Mcpt4-/- mice at 10 days PI, while parasitemia was separated from the primary network with only a few interacting nodes, a pattern consistent with significantly reduced parasitemia in Mcpt4-/- mice at this time (Figure 1A). Intriguingly, the networks for both Mcpt4-/- mice and Mcpt4+/+ mice at 6 days PI were relatively small and lacked nodes correlated with parasitemia. We previously inferred that this time point is associated with a shift between innate and adaptive immunity in our infection model (8), which appears to be the case herein given the significant increase in IgE for both Mcpt4-/- and Mcpt4+/+ mice at 8 days PI (Figure 2C). However, the nearly identical levels of parasitemia preceding (4 days) and coinciding with this shift (6 days; Figure 1A) suggested that another insult was responsible for the divergence of the Mcpt4-/- and Mcpt4+/+ networks over time. Based on our data, we suggest that this insult was increased intestinal permeability in Mcpt4-/- mice that trended higher than Mcpt4+/+ mice at 4 and 6 days PI, a pattern that was significantly increased by 8 days PI (Figure 1B). We infer from our network analyses that this barrier disruption likely contributed to an earlier and broader systemic immune response in the Mcpt4-/- mice relative to the Mcpt4+/+ mice that maintained blood 16S copies at levels that were not different with Mcpt4+/+ levels at any time point and that significantly reduced parasitemia by 10 days PI in Mcpt4-/- mice. We discuss these patterns and complexity in more detail below to support our inferences.

In contrast to previous studies that showed that Mcpt4-/- mice exhibited increased basal intestinal barrier integrity relative to Mcpt4+/+ mice (12), we observed an infection-associated decrease in intestinal barrier integrity in Mcpt4-/- mice (Figure 1B) and altered ileal E-cadherin staining (Figures 3C, D) that was similar to a pattern associated with increased enteric bacterial translocation in another mouse model (21). Ileal MC numbers in Mcpt4-/- mice were significantly increased relative to control at 6 days PI, two days earlier than observed in Mcpt4+/+ mice, but both Mcpt4-/- and Mcpt4+/+ mice exhibited significantly increased ileal MCs relative to control at 8 and 10 days PI (Figure 2A). The trend toward increased IgE levels in Mcpt4-/- mice relative to Mcpt4+/+ at 8 days PI became significant by 10 days PI (Figure 2C) and could predict increasingly greater MC activation in Mcpt4-/- versus Mcpt4+/+ mice. Intestinal permeability in Mcpt4-/- mice returned to baseline by 10 days PI, however, with a trend towards reduced permeability relative to Mcpt4+/+ mice at this time point (Figure 1C), suggesting a homeostatic correction in Mcpt4-/- mice later in infection. The role of MCs as key modulators of barrier function and homeostasis of the intestinal mucosa has been previously established (20) and we can now add that a leaky gut in Mcpt4-/- mice is associated with substantial changes in the host immune response to malaria parasite infection.

The observed reduction in parasitemia in Mcpt4-/- mice was associated with an earlier type 1 immune response relative to Mcpt4+/+ mice, with increased plasma IL-12p40 (Figure 5A) and TNF-α (Figure 5B) by 4 days PI. Both of these cytokines, as well as IFN-γ, were indirectly correlated with parasitemia through MCs, GM-CSF, KC/CXCL1 and IL-17 at the same time point (Figure 7). In contrast to Mcpt4-/- mice, plasma IL-10 in Mcpt4+/+ mice was significantly increased relative to controls at 4 days PI, two days earlier than in Mcpt4-/-mice (Figure 5E), suggesting earlier immune down-regulation in Mcpt4+/+ mice. By 8 days PI, parasitemia in Mcpt4-/- mice was correlated mainly with type-2 cytokines including large fold-changes in IL-3 and IL-10, which were also notable in Mcpt4+/+ mice. However, the Mcpt4-/- network also included indirect correlations with the chemokines MIP-1α/CCL3 and MIP-1β/CCL4, as well as persistence of IL-12p40, IFN-γ and TNF-α (Figure 7). Pro-inflammatory cytokines, particularly IL-12 and INF-γ, have been associated with protection and parasite clearance in malaria (31, 32). While the role of IL-17 in parasite clearance is not clear, MCs are reported to be an important source of this cytokine in addition to Th17 cells (33–35) and IL-17 levels has been associated with protection against Plasmodium berghei (ANKA strain) (36) and severe disease in falciparum malaria (37). Moreover, tryptase co-released from stimulated human MCs following FcϵRI cross-linking has been associated with in vitro degradation of MCP-1/CCL2 (38), an important chemoattractant of monocytes and macrophages (26) that could also participate in parasite clearance. Some studies have suggested that Mcpt4 also cleaves MCP-1 (39), but others have not shown this (40–42), leaving this biology unclear. IgE levels trended higher at 8 days PI in Mcpt4-/- mice and were significantly higher than Mcpt4+/+ levels at 10 days PI (Figure 2C), suggesting an association between IgE, activated MCs and elevated MCP-1/CCL2 in Mcpt4-/- mice. Together, our data suggest that early MC synthesis of Mcpt4 suppresses the host immune response to P. y. yoelii 17XNL infection, perhaps via degradation of pro-inflammatory TNF-α, IFN-γ and MCP-1/CCL2 (28, 39) and promotion of a type-2 immune response.

Inflammatory cytokines and chemokines can enhance neutrophil responsiveness to circulating bacteria, but in the context of malaria, this response can be compromised (43), so we monitored circulating levels of MPO and NE as markers of neutrophil activation in Mcpt4-/- and Mcpt4+/+ mice over the course of P. y. yoelii 17XNL infection. Surprisingly, MPO detection was reduced in Mcpt4-/- versus Mcpt4+/+ mice at 6 and 10 days PI (Figure 4A), while circulating NE levels gradually increased with infection but were not different between Mcpt4-/- and Mcpt4+/+ mice at any time point (Figure 4B). In our network analyses (Figure 7), MPO was absent in Mcpt4-/- mice at 4 days PI and NE was indirectly correlated with blood 16S copies through plasma eotaxin. At 6 days PI, MPO and NE were positively correlated with blood 16S copies in Mcpt4-/- mice and negatively correlated in Mcpt4+/+ mice. By 8 days PI, MPO was absent in Mcpt4-/- mice and NE was associated with blood 16S copies through RANTES/CCL5. MPO was not detected in the Mcpt4+/+ network, previously, were observed significant increases in neutrophils by day 4 PI that declined to control levels by day 8 PI that could explain the lower levels of MPO at this time point (8). In ileum, NE was negatively associated with IL-12p40, TNF-α and RANTES/CCL5, and positively with plasma IL-9, IFN-γ and IgE. By 10 days PI in Mcpt4-/- mice, NE was positively correlated with IL-17, which was negatively correlated with parasitemia, while MPO in Mcpt4+/+ mice was positively correlated with parasitemia. These results suggest very different roles of neutrophils in bacterial clearance and potential effects on parasitemia in Mcpt4-/- and Mcpt4+/+ mice, perhaps through different activation mechanisms. Reactive oxygen species (ROS)-dependent signaling activation of neutrophil NETosis in response to microbial infections is well established (44). However, NET formation can occur through different signaling pathways depending on the stimulus (45), and NE and MPO have different functions and mechanisms of action. For example, MPO can inactivate NE through HOCl but not H2O2 (46). Mcpt4 has been associated with control of neutrophil extravasation and activation and with limiting associated damage in renal ischemia reperfusion injury (47). The distinct correlations of NE with bacterial 16S copies as well as the differences in MPO expression between the Mcpt4-/- and Mcpt4+/+ mice suggest a novel role for Mcpt4 in neutrophil regulation in the context of malaria.

There is evidence in human malaria that an antibody response to gametocyte surface proteins can influence transmission to mosquitoes (27). It also has been suggested that enhanced transmission can be associated with low antibody titers and low inherent gametocyte infectivity (i.e. low gametocyte densities) (48–50). Relative to Mcpt4+/+ mice, we observed modestly but significantly higher parasite transmission from Mcpt4-/- mice to A. stephensi. This was not reflected in differences in exflagellation, gametocytemia or parasitemia in Mcpt4-/- versus Mcpt4+/+ mice. Transmission success has also been associated with male to female gametocyte ratio (50, 51) and gametocyte maturation (52). Moreover, although the effects of cellular immune responses to sexual stages and associated changes in transmission to mosquitoes is not clear (53), CD4 + T cells have been shown to respond to gametocyte antigens (54, 55). In the mosquito host, ingested mammalian blood factors can significantly and profoundly affect transmission success of both mouse and human malaria parasites to A. stephensi, independently of patterns of gametocytemia and exflagellation (56–59). While it is clear that Mcpt4-dependent host responses can impact parasite transmission to the mosquito host, additional studies are required to define mechanisms that may affect parasite development and maturation in both mammalian and mosquito hosts.

In conclusion, our studies show that Mcpt4 plays a role in sustaining P. y. yoelii 17XNL infection by promoting a type-2 immune response that concordantly protects intestinal epithelial barrier integrity and limits the systemic response to bacteremia. One possible explanation is that iRBC sequestration in the intestine (60), which is well known in falciparum malaria (11) and also reported by us for P. yoelii infection (60), triggers an early inflammatory response that induces local tissue damage and bacterial translocation. This in turn could induce MC activation and degranulation to control the immune response and initially protect intestinal barrier integrity, thereby delaying the immune response to the parasite and allowing parasite replication to proceed. Several studies indicate that MC proteases can inactivate pro-inflammatory mediators via degradation (16, 18, 28, 39), thereby restricting the early pro-inflammatory response to the parasite. This study provides novel findings regarding the contribution of Mcpt4 in promoting acute malaria while concordantly regulating intestinal barrier integrity and parasite transmission.
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Transforming the gut microbiota has turned into the most intriguing target for interventions in multiple gastrointestinal and non-gastrointestinal disorders. Fecal microbiota transplantation (FMT) is a therapeutic tool that administers feces collected from healthy donors into patients to help replenish the gut microbial balance. Considering the random donor selection, to maintain the optimal microbial ecosystem, post-FMT is critical for therapy outcomes but challenging. Aiming to study the interventions of different diets on recipients’ gut microbiota post-FMT that originated from donors with different diets, we performed FMT from domestic vs. wild pigs that are living on low-fiber vs. high-fiber diets into the pseudo-GF mouse, followed with fiber-free (FF) or fiber-rich (FR) diets post-FMT. Different patterns of gut microbiota and metabolites were observed when mice FMT from different donors were paired with different dietary fiber contents. Enrichment of bacteria, including Akkermansia and Parabacteroides, together with alteration of metabolites, including palmitic acid, stearic acid, and nicotinic acid, was noted to improve crypt length and mucus layer in the gut in mice FMT from wild pigs fed an FR diet. The results provide novel insight into the different responses of reconstructed gut microbiota by FMT to dietary fiber. Our study highlighted the importance of post-FMT precise dietary interventions.
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Introduction

Dietary fiber plays a vital role in gut health and shapes gut microbiota by serving as an important substrate and a major energy source for gut microbiota (1, 2). Gut microbiota together with their metabolic compounds could contribute to the gut health of the host or pathogenesis of diseases (3). Insoluble forms of dietary fiber such as cellulose can increase the transit rate of non-digested foodstuff and be fermented by bacteria in the colon. Soluble forms of dietary fiber such as inulin can be fermented by gut microbiota and stimulate the production of metabolites, which are beneficial to the physiology of the host (4). Numerous studies have demonstrated the beneficial aspects of high dietary fiber, while low dietary fiber intake usually contributes to a disruption of gut microbiota and metabolism in the gut (5, 6). The composition and function of gut microbiota were altered when different levels of dietary fiber were introduced. The higher abundances of Lactococcus, Eggerthella, and Streptococcus were found in the gut together with lower levels of short-chain fatty acids (SCFAs) when humans are fed a low-fiber diet (7). As dietary fiber is implemented and digested by gut microbiota, specific metabolites such as SCFAs can be produced to maintain gut barrier integrity (8, 9). The western diet contains low dietary fiber and is suggested to have irreversibly damaged gut microbiota with the disappearance of many bacterial species (10, 11). Mice transplanted with human bacteria and a diet intake lacking fiber have been shown to have reduced microbial diversity in the gut within three generations. What is more, gut microbiota were difficult to restore when a normal fiber diet was then introduced (12).

As a therapeutic approach, fecal microbiota transplantation (FMT) has been applied in the restoration of a disturbed microbial ecosystem and metabolism in the gut, leading to the attenuation of inflammatory or disorder in the recipient (13). Despite that FMT has been demonstrated as an effective practice especially in the treatment of inflammatory bowel disease (IBD) (14, 15), contradictory results of the FMT trials were still observed (16). In the process of FMT, the selection of donors was the first but critical point since gut microbiota composition could vary within healthy individuals (17), which interact between the donor and recipient microbiota at both taxonomical and functional levels (13). Moreover, although patterns of gut microbiota of humans with differential dietary intake were demonstrated (18, 19), the effect of dietary intake of both the donor and recipient during the FMT process has still begun to be further explored (20, 21).

Pigs are one of the earliest domesticated livestock species whose ancestors still exist in large numbers in the wild (22). Similarities in the functional pathways of human and pig gut microbiota provided evidence for an ideal model for human research (23). Unlike domestic pigs that received an “industrialized” diet with low dietary fiber contents, wild pigs mainly feed on a “non-industrialized” diet that includes acorns, wild fruits, grassroots, and stems with high cellulose content and low carbohydrate or fat content. Thus, domestic pigs and wild pigs were selected as models for donors with different dietary fiber intakes.

In this study, pseudo-germ-free mice models were established, and FMT was performed on domestic and wild pigs subsequently, further manipulated with differential dietary fiber contents. We aim to investigate the dynamics of gut microbiota and metabolites in recipient FMT from donors with differential dietary fiber contents, which will provide new insight into the influence of dietary fiber intake on FMT and gut health.



Materials and Methods


Animals and Design

All procedures involving animals were performed in full accordance with and approved by the Animal Care and Use Committee of Zhejiang University (ethics code permit no.: ZJU20170529). Sixty male Institute of Cancer Research (ICR) mice (weight: 20 ± 2 g; age, 8 weeks) were obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). Mice were maintained at 25°C in a 12-h light–dark cycle and had ad libitum access to food and water. The study procedure is shown in Figure 1A. In brief, forty mice were treated with antibiotics for 14 days and FMT from domestic pig microbiota (DM) or wild pig microbiota (WM), while the rest of the mice as control (CON) were free from antibiotics and FMT. After FMT (day 28), each group was further divided into two subgroups receiving a fiber-free (FF) or fiber-rich (FR) diet. The composition of pre-diet, FF diet, and FR diet applied in the study is shown in Figure 1B and Table S1.




Figure 1 | Timeline of trial schematic, diet composition, and bacteria patterns of mice after fecal microbiota transplantation (FMT). (A) Schematic of the mouse model illustrating the timeline of antibiotic treatment, fecal microbiota transplantation (FMT), feeding strategies, and fecal sampling. (B) Composition of the diets employed in this study. (C) Shannon index of the control group (CON), mice FMT with domestic pigs (DM), and wild pigs (WM). (D) Principal coordinates analysis (PCoA) of gut microbiota structures in the mice of the CON, DM, and WM groups. (E, F) Bar plot of phylum and genus levels in the mice of CON, DM, and WM groups. Kruskal–Wallis test with an adjusted p-value of <0.05 was applied. a,b,c Means within the same row followed by different superscripts differ at p < 0.05.





Fecal Microbiota Transplantation

Mice were treated with a cocktail of four antibiotics (ampicillin, 1 g/L; vancomycin, 500 mg/L; neomycin sulfate, 1 g/L; and metronidazole, 1 g/L) for 14 days. Fresh feces were collected from adult wild pigs (Zhejiang Province, China) and domestic pigs (Duroc × Landrace × Large White) and immediately diluted with sterile phosphate-buffered saline (PBS) (1 g/10 ml) and centrifuged at 1,000 rpm at 4°C for 5 min. The suspension was mixed with an equal volume of 40% sterile glycerol to a final concentration of 20% and then stored at −80°C. For FMT, the DM and WM mice were dosed by means of oral gavage with 200 μl of bacterial suspension from domestic pigs or wild pigs every other day for 14 days. CON mice were given 200 μl of PBS solution containing 20% glycerol instead.



Collection of Mouse Fecal and Colonic Samples

Fresh fecal pellets were collected on day 14 (after antibiotic treatment), day 28 (after FMT), and days 42 and 54 (after dietary fiber intervention) and stored at −80°C. At the endpoint, mice were euthanized via an intravenous injection of sodium pentobarbital (50 mg/kg body weight). Segments of the colon were gently flushed twice with 5 ml of 0.9% saline for use in histopathological and mucus-layer analyses.



H&E and Immunofluorescence Staining

H&E staining was performed as previously described (4). Briefly, colonic tissue samples were soaked, covered, and sliced into sections. Sections were soaked and subsequently stained with H&E. Photomicrographs were obtained via optical microscopy, and colonic crypt length was determined using Imaging Software (CS-EN-V1.18) (Olympus Corporation, Tokyo, Japan). The thickness of the colonic inner mucus layer was measured from the Alcian blue-stained slides and validated via anti-MUC2 staining. Immunofluorescence staining for MUC2 was performed as previously described (24, 25). Briefly, colon samples were stained with a 1:200 dilution of MUC2 primary antibody (Biorbyt, LLC, San Francisco, CA, USA) and anti-rabbit Alexa Fluor488 secondary antibody diluted 1:500 (Thermo Fisher Scientific, Waltham, MA, USA). The slides were then visualized with an Olympus BX63 upright fluorescence microscope, and mucus layer thickness was measured by using Imaging Software (V1.18) (Olympus, Tokyo, Japan).



Serum Parameters

Serum samples were collected from the hearts of the mice at the endpoint. Concentrations of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglycerides (TG), glucose, and d-xylose as well as insulin activity in the serum were determined using commercial kits (Nanjing Jiancheng Bioengineering Institution, Nanjing, China) in an automatic biochemistry analyzer (SELECTA XL; Vital Scientific, Newton, MA, USA) according to the manufacturer’s instructions.



Short-Chain Fatty Acid Analysis

Fecal samples were homogenized and centrifuged at 10,000 × g for 10 min, and the supernatant was filtered through a 0.22-μm filter for quantitation of SCFAs. High-performance liquid chromatography (HPLC) was performed using an Agilent 6890N gas chromatography system (Agilent, CA, USA) according to the manufacturer’s instructions.



16S rRNA Sequencing

The V3–V4 region of the bacterial 16S rRNA gene was amplified using primers 341F (5′-CCTACGGGRSGCAGCAG-3′) and 806R (5′-GGACTACVVGGGTATCTAATC-3′) (26). PCRs were performed, and the library was constructed and assessed using Qubit. Finally, the library was sequenced on an Illumina HiSeq PE2500 platform, and 250-bp paired-end reads were generated (27). Sequences were achieved, and chimeric reads were removed by Userach (V7.0.1090). Operational taxonomic units (OTUs) were selected via standard clustering with 97% similarity using UPARSE. Each representative tag was assigned to a taxon using the RDP Classifier (http://rdp.cme.msu.edu). OTU abundance tables were obtained, and QIIME1 (v1.9.1) was implemented for OTU profiling, alpha/beta diversity, and rank abundance curve analyses. Linear discriminant analysis (LDA) effect size (LEfSe) and rank sum test (R version 3.5.1) were used to screen differential bacteria within six groups.



Availability of Sequencing Data

The DNA sequences of this article were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) repository under accession number PRJNA723114.



Metabolomic Analysis

Fecal samples were centrifuged, and supernatant (0.28 ml) was obtained and (28) analyzed by gas chromatography/time-of-flight mass spectrometry (GC-TOF-MS) using a 7890 Gas Chromatograph System (Agilent Technologies, Santa Clara, CA, USA) coupled with a Pegasus™ HT TOF Mass Spectrometer (LECO, Saint Joseph, MI, USA). Chroma TOF 4.3x software (LECO) and LECO-Fiehn Rtx5 database were used for extracting raw peaks, filtering, calibrating baselines, aligning peaks, performing deconvolution analysis, identifying peaks, and integrating peak area (29). Retention time index (RI) was used for peak identification, with an RI tolerance of 5,000. Metabolic features detected in <50% of quality control (QC) samples were removed (30). The identified differential metabolites were further validated by searching in the Kyoto Encyclopedia of Genes and Genomes (KEGG). Principal component analysis (PCA), enrichment analysis for the differential metabolites, and construction of random forest models were performed on the online platform MetaboAnalyst 4.0 (31).



Correlation Analysis

Spearman’s correlation coefficients were applied to explore the relationship between differential genera and metabolites, differential metabolites, and phenotypes in R (package “psych”). Correlations between genera, metabolites, and phenotypes were visualized using Cytoscape v3.2.1 (https://www.metaboanalyst.ca).



Redundancy Analysis

Redundancy analysis (RDA) was performed to summarize variation in the dataset of differential metabolites that can be explained using the dataset of differential genera within six groups. RDA was performed and visualized in R (package “rda” and “ggplot”). ANOVA was performed to test the significance of each bacteria genus.



Statistical Analysis

Data are presented as mean ± SD. Statistical analysis between two groups was performed using Student’s t-test. The abundances of bacteria and metabolites among the six groups were compared using the Kruskal–Wallis H test. Differences in colonic morphology, mucus barrier, SCFAs, and serum parameters were tested by two-way ANOVA. The p-value was adjusted for false discovery rate (FDR) using the Benjamini–Hochberg Procedure, and p < 0.05 was considered to indicate statistical significance. Analysis of the datasets was completed with R software (version 3.5.1).




Results


Microbial Community in the Gut of Mice After Fecal Microbiota Transplantation

On day 14, decreased alpha diversity (p < 0.05) together with the differential patterns of bacterial communities was observed in the gut of mice after treatment with the antibiotic (Figure S1). The diversity and composition of fecal microbiota from the donors were assessed (Figure S2). No significant difference in alpha diversity was observed, although there was a significant difference in the Adonis index for beta diversity between wild and domestic pig fecal microbiota. LEfSe analysis revealed several significantly enriched genera in wild pig microbiota, including Lactobacillus, Clostridium sensu stricto, Clostridium XIVa, Clostridium XI, Turicibacter, Escherichia/Shigella, Corynebacterium, Slackia, and Cellulosilyticum. Domestic pig microbiota, on the other hand, had significantly higher levels of Prevotella, Barnesiella, Faecalibacterium, and Gemmiger.

Microbial communities in the gut were assessed after the FMT treatment of mice on day 28. The Shannon index was significantly lower (p < 0.01) in the gut of the mice after FMT than that in the CON group. Mice in the WM group also had a significantly lower Shannon index than that in the DM group (p < 0.01, Figure 1C). Clear separation was observed between the WM group and the CON group (PCoA1 = 66.41%, p < 0.01, Figure 1D) when weighted UniFrac was used to evaluate the beta diversity of bacterial communities in the gut. Bacteria with top 10 and 20 relative abundances at the phylum (Figure 1E) and genus (Figure 1F) levels, respectively, are shown. Bacteroidetes accounts for the highest relative abundance in both the CON and DM groups, while Verrucomicrobia shows the highest relative abundance in the WM group. At the genus level, the WM group had a significantly higher relative abundance of Akkermansia than the CON and DM groups, whereas the DM group was significantly higher than the CON group (Figure S3).



Profiling of Fecal Short-Chain Fatty Acids After Dietary Intervention

Body weight together with fecal SCFAs was determined after dietary intervention on day 54. The CFF group showed the highest body weight within the six groups and was significantly higher (p < 0.05) than the WMFF and WMFR groups (Figure 2A). In terms of SCFA levels in the feces (Figure 2B), the DMFR and WMFR groups had a significantly higher (p < 0.05) content of SCFAs, acetate, propionate, and butyrate in the feces than the DMFF and WMFF groups, respectively. The CFR group had significantly higher (p < 0.05) total SCFAs and butyrate in the feces than the CFF group. Moreover, the DMFR group had significantly higher (p < 0.05) acetate in the feces than the CFR group.




Figure 2 | Effect of fecal microbiota transplantation (FMT) together with dietary fiber intervention on mice at day 54. (A) Box plots of body weight. (B) Fecal short-chain fatty acids (SCFAs). (C, D) Serum biochemical characteristics in mice. Statistical differences among individual groups were evaluated using one-way ANOVA, and significance is defined as *p < 0.05; **p < 0.01.





Characterization of Serum Parameters After Diet Intervention

Serum parameters were measured within the six groups after dietary intervention on day 54. As shown in Figure 2C, serum TC concentration was significantly lower (p < 0.05) in the CFR and WMFR groups than in the CFF and WMFF groups and trending lower in the DMFR group than the DMFF group (p = 0.08). The WMFF group had significantly lower (p < 0.05) serum HDL-C than the CFF group. Serum TG was significantly lower (p < 0.05) in the WMFR group than in the WMFF group. There was no significant difference in serum HDL-C, LDL-C, d-xylose, and glucose levels between the CFF and CFR, DMFF and DMFR, or WMFF and WMFR groups, respectively. Serum insulin level was significantly lower (p < 0.05) in the CFR and WMFR groups than in the CFF and WMFF groups, respectively (Figure 2D).



Colonic Morphology and the Mucus Barrier

The H&E section showed that mice with an FR diet had better colonic morphology (Figure 3A). Colonic crypt length was significantly higher (p < 0.05) in the CFR group than the CFF group, and in the DMFR group than the DMFF group (Figure 3B). Among the groups with the FF diet, the WMFF group had a significantly higher colonic crypt length than the CFF and DMFF groups (Figure 3B).




Figure 3 | Gut barrier in the mice fed a fiber-free (CFF) or fiber-rich (CFR) diet, or fecal microbiota transplantation (FMT) from domestic pigs and fed with a fiber-free (DMFF) or fiber-rich (DMFR) diet, or FMT from wild pigs and fed with a fiber-free (WMFF) or fiber-rich (WMFR) diet. (A, B) Gut morphology, (C, D) mucin barrier, and (E, F) tight junction protein in the colon of mice. Statistical differences among individual groups were evaluated using one-way ANOVA, and significance is defined as *p < 0.05; **p < 0.01.



The mucus layer thickness was measured in Alcian blue-stained sections and by immunofluorescence staining for MUC2 (Figure 3C). The analysis revealed that mucus thickness was significantly higher (p < 0.05) with an FR diet than in the FF groups (Figure 3D). Within the FR groups, colonic mucus thickness was significantly higher (p < 0.05) in the DMFR and WMFR groups than in the CFR group. The WMFR group also had significantly higher (p < 0.05) colonic mucus thickness than the DMFR group.

The immunohistochemistry analysis showed that ZO-1 expression was significantly higher (p < 0.05) in the CFR and WMFR groups than in the CFF and WMFF groups, respectively, but did not show any significant difference between the DMFF and DMFR groups (Figures 3E, F). There was no significant difference in Claudin-3 and Occludin expression among different treatments (Figure S4).



Microbial Community of Mice Following Fecal Microbiota Transplantation and Dietary Intervention

The composition and diversity of fecal microbiota within the six groups were assessed on day 54 at the end of the study. Alpha diversity is compared and shown in Figure 4A. FMT-treated mice with donors from domestic pigs (DMFF and DMFR) showed significantly higher (p < 0.05) Shannon index of gut microbiota than mice with donors from wild pigs (WMFF and WMFR), while the WMFR group had significantly lower (p < 0.05) Shannon index than the other five groups. Weighted-UniFrac principal coordinates analysis (PCoA) was used for the beta-diversity analysis and revealed that the WMFR group showed clear separation from the other five groups (Figure 4B). With PICRUSt applied for the prediction of function in the gut (Figure 4C), PCA revealed no separation between FMT-treated mice from different donors.




Figure 4 | Bacteria communities in mice treated with fecal microbiota transplantation (FMT) together with dietary fiber intervention at day 54. (A) Boxplot of Shannon index of gut microbiota in mice. (B) Principal coordinates analysis (PCoA) of gut microbiota structures in the mice between six groups. (C) Principal component analysis (PCA) of the functional content of gut microbiota predicted by PICRUSt in the mice among six groups. (D) Changes in the relative abundance of gut microbiota over time in mice oscillated among FMT and fiber feeding. (E) Bar charts showed the linear discriminant analysis (LDA) score (>2) for the gut microbiota in the mice. Kruskal–Wallis test with an adjusted p-value of <0.01 was used. a,b,c,d Means within the same row followed by different superscripts differ at p < 0.01.



Fecal microbial community dynamics analysis showed that with antibiotic treatment, FMT, and dietary intervention, several bacterial taxa rapidly and reproducibly changed in relative abundance (Figure 4D). Four genera—Akkermansia, Bacteroides, Barnesiella, and Escherichia—were highly responsive to microbiota colonization and change of diet. Mice with FMT (DM or WM) had a higher relative abundance of Akkermansia but a lower relative abundance of Bacteroides than the two control groups. Akkermansia abundance in the WMFR group was higher than in the WMFF group at all points in time. The relative abundance of Clostridium cluster XIVa increased in mice fed the FR diet (CFR and DMFR), whereas the relative abundance of Escherichia increased in mice fed the FF diet. Bifidobacterium increased in the DMFF and WMFF groups at the later time points (days 42 and 54). Mucispirillum increased from day 42 to day 54 in the WMFF and WMFR groups.

Gut microbiota were dominated by the Bacteroides and Escherichia/Shigella in the CFF group while dominated by Bacteroides, Flavonifractor, Alistipes, and Acetatifactor in the CFR group (Figure 4D). In other groups, the DMFF group was dominated by Bifidobacterium and Olsenella, and the DMFR group was dominated by Clostridium cluster XIVa, Barnesiella, and Saccharibacteria. The WMFF group was dominated by Lactobacillus and Mucispirillum, and the WMFR group was dominated by Akkermansia.

LEfSe analysis shows differential bacteria genera within the six groups in Figure 4E. In the WMFR group, the genus Akkermansia with an LDA score over 5 had a significantly higher (p < 0.05) relative abundance than the other five groups (Figure S5). Within the WMFF group, Lactobacillus showed the highest LDA score together with a significantly higher relative abundance than the other five groups (Figure S5). Bacteroidetes and Bifidobacterium showed the highest LDA score in the DMFR and DMFF groups, respectively. The highest LDA scores of Flavonifractor and Bacteroides were shown in the gut of the CFR and CFF groups, respectively. The CFR group had a significantly higher (p < 0.05) relative abundance of genus Alistipes than the other five groups.



Metabolism Profiles of Feces in Mice Treated With Fecal Microbiota Transplantation and Diet Intervention

Untargeted metabolomics was performed to evaluate whether shifts in the microbiota were mirrored by changes in the gut metabolite landscape. Based on the LECO/Fiehn Metabolomics Library, a total of 521 metabolite peaks were identified across the six groups, of which 250 were known (Table S2). The PCA of GC-TOF/MS metabolic profiles of feces showed that CFF and CFR formed a cluster, while another cluster was observed with regard to DMFR and WMFR (Figure 5A). Differential metabolites within the six groups (Table S3) were used for the enrichment analysis, and pathways with a p-value <0.01 are shown in Figure 5B. A total of two pathways were observed with a p-value <0.01, namely, d-glutamine and d-glutamate metabolism, and galactose metabolism. The random forest model was also constructed with the dataset of metabolites in the six groups, and the classification results together with the confusion matrix are shown in Figures 5C, D. The out of bag (OOB) value was 0.086 and 194 metabolites (Table S4) with mean decreased accuracy (MDA) over 0 were observed in the model. Classification errors were 0 in the classification for the CFF, CFR, and DMFR groups and 0.3 of the error that occurred in the classification of mice in the WMFF group.




Figure 5 | Metabolism in the gut in mice treated with fecal microbiota transplantation (FMT) together with dietary fiber intervention at day 54. (A) Principal component analysis (PCA) revealed the profiles of metabolites in the gut of mice within the six groups. (B) Enrichment pathways for the differential metabolites in the gut. (C, D) Random forest model was constructed, and a confusion matrix was applied with the dataset of metabolites in the gut of mice.





Correlation of the Phenotype, Metabolite, and Bacteria of Mice

Spearman’s correlation was performed between phenotypes and metabolites (p < 0.05), as well as metabolites and genera (p < 0.01), and shown in Figure 6A. The body weight, crypt length in the gut, and insulin in the serum of mice all showed a negative correlation with metabolites in the gut. The concentration of butyrate and isobutyrate as well as MUC2 in the gut showed a positive correlation with the glutaraldehyde, 1,3-cyclohexanedione, and arachidic acid, respectively. Within the bacteria genera correlated with metabolites in the gut, most of the genera were from Firmicutes. Moreover, Bifidobacterium and Lactobacillus from Actinobacteria and Escherichia/Shigella from Proteobacteria were positively and negatively correlated with metabolites, respectively. The abundance of differential metabolites within groups is shown in Figure 6B. Metabolites belonging to SCFA, glucose metabolism, and intermediate showed “FMT-based” changing patterns, while metabolites belonging to fatty acid showed “diet-based” changing patterns. RDA revealed that bacteria genera Parabacteroides, Clostridium XVIII, Bifidobacterium, and Bacteroides showed significant (p < 0.05) explanatory variables for the variation in metabolites within the six groups (Figure 6C). The alteration of relative abundance of these bacteria genera during the dietary intervention within the six groups is shown in Figure 6D. Metabolites such as lignoceric acid, behenic acid, arachidic acid, and heptadecanoic acid can be affected by dietary fiber, while acetate, propionate, palmitic acid, stearic acid, and nicotinic acid can be affected by FMT, including Akkermansia, Clostridium XVIII, and Parabacteroides (Figure 7). Together, these results suggest that both FMT and dietary intervention can contribute to the alteration of metabolites and thus facilitate host health.




Figure 6 | Differential bacteria and metabolites in the gut contribute to the phenotypes of mice treated with fecal microbiota transplantation (FMT) together with dietary fiber intervention at day 54. (A) Correlation between differential metabolites and phenotypes (p < 0.05), differential bacteria, and metabolites in the gut of mice (p < 0.01). (B) Box plot of the differential metabolites correlated with gut microbiota and phenotypes of mice. (C) Redundancy analysis (RDA) revealed that gut microbiota contributes to variation of the metabolites in the gut of mice. (D) Alteration in the relative abundance of the differential gut microbiota in RDA within the dietary fiber intervention after FMT of the mice.






Figure 7 | Mechanisms of fecal microbiota transplantation (FMT) together with dietary fiber intervention contribute to the alteration of metabolites in the gut, leading to modification of gut barrier function and serum characteristics in mice. Both FMT and dietary fiber intervention contributed to the alteration of the host health, via metabolites in the gut. Dietary intervention with high fiber led to the alteration of metabolites such as lignoceric acid, behenic acid, arachidic acid, and heptadecanoic acid in the gut. Mice FMT from wild pigs together with a high fiber diet showed a higher abundance of Akkermansia, Parabacteroides, and Clostridium XVIII in the gut. The alteration of metabolites together with bacteria in the gut plays an important role in the improvement of mucus barrier function as well as the decrease in body weight, total cholesterol (TC), and insulin.






Discussion

Dietary fiber could shape gut microbiota and further contribute to gut health by means of alteration of metabolites. FMT was confirmed to be an effective practice in shaping the gut microbiota of the recipient and was largely influenced by the selection of donors (32). The response of gut microbiota from different donors to dietary fiber in recipients remains a subject for further investigation. Hence, in our study, FMT was implemented, and the fecal microbiota of domestic and wild pigs were transplanted into mice for the establishment of the models for recipients of FMT from different donors. Domestic pigs (DLY) and wild pigs (W) were selected as donors for FMT, and we observed a clear separation of the gut microbiota communities between DLY and W. Similar to previous studies that reported on the gut microbiota of W and DLY (33, 34), there were distinct differences between the gut microbiota of DLY and W due to the different living environments and food resources (35) despite that they are the most closely related species to each other. Alteration of gut microbiota was also observed in DM and WM mouse FMT from DLY and W pigs, respectively, which suggests the influence of donors on the recipient.

After FMT, a diet with different soluble (inulin) and insoluble (cellulose) fiber contents was introduced in the CON, DM, and WM mice for 4 weeks. Dietary fiber, especially soluble fiber, can be fermented by gut microbiota, and SCFAs, including acetate, propionate, and butyrate, are major products (36) in mice (37), pigs (38), and adults (39). Lower concentrations of insulin levels in serum were observed when humans supplemented their diets with inulin or cellulose (40), and a cholesterol-lowering effect of dietary fiber was revealed in a meta-analysis of 67 trials (41). Similar results were observed in our study when mice received a higher content of dietary fiber regardless of the FMT treatment. Reduced weight gain and improvement in glucose homeostasis were observed when mice were administrated acetate (42), propionate (43), or butyrate (44), respectively.

The combination of a single-dose FMT and daily low-fermentable fiber intervention for 6 weeks improved insulin sensitivity in patients suffering from severe obesity and metabolic syndrome (45). In our study, mice that received higher amounts of dietary fiber did not show a differential body weight gain despite the lower concentration of T-CHO and insulin in the serum, which could be the reason that dietary fiber often has a long-term effect on weight gain (46), whereas the intervention of dietary fiber only lasted for 4 weeks. In addition, the effect of FMT was observed in the gut morphology of mice. The gut barrier is responsible for both nutrient absorption and for defending the gut from dangerous macromolecules, thus playing a critical role in host health (47). Stem cells located at the bottom of crypts could maintain the self-renewal of the gut epithelium (48), which protects against potential pathogens and toxins (49). However, the growth of stem cells could be inhibited by butyrate; thus, the architecture, especially crypt length, protects stem cells from the effect of butyrate (50). CFR and DMFR mice treated with higher amounts of dietary fiber showed higher crypt length than CFF and DMFF, while WMFF showed higher crypt length than CFF and DMFF, indicating the effect of FMT on the gut barrier. As one of the first lines of protection in the gut barrier, the mucus layer guards against external attacks by creating a coat that covers the epithelium to maintain gut homeostasis (51–53). Higher dietary fiber supplementation usually contributes to the mucus barrier, partly due to the rise of SCFAs, especially acetate and butyrate, which stimulate MUC2 expression and increase the production and secretion of mucus (54, 55). In this study, a differential thickness of mucus layer was not only observed between mice with different dietary fiber contents but also in mice FMT from different donors, suggesting the vital role of gut microbiota in gut health (1, 56). However, a lower density of ZO-1 was observed in WMFR, which was not consistent with the highest colon crypt length and mucus thickness and warrant further investigation.

The gut microbiota communities together with their metabolites in the gut of mice were investigated and revealed a combination effect of FMT and dietary fiber. Donor selection can be key in the FMT process, which in the end influences the effectiveness of FMT (32), while proper diet intervention could contribute long-term and beneficial effects after FMT (57, 58). The gut microbiota of WMFR mice showed a differential pattern compared with the other five groups, suggesting the positive effect of the combination of FMT and dietary fiber. Enrichment of the genus Akkermansia was observed in the WM group on day 28 and the WMFR group on day 54 and has been shown to be a promising probiotic in both rodents and humans (59–61). An in vitro study revealed that Akkermansia could improve gut health by adhering to the intestinal epithelium and strengthening enterocyte monolayer integrity (62). Moreover, Parabacteroides were also observed in the WM group on day 28 and the WMFR group on day 54. Both in vitro and in vivo studies revealed Parabacteroides as a probiotic that could reinforce epithelium and modulate host metabolism in the gut (63, 64). Oral administration of Parabacteroides coupled with prebiotics could enhance intestinal integrity and improve insulin sensitivity in mice receiving a high-fat diet (65). FMT from wild pigs with a higher abundance of Akkermansia and Parabacteroides coupled with dietary fiber intervention could consistently nourish these kinds of bacteria and thus contribute to mucus layer thickness as well as the gut barrier in mice.

Although previous studies revealed the importance of SCFAs in crypt depth (66), mucus layer (67), and tight junction (68) in the gut, SCFAs showed no difference between mice FMT from domestic pigs or wild pigs when higher dietary fiber content was introduced, suggesting that other microbiota-derived metabolites also contribute to the gut barrier. Unique patterns of gut metabolites were observed among the six groups, and several metabolites have been observed to be correlated with FMT, including palmitic acid, stearic acid, and nicotinic acid. An in vivo study revealed that palmitic acid decreases MUC2 production mainly by alleviating the endoplasmic reticulum stress in goblet cells (69). In accordance with our study, a higher abundance of palmitic acid together with the lower thickness of MUC2 was observed in both the WMFF and DMFF groups. Stearic acid, which contributes to motility and improves gut health (70), was observed to be enriched in the WMFR and DMFR groups. Mice with FMT from wild pigs showed a higher abundance of nicotinic acid, which has been reported to be crucial in the inflammatory of the gut (71).

Apart from the metabolites altered by FMT, abundances of fatty acids such as lignoceric acid, behenic acid, arachidic acid, and heptadecanoic acid, were observed to be affected by the dietary fiber intervention. Lignoceric acid has been reported to have a function such as anti-inflammatory effects possibility via α-oxidation (72). Behenic acid and arachidic acid have low bioavailability, which usually leads to a reduction in absorption and as a result to the reduction in T-CHO (73). We acknowledge that the antibiotic treatment could influence the effects of both FMT and dietary intervention in some of the results observed, especially the lower alpha diversity in FMT mice, although minor effects of antibiotic pretreatment in FMT were reported (74).

Collectively, dynamic interactions existed between FMT and dietary fiber intervention in the mouse model, suggesting that donor selection combined with dietary fiber intervention may facilitate the benefits of FMT on the host. Our results suggest that specific bacteria from donors along with high dietary fiber supplementation altered metabolites and, consequently, contributed to gut health. This study highlights the importance of beneficial bacteria received by individuals through a high dietary fiber diet, which provides a novel insight into the diet manipulation in both donors and recipients in FMT.
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Schizophrenia (SCZ) is associated with several immune dysfunctions, including elevated levels of pro-inflammatory cytokines. Microorganisms and their metabolites have been found to regulate the immune system, and that intestinal microbiota is significantly disturbed in schizophrenic patients. To systematically investigate aberrant gut-metabolome-immune network in schizophrenia, we performed an integrative analysis of intestinal microbiota, serum metabolome, and serum inflammatory cytokines in 63 SCZ patients and 57 healthy controls using a multi-omics strategy. Eighteen differentially abundant metabolite clusters were altered in patients displayed higher cytokine levels, with a significant increase in pro-inflammatory metabolites and a significant decrease in anti-inflammatory metabolites (such as oleic acid and linolenic acid). The bacterial co-abundance groups in the gut displayed more numerous and stronger correlations with circulating metabolites than with cytokines. By integrating these data, we identified that certain bacteria might affect inflammatory cytokines by modulating host metabolites, such as amino acids and fatty acids. A random forest model was constructed based on omics data, and seven serum metabolites significantly associated with cytokines and α-diversity of intestinal microbiota were able to accurately distinguish the cases from the controls with an area under the receiver operating characteristic curve of 0.99. Our results indicated aberrant gut-metabolome-immune network in SCZ and gut microbiota may influence immune responses by regulating host metabolic processes. These findings suggest a mechanism by which microbial-derived metabolites regulated inflammatory cytokines and insights into the diagnosis and treatment of mental disorders from the microbial-immune system in the future.
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Introduction

Cumulative evidence suggests that patients with schizophrenia (SCZ) exhibit a state of immune activation with significantly elevated pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 (1, 2), suggesting that inflammation is a possible risk factor for inducing schizophrenia and exacerbating its symptoms (3, 4). Gut microbiota plays a key role in the early development of the neuroimmune system and is crucial for myelination, synaptic pruning and neuronal remodeling (5). Changes in intestinal microbiota characteristics early in life may lead to immune disorders (6). Recent studies have shown that SCZ patients have altered microbiota α-diversity index and marked disturbances of gut microbial composition and function, including short-chain fatty acid synthesis, amino acid metabolism, and neurotransmitter synthesis/degradation (7–9). Moreover, the microbiota can shape the intestinal microecosystem and influence host physiological processes by producing metabolites that are involved in signaling and immune system regulation (10–12). Wilmanski et al. found that 40 plasma metabolites (13 of the 40 of microbial origin) can explain 45% of the variance in α-diversity, demonstrating a strong association between metabolic output and gut microbial structure (13). So we hypothesized that metabolites play a very important role in regulating the relationship between gut microbes and the immune system in SCZ.

Metabolomic analyses of serum and plasma from SCZ subjects have revealed marked differences compared to healthy controls (HCs), with many dysregulated compounds having microbial origin (8, 14). Notably, amino acid transport and degradation differ between SCZ patients and HCs (15–17). These processes can be regulated by intestinal microbiota and implicated in SCZ pathophysiology because amino acids serve as precursors for many potent neuroactive molecules, such as classic neurotransmitters (18). Some metabolites with neuroprotective and anti-oxidantive inflammatory effects, such as arachidonic acid, oleic acid, and alpha-linolenic acid, are also significantly reduced in SCZ (19, 20). These results suggest that multiple biologically abnormal pathways are involved in SCZ and that no single biological etiology may be responsible for all cases (21). However, most of the current researches focus on understanding the taxonomic composition of the gut microbiota, metabolic disturbance, and immune abnormalities in these patients using monomic approach. Therefore, studying the gut microbiota and metabolite composition simultaneously in patients with SCZ may be critical to our understanding of immune activation of SCZ.

Recent advancements in multi-omics technologies have enabled system-level analysis to identify biomarkers reflecting the states of human health and disease (22). A number of studies have combined microbial-omics and metabonomics to describe the disease-specific structure of the intestinal microbiota and metabolic patterns and their interactions (23–25). A better understanding of the mechanistic roles of the gut microbiota in the regulation of host metabolic and immunological functions will help us understand the biological mechanisms of SCZ. In the present study, we analyzed the gut microbial characteristics of SCZ patients and HCs using shotgun metagenomic sequencing. Additionally, we used untargeted liquid chromatography-mass spectrometry (LC-MS) and bead-based multiplex cytokine assay to analyze the metabolic profiles and cytokines in the subjects’ serum. Based on these analyses, we identified specific gut microbiota and serum metabolite profiles associated with cytokines, and established associations, particularly between bacterial co-abundance groups (CAGs) and serum metabotypes. We suggest a mechanism of action involving the production of microbial metabolites that regulate inflammatory cytokines.



Methods


Characteristics of the Study Population

From March 2016 to August 2017, 63 individuals with a primary diagnosis of SCZ, according to the Diagnostic and Statistical Manual of Mental Disorders, were enrolled in the study. All patients were hospitalized at the First Affiliated Hospital of Xi’an Jiaotong University, with a duration of illness of less than 6 years and taking antipsychotics for no more than 1 week in the 6 months before enrollment. During the same period, 57 HCs from the same area were recruited. All subjects were excluded if they had infectious diseases, autoimmune disorders, gastrointestinal diseases, other severe or unstable medical illness, comorbidities with other psychiatric disorders (including alcohol and substance use disorders), or were administered with antibiotics for more than 3 days in the previous 3 months. All clinical information was collected according to standard procedures, including age, sex, body mass index (BMI), education, course of illness, dietary habits, and bowel habits. All subjects were informed of the study details and signed a written consent form. The Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong University reviewed and approved the research protocol (XJTY1AF2015LSL-079).

Peripheral venous blood (4–5 mL) was drawn after overnight fasting. After allowing to stand, the serum was centrifuged at 2000 r/min for 10 min. Subsequently, serum samples were extracted and transferred into Eppendorf tubes, which were subsequently stored at −80°C until untargeted LC-MS analysis or multiplex cytokine assay. Stool samples were collected by the researchers according to the standard operating procedures. Newly collected fecal samples from each subject were immediately transported to the laboratory and frozen at −80°C.

In addition, we also included a small validation cohort, including 23 SCZ patients and 23 HCs who met the same inclusion and exclusion criteria as the above cohort. Serum bile acid levels of all subjects in the cohort were measured by LC-MS.



Untargeted LC-MS/MS Analysis

Fifty microliters of the sample was transferred to an EP tube. After the addition of 150 μL of methanol (containing 1 μg/mL internal standard of mass-spec), the samples were vortexed for 30 s, sonicated for 10 min in an ice-water bath, and incubated for 1 h at -40°C to precipitate proteins. The sample was then centrifuged at 12000 rpm for 15 min at 4°C. The resulting supernatant was transferred to a fresh glass vial for further analysis. The quality control sample was prepared by mixing an equal aliquot of the supernatant from all samples.

LC-MS/MS analyses were performed using a UHPLC system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm) coupled to a Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The analysis was carried with elution gradient as follows: 0~0.5 min, 95% B; 0.5~7.0 min, 95%~65% B; 7.0~8.0 min, 65%~40% B; 8.0~9.0 min, 40% B; 9.0~9.1 min, 40%~95% B; 9.1~12.0 min, 95% B. The column temperature was maintained at 35°C. The auto-sampler temperature was 4°C, and the injection volume was 3 μL.

The QE HFX mass spectrometer was used for its ability to acquire MS/MS spectra in information-dependent acquisition mode in the control of the acquisition software (Xcalibur, Thermo). In this mode, the acquisition software continuously evaluates the full-scan MS spectrum. The ESI source conditions were set as following: sheath gas flow rate as 50 Arb, Aux gas flow rate as 10 Arb, capillary temperature 320°C, full MS resolution as 60000, MS/MS resolution as 7500, collision energy as 10/30/60 in NCE mode, and spray Voltage as 3.5 kV (positive) or -3.2 kV (negative).

The raw data were converted to the mzXML format using ProteoWizard and processed with an in-house program, which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration. The online HMDB database (http://www.hmdb.ca) (version: 4.0) and an in-house MS2 database (BiotreeDB) were used for metabolite annotation. The cut-off for annotation was set at 0.3.



Metabolomics Data Analysis

After normalization and integration using support vector regression, the processed data were uploaded into SIMCA-P software 14.1 (Umetrics, Umeå, Sweden) and MetaboAnalyst software (version 3.0, www.metaboanalyst.ca) for further analysis. The variable importance in the projection (VIP) value of each variable in the orthogonal partial least squares discriminant analysis (OPLS-DA) model was calculated to show its contribution to classiffcation. Metabolites with VIP values > 1 were further subjected to Student’s t-test at the univariate level to measure the signiffcance of each metabolite. The Benjamini-Hochberg procedure was used for multiple testing and the critical false discovery rate (FDR) set to 0.05.

Clusters of co-abundant serum metabolites were identified using the weighted gene co-expression network analysis (WGCNA) (26). Signed, weighted metabolite co-abundance correlation networks were calculated across all enrolled individuals. The soft threshold β = 13 of serum metabolite correlation was selected by scale-free topology criterion. Dynamic hybrid tree cutting algorithm with deepSplit of 4 was used to identify clusters.



Shotgun Metagenomic Sequencing and Metagenome-Wide Association Study

Shotgun metagenomic sequencing and alignment methods were based on our previously published literature (9). Shannon index and partial least squares discriminant analysis were used to calculate α-diversity (within-sample diversity) and β-diversity (between-sample diversity) were calculated depending on the metagenomic operational taxonomic unit (mOTU) proffle, respectively (9, 27). Wilcoxon rank-sum test was used to compare the relative abundance of each mOTU between patients and controls. The correlations between mOTUs and diagnosis were evaluated by the semi-partial Kendall correlation tests, and age, sex, and body mass index (BMI) were adjusted (R 3.5.1, ppcor package). Subsequently, the mOTUs were clustered using the Ward clustering algorithm via the R package WGCNA. The mOTU co-occurrence and CAG network were visualized using Cytoscape 3.4.0. All metagenomic raw data have been submitted to GSA (accession number CRA004662).



Multiplex Cytokine Measurements

Multiple human cytokines in serum were simultaneously analyzed using a bead-based multiplex cytokine assay (Luminex, USA). Levels of IL-1β, IL-4, IL-6, C-C motif chemokine ligand 2 (CCL2), interferon (IFN)-γ, and TNF-α were measured using a human Premixed Multi-Analyte Kit (LXSAHM-04, R&D Systems, USA), according to the manufacturer’s instructions. The assay for each cytokine was performed using the Luminex200 multiplex assay detection system (Luminex, USA).



Statistical Analyses

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) version 23.0 (Armonk, NY: International Business Machines Corp.). Continuous, non-normally distributed variables are presented as median and interquartile range and then were analyzed using the Wilcoxon rank-sum test. Categorical variables between groups were compared using the χ2 test. The difference was statistically significant (P < 0.05)

Spearman correlations between CAGs, metabotypes, and cytokines were calculated using R 3.5.1, and the Benjamini-Hochberg method was used to control FDR. The visual presentations of multiple omics correlations were performed using R (ggcor and ggplot2 packages). For metabolite and cytokine associated with the same mOTUs, spearman correlations was first used to check whether the metabolite was also associated with the cytokine. Next, directional mediation analysis was performed to infer the role of the microbiota in regulating cytokines through metabolites (mediation package).

The cohort samples were randomly divided into a training set (70%) and a test set (30%). Five-fold cross-validation was performed ten times on a random forest model using mOTU and metabolite abundance proffles within the training set. We selected an optimal set of variables with the lowest cross-validation error. The predictive model was constructed using the most important variables, and further applied for receiver operating characteristic (ROC) analysis in training set and test set (pROC package), respectively.




Results


Subject Characteristics

A total of 63 individuals with SCZ and 57 HCs were enrolled in the study. A flowchart of the study design is presented in Figure S1. The demographic information and inflammatory cytokines of the 120 subjects are summarized in Table S1. All cytokines tested showed increasing trends in the SCZ group, and the serum levels of CCL2 and IFN-γ were significantly higher than the HC group. In addition, there were no significant differences in dietary habits and bowel habits between the two groups.



Differential Metabotypes Perturbed in SCZ

To gain a deeper understanding of the composition of serum metabolome features in SCZ patients, we used untargeted LC-MS to detect metabolome profiles in fasting serum samples. In the obtained raw data, 8488 features were yielded by the two ion modes, and nearly 19% of the features were significantly altered (OPLS-DA VIP > 1.0, FDR < 0.05). The OPLS-DA score plot showed a significant discrimination between the two groups (Figure 1A), suggesting that metabolic disturbance under pathological conditions was evident in the patients, and the validation plot confirmed the validity of the OPLS-DA model (Figure 1B). We further found that global metabolite profiles were not greatly influenced by age, sex, or BMI (Figures S2A–C).




Figure 1 | Identification of differential metabotypes associated with schizophrenia. (A) The orthogonal partial least squares discriminant analysis (OPLS-DA) model was used to discriminate between 63 SCZ subjects (blue boxes) and 57 HCs (yellow diamonds). (B) Permutation test showing the original R2 and Q2 values (top right) as significantly higher than corresponding permuted values (bottom left), demonstrating the OPLS-DA model’s robustness. (C) Average relative intensities of the 18 co-abundance metabotypes (clusters) between the two groups. Red and green represented relatively high and low densities, respectively. The asterisk represented a significant negative correlation between the metabotype and the duration of illness (P-value < 0.05). .



Through annotation and retrieval, 133 host-derived or bacteria-derived metabolite features were significantly different in SCZ, and the majority (89 [67%]) were significantly depleted in SCZ (Table S2). Compared with HCs, SCZ exhibited an increase in oxidative stress metabolites, such as asymmetric dimethylarginine, hydroxyisocaproic acid, and 1-methylguanosine, and a decrease in anti-inflammatory and neuroprotective metabolites, such as oleic acid, arachidonic acid, alpha-linolenic acid, resolvin D2, and 1-methylnicotinamide (MNA). Furthermore, we found that 13 of these metabolites were reported in the literature and the Human Metabolome Database. Alterations of eight metabolites, including oleic acid, taurine, arachidonic acid, perillic acid, L-glutamic acid, L-phenylalanine, L-serine, and allantoin, were consistent with the results reported in the literature, and the remaining five, including tryptophan, betaine, myo-inositol, LysoPC[18:2(9Z,12Z)], and pyrrolidonecarboxylic acid, were relatively controversial. To characterize the metabolic disturbance of SCZ in as much detail as possible and discover new potential biomarkers, we further investigated the significant correlations between the newly discovered metabolites and 13 previously reported metabolites (Figure S2D) and found a panel of 12 metabolites derived from fatty acids that have anti-inflammatory and antioxidant effects (Panel 1 in Figure S2D). All metabolites in that panel were downregulated in SCZ patients and displayed significant intercorrelations in the whole cohort.

To further explore the biological patterns underlying the 133 differentially abundant (DA) metabolites, we divided the DA metabolites into 18 co-abundance clusters across all subjects using the co-expression network analysis (Figure 1C and Table S3), and five metabolites were not clustered into any cluster. Metabolites co-clustered by this method will therefore tend to co-vary, and each cluster is assigned to a metabotype via their most representative metabolites, that is, matabotype (M) 1-18 (Table S3). The largest cluster contained 23 metabolite features, all of which were elevated among HCs, of which 11 features were annotated as phosphatidylethanolamine (PE). M 15, 16, and 17 were also decreased in SCZ patients and were derived from fatty acids and conjugates, including arachidonic acid, oleic acid, alpha-linolenic acid, and eicosadienoic acid (Figure S3), some of which play neuroprotective and anti-oxidative inflammatory roles (19, 20). Other clusters of interest included M3 and M5, which were consistently elevated in the SCZ group and contained a variety of amino acid metabolites, including tryptophan, L-serine, and asymmetric dimethylarginine (Figure S4). Notably, five metabotypes (M10, 11, 13, 14, 15), which decreased in SCZ patients, were negatively correlated with the duration of illness (Figure 1C). The metabolites in these metabotypes mainly included fatty acids, pyridinecarboxylic acids and derivatives.



Co-Abundance Group Alterations in SCZ Microbial Community Composition

Considering that various serum metabolites in SCZ may come from gut bacteria (28, 29), we investigated gut microbial alterations in SCZ patients. Gut microbiota was profiled by sequencing the fecal genome, and 327 mOTUs were present in more than 5% of the samples (Table S5). The gut microbiota of schizophrenic patients showed greater α-diversity at the mOTU level (Figure S5A). Based on the β-diversity analysis, we also found that the gut microbiota composition of SCZ patients was significantly different from that of HCs, and these effects were not evidently affected by age, sex, or BMI (Figures S5C-F). At the phylum level, the SCZ group was characterized by higher Actinobacteria and Firmicutes levels and significantly lower Bacteroidetes levels (Figure S5B and Table S4).

A total of 50 mOTUs showed differential relative abundance between the two groups, and 47 mOTUs were still significant after adjusting for age, sex, and BMI. Thirty-nine mOTUs were elevated in SCZ relative to HCs, including two Bacteroides, two Clostridium taxa, two Coprococcus taxa, two Dorea taxa, two Parabacteroides taxa, and two Ruminococcus taxa. Eleven mOTUs were significantly lower in the SCZ group than in the HC group, including three Prevotella taxa, two Streptococcus taxa, and other taxa (Table S5). We then found that SCZ-enriched mOTUs were more interconnected than HC-enriched mOTUs by constructing a co-occurrence correlation network (Figure S6). Moreover, mOTUs from the same genus had a stronger positive correlation with each other.

As bacteria work as functional groups termed “guilds” in the gut ecosystem (30), we then clustered the 50 mOTUs into 12 CAGs by constructing a co-abundance network (Figure 2A). Each CAG contained 2-7 mOTUs. Of these, CAG1, CAG2, and CAG12 decreased significantly in SCZ patients compared to HCs (Figure 2B). Interestingly, all bacteria in CAG2 that were from the Prevotellaceae family, such as Prevotella bivia, Prevotella timonensis, and Prevotella copri, have been reported as probiotics and are related to high-fiber, non-Western diet (31). CAG5, CAG6, and CAG7, whose relative abundances increased in the SCZ group, were closely related to each other. Of the mOTUs in these CAGs, 67% belonged to the Ruminococcaceae and Lachnospiraceae families, members of which may produce short-chain fatty acids (SCFAs) (32). Moreover, butyrate-producing bacterium SS3/4 also showed a significant positive correlation with Lachnospiraceae, which indicated that microbial-derived SCFAs, especially butyric acid, may play an important role in the pathogenesis of SCZ. Through Spearman correlation analysis, we found that CAG1, enriched in the HCs, was negatively correlated with the duration of illness, whereas CAG6 and CAG8, enriched in SCZ, were positively correlated with the duration of illness, which suggested that intestinal bacteria constantly changed with the disease state, and also provided candidate bacteria for constructing disease prediction models and studying endophenotypes in SCZ (Figure S5G). The correlations were still significant after adjusting for age, sex, and BMI.




Figure 2 | Identification of the important co-abundance groups (CAGs) that were strikingly different between two groups. (A) Metagenomic operational taxonomic unit (mOTU)-level network diagram showing the enrichments of mOTUs in the different groups based on significantly changed CAGs. Node size indicated the mean abundance of each mOTU. Lines between nodes represented correlations, with line width indicating correlation magnitude, purple representing positive correlation. Only lines corresponding to correlations with magnitudes greater than 0.4 were drawn. Different colors were used to distinguish CAGs. (B) Relative abundances of 12 CAGs with significantly differences identified by the Wilcoxon rank-sum test between the two groups (P-value < 0.05). The names of the CAGs comprising the schizophrenia-enriched and healthy control-enriched CAGs were highlighted in red and blue, respectively.





Multi-Omics Analysis Reveals the Association Among the Gut Microbiota, Serum Metabolites, and Inflammatory Cytokines in SCZ

Gut microbes and serum metabolites could co-vary as a result of mutual interactions or bidirectional modulation. To determine such associations, we assessed a large-scale association between the metabotypes and CAGs across all subjects. Given an FDR of 5%, nine CAGs and Shannon index were significantly correlated with 15 metabotypes, presenting 67 marked associations (Figure 3A and Table S6). CAG1 and CAG2, enriched in the HC group, were also positively correlated with HC-enriched metabotypes, such as fatty acyls, LysoPC/PC, and carbohydrate conjugates, but negatively correlated with “SCZ-enriched metabotypes”, such as fatty acids and conjugates. The CAGs enriched in SCZ showed significant associations with metabotypes in the opposite direction to the above results. Among them, CAG5 and CAG6 were also significantly correlated with metabolites such as fatty acids and phospholipids. Using linear regression, 36 of the 133 DA metabolites were significantly associated with Shannon diversity (Figure 3C). The metabolites involved in amino acids and pyridinecarboxylic acids, such as asparaginyl-valine and MNA, displayed the strongest associations. The most abundant metabolites associated with the Shannon index were glycerophospholipids.




Figure 3 | Interrelationship between gut microbiota composition, host metabolic profile, and inflammatory cytokines. (A) Visualization of the correlation network according to Spearman correlation analysis between the gut microbiota of significant co-abundance groups (CAGs) and the inflammatory cytokines was mediated by serum metabolites. Red connections indicated positive correlations (Spearman correlation test, FDR < 0.05), whereas blue connections showed correlations that were negative (Spearman correlation test, FDR < 0.05). All correlations were adjusted for age, sex, body mass index, and diet. In the gut microbiota column, the green stratum represented CAGs that were highly enriched in the healthy control (HC) group, and the stratum colored in blue was increased in the schizophrenia (SCZ) group. In the metabolomics column, the orange stratum represented HC-enriched metabotypes, and the claybank stratum represented SCZ-enriched metabotypes. In the cytokines column, the red stratum represented elevated inflammatory cytokines in the SCZ group, and the gray represented no difference between the two groups. (B) Scatter plot representing the association between C–C motif chemokine ligand 2 and CAG11 in all subjects. (C) The percentage of variance in Shannon index that was explained by each serum metabolite that was significantly associated with Shannon index (P-value < 0.05). For each metabolite, red bars correspond to a positive β-coefficient, whereas blue bars correspond to a negative β-coefficient. Significance was assessed using ordinary least squares regression.



Concordantly, the Mantel test was performed on DA bacterial phylum between the cases and controls to identify phylum-related metabotypes. Notably, all three phyla and total mOTUs were significantly correlated with M 1, 10, and 14, which were mainly fatty acyls, glycerophospholipids, and dicarboxylic acids (Figure 4A). The correlation trends of Bacteroidetes and total mOTU with metabolites were more similar, suggesting that Bacteroidetes may play a more important role in regulating metabolism than other bacteria. In addition, we found that gut bacteria showed significantly more correlations with serum metabolites than with serum cytokines. Except for the significant positive correlation between CAG11 and CCL2 (Figure 3B), we did not find any CAGs directly correlated with these six cytokines. In contrast, serum metabolites were significantly correlated with the levels of inflammatory markers. Moreover, SCZ-enriched metabotypes were positively correlated with the pro-inflammatory cytokines, whereas HC-enriched metabotypes were inversely correlated (Figure 3A and Table S6).




Figure 4 | Correlation analysis of multi-omics. (A) Pairwise comparisons of metabotypes and cytokines were shown, with a color gradient denoting Pearson’s correlation coefficients. Actinobacteria, Bacteroidetes, Firmicutes, and mOTUs were related to each metabotypes and cytokines by partial (age, sex, BMI and diet-corrected) Mantel tests. Edge width corresponded to the Mantel’s r statistic for the corresponding metabotypes and cytokines correlations, and edge color denoted the statistical significance based on 9,999 permutations. (B) Venn plot of the number of differentially abundant mOTUs that were associated with serum metabolites and cytokines, respectively. (C) Clostridium symbiosum contributed to C–C motif chemokine ligand 2 (CCL2) through cholic acid (Pmediation = 0.022, 20%). (D) Eggerthella lenta contributed to CCL2 through asparaginyl-valine (Pmediation = 0.012, 24%). (E) Eggerthella lenta contributed to CCL2 through cholic acid (Pmediation = 0.010, 24%). The gray lines indicated the Spearman correlations adjusting for age, sex, BMI and diet, with corresponding rho coefficients and false discovery rate values. The blue arrowed lines indicated the microbial effects on CCL2 mediated by metabolites, with the corresponding mediation P-values.



Of the 31 mOTUs associated with metabolites or cytokines, two mOTUs in CAG11 correlated with both metabolites and cytokines (Figure 4B). To further evaluate the role of metabolites in the regulation of microbial effects on cytokines, we performed directional mediation analysis and found three mediation linkages. For instance, Clostridium symbiosum may contribute to increased CCL2 levels by decreasing serum cholic acid levels (Figure 4C), and Eggerthella lenta may contribute to increased CCL2 levels by affecting serum levels of cholic acid and asparaginyl-valine (Figures 4D, E). Subsequently, we conducted additional validation based on 23 SCZ patients and 23 controls and found that cholic acid may mediate the association between bacteria and CCL2, but the result did not reach statistical difference due to the limited sample size (Figures S7B, C). The interaction networks between CAGs, SCZ-associated metabolites, and cytokines suggest that dysbiotic gut bacteria may alter inflammatory cytokines by interacting with host metabolites.



SCZ Diagnosis Based on the Metabolites Related to the Gut Microbiota

Previous studies have established a diagnosis model of SCZ using only single omics data, the gut microbiota, or metabolites. To improve the diagnostic efficiency, we combined 50 DA mOTUs and 133 serum metabolites to construct disease classifiers. In the random forest cross-validation within the training set, the classification error of seven serum metabolites was the lowest, and the areas under the ROC curve of the training set and test set were 99.17% and 99.45%, respectively. (Figures 5A, B). Among the discriminatory features included in the classifier, cholic acid had the greatest impact, followed by metabolites such as 4,8-dimethylnonanoyl carnitine, 3-hydroxycapric acid, and prostaglandin A2 (Figure 5C). All metabolites in the model were significantly reduced in the SCZ group. Moreover, with the exception of 4,8-dimethylnonanoyl carnitine, the other six metabolites showed a significant negative correlation with the Shannon index (Table S7). Reduced cholic acid levels in the serum of SCZ patients were also verified in another study (Figure S7A). Overall, serum metabolites showed better potential for diagnosing SCZ than gut bacteria, especially gut microbe-derived metabolites.




Figure 5 | Metabolites classify schizophrenia from healthy control. (A) Distribution of five trials of 10-fold cross-validation error in random forest classification of schizophrenia as the number of features increases. The model was constructed using relative abundance of the 50 metagenomic operational taxonomic units and 133 metabolites from 70% of schizophrenia and healthy control samples (training set). The black curve indicates the average of the five trials (gray lines). The pink line marks the number of features in the optimal set. (B) Receiver operating characteristic analysis was performed to evaluate the diagnostic performance of these seven metabolite biomarkers, and the areas under the curve of the training set and test set were 99.17% and 99.45%, respectively. (C) The seven metabolites with most weight to discriminate schizophrenia and controls were selected by the cross-validated random forest models. The length of line indicated the importance of the metabolites for classification.






Discussion

As shown in summary of Figure 6, we demonstrated significant differences in serum metabolite profiles, intestinal microbiota, and aberrant blood cytokine levels in SCZ patients compared with HCs. We revealed that metabotypes were significantly correlated with gut microbial CAGs and inflammatory cytokines, and intestinal microbiota may influence immune responses by regulating host metabolic processes.




Figure 6 | The summary of gut microbiota composition, metabolism and cytokines analysis between schizophrenia and healthy control.



We identified 133 SCZ-associated metabolites through untargeted metabolome studies, some of which have been reported previously (33–38). Recent meta-analyses have highlighted the association between SCZ and increased amino acids, fatty acids, glycerophospholipids, and reduced PC/PE (14, 15, 39, 40), and most of the SCZ-relevant serum metabolites identified here were also in these categories. Furthermore, our data indicated that metabolites with similar chemical structures tended to cluster together, and those in the same cluster strongly correlated with each other. For example, a cluster of metabolites (M3) comprising seven types of amino acids, upregulated in the serum of the SCZ group, and M13, which included six metabolites belonging to glycerophosphocholines, was significantly reduced in the SCZ group. The formation of co-varying clusters of metabolites may be due to a variety of biochemical mechanisms, including chemical modifications of common parent metabolites, being associated with the same biochemical pathway, and being co-produced by specific microorganisms. Correlation analysis with the course of disease showed that some serum metabolites decreased with the progression of disease, such as MNA, a metabolite of M14. MNA can inhibit glutamate excitotoxicity and increase the level of acetylcholine in brain tissue (41, 42), providing a potential neuroprotective effect in neurodegenerative diseases and possibly a therapeutic target in the future.

Although the inflammatory hypothesis of SCZ has long been proposed (1, 2), the cause of long-term immune activation in SCZ remains unclear. Both gut microbes and serum metabolites are crucial regulators of host immune homeostasis (43, 44). The correlations between inflammatory cytokines and serum metabolites appear to be stronger and more widely presented than those with gut microbes, suggesting that serum metabolites may play a more direct role in the inflammatory process of SCZ than gut microbiota. Accordingly, some metabolites associated with bioenergetics or biosynthesis have emerged as immune effector molecules, with specific roles in the control of the immune system (45). In the present study, PEs, PCs, and sphingolipids were negatively correlated with inflammatory cytokines, whereas amino acid metabolites were positively correlated with these cytokines. Moreover, SCZ patients expressed higher levels of metabolites that carry pro-inflammatory potential, such as asymmetric dimethylarginine (46), and had depleted anti-inflammatory metabolites, such as oleic acid and arachidonic acid (19, 20). The imbalance of immune-regulatory metabolites in the serum of SCZ patients may contribute to their systemic immune activation.

The human intestinal microbiota interacts extensively with the host through substrate co-metabolism and metabolic exchange (47, 48). Our results showed that SCZ-relevant bacteria were significantly associated with amino acids, fatty acids, and glycerophospholipids. Interestingly, these metabolites are partially involved in the metabolism of neurotransmitters and the regulation of neuroinflammation (18, 49, 50). Consistent with previous studies, we found significant increases in the relative abundance of Bacteroides, Collinsella, Clostridium, and Dialister and a decrease in Klebsiella and Streptococcus at the genus level (8, 51). It should be noted that significantly enriched Akkermansia muciniphila and Streptococcus vestibularis in SCZ were reported in our previous study (9); however, this analysis did not show significant differences between groups. These inconsistencies may be influenced by the highly heterogeneous characteristics of the disease, sample size, and other potential confounding factors. But it was certain that most bacteria, including these two, changed in the same direction in SCZ across our two cohorts. In addition, we also found that the microbial composition of SCZ patients displayed a higher α-diversity score. Although a more diverse microbiota is generally considered to be healthier (52), higher α-diversity above a threshold is associated with unhealthy blood levels of specific microbial metabolites (13). For example, α-diversity is elevated in people with constipation (53), and we found more pronounced constipation in SCZ patients, consistent with previous reports (54). Notably, the metabolites associated with lipid and energy metabolism were associated with Shannon index, demonstrating a strong connection between host physiology and gut microbiota structure in SCZ patients. By constructing random forest model based on omics data, we identified that metabolites, especially those significantly associated with α-diversity and cytokines, were more suitable as biomarkers than microbiota. Compared with previous microbial diagnostic models (8, 9), the diagnostic accuracy of seven metabolites can reach 99%. And these metabolites (such as cholic acid and prostaglandin A2) can be studied in the future to better understand their roles in the pathogenesis and pathophysiology of SCZ.

Ecologically, gut bacteria work as functional groups, flourishing or declining together in response to the changes of physiological environment, rather than in isolation (30, 55). Therefore, CAG-based analysis in our study provides a more ecologically relevant approach to reduce the dimension of the microbiota dataset and facilitates to identify functionally important members of the intestinal microbiota in SCZ. Similarly, we also found that bacteria with higher homology were more easily clustered together, indicating that their symbiosis ability was stronger. These CAG clusters also provide some clues for a more detailed taxonomic classification of unannotated mOTUs. The abundance of CAG11 increased in SCZ and was positively correlated with the chemokine CCL2. Clostridium, an important genus in this CAG, has also previously been reported to upregulate CCL2 and various pro-inflammatory cytokines in mice (56). Moreover, Clostridium was also found to be positively correlated with amino acids in inflammatory bowel disease (57), consistent with our results. Notably, we did not find any other significant correlations between CAGs and these cytokines, suggesting that bacteria may indirectly modulate immune activation in SCZ patients. We also confirmed this hypothesis through intermediate analysis; for example, microbes may affect inflammatory cytokines by regulating metabolic processes, such as bile acid metabolism. Previous studies have shown intestinal communication between bile acids and microbiota, also its effects on host immune responses (58, 59). Considering the dynamic nexus of host immunological, metabolic, and microbial networks, the case-control study is insufficient to depict the overall disease status; long-term follow-up and functional studies are urgently needed. It is more likely to reveal specific bacteria that may be responsible for SCZ immune abnormalities through the production of bioactive metabolites. In addition, the inconsistency of several gut microbiota studies on SCZ also reflects the limitation of research method. Thus, it is necessary to expand the sample size and optimize analysis method to accurately describe gut microbiota features for SCZ in detail.

Overall, through multi-omics correlation analysis, we found several metabotypes closely related to gut microbial metabolism and showed significant correlations with serum inflammatory cytokines in SCZ patients. More studies using multi-omics analysis to gain a systematic understanding of the mechanisms of body synergistic regulation will deepen insight into the systems biology of SCZ and promote the development of personalized multimode SCZ intervention. In addition, it has been confirmed that disorders in bile acid metabolism may contribute to cognitive changes (60), and our study also demonstrated the importance of cholic acid in regulating the relationship between microbes and immunity. The role of bile acid metabolism in the gut brain axis needs be further investigated in the future, and the gut microbiota-bile acid metabolism pathway-immune activation could be possible therapeutic targets for schizophrenia.
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Objectives

To characterize the clinical features of IgG4-related disease (IgG4-RD) and analyze the peripheral T lymphocyte subsets and cytokine levels.



Methods

A total of 52 patients with newly diagnosed IgG4-RD were enrolled in the retrospective study. Baseline clinical characteristics and examinational findings were systematically reviewed.



Results

IgG4-RD patients had a male predominance, with an average age of 57.4 ± 10.3 years (range 27-81). The mean number of involved organs was 2.7 (range 1-8). Submandibular gland (57.7%) and lacrimal gland/orbit (40.4%) were the most commonly involved organs. Serum IgG4 increased in 97.9% of the patients, the median level was 1300 (585.25, 1975) mg/dl. Decreased C3 and C4 accounted for 77.8% and 55.6% of this patient cohort, respectively. Receiver operating characteristic (ROC) test indicated the possibility of lung/pleura involvement when C3 was less than 0.570 g/l (AUC = 0.788, P = 0.014), and kidney involvement when C3 was less than 0.545 g/l (AUC = 0.796, P = 0.014). Compared with healthy controls (HC), the absolute Th1 counts were higher in IgG4-RD patients (157.58 cells/μl vs. 130.54 cells/μl, P = 0.038), while the absolute counts of Th2, Th17 and T regulatory (Treg) cells, as well as Th17/Treg ratio were not statistically different. The levels of serum IL-4, IL-6, IL-10, IL-17, TNF-α, and IFN-γ were higher in patients with IgG4-RD as compared with HC (P < 0.001). Serum IL-10 was positively correlated with IL-4, TNF-α and IFN-γ, but uncorrelated with Treg cells. Serum IgG4 level was positively associated with the number of affected organs, eosinophil counts, and ESR, whereas inversely associated with C3, C4, IgM, and IgA.



Conclusion

Submandibular and lacrimal glands are the most commonly involved organs in IgG4-RD. Serum C3 level could be a predictor of lung/pleura and kidney involvement in the disease process. Elevated Th1 cells are probably related to chronic inflammation and fibrosis. Treg cells are unlikely to play an important role in the pathogenesis of IgG4-RD.
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Introduction

IgG4-related disease (IgG4-RD) is an immune-mediated chronic fibro-inflammatory disease characterized by enlargement and sclerosis of affected organs, compression of the surrounding tissues, and ultimately leads to tissue destruction and organ failure. Dense lymphocytic infiltration, especially dramatic IgG4+ plasma cells, and storiform fibrosis are the significant pathological features of the disease (1–3).

It is a highly heterogeneous disease that can affect virtually all organs, and the clinical manifestations are protean. Pancreas, bile duct, lacrimal and salivary glands, orbital and retroperitoneal tissues are the commonly affected sites. In addition, IgG4-RD is an excellent imitator, which is easily confused with malignancy, infection, and other immune-mediated conditions, and likely to result in misdiagnosis or even over-diagnosis. Thus, the accurate diagnosis of IgG4-RD is highly dependent on the comprehensive analyses of clinical features, laboratory findings, imaging examinations, and histopathological manifestations.

In this study, we compared demographic characteristics and recorded the laboratory parameters of 52 IgG4-RD patients, and simultaneously analyzed peripheral lymphocyte subgroups, CD4+ T cell subsets, and serum cytokines. We expect these data would improve the understanding of IgG4-RD and provide a reference for exploring pathogenesis and therapeutic targets.



Materials and Methods


Patient Enrollment

This retrospective observational study enrolled 52 patients with IgG4-RD referred to the Second Hospital of Shanxi Medical University from November 2015 to January 2021. According to the classification criteria for IgG4-RD formulated by the American College of Rheumatology (ACR) and European League Against Rheumatism (EULAR) in 2019 (4), the newly diagnosed and untreated patients were classified following a sequentially three-step that consist of entry criterion, exclusion criteria and inclusion criteria. This study was approved by the Medical Ethics Committee of the second hospital of Shanxi Medical University (Shanxi, China).



Patient Characteristics and Examination Parameters

Patient characteristics including age at diagnosis, gender, disease duration, and atopic history were recorded, along with clinical, radiologic, laboratory, and pathologic data obtained at the time of presentation. The HC consisted of 50 healthy volunteers with gender and age matched during the same period. Atopic history was collected according to the definitions of the European Academy of Allergy and Clinical Immunology (EAACI) (5).

Laboratory data comprised blood count, liver and renal function, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), and complement (C3, C4). Serum immunoglobulin (IgG, IgA, and IgM) and IgG subclasses (IgG1, IgG2, IgG3, and IgG4) were detected by immunoturbidimetry. Rheumatoid factor (RF) was determined by enzyme-linked immunosorbent assay (ELISA), anti-nuclear antibody (ANA) and anti-extractable nuclear antibodies (anti-ENAs) were measured by indirect immunofluorescence assay (IFA) and western blotting, respectively.

Immunophenotypes of lymphocyte subsets were determined by FACSCalibur (BD Biosciences). All immunofluorescence antibodies were purchased from BD Biosciences. The absolute counts of peripheral lymphocyte subgroups (CD3+ T/CD4+ T/CD8+ T/CD19+ B/NK cells) were analyzed by BD MultiSET software and FACSCanto II (BD Immunocytometry Systems, USA). For CD4+ T cell subsets (Th1/Th2/Th17/Treg cells), we needed to gate on CD4+ T cells initially. First, we added Ionomycin, PMA, and GolgiStop into 200μl heparin-anticoagulated venous blood to stimulate cells. Second, cells were labeled by CD4-FITC, followed by 2ml freshly prepared Fixation/Permeabilization. Finally, we stained cells using IFN-γ-APC/IL-4-PE/IL-17-PE to identify Th1/Th2/Th17 cells. Treg cells in 80μl heparin-anticoagulated venous blood were labeled by CD4-FITC and CD25-APE, followed by 1ml freshly prepared Fixation/Permeabilization, and then stained by anti-FoxP3-PE. The data were analyzed by the BD CellQuest Pro software. The calculation formula is that the number of CD4+ T cell subsets = the number of CD4+ T cells * the percentage of CD4+ T cell subsets.

Serum cytokines (IL-2, IL-4, IL-6, IL-10, IL-17, TNF-α, and IFN-γ) were detected by magnetic bead-based multiplex immunoassay using Human Th1/Th2/Th17 subgroup test kit (Jiangxi Cellgene Biotechnology Co., Ltd China) according to the manufacturer’s recommendations. The Bio-Plex 200 reader was used to acquire the data as Median Fluorescence Intensity (MFI) and concentration (pg/ml).

Imaging examinations included ultrasonography, computerized tomography (CT), enhanced CT, magnetic resonance imaging (MRI), and 18F-fluorodeoxyglucose positron emission tomography/computed tomography (PET/CT). Pathological and immunohistochemical examinations were carried out on 39 patients with IgG4-RD.



Statistical Analysis

Data for patient characteristics and laboratory findings were summarized as the median and interquartile range (IQR) unless otherwise stated. T-test or rank-sum test was used to compare the measurement data between groups. The chi-square test of independence was used to assess categorical variables. Spearman’s rank correlation was used to analyze the correlation between the measurement data of the patient group. ROC curve was used to analyze the correlation between serum C3 level and the affected organs, and the predictive effect was evaluated according to area under the curve (AUC). P < 0.05 indicates a statistical difference. The statistical software is R 4.0.5.




Results


Patient Characteristics

A total of untreated 52 IgG4-RD patients, 30 males and 22 females (M: F 1.36:1), were enrolled in this study. The demographic characteristics are shown in Table 1. Mean age at diagnosis was 57.4 ± 10.3 years (range 27-81). Median time from onset to diagnosis was 12 (3, 9) months.


Table 1 | Comparisons of clinical characteristics in patients with IgG4-RD in different studies.





Organ Involvement

In our cohort, 10 patients (19.2%) and 23 patients (44.2%) had 1 and 2 organs involved, respectively, 19 patients (36.6%) had more than 2 organs involved. The mean number of affected organs was 2.7 (range 1-8) (Table 1). Submandibular gland (30, 57.7%), lacrimal gland/orbit (21, 40.4%), lung/pleura (16, 30.8%) were the most commonly affected organs, followed by pancreas (14, 26.9%), parotid (12, 23.1%), bile duct (11, 21.2%), kidney (11, 21.2%), nasal cavity/sinuses (8, 15.4%), retroperitoneal fibrosis (4, 7.7%), and others. Notably, vaginal involvement was detected by PET/CT which showed hypermetabolic nodules in the left lateral wall in a multi-organ involved woman (Table 2).


Table 2 | Comparisons of organ involvement in patients with IgG4-RD in different studies.





Atopy

There were 11 patients (21.2%) with atopic history (Table 1). The main manifestations were asthma and rhinoconjunctivitis. The allergens were mostly pollen, wormwood, mites and dust. There was no significant difference in serum IgG4 level, absolute Th2 counts, and peripheral eosinophil counts between atopic and non-atopic patients (Table 3).


Table 3 | Comparisons of eosinophils, Th2 and serum IgG4 level in atopic and non-atopic patients with IgG4-RD.





Laboratory Examinations

In this study, 9 patients (9/52, 17.3%) had elevated eosinophil counts. 33 patients (33/46, 71.7%) had mild-to-moderate elevated ESR with a median of 27 (15.75, 57.75) mm/h; CRP increased in 12 patients (12/40, 30.0%) with a median of 3.14 (2.81, 8.32) mg/l. There were 47 patients (47/48, 97.9%) who had elevated serum IgG4, with a median of 1300 (585.25, 1975) mg/dl. The patients with elevated IgG1, IgG2, and IgG3 were 4 (4/27, 14.8%), 12 (12/26, 46.2%), and 5 (5/27, 18.5%), respectively. Decreased C3 occurred in 21 patients (21/27, 77.8%), and 15 patients (15/27, 55.6%) had C4 reduction. Low titers of ANA were detected in 6 cases (6/50, 12.0%), 11 cases (11/50, 22.0%) with positive RF, 1 case with positive anti-smooth muscle antibody, 1 case with positive anti-MCV antibody, and the anti-ENAs were all negative (Table 4).


Table 4 | Laboratory findings in patients with IgG4-RD.





Peripheral Lymphocyte Subgroups and CD4+ T Cell Subsets

Among the 52 IgG4-RD patients, 38 carried out the detection of peripheral lymphocyte subgroups, and 36 conducted CD4+ T cell subsets assay (Table 5). The absolute Th1 counts were higher in patients with IgG4-RD than in HC (157.58 cells/μl vs. 130.54 cells/μl, P = 0.038), whereas, there was no difference in percentages of Th1 cells between IgG4-RD patients and HC (20.01% vs. 16.9%, P = 0.207). The absolute counts of CD3+ T cells, CD19+ B cells, NK cells, CD4+ T cells, CD8+ T cells, Th2, Th17, and Treg cells showed no significant difference between patients with IgG4-RD and HC. However, the percentages of Treg cells was lower in IgG4-RD patients as compared with HC (3.64% vs. 5.19%, P = 0.002). No difference was observed in Th1/Th2 (20.02 vs. 15.7, P = 0.063) and Th17/Treg ratio (0.27 vs. 0.18, P = 0.095) between IgG4-RD patients and HC (Figure 1).


Table 5 | Lymphocyte subgroups and CD4+ T cell subsets in patients with IgG4-RD.






Figure 1 | Comparisons of serum cytokines and CD4+ T cell subsets between IgG4-RD patients and HC. (A–F) The levels of serum IL-4, IL-6, IL-10, IL-17, TNF-α, and IFN-γ were higher in patients with IgG4-RD compared to HC (P < 0.001). (G) The absolute Th1 counts were higher in IgG4-RD patients than in HC (P < 0.05). (H–J) There was no significant difference in the absolute counts of Th2 and Treg cells, as well as Th17/Treg ratio between IgG4-RD patients and HC. HC, healthy controls.





Cytokines

Serum cytokines were measured in 25 of the 52 patients. Compared with HC, the levels of serum IL-4, IL-6, IL-10, IL-17, TNF-α, and IFN-γ were statistically higher in patients with IgG4-RD (P < 0.001). There was no significant difference in IL-2 levels between IgG4-RD patients and HC (Figure 1).



Correlation Analysis

Serum IgG4 level was positively correlated with the number of involved organs (r = 0.319, P = 0.027), eosinophil counts (r = 0.432, P = 0.002), and ESR (r = 0.324, P = 0.028) in patients with IgG4-RD, and negatively correlated with the levels of serum C3 (r = -0.626, P < 0.001), C4 (r = -0.586, P = 0.001), IgM (r = -0.516, P < 0.001), and IgA (r = -0.406, P = 0.009). There was no correlation between serum IgG4 level and Th17/Treg ratio (Figure 2). Serum C3 level was a predictor of lung/pleura and kidney involvement in IgG4-RD patients. ROC test indicated the possibility of lung/pleura involvement when C3 was less than 0.570 g/l (AUC = 0.788, P = 0.014), and kidney involvement when C3 was less than 0.545 g/l (AUC = 0.796, P = 0.014) (Figure 3). Serum IL-10 was uncorrelated with Treg cells (P = 0.298), but positively correlated with IL-4, TNF-α, and IFN-γ (P ≤ 0.001) (Figure 2).




Figure 2 | Correlation analyses of laboratory findings in patients with IgG4-RD. (A–G) Serum IgG4 level was positively correlated with ESR, the number of involved organs, and Eos, and negatively correlated with C3, C4, IgM, and IgA. (H) There was no correlation between serum IgG4 level and Th17/Treg ratio in IgG4-RD patients. (I–L) Serum IL-10 was uncorrelated with Treg, but positively correlated with IL-4, IFN-γ and TNF-α. Eos, eosinophils; C3, Complement 3; C4, Complement 4; Ig, Immunoglobulin.






Figure 3 | The predictive performance of serum C3 level in lung/pleura and kidney involvement in patients with IgG4-RD. (A) ROC test indicated the possibility of lung/pleura involvement when C3 was less than 0.570 g/l (AUC=0.788, P=0.014). (B) There might be kidney involvement when C3 was less than 0.545 g/l (AUC=0.796, P=0.014). C3, Complement 3; ROC, receiver operator characteristic; AUC, area under the curve; Kidney involvement included kidney, renal pelvis, and ureter involvement.






Discussion

Our study described the demographic characteristics, laboratory examinations, and imaging features of 52 IgG4-RD patients, and focused on the analyses of T lymphocyte subsets and cytokine levels. Consistent with other reports (7, 8, 10, 11), the majority of patients in our cohort were middle aged to elderly Chinese men. Our findings confirmed that IgG4-RD often involved multiple organs successively or simultaneously, and ≥ 2 organs accounted for 80.8% of the cases. Submandibular gland, lacrimal gland/orbit, lung/pleura, pancreas, parotid, bile duct, and kidney were commonly involved organs, with less common ones including nasal cavity/sinuses, retroperitoneal fibrosis, skin, prostate, aorta, thyroid, hypophysis, meninges, mesentery, breast, and vagina.

Patients with elevated serum IgG4 levels accounted for 97.9% of the cases in our research, consistent with the findings of Yamada (7) and Lin (10). However, in the studies by Wallace (8) and Campochiaro (12), only 51% and 73% of the patients had elevated serum IgG4. This distinction may be related to the differences of region and ethnicity. Elevated serum IgG4 is a typical clinical manifestation of IgG4-RD, but elevated IgG4 only occurs in 51-98% of the patients, especially in Asian. Thus, it is imperative to integrate clinical, serological, radiological, and pathological features to make a comprehensive diagnosis of IgG4-RD.

IgG1, IgG2, and IgG3 increased to varying degrees in some patients, of which IgG2 increase accounted for 46.2% of the patients, significantly higher than that of IgG1 and IgG3. A retrospective study found that when IgG2 > 5.3g/l, the sensitivity of orbital IgG4-RD diagnosis can reach 80% and the specificity can reach 91.7%. The combined detection of serum IgG2 and IgG4 can be used as a new reference index for the diagnosis of IgG4-RD (13).

Our study found no significant difference in peripheral eosinophil counts between atopic and non-atopic patients. The absolute eosinophil counts were positively correlated with serum IgG4 level, consistent with the findings of Della-Torre (14). Regardless of whether the patient had an atopic disease, the histological specimens of the affected tissues tended to increase eosinophils. The evidence demonstrated that the elevated eosinophil counts seem not to be related to the presence of atopic diseases, but inherent to IgG4-RD itself (14–16).

Many similarities exist between IgG4-RD and allergic diseases, such as the increase of eosinophil counts, IgE, IgG4, and Th2 associated cytokines (IL-4, IL-5, and IL-13). However, no significant difference in serum IgG4 level, absolute Th2 counts and eosinophil counts between atopic and non-atopic patients was found in our patient cohort. Some scholars have also suggested that IgG4-RD and allergic disorders are not clinical manifestations of a single disease, but rather distinct disease processes that both involve type 2 immune activation. In Mattoo’s study (15, 17), only about 30% of IgG4-RD patients had an allergic history, while CD4+GATA3+ Th2 cells in the affected tissues were relatively sparse. Furthermore, another important study observed the expression of IL-4 mRNA increased in IgG4-RD tissues, and yet GATA3+ Th2 mRNA decreased, indicating that IL-4 was probably produced by non-Th2 cells (18). However, some studies showed the opposite conclusion. In IgG4-related Sclerosing Cholangitis and type 1 Autoimmune Pancreatitis (IgG4-SC/AIP) and Chronic Periaortitis (CP) patients, a dominant infiltration of GATA3+ Th2 cells were observed in the affected tissues (19, 20). With the further understanding of IgG4-RD, the role of Th2 cells in the pathogenesis will eventually be revealed.

The absolute Th1 counts were significantly increased in our study, which has also been reported in prior research (21). CD4+GZMA+IFN-γ+ CTLs were the most abundant infiltrating T lymphocytes in the IgG4-RD affected tissues, which could synthesize and secrete profibrotic cytokines of IL-1β, TGF-β1 and IFN-γ, as well as release cell-lysing substances such as perforin, granzyme A, and granzyme B (17, 18, 22). Elevated Th1 cells in our reaserch were probably part of CD4+GZMA+IFN-γ+ CTLs which have been misclassified as Th1 cells. CD4+ CTLs are not specific to IgG4-RD and also expand in the diseases of inflammatory bowel disease, systemic sclerosis, and rheumatoid arthritis, suggesting that these cells may play a role in the process of chronic inflammation and fibrotic disorder (9, 23, 24).

Treg cells play a vital role in maintaining immune homeostasis and autoimmune tolerance. Quantitative and functional defects of Treg cells have been described among a variety of autoimmune diseases (25–27). Intensive studies also have reported that the imbalance of Th17/Treg has a relationship with some autoimmune diseases (28–30). However, we found no difference in absolute Treg cells and Th17/Treg ratio between IgG4-RD patients and HC, consistent with Mattoo’s reports (22). In their study, 15 IgG4-RD patients received rituximab for 3-4 months, with dramatic clinical improvement, accompanied by a greater than 50% reduction in circulating CD4+ CTLs numbers and tissue fibrosis improved. Nonetheless, there was minimal impact on the number of circulating Treg cells. Based on the research above, it was suggested that Treg cells may not play a dominant role in the pathogenesis of IgG4-RD.

Cytokines are important small molecules in signal transmission between immune cells. As pro-inflammatory cytokines, the mild increases of serum IL-6, IL-17, TNF-α, and IFN-γ were in accordance with the mild inflammatory conditions in IgG4-RD. The slight increase of IL-4 may be related to the increase of Tfh2 (T follicular helper 2) cells (31, 32). IL-10, a representative anti-inflammatory cytokine, is mainly secreted by Treg cells and plays an important role in maintaining immune homeostasis. It was also mildly elevated and positively correlated with IL-4, TNF-α, and IFN-γ, but uncorrelated with Treg cells. It is assumed that the source of increased IL-10 does not exclude the participation of the other important cells such as Tfh cells (33). IL-10 may also play a pro-inflammatory role in IgG4-RD by promoting the survival and proliferation of B cells, production of antibodies, and immunoglobulin class switching.

The limitations of our study include the fact that it was a retrospective study with a relatively small sample size, and a few of the cases have a certain degree of data missing. In addition, due to the retrospective nature, we failed to investigate some other important data such as plasmablasts, Tfh cells, serum IgE, TGF-β, and disease activity assessed by IgG4-RD responder index (RI).

In conclusion, IgG4-RD is more common in middle aged and elderly men, and submandibular and lacrimal glands are the most frequently involved sites. Elevated Th1 cells probably play an important role in tissue lesion and fibrosis. Conversely, Th2 cells were unlikely to be linked to the pathogenesis of IgG4-RD. The quantitative defects of Treg cells and the imbalance of Th17/Treg may not be involved in the disease. Tfh cells, an important subset of CD4+ T cells, which play an essential role in germinal centre formation, B cells differentiation and IgG4 class-switching, hold a pivotal position in this disease process. That’s the focus of our further research. Following deeper understanding of IgG4-RD, we will eventually reveal the pathogenesis of this disease and improve the development of more precise and effective therapies.
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Background: Ulcerative colitis (UC) is a multi-factor disease characterized by alternating remission periods and repeated occurrence. It has been shown that fecal microbiota transplantation (FMT) is an emerging and effective approach for UC treatment. Since most existing studies chose adults as donors for fecal microbiota, we conducted this study to determine the long-term efficacy and safety of the microbiota from young UC patient donors and illustrate its specific physiological effects.

Methods: Thirty active UC patients were enrolled and FMT were administered with the first colonoscopy and two subsequent enema/transendoscopic enteral tubing (TET) practical regimens in The First Affiliated Hospital of Anhui Medical University in China. Disease activity and inflammatory biomarkers were assessed 6 weeks/over 1 year after treatment. The occurrence of adverse events was also recorded. The samples from blood and mucosa were collected to detect the changes of inflammatory biomarkers and cytokines. The composition of gut and oral microbiota were also sampled and sequenced to confirm the alteration of microbial composition.

Results: Twenty-seven patients completed the treatment, among which 16 (59.3%) achieved efficacious clinical response and 11 (40.7%) clinical remission. Full Mayo score and calprotectin dropped significantly and remained stable over 1 year. FMT also significantly reduced the levels of C-reactive protein (CRP), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6). The gut microbiota altered significantly with increased bacterial diversity and decreased metabolic diversity in responsive patients. The pro-inflammatory enterobacteria decreased after FMT and the abundance of Collinsella increased. Accordingly, the altered metabolic functions, including antigen synthesis, amino acids metabolism, short chain fatty acid production, and vitamin K synthesis of microbiota, were also corrected by FMT.

Conclusion: Fecal microbiota transplantation seems to be safe and effective for active UC patients who are nonresponsive to mesalazine or prednisone in the long-term. FMT could efficiently downregulate pro-inflammatory cytokines to ameliorate the inflammation.

Keywords: fecal microbiota transplantation, long-term follow up, microbiota, inflammatory cytokines, ulcerative colitis


INTRODUCTION

Ulcerative colitis (UC) is a chronic nonspecific intestinal inflammatory disease, mainly involving the colonic mucosa and submucosa with continuous distribution. Its clinical manifestations mainly include diarrhea, abdominal pain, mucous pus, and blood stool. Patients with UC may present different degrees of systemic symptoms and intestinal manifestations and have a risk of developing colorectal cancer through the inflammation-proliferation-cancer sequence pathway, which requires lifelong monitoring (Ananthakrishnan, 2015; Abdalla et al., 2017).

It is widely believed that the over-activation of the immune system and the dysbiosis of intestinal microbiota are associated with the intestinal inflammation in genetically susceptible people although the exact mechanism of pathogenesis of UC remains unclear (Chu et al., 2016; Hu et al., 2020). Gut microbiota is generally regarded as a covert metabolic and immune organ, participating in many physiological processes of host, including digestion and metabolism, adjustment of the epithelial barrier, development and regulation of host immune system, as well as the protection against pathogens (Pickard et al., 2017). A previous study has shown the link between the perturbation of intestinal microecological balance and the adverse bacterial community structure of UC patients, which is mainly manifested as the significant decrease of Bacteroidetes and Firmicutes, and the increase of Proteobacteria and Actinomycetes (Browne and Kelly, 2017). Although no specific pathogen has been identified as the sole cause of UC, studies have revealed the important role of the altered diversity of microbiota in intestinal inflammation (Ott et al., 2004; Chang, 2020). For instance, UC patients exhibited a decreased diversity of gut microbiota, including the reduction of Faecalibacterium prausnitzii, Clostridium clusters IV and XIVa, Bifidobacterium, Bacteroides, Roseburia, and Eubacterium rectale (Zhang et al., 2017). Therefore, it is potentially feasible to treat UC via improving the structure of gut microbiota communities in UC patients. Conversely, people suffering from inflammatory bowel disease (IBD) often showed oral symptoms like oral ulcer, dry mouth, and aphthous stomatitis (Jose and Heyman, 2008; Veloso, 2011), which indicate the potential correlation between oral microbiota and IBD manifestations. Although there have been some studies in this field (Said et al., 2014; Rautava et al., 2015; Xun et al., 2018), the information about the oral microbiota from IBD patients is still limited.

Fecal microbiota transplantation (FMT) is a procedure placing fecal microbiota from a healthy donor into a patient’s intestine to rectify microbiome imbalance (Gupta and Khanna, 2017), which has been shown to be highly successful in the treatment of Clostridium difficile infection (CDI) and has been approved by U.S. Food and Drug Administration (FDA) for clinical application of CDI (Surawicz et al., 2013). However, the efficacy and safety of FMT applied to UC treatment remain unclarified. To date, four high-quality randomized controlled studies (RCT) have reported the effectiveness of FMT in the treatment of active UC, among which three were confirmed to have significant improvement following FMT, with a clinical remission achievement of 24%–44% of patients when compared with the control group (5%–20%; Moayyedi et al., 2015; Paramsothy et al., 2017; Costello et al., 2019). A meta-analysis involving 168 FMT clinical studies showed that the final remission rate of FMT in UC could reach 39.6% and the overall incidence of adverse events was less than 1% (Lai et al., 2019). However, there is one RCT study that failed to illustrate the beneficial effect of FMT on UC (Rossen et al., 2015). Hence, the effectiveness of FMT for UC is still controversial and differences in the definition of clinical outcomes, donor selection, fecal microbiota preparation, and infusion delivery in these studies may be responsible for the inconsistent conclusions. In addition, the long-term influence of FMT on gut microbiota also needs to be monitored.

The purpose of this study is to explore the long-term efficacy and safety of FMT in the treatment of active UC using fecal microbiota from young donors. Combined with detection of host immune-related markers and long-term examination on microbiota, this study also contributes to a deeper understanding of the concrete mechanism of FMT in UC.



MATERIALS AND METHODS


Patients

This is a single-center, open-label clinical study in the First Hospital of Anhui Medical University from April 2018 to March 2020. The inclusion criteria are as follows: (1) age 18–70; (2) biopsy confirmed UC with Mayo score of 4–10 and Mayo endoscopic score ≥ 1; and (3) received stable doses of mesalazine or prednisone for at least 3 months before enrollment. Exclusion criteria included: (1) pregnant or lactating, (2) concurrent with other infections, such as CDI or cytomegalovirus infection, (3) accompanied with other severe organic diseases, such as acute cerebrovascular disease, acute myocardial infarction, moderate to severe chronic obstructive pulmonary disease, and malignant tumor, (4) receiving any drugs that may affect the results of the study during the study period, including antibiotics, probiotics, and prebiotics, and (5) any patients considered inappropriate for inclusion by the researcher. The patient’s history and clinical characteristics were recorded at baseline.



Ethics

The study was approved by the Hospital Ethics Committee of Anhui Medical University and registered in the department of Chinese Clinical Trial (registration No. ChiCTR1900022273). All patients provided written informed consent.



Donor and Material Preparation

Forty-two donors were recruited from healthy, unrelated boys aged 8–14 years and screened for fecal and serological screening. The exclusion criteria for donors included: (1) antibiotic use within 3 months prior to donation, (2) a history of gastrointestinal disorders or familial gastrointestinal diseases, (3) autoimmune or other immune-mediated diseases, metabolic syndrome, malignancy, emaciation, or overweight. The serological pathogens including hepatitis A, B, C, and E, HIV, Rotavirus, Adenovirus, Treponema pallidum, and enteric pathogens including Salmonella, Campylobacter, Yersinia, Shigella, CDI, and parasites detected. The screens for vancomycin-resistant, extended spectrum beta-lactamase, and carbapenemase producing bacteria were also performed.

The preparation of fecal microbiota was performed in USTC-IAT and Chorain Health Joint Laboratory for Human Microbiome. Briefly, the sterile normal saline was added to homogenize the stool. The slurry was filtered using stainless steel sieves then centrifuged. The microbiota were resuspended with normal saline again and added with glycerol to a final concentration of 12.5% as freeze protectant. All procedures were performed under strict anaerobic conditions to protect the anaerobes. The final fecal microbiota was labeled and stored at −80°C before use.



Transplantation Procedure

All patients who met the inclusion criteria underwent standard intestinal cleansing using polyethylene glycol before colonoscopy without the use of antibiotics. During the first colonoscopic FMT treatment, 120 ml fecal microbiota from three different donors was pooled then injected into the terminal ileum. For the next 4 days, patients received two subsequent FMT at the same dose. The infusion route depended on the Montreal classification of extent of UC: enema was used for E1 and E2 patients, and TET was used for E3 patients. After each infusion, the patient was encouraged to keep a lying position for 4–6 h to facilitate the successful colonization.



Outcome Measurement

Within 24 h after FMT infusion, the patient’s vital signs (body temperature, blood pressure, breathing, and heart rate) were closely monitored. At week 1, 3, and 5 after FMT, patients received follow-up calls for adverse events (AE). New symptoms and the exacerbation of previous symptoms were recorded as AE. An AE that was disease spreading, fatal, life threatening, or required professional intervention requiring hospitalization or prolonged hospital stays, infertility congenital anomaly, permanent disability, or disfigurement was regarded as a serious AE. For short-term efficacy assessment, the full Mayo score and Mayo endoscopic score as well as AE were assessed at week 6. Mayo score ≤ 2 and the endoscopic Mayo score ≤ 1 were considered indicative of clinical remission. A reduction in the total Mayo score of ≥3 at week 6 was considered clinical response. The clinical biomarkers were also detected at this time point. For long-term efficacy assessment, the full Mayo score and Mayo endoscopic score as well as AE were assessed 1 year after FMT. The gut and oral microbiota were sampled and sequenced at both time points.



Calprotectin Measurement

About 50–100 mg of patient stool samples were taken and a certain proportion of the extraction solution was added (w/v = 1:49) and mixed evenly. The 2 ml mixture was absorbed for centrifugation (3,000 g × 5 min), and then the supernatant was collected and processed according to the manufacturer’s instructions (Buhlmann Company, Switzerland).



Biomarker Detection

The blood sample was centrifuged (3,000 g × 10 min) to obtain the supernatant, and the conditioned serum was collected and stored at −80°C until further use. The contents of interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor necrosis factor alpha (TNF-α) in the sera were determined by the ELISA kits (NeoBioscience, China), and serum levels of vitamin D were measured by using DIA source 25OH Vitamin D total-RIA-CT kit (Louvain-La-Neuve, Belgium) according to the manufacturer’s instructions.

The colon mucosa of the most severe lesions was sampled under endoscopy. IL-1β, IL-6, IL-10, TNF-α, and Vitamin D Receptor (VDR) levels were measured using immunohistochemical analysis. The following primary antibodies were used: IL-1β (GB11113, Servicebio), IL-6 (21865-1-AP, Proteintech), IL-10 (20850-1-AP, Proteintech), TNF-α (60291-1-IG, Proteintech), and VDR (Ab3508, Abcam). Three areas were chosen randomly and then the mean optical density was measured using a light microscope (Nikon Eclipse ci, Japan) and Image-Pro Plus6.0 (Media Cybemetics, United States).



16S rRNA Gene Sequencing Sample Collection and Sequencing

All intestinal and oral samples were collected in the hospital. Briefly, fresh stool samples were collected using a sterile cotton swab and placed in a 2 ml sterile sampling tube. Fresh saliva samples were also collected and placed in a 2 ml sterile sampling tube. Samples were then sent to Novogene sequencing center in Tianjin, China and G-BIO sequencing center in Hangzhou, China for DNA extraction and sequencing. The genomic DNA was extracted using QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany), and the 16S rRNA gene PCR primers (341F: CCTAYGGGRBGCASCAG and 806R: GGACTACNNGGGTATCTAAT) were used to amplify 16S rRNA gene V3–V4 hypervariable region using total DNA from each sample as a PCR template. The library was constructed using TruSeq DNA PCR-Free Sample Preparation Kit, and then the samples were sequenced using the NovaSeq system (Illumina) with a 2 × 250-base pair protocol.



Bioinformatics Analysis of 16S rRNA Gene Sequencing

First, the primer region of 16S rRNA gene sequencing raw data was removed using Cutadapt (version 1.18; Martin, 2011). The paired sequences were merged using Vsearch (version 2.14.1) with default parameters (Rognes et al., 2016). Then, the merged reads were analyzed using QIIME2 (version 2019.10; Bolyen et al., 2018). DADA2 was used to filter the low-quality merged reads and construct a feature table (100% identity; Callahan et al., 2016). The taxonomy was assigned using the Greengenes database (version 13.8; McDonald et al., 2012). Alpha and beta diversities were performed by QIIME2 and the MetaCyc metabolic pathway of bacteria was predicted using PICRUSt2 (version 2.3.0; Douglas et al., 2020). The code was uploaded to github.1 Differential abundances of taxa were compared using LEfSe (Segata et al., 2011).



Statistical Analysis

Normally distributed data were analyzed using the paired t test and unpaired t test, and expressed as mean (SD). Non-normally distributed data were analyzed using Mann–Whitney U test and Wilcoxon rank sum test, and expressed as median (IQR). Values of p were corrected with BH method for multiple comparisons. Data analysis and visualization in this study were carried out using R version 4.0.0 software, utilizing tidyverse and agricolae packages.




RESULTS


Clinical Outcomes

Twenty-seven patients successfully completed the entire trial (Figure 1) and their baseline clinical characteristics are presented in Table 1. Sixteen patients (59.3%) achieved a clinical response (full Mayo score decreased ≥3) and 11 patients (40.7%) were in clinical remission by week 6 (full Mayo score ≤ 2 and mayo endoscopy subscore ≤ 1). The short-term change in full Mayo score for each participant is represented in Figure 2A. The mean full Mayo score dropped by 4.94 (95% CI 4.17–5.70) on average in the responsive group and by 1.36 (95% CI 0.67–2.05) in the nonresponsive group at week 6 after FMT. In total, the mean full Mayo score of all 27 patients dropped by 3.48 (95% CI 2.61–4.35; Figure 2B). The long-term efficacy was also measured 1 year after FMT. The results showed the decrease of full Mayo scores could remain stable for more than 1 year in both responsive and nonresponsive patients. By comparison, the levels of calprotectin at all three time points (before FMT, 6 weeks after FMT, and 1 year after FMT), showed that FMT could effectively downregulate the level of calprotectin (Figure 2C), although the decrease is not statistically significant (p = 0.0674) in nonresponsive patients. A two-way ANOVA was also performed to analyze the effect of FMT and response on these two clinical outcomes. The results revealed that there was a statistically significant interaction between the effects of FMT but not the response (Table 2).
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FIGURE 1. Flow of patients of fecal microbiota transplantation (FMT) for ulcerative colitis.




TABLE 1. Baseline characteristics of recipients.
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FIGURE 2. Alterations of full Mayo score and calprotectin. (A) Change of full Mayo score of all patients 6 weeks after FMT. The vertical parallel line plot shows changes in Mayo score for each individual patient. For each patient who received FMT, the line starts at his/her pre-FMT full Mayo score and ends at his/her FMT full Mayo score 6 weeks after FMT. The color shows the response of each patient. (B) The Mayo score of patients before, 6 weeks after, and 1 year after FMT. (C) The calprotectin levels of patients before, 6 weeks after, and 1 year after FMT. Boxplots present the median and interquartile range (25–75th percentiles) for each group with whisker length equal to 1.5 interquartile range. The colors show the group of patients. Statistically significances are also indicated: **p < 0.01, ***p < 0.001.




TABLE 2. Corrected p values of two-way ANOVA analysis.
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Although no serious AE were observed, four patients had minor adverse reactions. The first patient developed blackened tongue coating within 1 day after treatment, while the second patient presented transient fever and symmetrical erythema on both lower limbs and posterior back, 4 h and 1 week after transplantation, respectively. The forementioned signs of both patients subsided after conservative care during the follow-up period. The third patient showed perianal abscess after transplantation, which improved after antibiotic treatment. The last patient presented with an exacerbation of colitis during the follow-up period and was hospitalized for anti-inflammatory and hormone therapy. In addition, no correlation between the outcomes (both clinical response and adverse events) and individual donor was found.



Influence of FMT on Gut Microbiota in Patients

The microbiota compositions of each patient throughout the clinical study were analyzed and presented at genus level (Figure 3A). The taxonomic and metabolic alpha diversities, including observed OTUs, Pielou’s evenness index, and Shannon diversity index between different groups, were calculated based on the OTU table and representative sequences generated by DADA2 (the statistics of this process were listed in Table 3). The taxonomic observed OTUs and Shannon index in patients were lower than that in the donor (Figure 3B). FMT continuously enhanced these two alpha diversities after treatment. Surprisingly, the metabolic alpha diversities in patients were significantly higher than that in the donor in spite of low bacterial diversities. FMT also resulted in changes towards normal levels, although there was a rebound in the trend after 1 year. Patients were divided into two groups based on their clinical response as mentioned above. Unexpectedly, no significant difference of the six alpha diversities was noted between the responsive group and the nonresponsive group at week 6 (Figure 3C), which implies the alpha diversities might not be implicated in clinical response. The two-way ANOVA results also verified the influence of FMT instead of response (Table 2).
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FIGURE 3. The gut microbiota from all patients. (A) The relative abundance of gut microbiota in each patient throughout the clinical study. (B) The alpha diversities of all patients and donors throughout the clinical study. (C) The alpha diversities of responsive patients, non-responsive patients, and donors 6 weeks after FMT. (D) PCoA based on weighted UniFrac matrix of bacterial taxonomy. (E) PCoA based on Bray-Curtis matrix of predicted pathways. Boxplots present the median and interquartile range (25–75th percentiles) for each group with whisker length equal to 1.5 interquartile range. Statistically significances are also indicated: *p < 0.05, **p < 0.01, and ***p < 0.001.




TABLE 3. Statistics of DADA2 process.
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Next, we performed principal coordinate analysis based on weighted UniFrac distance of taxonomy and Bray-Curtis distance of pathway. The results showed the taxonomic compositions in patients were distinct from that in donors before treatment (Figures 3D,E). FMT altered the taxonomic structures of patients at week 6 and the alteration could last for more than 1 year. When taking clinical response into account, the taxonomic structures of responsive and nonresponsive patients were the same throughout the entire clinical study. But the significant alteration was observed only in responsive patients. As for metabolic compositions, the changes were the same with those of taxonomic compositions.



Alterations of Biomarkers and Their Correlation With Microbiota

To delineate the concrete mechanism of FMT therapy, we measured several biomarkers closely related to UC, including C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), IL-1β, IL-6, IL-10, TNF-α, and vitamin D at week 6 (Figures 4A,B). The reduction of CRP combined with the reduction of calprotectin mentioned above suggested the amelioration of inflammation and the improvement of tissue damage. As for cytokines, the expression of pro-inflammatory IL-1β and IL-6 in intestinal mucosa was significantly dampened after FMT, while only the level of IL-6 decreased significantly in serum. The expression of VDR in intestinal mucosa was found to be significantly elevated in response to FMT. Further comparison between responsive and nonresponsive groups showed the upregulation of IL-10 only in intestinal mucosa of responsive patients, which is the only difference between responsive and nonresponsive patients after treatment. Simple main effects analysis showed that FMT did have a statistically significant effect on the levels of IL-1β, IL-6, and VDR in intestinal mucosa (Table 2).
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FIGURE 4. The biomarkers related to ulcerative colitis (UC) and their correlations with gut microbiota. (A) The biomarkers levels of all patients before and 6 weeks after FMT. (B) The biomarkers levels of responsive and nonresponsive patients 6 weeks after FMT. (C) The correlation coefficients between biomarkers and microbial diversities. (D) The correlation coefficients between biomarkers and gut microbiota at genus level. Boxplots present the median and interquartile range (25–75th percentiles) for each group with whisker length equal to 1.5 interquartile range. The colors show the group of patients. Statistically significances are also indicated: *p < 0.05, **p < 0.01, and ***p < 0.001. The Spearman correlation coefficients were calculated and labeled in the figure. Statistically significances are also indicated: *p < 0.05, **p < 0.01, and ***p < 0.001.


Subsequently, the Spearman correlation coefficients between these biomarkers and the alpha diversities of gut microbiota and specific genus were calculated (Figures 4C,D). The taxonomic observed OTUs positively correlated with IL-6 and TNF-α in serum. High Shannon index correlated with low CRP and high TNF-α, which is somehow contradictory. Conversely, high metabolic diversities seemed to correlate with more severe inflammation, although many coefficients are not statistically significant. Most identified genus-associated biomarkers indicated the exacerbation of disease, especially increased calprotectin and TNF-α in serum. In contrast, Collinsella was the only genus linked with the improvement of full Mayo score.



Alterations of Taxonomic and Metabolic Compositions Following FMT

LEfSe analysis was performed to identify the differential taxa pathway as a result of FMT (cutoff value: LDA score ≥ 2, adjusted value of p < 0.05). We first compared the patients and donors to identify the key taxa involved in UC (Figures 5A,B). The results showed the enrichment of Proteobacteria, Enterococcus, and Turicibacter, and also the lack of Anaerostipes, Coprococcus, Roseburia, Faecalibacterium, Ruminococcus, and Gemmiger. FMT could increase the abundance of Prevotella, Collinsella, and Phascolarctobacterium, and reduce the abundance of pro-inflammatory bacteria, such as phylum Proteobacteria, class Gammaproteobacteria, and family Enterobacteriaceae (Figure 5E). It is not surprising that only the responsive group showed a decrease of Gammaproteobacteria and other taxa. The failure of statistical significance in the nonresponsive group might result from small difference and high variance of abundance. Patients after FMT still have many differential taxa compared with donors at week 6 (Figure 5C). The enriched taxa in donor group might reflect their low colonization efficiency, like Ruminococcus which was lower in both responsive and nonresponsive patients. The comparison between patients and donors after 1 year indicated the abundance of Proteobacteria and other pro-inflammatory taxa had a tendency to rise again (Figures 5D,F,G). Also, there were no differential taxa between the responsive and nonresponsive group after multiple comparison corrections throughout the study. The two-way ANOVA results did not identify the significant effect of response on any single genera, while three genera (S24-7_unclassified, Veillonella, and Enterobacteriaceae_unclassified) were proved to be influenced by FMT (p = 0.0030, 0.0254, 0.0254).
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FIGURE 5. Comparison of differential taxonomic features at different time points. (A) The cladograms of differential taxa between UC patients and donors before FMT. Histograms of the LDA scores for taxonomic features differentially abundant between patients before FMT and donor (B), patients 6 weeks after FMT and donor (C), patients 1 year after FMT and donor (D), patients before FMT and 6 weeks after FMT (E), patients before FMT and 1 year after FMT (F), and patients 6 weeks after FMT and 1 year after FMT (G).


PICRUSt2 were used to predict the metabolic pathways possessed by the gut microbiota based on 16S rRNA gene sequences. First, we compared the metabolic pathways in patients before FMT and donors (Figure 6A). The enriched pathways in patients included common antigen synthesis (ECASYN-PWY, ENTBACSYN-PWY, and LPSSYN-PWY), amino acids degradation (ARGDEG-PWY, AST-PWY, ORRGDEG-PWY, ORNDEG-PWY, and THREOCAT-PWY), and vitamin K synthesis (PWY-5838, PWY-5840, PWY-5850, etc.). The pathways enriched in donors included amino acids synthesis (HISTSYN-PWY, PWY-2942, PWY-5103, PWY-5104, COMPLETE-ARO-PWY, PWY-3001, PWY-5097, PWY-5101, THRESYN-PWY, and PWY-5505) short-chain fatty acids production (PWY-5676, PWY-5677, PWY-5100, and P163-PWY). Fatty acid biosynthesis (FASYN-INITIAL-PWY and FASYN-INITIAL-PWY) was only lower in the responsive group, indicating the decreased fatty acid might contribute to clinical response. Meanwhile, liposaccharides synthesis and heme production were only higher in the nonresponsive group which means these two metabolites might suppress remission. At week 6, common antigen synthesis decreased in response to FMT but was still higher than that in donor (Figures 6B,D). At the same time, higher amino acids degradation and vitamin K synthesis were corrected by FMT in all patients. There was no significant change observed in the nonresponsive group, while the short-chain fatty acid (P163-PWY, PWY-5676) and nucleotides synthesis (DENOVOPURINE2-PWY, PWY-7196, PWY-7199, PWY-7200, and PWY0-162) were enriched in the responsive group alone. There was no differential pathway between patients before and 1 year after FMT, which is understandable because PCoA results showed the difference of metabolic compositions between these two groups is barely significant (p = 0.0423). When compared with patients at week 6, responsive patients after 1 year showed reduction of amino acids synthesis (HISTSYN-PWY, PWY-2941, PWY-5088, PWY-5097, PWY-5104, SER-GLYSYN-PWY, and TRPSYN-PWY) and nucleotides synthesis (PWY-6609, PWY-7208, and PWY-7219; Figure 6E). Moreover, amino acid degradation and vitamin K synthesis in all patients rose again. When compared with donor, nonresponsive patients after 1 year exhibited some distinct pathways whose functions were mainly nucleotides synthesis (PWY-7228, PWY-6125, PWY-7196, PWY-7200, PWY-7228, and PWY-841). In addition, nonresponsive patients after 1 year also showed decreased production of some amino acids (ARGSYNBSUB-PWY, PWY-2942, and PWY-2942; Figure 6C). No pathway was associated with response, but 85.65% of pathways (382/446) were proved to be significantly associated with time.
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FIGURE 6. Enriched metabolic pathways modulated in response to FMT. Comparison of differential metabolic features at different time points: between patients before FMT and donor (A), patients 6 weeks after FMT and donor (B), patients 1 year after FMT and donor (C), patients before FMT and 6 weeks after FMT (D), and patients 6 weeks after FMT and 1 year after FMT (E). The size of each point indicates the average relative abundance of this metabolic pathway.




Analysis of Microbiota in Oral Cavity of UC Patients

To investigate the effect of FMT on ectopic microbiota, the microbes in the oral cavities of a portion of patients were collected. The oral microbiota composition of each patient was presented at genus level in Figure 7A. Analysis of diversities showed an increased number of observed OTUs after FMT but it dropped to the initial level after 1 year (Figure 7B). The increased metabolic alpha diversities also reduced after 1 year, suggesting FMT could only produce a short-term effect on patient’s oral microbiota instead of long-term effect on gut microbiota mentioned above. The beta diversities of oral microbiota based on taxonomic weighted UniFrac distance and metabolic Bray-Curtis distance were similar with the results of gut microbiota (Figures 7C,D) and only the responsive group exhibited significant alteration after FMT. But in concert with alpha diversities, this alteration was subverted after 1 year. There was no significant difference between responsive and nonresponsive group throughout the study. The Spearman correlation coefficients between clinical biomarkers and specific oral genus were also calculated (Figure 7E). Bifidobacterium, Dorea, Ochrobactrum, and some unclassified genus correlated with amelioration of inflammation (lower full Mayo score, higher IL-10, and VDR expression), while Bacillus, Gemmiger, and Rhodococcus correlated with exacerbation (higher calprotectin and lower IL-10). Among these genera, the two-way ANOVA results only proved Bacillus and Bifidobacterium were influenced by FMT (p = 0.0005 and p = 0.0066).
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FIGURE 7. The change of oral microbiota from all patients. (A) The relative abundance of oral microbiota in each patient throughout the clinical study. (B) The alpha diversities of oral microbiota throughout the clinical study. (C) PCoA based on weighted UniFrac matrix of bacterial taxonomy. (D) PCoA based on Bray-Curtis matrix of predicted pathways. (E) The correlation coefficients between biomarkers and oral microbiota at genus level. Boxplots present the median and interquartile range (25–75th percentiles) for each group with whisker length equal to 1.5 interquartile range. The Spearman correlation coefficients were calculated and labeled in the figure. Statistically significances are also indicated: *p < 0.05, **p < 0.01, and ***p < 0.001.





DISCUSSION

In this study, fecal microbiota from healthy young donors was proved to be an effective and safe strategy for the treatment of active ulcerative colitis. In general, an obvious clinical response was achieved in 16 patients (59.3%) and 11 patients (40.3%) were clinically relieved 6 weeks after FMT. Calprotectin is employed as a well-studied (systemic and fecal) inflammatory biomarker because of its stability, assay reproducibility, and low cost to guide diagnostic in IBD (Jukic et al., 2021). Full Mayo score and calprotectin both improved after FMT and maintained for more than 1 year, suggesting a reduction of inflammation and an amelioration of tissue injury. Several FMT studies conducted long-term follow-up of UC patients and showed 21.1% (23/109) and 25.7% (28/109) of response rates were observed after single and multiple FMTs at 6 months (Ding et al., 2019). One study showed 32% (12/38) achieved the primary outcomes and 42% (5/12) remained in remission at 12 months (Costello et al., 2019), while another study showed 87.1% (27/31) of patients receiving FMT and 66.7% (20/30) of patients receiving placebo every 8 weeks maintained clinical remission at week 48 (Sood et al., 2019). Patients well tolerated the operation and no serious adverse events were noted.

The gut microbiota of ulcerative colitis patients often showed low alpha diversity (Nusbaum et al., 2018; Ren et al., 2021), which was also proven in our study. The improvement of bacterial diversity and significant PCoA results indicated the successful correction of gut microbiota dysbiosis. Meanwhile, this study also illustrated high metabolic diversities in UC patients. Surprisingly, no difference was seen in either bacterial or metabolic diversities between responsive and nonresponsive groups, suggesting that the alpha diversities might not be the key factor for evaluation of the treatment effect. The significant alteration of taxonomy and metabolic pathways only occurred in the responsive group, which highlights the necessity of completely altered taxonomic and metabolic compositions for a clinical response.

Interleukin-1 beta and IL-6 have previously been reported to be upregulated in active UC specimens (Stevens et al., 1992; Mudter and Neurath, 2007). The blockade of these two cytokines is proved to ameliorate the inflammation (Yamamoto et al., 2000; Coccia et al., 2012). Our results validated that FMT could downregulate these two cytokines, leading to the amelioration of inflammation reflected by the reduction of CRP. It has been reported that loss of VDR in intestinal epithelial or myeloid cells will facilitate mucosal pro-inflammatory cytokine expression and exacerbate experimental colitis (Leyssens et al., 2017). In concert with this study, the elevated level of VDR in this study is attributable to the protection of intestinal mucosa by FMT from the inflammatory injury. Additionally, the upregulated expression of IL-10 suggests an efficacious inflammatory inhibition in intestinal mucosa of the responsive group patients. Taken together, FMT could attenuate inflammation by inhibiting the expression of pro-inflammatory cytokines and augment the expression of VDR.

High taxonomic and metabolic observed OTUs and Shannon index seemed to be positively associated with more severe inflammation (high full Mayo score and pro-inflammatory cytokines levels), despite that CRP negatively correlated with the Shannon index. The genera which have significant coefficients with clinical biomarkers are the most pro-inflammatory genus and have been reported to be linked with UC previously (Tang et al., 2021; Xu et al., 2021; Zhuang et al., 2021). Collinsella has been reported to efficiently colonize in the solid mucin-agar part of mucosal surfaces and belong to pro-inflammatory bacteria (Astbury et al., 2020; van Soest et al., 2020). However, there has been one study that showed specific Collinsella strain could produce butyric acid (Qin et al., 2019), which might explain why it is correlated with improvement of clinical index.

The comparison of responsive and nonresponsive patients showed the shift of microbiota only in the responsive group. Accordingly, there are no differential taxonomic or metabolic features after FMT identified in nonresponsive patients. It is postulated that the failure of microbiota transplantation is responsible for the poor clinical efficacy in the nonresponsive group. In the responsive group, the decreased enterobacteria, which is generally considered to play a pro-inflammatory role in UC, is the most likely cause of inflammation reduction. As expected, the previously reported altered taxa associated with UC were also found in our study, including the enrichment of Proteobacteria, Enterococcus, and Turicibacter, and also the lack of Anaerostipes, Coprococcus, Roseburia, Faecalibacterium, Ruminococcus, and Gemmiger (Tang et al., 2021; Volkova and Ruggles, 2021; Xu et al., 2021; Zhuang et al., 2021). There was no differential taxa observed in the nonresponsive group at week 6 and we speculated this might be attributed to the slight change and small sample size. Patients in our study exhibited reduced amino acids synthesis and increased degradation, reduced short chain fatty acid production, higher bacterial antigen synthesis, and higher vitamin K synthesis, which were reported to be associated with CDI but not UC (Nowak et al., 2014). FMT could correct a majority of these alterations. Liposaccharides and heme production is higher in nonresponsive patients and have been reported to be associated with failure of clinical response (Paramsothy et al., 2019), although in our study their enrichment was observed before treatment. Decreased fatty acids seem to contribute to the success of response which still needs further validation. The long-term examination of gut microbiota revealed a rebound of taxa and metabolic functions 1 year after FMT. There has been a report about how the application of additional nutrient supplementation following FMT could enhance the efficacy of FMT for metabolic diseases (Mocanu et al., 2021). We hope the addition of amino acids and short chain fatty acid might also help to improve the efficacy of FMT for UC treatment. The two-way ANOVA failed to prove significant effect of response on all measurements above, suggesting the key factor associated with clinical response still needs to be identified in future studies.

As for oral microbiota, we intended to explore if the amelioration of UC in the gut after FMT could lead to the reduction of oral symptoms and the alteration of oral microbiota. We also wanted to identify specific oral bacteria, which have a correlation with clinical index as in previous studies (Said et al., 2014; Xun et al., 2018). Due to the small sample size, the results regarding oral microbiota are only to provide reference for related studies and also need to be cross-validated. In this study, the fecal microbiota were processed under strictly anaerobic conditions since the oxygen would affect the most anti-inflammatory bacteria. The gut microbiota of children have been reported to possess higher abundance of Bifidobacterium and Faecalibacterium and lower abundance of Bacteroides (Hollister et al., 2015), and it also showed trends toward enrichment of functions correlated with anti-inflammatory properties, which all are associated with better health condition (Le Chatelier et al., 2013). The optimal route for FMT to treat UC is still uncertain and we chose a route according to the Montreal classification of extent. The relatively higher clinical response and remission rates in this study, compared with other studies, reported in a systematic review conducted by Costello et al. (2017) proved all these procedures together contribute to the amelioration of UC.

Our study has several limitations. Firstly, we did not have a placebo group and the sample size is not large. Secondly, only part of the oral microbiota, blood, and intestinal mucosa were sampled. Third, the metabolic alterations were inferred in silico and need further validation by other means. The following study will expand the sample size and set up a randomized control.

In conclusion, FMT using fecal microbiota from young donors seems to be an effective and safe approach for active UC treatment. FMT could efficiently downregulate levels of pro-inflammatory cytokines and inflammation biomarkers. A successful shift of microbiota composition is crucial for clinical responsiveness after FMT therapy. The efficacy of FMT could last for more than 1 year in spite of a tendency of microbiota to rebound. These findings may not only provide a valuable reference for pathogenesis study but also help improve the therapeutic strategy for ulcerative colitis.
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Autoimmune diseases and autoinflammatory diseases are two types of the immune system disorders. Pyroptosis, a highly inflammatory cell death, plays an important role in diseases of immune system. The gasdermins belong to a pore-forming protein gene family which are mainly expressed in immune cells, gastrointestinal tract, and skin. Gasdermins are regarded as an executor of pyroptosis and have been shown to possess various cellular functions and pathological effects such as pro-inflammatory, immune activation, mediation of tumor, etc. Except for infectious diseases, the vital role of gasdermins in autoimmune diseases, autoinflammatory diseases, and immune-related neoplastic diseases has been proved recently. Therefore, gasdermins have been served as a potential therapeutic target for immune disordered diseases. The review summarizes the basic molecular structure and biological function of gasdermins, mainly discusses their role in autoimmune and autoinflammatory diseases, and highlights the recent research on gasdermin family inhibitors so as to provide potential therapeutic prospects.
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Introduction of Autoimmune and Autoinflammatory Diseases

The immune system mainly consists of innate immune system and adaptive immune system. Disorders in our immune system lead to a range of diseases, including autoimmune diseases and autoinflammatory diseases. Deficiency and/or overactivation of multiple factors within innate or adaptive immune systems may participate in the occurrence and development of these diseases, such as experimental autoimmune encephalomyelitis (EAE), Inflammatory bowel disease (IBD), psoriasis, etc. (1). During the occurrence of autoimmune diseases, the immune system is out of balance and immunocytes are overactive, the release of cytokines further lead to abnormal secretion of autoantibodies, resulting in inflammation and damage to tissues and organs (2, 3). While the progression of the diseases can be accelerated because of other key factors, such as gene, environment, hormones, and so on. In 1999, the genetic mechanism of a rare familial disease characterized by recurrent inflammatory episodes which are defined as tumor necrosis factor receptors associated periodic fever syndrome (TRAPS) was discovered. Another Familial Mediterranean Fever (FMF), an autosomal recessive hereditary disease characterized by recurrent peritonitis. TRAPS and FMF are both autoinflammatory diseases (4, 5). Gill et al. envisaged autoinflammatory diseases as counterparts to autoimmune disorders, and proposed that autoinflammatory diseases are related to innate immune system dysfunction and are determined by genes (1). McGonagle and McDermott proposed that dysfunction of the innate immunity or the adaptive immune system is the differentiated element of autoimmune diseases and autoinflammatory diseases (6). Approximately, disorders of innate immune system represent autoinflammatory diseases, while disorders of adaptive immune system reflect autoimmune diseases. However, innate and adaptive immunities are inextricably intertwined and influence each other (7).

Autoimmune diseases afflict nearly 5%-8% of the population worldwide and represent a major global socioeconomic issue (8, 9). So far, there are no fewer than 80 autoimmune diseases have been discovered which are divided into systemic or organ-specific. Systemic Lupus Erythematosus (SLE) and Central Nervous System (CNS) reflect the systemic autoimmune diseases, while type 1 diabetes images the organ-specific autoimmune diseases such as the pancreas (9, 10). During such diseased conditions, the immune system is out of balance, immunocytes are overactive, and there is imbalance of cytokine which further leads to abnormal secretion of autoantibodies, resulting in inflammation and damage to tissues and organs (11). At this stage anti-inflammatory and immunosuppressive therapy are commonly used in the treatment of autoimmune diseases to the symptoms (12–16). Because of the complex mechanisms involved in the pathogenesis of the autoimmune diseases, there is yet no effective treatment available, and therefore, it is important to understand these processes.

Autoinflammatory diseases are characterized by antigen-independent-immune pathways overactivation arising primarily inflammation. Common autoinflammatory diseases include FMF, TRAPS, Cryopyrin-associated periodic syndrome (CAPS) and Mevalonate kinase deficiency (MKD), but not all autoinflammatory diseases manifest in their canonical forms. Hyperactivity of proinflammatory cytokine is found to mediate and participate in autoinflammatory diseases. FMF was identified as the first autoinflammatory disease, which is an inflammasomopathy that arises from the MEFV gene mutations, coding pyrin (expressed predominately by innate lineages) (4, 17). Other autoinflammatory diseases mostly arise out of NF-κB and/or aberrant TNF activity, interferon production and complement activation, and excessive interleukin-1 (IL-1) signaling (7, 18, 19). So far, IL-1 blockers have been approved for a variety of autoinflammatory diseases. New categories of autoinflammatory disease and more treatment will emerge over time.

Autoimmune diseases and autoinflammatory diseases are difficult to cure and seriously affect the quality of life of patients which involve various pathogenic mechanisms such as genes, immunity, inflammation, etc. Therefore, the existing research is summarized to deepen the understanding of the disease and provide help for the diagnosis and treatment of those diseases.



Gasdermin Family, Pyroptosis and Inflammasomes

As early as in 2000s, the gasdermin family was first discovered as a gene family associated with corneal opacity in mice (20, 21). The gasdermin family is predominantly expressed in immune cells, gastrointestinal tract, and skin and linked with many diseases including autoimmune diseases and autoinflammatory diseases (Table 1). This family consists of six genes in humans, GSDMA through GSDMF. In mice, it encodes ten members, which respectively are GSDMA1 to GSDMA3, GSDMC, GSDMC2 to GSDMC4, GSDMD, GSDME, and DFNB59 (22, 23). All of these members possess a semblable molecular structure except DFNB59. A pore-forming N-terminal domain and a regulatory C-terminal domain connected by highly variable and flexible linking regions compose the nuclear structure, which is thought to be necessary for GSDM activation (24). The N-terminal domain (GSDM-NT) is required for forming pores in membranes while the auto-inhibitory C-terminal domain (GSDM-CT) is asked to keep its inactivation (24, 25). Structurally, GSDM-NT predominantly contains loops and β-strands, and sustains drastic conformational changes in pore formation (24). Nevertheless, GSDM-CT is nearly α-helical and remains a compact globular conformation. GSDM-CT forms electrostatic, hydrophobic, and hydrogen bonding interactions after folding back on GSDM-NT (24–26). In vitro, GSDM-NT and GSDM-CT keep bound without lipids, even if the interdomain container is cleaved, this finding suggests that the lipid may play a critical role in the separation of GSDM-NT from GSDM-CT. In simple terms, lipid binding, oligomerization, and membrane insertion make up the pore formation of GSDM (25, 27).


Table 1 | Gasdermin family members, functions, and disease correlation.



Pyroptosis is a kind of programmed cell death (PCD) associated with inflammation, which plays an important role in autoimmune and autoinflammatory diseases (28, 29).. Pyroptosis is a protective host defense that protect the cell from intracellular infection by removing the injured cells and concurrently triggering an inflammatory response that executes the following activation of caspase-1 or caspase-11 (21). Activated caspase-1 or caspase-11 cleaves GSDMD independently, releasing the N-terminal fragment (GSDMD-NT) associated with the cytoplasm membrane, which forms the cell membrane pores by oligomerization. Then, the cell swelling causes the membrane lysis and finally leads to pyroptosis (Figure 1) (30–33).




Figure 1 | The mechanism of gasdermin-dependent-pyroptosis: In the canonical pyroptosis pathway, ASC recruits intracellular pro-Caspase-1 to bind to the inflammatory complex, and then pro-caspase-1 auto-cleaves into activated Caspase-1, which cleaves GSDMD and promotes IL-1β and IL-18 to maturate. In the non-canonical pyroptosis pathway, inflammatory stimulators such as lipopolysaccharide (LPS) directly bind to Caspase-4/5/11 and cause oligomeric activation of Caspase-4/5/11, activated Caspase-4/5/11 cleaves GSDMD and triggers pyroptosis.



Inflammasome plays a crucial role in the process of pyroptosis. Inflammasomes are cytosolic protein complexes consisting of sensor, adaptor, and effector which are whole protein that is stimulated by pathogen-associated molecular patterns (PAMPs) and endogenous danger-associated molecular patterns (DAMPs) (34). Upon activation by diverse danger signals, members of the NOD-like receptor (NLR) and pyrin and HIN domain-containing (PYHIN) protein families as sensors to combine with apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) adaptor, subsequently recruit effector caspase-1 to form canonical inflammasome so as to initiate a downstream signal. Subsequently, the activated caspase-1 cleaves pro-inflammatory cytokines interleukin 1β (IL-1β) and interleukin 18 (IL-18), allowing them to mature and secret (35, 36). The non-canonical inflammasome is activated by bacterial cell wall component lipopolysaccharide (LPS), and executed by caspase-11 (human caspase-4/5) (30, 31, 37–39). Therefore, both canonical and non-canonical inflammasome participate in the occurrence of pyroptosis by cleaving GSDMD into GSDMD-NT so as to form a pore in the cell membrane (Figure 1).

Gasdermin family is well known to play a vital role in pathogen infection, while more and more studies show that both pyroptosis and its related inflammatory cytokines IL-1β and IL-18 are the key factor in the process of non-infection related diseases. IL-1β induces vasodilation, inflammation and immunity extravasation, and also takes part in formation of adaptive immune responses. IL-18 promotes natural killer (NK) cells, T helper 1 (TH1) cells and cytotoxic T cells to produce interferon-γ (IFN-γ) in these cells, and promotes T helper 2 (TH2) cells maturation, and triggers local inflammation. These findings suggest that gasdermins, and autoimmune as well as autoinflammatory disease are inextricably linked (40–43). Therefore, the following section will focus on introducing the gasdermin family and summarizing the role of gasdermins in autoimmune and autoinflammatory diseases.



The Roles of Gasdermins in Autoimmune and Autoinflammatory Diseases

Multiple functions of pyroptosis and inflammasomes are identified in various pathophysiological conditions, and their role in autoimmune and autoinflammatory diseases have been extensively studied recently. Therefore, we will summarize the relation between each subtype of the gasdermin family (GSDMA, GSDMB, GSDMC, GSDMD, GSDME) and autoimmune and autoinflammatory diseases.



GSDMA

The human GSDMA gene is located at 17q21. It is widely expressed in the epithelial cells of the esophagus, stomach, skin and mammary gland, but is often not expressed in primary and the gastric cancer cell lines. It has been suggested that GSDMA suppresses the growth of human gastric epithelial pit cells as it possibly takes part in a regulatory pathway for apoptosis (44). The high expression of GSDMA in non-IBD colonic, noninflamed samples was linked with the IBD susceptibility allele (rs2872507) (45). In childhood asthma, there was a significant correlation of GSDMA (rs7212938) with it as GSDMA may drives the frequency of asthma (46). In addition, GSDMA has been reported to carry rs3894194, which is rich in gene, and regarded as being linked with certain immune diseases such as IBD, asthma and rheumatoid arthritis (RA) (47). Aida et al. reported that the function of r3894194 in systemicsclerosis (SSc) could be mediated by GSDMA expression in macrophages. They found that GSDMA was upregulated in SSc monocyte-derived macrophages, and was an important expression quantitative trait locus (e-QTL) in interferon gamma (IFN-γ) or LPS-triggered monocytes and SSc macrophages (48). Overall, GSMDA is linked with several autoimmune diseases, while the exact pathogenesis still remains blurred, GSDMA may affect those diseases via effects on apoptosis and cell proliferation. It warrants further experimental investigation.



GSDMB

GSMDB is located at 17q12 in the human chromosome (22, 49). It clusters with GSDMA (50). GSDMB is also broadly expressed in the immune cells, airway, gastrointestinal epithelial, liver, and neuroendocrine (51–53). Genome-wide association studies (GWAS) implicated that the polymorphisms in GSDMB were markedly associated with IBD, asthma, and type I diabetes. The minor allele A of rs2872507 in GSDMB was the risk allele for RA and IBD (Crohn’s disease and ulcerative colitis) but was a protective allele for asthma (47). While another study found that the levels of GSDMB were increased remarkably in patients with asthma, and were associated with the severity of asthma (54). A recent study showed that GSDMB was increased in intestinal epithelial cells (IECs) in IBD, and it participated in the regulation of cell proliferation, migration, and adhesion rather than mediating pyroptosis. GSDMB-linked IBD single-nucleotide polymorphisms (SNPs) hinder epithelial recovery/repair (55). Moreover, Luke Jostins et al. reported that numerous IBD loci also contributed to immune diseases (most obviously with ankylosing spondylitis and psoriasis) (56). Those consequences indicate that GSDMB increases the risk for various autoimmune diseases, but the detailed molecular mechanisms remain unclear. There was reported that the GSDMB can bind with caspase-4 to promote non-canonical pyroptosis and facilitate the GSDMD cleavage. This may be associated with the pathogenesis of autoimmune diseases (57).



GSDMC

GSDMC gene has been located at 8q24.1-8q24.2 and is highly expressed in colon, spleen, trachea, esophagus, caecum, and small intestine (38, 49, 58). There are few studies on GSDMC. Lumbar disc degeneration (LDD) mainly manifests as low back pain, disc herniation, spinal stenosis, spinal instability, and radiculopathy. A recent study suggested that autoimmunity may be possible pathogenesis of this disease (59). GWAS in a Chinese population reported that GSDMC was associated with lumbar disc degeneration (LDD). In patients with LDD, the mRNA level of GSDMC was apparently increased and the plasma expression level of GSDMC was also apparently upregulated which were linked with the rs6651255 and rs7833174 (60). GSDMC was also expressed in skin keratinocytes, and the UV radiation increased its expression by triggering NFATc1 signaling (61, 62). Nevertheless, the mechanism of GSDMC in other autoimmune and autoinflammatory diseases is not yet well-understood.



GSDMD

The GSDMD gene is located at 8q24.3 in the human chromosome. It has been extensively studied for decades. As the key substrate of caspase-dependent-pyroptosis, GSDMD was widely expressed in skin, immune cells (especially macrophages and dendritic cells), and gastrointestinal tissue (63). Approximately 480 amino acids constitute GSDMD, which is in two domains: the N-terminal (GSDMD-NT) and the C-terminal (GSDMD-CT). GSDMD is cleaved by activated caspase-1, LPS-activated caspase-11 (human caspase-4/5) to form pore-forming GSDMD-NT (31). The pores of GSDMD-NT can bind with phosphatidylserine and phosphatidylinositol phosphates, causing cell lysis and releasing of IL-1β, IL-18, and HMGB1. GSDMD-NT also combines with cardiolipin in the bacteria membranes, and kills them quickly. In addition, neutrophil elastase (ELANE) and cathepsin G are both able to activate the GSDMD (24, 64–66).

Recent studies have shown that GSDMD is involved in the process of immune and inflammatory responses. Catherine R et al. reported that AIM2 inflammasome took part in neurodevelopment through regulating GSDMD activation instead of IL-1 and/or IL-18 production. In this study, the DNA damage-induced cell death was significantly reduced in CNS cells lacking GSDMD or caspase-1/11, which means that GSDMD activation may hinder neurodevelopment (67). Sheng Li et al. firstly demonstrated that GSDMD was necessary for EAE and could promote neuroinflammation and demyelination (68). During impaired neurodevelopment, a large amount of DNA damage is produced, which may immunologically activate signals that can cause autoimmune diseases of the nervous system. Another research provided that TPPU (a potent soluble epoxide hydrolase) can attenuate chronic EAE by suppressing caspase-11 and GSDMD in the CNS of EAE mice, a model of multiple sclerosis (MS) (69). Dataset analysis showed a significant elevation of caspase-4/5, pro- IL-1β, and GSDMD in human psoriatic lesions. Besides, caspase-11 contributed to the pathogenesis of imiquimod-induced psoriasis in mice through the mediation of GSDMD activation and cell death (70). The process of GSDMD-dependent pyroptosis also took part in RA through the releasement of inflammatory mediators (71). Another research found that inhibition of the caspase-11 (executor of pyroptosis) could enhance mesenchymal stromal cells (MSCs) efficacy in inflammatory diseases, such as IBD and EAE. MSCs present immunosuppressive properties and were currently being used as promising treatments for various inflammatory diseases, including MS (46, 72, 73). A report demonstrated that the pathogenesis of FMF, an IL-1β-dependent autoinflammatory disease, relies on the GSDMD-dependent-pyroptosis (74). Neonatal-onset multisystem inflammatory disease (NOMID) is the most severe phenotype in cryopyrinopathies (a spectrum of autoinflammatory disorders), and there has been reported that all NOMID-related inflammatory symptoms were prevented in GSDMD-deficient NOMID mice compared to wildtype NOMID mice (75). Overall, these findings suggest that activation of GSDMD aggravates the pathogenesis of various diseases induced by inflammasomes. Targeted GSDMD may provide new perspectives for the treatment of autoimmune and autoinflammatory diseases.



GSDME

GSDME is located at 7p15 in the human chromosome. It was defined as a mutated gene (DFNA5) firstly that was associated with progressive hearing loss (76–83). Subsequent studies found that the DFNA5 might be crucial to chondrocyte development. GSDME is widely expressed in brain, heart, kidney, cochlea, and placenta (76, 84). Similar to GSDMD, GSDME plays a critical role in apoptosis and pyroptosis (85, 86). GSDME releases N-terminal fragment (GSDME-NT) after its cleavage and activation by caspase-3 (27). In addition to forming pores and triggering necrosis or pyroptosis, GSDME-NT permeabilizes the mitochondrial membrane, leading to release cytochrome C, and eventually enhances the activation of caspase-3 during apoptosis (25).

Several studies revealed a link between GSDME and immunity/inflammation. Oncostatin M (OSM), an IL-6 family member, has been found to be overexpressed in several inflammatory skin diseases [including keloid (87), scleroderma (88, 89), and psoriasis (90, 91)]. The level of GSDME in human keratinocytes (HaCaT cells) was up-regulated, while OSMR knockout blocked the upregulation of GSDME. Besides, GSDME knockout inhibited OSM-induced keratinocyte pyroptosis. This study suggested that GSDME played a role in OSM-mediated inflammation (92). Another study found that GSDME-mediate pyroptosis was critical for the trigger of renal tubule injury induced by ureteral obstruction and promoted kidney inflammation and fibrosis (93). Overall, GSDME has pro-inflammatory functions and may be involved in the pathogenesis of more inflammatory diseases.



Therapy Targeting of Gasdermin Family

Based on the important role of gasdermin family in autoimmune and autoinflammatory diseases, this study further summarizes the inhibitors targeting gasdermin family to provide new prospection for disease treatment.

Among all subtypes of the gasdermin family, inhibitors targeting GSDMD have been revealed the most due to its rich biological functions. Necrosulfonamide (NSA) was originally proved to be an inhibitor of necrosis by targeting the Cys86 Residue of MLKL to reduce MLKL-dependent pore formation and death (94). In the work of Joseph K. Rathkey’s group, they found that NSA inhibited pyroptosis and IL-1β release by binding to GSDMD and blocking p30-GSDMD oligomerization in vitro, and NSA did not block GSDME-dependent pyroptosis and the upstream inflammasome activation (95). NSA promoted survival rate and decreased inflammatory cytokine level of sepsis model in vivo (95). Conversely, another study showed that NSA blocked canonical NLRP3 inflammasome priming and activation so as to reduce pyroptosis (96). Both studies showed that NSA inhibited GSDMD-dependent pyroptosis to play a role in treating diseases by two different mechanisms, suggesting that NSA may provide a theoretical basis for the treatment of GSDMD-related inflammatory diseases. Besides, Jun Jacob Hu et al. discovered that disulfiram, a drug used to treat alcohol addiction, inhibited GSDMD-mediated pyroptosis rather than other subtypes of gasdermin family. Disulfiram targeted Cys191/Cys192 in GSDMD so as to inhibit pore formation and IL-1β release, and protected against septic death in mice (97). In another study, LDC7559 from a chemical library was found to inhibit GSDMD-dependent pyroptosis and IL-1β release so as to reduce neutrophil extracellular traps (NETs) formation (98). Activated macrophages present as the Warburg effect, which is characterized as a metabolic change from glycolysis to aerobic glycolysis and the accumulation of Krebs’ cycle intermediates. The alteration of metabolism further impacts the immune state of macrophages (99). Fumarate (DMF), an intermediate of Krebs’ cycle, blocked GSDMD oligomerization and the related pyroptosis by inducing S-(2-succinyl)-cysteine of GSDMD. Dimethyl fumarate with the cell-permeable ability, reduced septic shock and familial Mediterranean fever, and experimental autoimmune encephalitis (100).

Collectively, several studies have found various inhibitors of gasdermin family (mainly GSDMD), and they can improve a variety of diseases. Although these diseases are mainly sepsis, there is also involved to autoimmune and autoinflammation diseases.



Conclusions

Our knowledge of gasdermins function becomes increasingly extensive based on a large of recent studies. Most subtypes of gasdermin play a pro-inflammatory role in the autoimmune and autoinflammation diseases, including IBD, RA, SSc, EAE, psoriasis, etc. Among the whole types of gasdermin, GSDMD is the most studied subtype of gasdermins due to its tight correlation with inflammasomes activation and the related inflammatory cytokines release. Mice GSDMD deficiency presents a protection role in certain autoinflammatory diseases, which suggests that the gasderim family prospects be the key target for the treatment of autoimmune and autoinflammation diseases. Targeted GSDMD has also developed a variety of inhibitors, which are expected to be used for clinical treatment. Besides, GSDME is crucial in several complicated inflammatory skin diseases which are both autoimmune and autoinflammation related, such as psoriasis, keloid, etc.

Although there are more and more researches on gasdermin family in autoimmune and autoinflammation diseases, there are still a lot of unanswered research questions out there: whether GSDMD deficiency or inhibitor play a protective role in various immune-related diseases? Whether targeting GSDME improve the progression of immune disordered diseases? GSDMA and GSDMB have been shown to be important in IBD, whether other family members also play important roles in IBD? At present, the research of GSDMC is relatively lacking, and further discussion is required. To sum up, better understanding of the gasdermin family and exploring targeted inbitors may improve treatment efficiency of autoimmune diseases, and autoinflammatory diseases.
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Systemic Lupus Erythematosus is a complex autoimmune disease and its etiology remains unknown. Increased gut permeability has been reported in lupus patients, yet whether it promotes or results from lupus progression is unclear. Recent studies indicate that an impaired intestinal barrier allows the translocation of bacteria and bacterial components into systemic organs, increasing immune cell activation and autoantibody generation. Indeed, induced gut leakage in a mouse model of lupus enhanced disease characteristics, including the production of anti-dsDNA antibody, serum IL-6 as well as cell apoptosis. Gut microbiota dysbiosis has been suggested to be one of the factors that decreases gut barrier integrity by outgrowing harmful bacteria and their products, or by perturbation of gut immune homeostasis, which in turn affects gut barrier integrity. The restoration of microbial balance eliminates gut leakage in mice, further confirming the role of microbiota in maintaining gut barrier integrity. In this review, we discuss recent advances on the association between microbiota dysbiosis and leaky gut, as well as their influences on the progression of lupus. The modifications on host microbiota and gut integrity may offer insights into the development of new lupus treatment.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by autoantibodies attacking multiple organs, including kidneys, joints, lungs, the heart, and the brain (1). Without known etiology, the cause of SLE has been attributed to a combination of genetic, epigenetic and environmental factors. Genome-wide association studies (GWAS) have identified around 180 lupus susceptibility loci in the human genome (2), most of which belong to three biological processes: signal transduction in lymphocytes, toll-like receptor signaling and type 1 interferon (IFN) production, and apoptotic cell processing (3). Dysregulated epigenetic factors also contribute to the development of SLE. Studies suggest that a global DNA hypomethylation exists in the CD4+ T cells and B cells of SLE patients (4), including genes involved in type 1 IFN signaling (5). Environmental factors can trigger SLE and cause flares in patients. Ultraviolet light, air pollution, infections and exposure to heavy metals are the most common triggers that can influence lupus progression by modulating epigenetic factors, affecting host immune status, increasing oxidative stress, regulating hormone levels or changing the configuration of the host microbiome (6). Increasing evidence supports that an unbalanced gut microbiota is associated with lupus pathogenesis (7–9). Dietary intervention modulating the composition of the gut microbiota, such as butyrate, tryptophan or resistant starch reversed some lupus phenotypes in murine models (10–12). It has been suggested that gut microbial dysbiosis enhance the inflammatory status and cause damage on the gut barrier, resulting in a “leaky gut” (13, 14). Gut permeability-mediated translocation of bacteria and their products into the systemic circulation could activate the immune system and promote autoimmunity in genetically predisposed populations (15). Conversely, an increased immune response would also break the gut homeostasis resulting in microbial dysbiosis and increased gut permeability (16). In this review, we summarize the findings linking the loss of gut barrier integrity to lupus and evaluate the mechanisms responsible for leaky gut in this disease as well as its contribution to SLE pathogenesis.



Evidence of Gut Dysbiosis and Leaky Gut in SLE


Gut Dysbiosis in Lupus

Over 1000 bacterial species have been identified in the human gut with around 160 species presenting in each individual microbiota (17) and most of them are belong to four dominant bacterial phyla, as Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria (18). The composition of gut microbiome is highly variable. Genetic factors, such as histocompatibility complex (MHC) polymorphism, and environmental factors, including ethnicity, diet and geography, have been correlated to the gut microbiota structure (19–21). A meta-analysis of studies comparing the fecal microbiome of SLE patients and healthy controls showed a lower diversity in SLE patients with a lower abundance of Ruminococcaceae (9). SLE patients with active lupus disease showed less diverse gut microbiota but a significantly higher abundance of the bacterial phylum Proteobacteria (22). Within the altered microbiota of SLE patients with disease active, disease activity was positively correlated with the abundance of the genera Streptococcus, Campylobacter, Veillonella, and negatively correlated with the abundance of Bifidobacterium (23). A lower ratio of Firmicutes to Bacteroidetes was observed in SLE patients with a reduction of some families in the Firmicutes phylum (24, 25). However, various bacterial families of Firmicutes, including Lactobacill, Clostridiaceae and Lachnospiraceae, have been reported to have a greater abundance in multiple mouse models of lupus (11, 12, 22). However, the MRL/lpr lupus prone mice showed a decreased abundance of Lactobacilli and the addition of Lactobacillus spp. improved disease outcomes in this model (26). Similarly, segmented filamentous bacteria (SFB), bacteria belonging to the phylum Firmicutes, expand in the gut of B6SKG mice that develop a lupus-like phenotype and they promote the development of lupus by increasing Th17 cell differentiation (27).

Overall, SLE patients with active disease showed a distinct dysbiosis in the gut microbiota. In comparison, lupus patients in remission had a comparable microbial diversity with healthy control subjects despite of a lower Firmicutes/Bacteroidetes ratio (23, 24). The abundance of bacteria in the phylum Firmicutes and genus Bifidobacterium are negatively correlated with SLEDAI score in lupus patients, while bacteria from genus Streptococcus are positively correlated with lupus activity in different human lupus cohorts (23, 28, 29). At species level, Ruminococcus gnavus (R. gnavus) was substantially enriched in patients with lupus nephritis and the presence of antibodies against a specific strain of R. gnavus was associated with disease activity and the level of anti-dsDNA antibodies (30, 31). This finding is significant because it was reported in two different cohorts of lupus patients despite the large genetic and environmental variability inherent to human populations. There is therefore strong evidence from multiple studies that SLE is associated with gut dysbiosis (Figure 1), and results obtained with mouse models support a contribution of the altered microbiome to SLE pathogenesis, with the identification of several potential pathobionts.




Figure 1 | Gut microbiota dysbiosis in lupus patients. The richness and diversity of gut microbiota as well as the Firmicutes to Bacteroidetes ratio are decreased in different cohorts of lupus patients. Segmented filamentous bacteria have been reported to have a higher abundance in the gut microbiota of lupus patients. The abundance of Streptococcus, Campylobacter, Veillonella, Clostridiacae and Lachnospiraceae are positively correlated to SLE disease activity, while that of Bifidobacterium is negatively associated with lupus activity. Finally, pathobionts Ruminococcus gnavus and Enterococcus gallinarum are enriched in the gut of lupus patients.





Leaky Gut in Lupus

Mounting evidence suggests that a leaky gut is presented by some, if not all, SLE patients (7, 8). The detection of microbial components in blood stream of lupus patients suggests the penetration of microorganisms and their products into systemic circulation may be mediated by an increased intestinal permeability (32–34). The recovery of bacterial DNA from the liver of lupus patients with autoimmune hepatitis supported the translocation of Enterococcus gallinarum (E. gallinarum) into systemic organs (35). Besides complete bacteria, various bacterial components have been detected in the blood of SLE patients, implicating their leaking out of the gut. SLE patients and their first-degree relatives showed a higher level of lipopolysaccharide (LPS) or endotoxin, or expression of genes induced by these bacterial products, than healthy controls (32, 33). Additionally, (1 ​→ ​3)-β-D-glucan, a component of fungal cell walls, was detected in the serum of patients with active lupus nephritis (34). Soluble CD14 and α1-acid glycoprotein, two serum biomarkers for microbial translocation, have also been detected at a higher level in SLE patients than healthy controls (8, 36). In the other direction, the detection of serum proteins, such as albumin and calprotectin, in the feces further supports a loss of barrier integrity in the gut in SLE patients (30, 35).

The presence of endotoxin in the blood of MRL/lpr lupus-prone mice also suggested gut barrier dysfunction, which was further supported by a FITC-dextran assay, in which fluorescent dextran is gavaged and its presence is measured in the serum (37). Interestingly, supplementation with a commensal bacterium, Lactobacillus reuteri (L. reuteri), rescued these phenotypes in these mice, suggesting that microbiota play a role in maintaining gut barrier integrity. However, the expansion of L. reuteri has been reported in spontaneous Tlr7 transgenic and inducible TLR7 lupus-prone mouse models (12). An increased gut permeability in FITC-dextran assay, and the translocation of Lactobacillus spp. to internal organs, including mesenteric lymph node (MLN), liver, and spleen, in TLR7-dependent mouse models suggest that L. reuteri may have different effects on different genetic backgrounds, with the potential involvement of TLR7 signaling. The presence of endotoxin in the plasma as well as a FITC-dextran assay indicated an increased gut permeability in lupus-prone NZBWF1 mice (38). In addition, the detection of E. gallinarum in the MLN and liver of (NZW × BXSB)F1 lupus-prone mice, suggest that complete bacteria can be translocated into systemic organs through a leaky gut (35). However, there was no evidence of leaky gut in the B6.Sle1.Sle2.Sle3 lupus-prone mice in spite of gut dysbiosis that was sufficient to transfer some autoimmune phenotypes (11). Overall, an impaired gut barrier was detected in SLE patients and multiple, but not all, lupus murine models suggesting causal but not obligate links between the two.




Relationship Between Gut Dysbiosis and Leaky Gut in SLE


Microbial Dysbiosis Promotes Intestinal Permeability

Gut dysbiosis combined with increased intestinal permeability has been reported in various diseases or disorders (39), implying possible causal relationships between these two factors. Little is known about what causes a loss of gut barrier integrity in SLE, except that E. gallinarium, a pathobiont that is expanded in (NZW × BXSB)F1 lupus-prone mice, translocates in monocolonized non-autoimmune gnotobiotic (or germfree, GF) mice, suggesting an intrinsic ability to disrupt the gut epithelial barrier (35). Results obtained in other disease models may be however indicative of some of the mechanisms by which dysbiosis may promote a leaky gut in SLE.

Intestinal permeability, microbial dysbiosis as well as age-associated inflammation develop in old non-autoimmune mice. The transfer of fecal microbiota from old mice into GF young mice increased gut permeability in recipient mice, suggesting that age-associated changes in microbiome composition can promote intestinal permeability (40). The young recipients colonized with microbiota from old mice also had a higher level of plasma TNFα, implying that microbial dysbiosis can also induce age-associated inflammation, which may further exacerbate leaky gut in the old mice. On the other hand, Tnfa-deficiency improved gut dysbiosis in old mice, suggesting that host immunity can affect the microbiome configuration as well.

Loss of certain bacteria in the gut may lead to an impaired gut barrier function. Obese and diabetic mice show increased intestinal permeability, metabolic endotoxemia and a low-grade inflammation. A mixture of prebiotics specifically increased the abundance of Bifidobacterium spp., which improved systemic and hepatic inflammation, intestinal integrity and endotoxemia. The findings suggest that modifications on host microbiota affect the host immune status and gut integrity (41). In-vitro stimulation of intestinal epithelial cells with TLR-2 ligands induced the redistribution of tight junction proteins, resulting in an improved monolayer integrity. Since TLR2 is highly expressed by intestinal epithelia cells in vivo where it recognizes bacterial components, such as diacylated or tritylated lipopeptides, the absence of the producing bacteria may affect gut integrity (42). Indeed, feeding mice with lipoteichoic acid (LTA), a ligand for TLR2, increased mucin expression and reduced inflammation and gut leakage (43). In this sense, supplementation with beneficial bacteria may restore the gut barrier function. Lactobacillus plantarum increases the expression of tight junction proteins, including ZO-1 and Occludin, in humans. Similarly, exposing a Caco-2 cells monolayer to L. plantarum enhanced intestinal integrity via the translocation of ZO-1 protein to tight junctions. However, when TLR2 was blocked by neutralizing antibodies, the protective effect was eliminated, suggesting that L. plantarum may confer its protection by activating TLR2 (44). When an anti-inflammatory molecule generated by Faecalibacterium prausnitzii was supplemented in a type 2 diabetes mellitus model, it restored gut barrier function and increased ZO-1 expression, suggesting that it directly contribute to gut barrier integrity (45). Similarly, extracellular vesicles secreted by Akkermansia muciniphila were found at a higher level in the feces of healthy subjects compared to type II diabetes patients, and oral delivery of these extracellular vesicles increased gut barrier integrity in mice (46). Another commensal bacterium, Lactobacillus salivarius, showed a capacity to restore barrier function in a monolayer of epithelial cells. The study demonstrated that L. salivarius ameliorated the disassembly and relocation of tight junctions induced by H2O2 in Caco-2 cell monolayers, leading to an improved barrier integrity (47). In graft-versus-host disease (GVHD) patients, oral administration of Bacteroides fragilis increased the levels of short chain fatty acids (SCFAs) and IL-22, as well as the number of regulatory T cells, which may account for the improved tight junction integrity and reduced inflammation (48). The findings demonstrate that specific bacteria may improve leaky gut, which may imply that leaky gut was caused by their loss.

Outgrowths of commensal pathobiont and/or pathogenic infections can also be harmful to gut integrity. For example, an enrichment of Bacteroides and Prevotellaceae_UGG-001 was detected in a mouse model of experimental autoimmune hepatitis (EAH). Administration of broad-spectrum antibiotics prior to EAH induction prevented the development of hepatitis and increased gut integrity (49). The commensal bacteria Bacteroides fragilis (B. fragilis) showed a capacity to modulate the development of colitis (50). Mice colonized with enterotoxigenic B. fragilis showed an increased intestinal permeability with damaged epithelial E-cadherin (51), which was mostly likely mediated by the tight junction degrading metalloprotease toxin produced by B. fragilis (52). Besides B. fragilis, there are other pathogens expressing gut damaging toxins, including toxin A and B producing Clostridium difficile (53), enterotoxin producing Clostridium perfringens (54), cytotoxic necrotizing factor 1 producing E.coli (55), vacuolating toxin producing Helicobacter pylori (56), internalin producing Listeria monocytogenes (57) and Zonula occludens toxin producing Vibrio cholerae (58). Moreover, enteric Pseudomonas fluorescens can induce the secretion of zonulin, a negative modulator of tight junctions, resulting in cytoskeleton changes and tight junction disassembly in a cell line (59). Additionally, infection with the protozoans Giardia intestinalis and Blastocystis hominis increased intestinal permeability in mice (60). Rotavirus can also increase the permeability of gut barrier by altering the location of tight junction protein occludin (61). Thus, many microorganisms can affect positively or negatively gut barrier integrity, and their identification in the context of lupus may be critical to restore gut barrier function in SLE patients.



Leaky Gut Exacerbates Gut Dysbiosis

Damaged gut barrier integrity can active the innate immune system resulting in the recruitment of various immune cells at the site of injury. The cytokines, enzymes and growth factors secreted by these immune cells disturb the immune homeostasis and induce inflammation (62). An inflamed microenvironment in the gut allows the bloom of some bacteria, such as Enterobacteriaceae (63). In addition, a leaky gut allows the passage of bacterial components and even living bacteria into host systemic circulation (7, 8), inducing innate and adaptive immune responses, which break the balance of tolerance and immunity in the gut leading to a dysbiotic microbiome (16). Induced gut leakage by dextran sulfate solution (DSS) in multiple mouse models have demonstrated that gut leakage can enhance systemic inflammation and alter host microbiome composition (64, 65). Leaky gut may also allow the undigested food particles to travel out of the gut lumen and get into blood stream. As external antigens, these food particles may provoke strong immune responses leading to gut dysbiosis (39).



Genetic Variants Associated With Leaky Gut

An GWAS for inflammatory bowel disease (IBD) has identified susceptibility genes that are associated with intestinal barrier function, which included genes involved in mucus and glycoprotein regulation (ECM1, MUC3A and MUC19), membrane receptor kinase (ERRFI1), membrane transport (ITLN1 and VDR), tight junction regulation (PTPN2), epithelial restitution (PTGER4), cell polarity (PARD3), cell adhesion (CDH1 and LAMB1), tight junction assembly (GNA12, MAGI2, MYO9B and CDH1) and epithelial differentiation (HNF4A) (66). A Crohn’s disease risk locus, Chr 5p13.1, regulates the expression of the prostaglandin receptor EP4, which is expressed in intestinal epithelial cells and affects gut barrier function (67). The mutation on this gene could highly increase the risk for leaky gut. In addition, a CARD15 polymorphism has been associated with enhanced gut permeability and the development of Crohn’s disease (68). Gluten-derived peptide gliadin disrupts gut integrity by rearranging actin and tight junction proteins in celiac disease (69–71). The human leukocyte antigen (HLA) DQ2 and/or DQ8 is required for the presentation of gliadin to T cells and consequent increased inflammatory responses, suggesting a causative role of these two genetic factors in the gut permeability induction (72).

Contrary to these intestinal autoimmune diseases, none of the many genetic variants that have been associated with lupus susceptibility are directly linked to barrier integrity, except possibility for SLC17A4 (73). SLC17A4 is an organic anion transporter expressed in the gut, and it is expressed at a high level in gnotobiotic mice as compared to mice housed in conventional conditions (74). It is therefore possible that SLC17A4 variants are associated with SLE susceptibility through their regulation of gut integrity in response to bacterial signals. However, bacterial translocation has been detected in Tlr7 Tg mice as well as in mice treated with TLR7 agonist (12). Tlr7 polymorphisms and copy number have been associated with lupus susceptibility (75), and it would be of great interest to evaluate whether these genetic variations are associated with leaky gut and/or gut dysbiosis. Collectively, gene variants related to tight junction proteins and some aspects of immune response may work as major susceptibility factors for leaky gut, although no evidence for such genes has yet been found in SLE.




Mechanisms Leading to the Loss of Barrier Integrity in Lupus


Immune Activation and Inflammation

The chronic inflammation that characterizes lupus has been attributed to dysfunctional B cells, T cells and dendritic cells (76). In addition, an altered expression of inflammatory cytokines and cell surface receptors has been identified in monocytes and macrophages from SLE patients (77, 78). Various cytokines and chemokines play a role in maintaining gut epithelial cell integrity. For example, IL-13 and CXCL10 can modulate the movement of gut epithelial cells to expel parasites to avoid parasitic infection (79). Proinflammatory cytokines TNF-α, IL-1β and IFN-γ, all of which have been implicated in SLE pathogenesis (80–82), suppress the expression of tight junction proteins, alter the arrangement of tight junctions, and modulate the actin cytoskeleton in intestinal epithelial cells, resulting in a compromised gut barrier (83, 84). Furthermore, IL-1β and IFN-γ exert their functions on tight junctions through the activation of the NF-κB pathway (85, 86). An increased NF-κB activation has been associated with lupus pathogenesis, including through the lower expression of its negative regulator A20 (87). However, NF-κB is required for epithelial cell replacement and mice lacking NF-κB showed a lower expression of antimicrobial peptides and an increased apoptosis in enterocytes (88). The different effects of NF-κB pathway on gut barrier integrity suggest that its activation may be key for the maintenance of immune homeostasis in gut epithelial tissues. Taken together, the altered immune state in lupus patients may destroy the balance between immunity and tolerance in the gut, causing damage to the intestinal epithelial cells (Figure 2).




Figure 2 | Mechanisms leading to the loss of gut barrier integrity in lupus. The following mechanisms can compromise a healthy gut (left) leading to a leaky gut (right), singly or in combination, 1. The reduction or even loss of SCFA-producing bacteria is linked to alterations of the mucus layer lining the gut. 2. Expansion of mucin-degrading bacteria, such as R. gnavus, promotes gut leakage. 3. Frequent intestinal infections induce inflammation and tissue damage. 4. The overactive immune system leads to chronic inflammation and recruitment of inflammatory cells. 5. Proinflammatory cytokines affect gut integrity. 6. Some lupus treatments cause damage on gut barrier function.





Gut Dysbiosis Induced by Lupus

In lupus patients, the dysregulated immune state in the intestine may induce microbial dysbiosis which in turn affects the integrity of gut (8). An enrichment of commensals that damage gut integrity has been detected in SLE patients and mouse models, such as R. gnavus and E. gallinarium (28, 30). The combination of a defective immunity and the use of immunosuppressive drugs lead to a high frequency of pathogenic infections in SLE patients, including with Staphylococcus aureus, Salmonella enterica, Escherichia coli, Streptococcus pneumonia and Mycobacterial species (89). Salmonella typhimurium showed a capacity to increase gut permeability by upregulating the expression of Claudin-2, a leaky gut mediator (90). It is therefore possible that Salmonella blooms occurring in SLE patients may also promote leaky gut through this mechanism. Translocation of oral microbes to the gut has been reported in lupus patients (23, 30). Accordingly, inoculation of mice with Porphyromonas gingivalis or Fusobacterium nucleatum, two common oral bacteria, induced gut barrier damage and aberrant inflammation (91, 92). Beside bacteria, various viral infections, including HIV, CMV, bacteriophages and dengue virus, can also cause increased gut permeability leading to a leaky gut (93–95). The relationship between viral infections and leaky gut in lupus has however not been investigated.

In accordance with gut dysbiosis, an aberrant fecal microbial metabolism was detected in SLE patients (23). Several fecal metabolites have shown potential to modulate gut homeostasis. Short chain fatty acids (SCFA) produced by some bacteria promote the proliferation of regulatory T (Treg) cells and suppress the production of inflammatory cytokines (96). Besides this well-documented modulating effect on inflammation, SCFA improve intestinal barrier function (97, 98). A low concentration of the SCFA butyrate decreased monolayer permeability and enhanced transepithelial resistance in epithelial cells in vitro, while a high concentration of butyrate had the inverse effect. Mechanistically, butyrate decreases permeability by accelerating the assembly of tight junctions via the activation AMPK (99, 100). Bifidobacterium species increase gut barrier integrity by producing acetate, which increased the expression of the tight junction gene Occludin (101). Since most butyrate-producing bacteria belong to the Firmicutes phylum, inflammation and impaired gut barrier integrity may be induced by the decreased relative abundance of Firmicutes in SLE patients. In the Tlr7 Tg model of lupus, dietary resistant starch reduced the translocation of L. reuteri by inducing the production of SCFA (7). This implied, at least in this model, a direct role of SCFA in maintaining gut barrier integrity to prevent the translocation of pathobionts that amplify lupus pathogenesis (Figure 2). Our group has recently identified an aberrant tryptophan metabolism in the gut of the B6.Sle1.Sle2.Sle3 mice that is largely regulated by the microbiota (102). Reducing dietary tryptophan ameliorated autoimmune phenotypes with an increased Treg suppressive function and lower autoantibody titers (11). One of tryptophan metabolites produced by bacteria, indole, can improve gut barrier function by upregulating the expression of tight junction proteins in the gut (103, 104). An altered tryptophan metabolism is also found in SLE patients (102) and it may contribute to impaired gut integrity, although this has never been formally investigated.



Side Effects of SLE Treatments

The medications used to treat SLE patients induce a leaky gut directly or as the result of infections induced by immunosuppression. Besides antibiotics, many non-antibiotic medicines have shown adverse effects on host intestinal homeostasis, including proton pump inhibitors (PPIs), metformin, No-steroidal anti-inflammatory drugs (NSAIDs), opioids and antipsychotics (105, 106). Specifically, NSAIDs and hydroxychloroquine, which are widely used to treat SLE, have gastro-intestinal side effects (107–109). NSAIDs can induce mitochondrial and endoplasmic reticulum damage and oxidative stress in intestinal epithelial cells, enhancing gut permeability and local inflammation (110). Treatment of SLE patients with hydroxychloroquine reduced the abundance of Enterobacteriaceae, and glucocorticoids, a group of drugs broadly used to treat lupus, reduced microbial diversity (9). The calcineurin inhibitor tacrolimus (FK 506) increased gut permeability in humans and rats through inhibiting mitochondrial respiration in gut epithelial cells (111). Voclosporin (Lupkynis) is a calcineurin inhibitor that has been recently approved for the treatment of lupus nephritis (112), and it would be of interest to monitor its potential effect of gut permeability. Finally, treatment with immunomodulatory drugs increase the risks for infection with bacteria and viruses in SLE patients (113–115). As mentioned above, intestinal infections induced by these treatments may trigger immune activation and inflammation in the hosts leading to damage to the gut barrier (Figure 2).




Leaky Gut Exacerbates Lupus Progression

A leaky gut allows foreign antigens to pass into the systemic circulation, which may provoke both local and systemic immune responses. As mentioned above, LPS and (1 ​→ ​3)-β-D-glucan have been detected in the sera of SLE patients (32, 64). These two components are known to mediate secretion of proinflammatory cytokines, including type I IFN, through activation of TLR-4 and dectin-1, respectively (116). When given systemically to mice, lipoteichoic acid, a major cell wall component from gram-positive bacteria, induces various autoimmune diseases, including SLE (117, 118). The bacterial amyloid curli and DNA form immunogenic complexes that accelerate the progression of SLE, via the generation of autoantibodies and type I IFN responses (119). An impaired gut barrier may allow the translocation of such antigens from intestinal lumen into internal environment, resulting in a higher-level autoimmune response. Exposure of E. gallinarum to human hepatocytes induced the generation of autoimmune-promoting factors, such as β2GPI and type I IFN, and activated the AHR pathway (35). Thus, the translocation of pathobiont E. gallinarum into livers of patients with SLE and autoimmune hepatitis may contribute to the development of autoimmune disease in these patients, as it did in mice. Collectively, microorganisms and their products passing through an impaired gut barrier into internal environment can result in a hyperactive immune system in hosts contributing to lupus progression (Figure 3).

The contribution of leaky gut to lupus pathogenesis was directly assessed with a chemically induced injury with DSS in the spontaneous FcGRIIb−/− model and the pristane induced model. The detection of bacteria in the MLN as well as endotoxin and (1 ​→ ​3)-β-D-glucan in the blood of these mice showed that the DSS treatment mediated the translocation of gut microorganisms and their products into systemic circulation. Importantly, DSS increased systemic inflammation, such as IL-6 production, as well as renal pathology. Additionally, an enhanced apoptosis was observed in the MLN and spleen, which may explain the increased presence of anti-dsDNA antibodies in the blood and immune complex deposits in the kidney (64). Taken together, these results suggest that a leaky gut may exacerbate the severity of lupus pathogenesis.



Therapeutic Strategies to Restore Gut Barrier Function


Lifestyle Modifications

Diet has been known to affect the gut integrity directly or indirectly by modifying the host microbiota (120). Studies suggest that a high-fat diet can directly downregulate the expression and distribution of tight junction proteins (121–123) and induce the secretion of bile acid into the gut lumen increasing gut permeability (123–125). A combination of low fiber and high fat content increased the abundance of mucin degrading bacteria in the gut (126, 127), which may compromise the mucus layer in the lumen and increase the susceptibility to leaky gut. Moreover, a high fat diet changes the ratio of Bacteroidetes/Firmicutes in adult C57BL/6J mice (128), may partly explain its harmful impacts on gut homeostasis as Bacteroidetes are commonly associated with chronic intestinal inflammation, while many of beneficial bacteria belong to the Firmicutes phylum. Notably, high fat diet exacerbates lupus phenotypes in TLR8-deficient lupus-prone mice. The effects are attributed to an enhanced TLR7 signaling in dendritic cells (129). As mentioned above, an upregulated TLR7 signaling increase gut permeability, therefore, high fat diet may cause more severe gut leakiness in people genetically predisposed to lupus. In addition, a diet rich in animal proteins but not in plant proteins exacerbates intestinal inflammation in a chronic colitis model by increasing the proinflammatory response of monocytes (130). Similarly, a high-glucose and high-fructose diet can also induce inflammation in the gut leading to the alteration of tight junction proteins, which increased gut permeability (131). As patients with SLE have a high prevalence of metabolic syndrome featuring glucose tolerance, hypertriglyceridemia and others, the disturbed glucose and lipid metabolism in lupus patients may further aggravate diet-mediated gut permeability (132). Additionally, food additives present in numerous processed food items have shown adverse impacts on host microbiota. An increased consumption of processed food and additives used by food industry may explain the increased gut dysbiosis and gut leakage in the general population as well as lupus patients (133).

On the other hand, certain dietary components or supplements can restore gut integrity. Various nutrient components, including vitamin D, have shown potentials to improve gut integrity (120). However, vitamin D deficiency is highly prevalent in patients with SLE (134–136). The supplementation of vitamin D may restore the gut barrier function in lupus patients. Administration of retinoic acid (RA), a major oxidative metabolite of vitamin A, increases the barrier function of epithelial cells in vitro and the relative abundance of Lactobacillus spp., a group of bacteria that support gut barrier function in mice, suggesting that retinoic acid can directly enhance gut integrity or through modifying host microbiota (137). In a similar way, all-trans-retinoic acid (tRA) treatment on pristine-induced lupus mouse model reversed gut leakage, showing a reduced serum endotoxin level. At same time, tRA treatment also modified microbiome composition which was dysregulated by pristine injection, supporting a dual role of retinoic acid in affecting gut barrier function and microbiome configuration. Supplementation of glutamine in children improved intestinal barrier function (138). In contrast, a low level of glutamine was reported in SLE patients (139, 140), which may also account for an impaired gut barrier in lupus patients. In addition, as mentioned above, SCFA can promote gut integrity by enhancing tight junction assembly (100). Supplementation of resistant starch, a highly fermentable fiber, in Tlr7 Tg mouse model rescued the gut leakiness (12). Overall, these results suggest that a healthy diet or dietary modifications that improve lupus outcomes may also improve gut barrier integrity, although it has never been tested in SLE patients.

The association of psychological stress and intestinal dysbiosis and permeability have been established (141, 142). Multiple lines of evidence support that stress and depression can change the gut microbiota composition through hormones levels, gut motility and inflammation, indirectly influencing gut permeability (143). When chronic depression was induced in a mouse model, increased corticotropin-releasing hormone, serotonin level and gut motility was observed in the hosts and these changed parameters may explain altered microbial profile in the gut (142). Acute psychological stress was demonstrated to active mast cell in the gut by increased corticotropin-releasing hormone. The induced overactive immunity increased permeability in small intestine in humans (141). People living with lupus are likely to feel anxiety and even hopeless because of the uncontrolled disease activity. The changes in physical appearance also bring pressures in social interactions (144). All these psychological factors may play roles in increasing gut permeability in lupus patients.



Medical Treatment

Larazotide acetate (LA) or AT1001, a tight junction regulator, inhibited the redistribution and rearrangement of tight junction components induced by zonula occludens toxin and its eukaryotic analogue zonulin, maintaining monolayer integrity of IEC6 and Caco-2 cells (145). Treatment with LA on a mouse model of celiac disease blocked gliadin-induced gut inflammation and permeability (145). LA is currently tested in phase III clinical trials as an adjunct therapeutic to enhance intestinal barrier function in celiac disease patients (146). Moreover, a zonulin neutralizing antibody showed a similar protective function as LA on lung permeability in two mouse models of acute lung injury (147). As increased serum zonulin levels has been correlated to intestinal permeability in several autoimmune diseases (148), blockage of zonulin pathway may be a potential therapeutic strategy to restore the gut barrier function. More specifically to lupus, a high level of zonulin was detected in the fecal samples of SLE patients (Preprint) (149). Oral administration of LA reversed gut permeability in C57BL/6 mice colonized with a strain of R. gnavus derived from lupus patients (Preprint) (150).These findings suggest that LA provides a promising therapeutic option to improve gut barrier functions in lupus.

Some drugs to treat diabetes, hypertension and other diseases have shown a potential to modify gut integrity. Metformin is widely used in type 2 diabetes to lower blood glucose level. Administration of metformin induced gut microbial dysbiosis with an increased relative abundance of the gut opportunistic pathogen Escherichia_Shigella (151). However, an opposite effect was observed in a sepsis-related liver injury (SLI) rat model. Administration of metformin in aged SLI rats decreased the abundance of Klebsiella and Escherichia_Shigella and increased that of Bifidobacterium, Muribaculaceae, Parabacteroides distasonis and Alloprevitella. Fecal microbiota transfers (FMT) from metformin treated SLI rats decreased liver damage, colon barrier dysfunction as well as inflammation in recipient SLI rats (152). Metformin also decreased inflammation and gut leakage in obese mice fed with a high-fat diet by modifying their gut microbiome and increasing goblet cell proliferation leading to a higher mucus production (153). A similar microbiota restorative function of metformin was also found in a model of high-fat diet induced type 2 diabetes (154). These results suggest the potential of metformin in treating host microbial dysbiosis and leaky gut. Further research is required to investigate underlying mechanisms, and to understand why the outcomes of a treatment with metformin on gut microbiome and barrier integrity may be context dependent. Metformin has shown beneficial effects in mouse models of lupus (155) as well as in SLE patients (156), at least in part through the normalization of T cell metabolism (155, 157). It would be of great interest to investigate whether metformin also restores gut microbial homeostasis and barrier integrity. Another diabetes drug, berberine, also showed beneficial effects on epithelial integrity. In the Caco-2 cell monolayer model of intestinal barrier, berberine prevented IFNγ and TNFα-induced gut permeability by inhibiting myosin light chain kinase-dependent phosphorylation of the myosin light chain mediated by HIF-1α (158). Berberine treatment did not increase the expression of tight junction proteins in another Caco-2 cell assay but increased their transepithelial electrical resistance. This finding led the hypothesis that berberine does not affect the expression and distribution of tight junctions but tightens the tight junction integrity (159). Although berberine and its derivatives have not been tested in lupus, they are being evaluated in numerous inflammatory conditions, including those involving inflammatory T cells such as lupus (160). The concomitant assessment of their effect on gut barrier integrity may reveal valuable mechanistic insights.

Captopril, a hypertension drug that works as angiotensin-converting enzyme inhibitor, has shown long-lasting beneficial effects on the microbial composition, permeability and pathology of the gut in spontaneously hypertensive rats (161). β-blockers, another class of blood-pressure reducing drugs, alleviated intestinal permeability and decreased bacterial translocation in patients with portal hypertension (162). Since a leaky gut accelerates the pathogenesis of SLE, medication that restore gut integrity may serve as efficacious therapeutic agents for lupus.

Finally, vaccination with heat-killed gut pathobiont E. gallinarum reversed gut permeability and bacterial translocation induced by this bacterium, as well as decreased the production of autoantibodies and prolonged the survival of lupus-prone mice (35). Taken together, a number of therapeutic interventions have proved protective effects on gut integrity in various diseases and models. The application of these treatment options to lupus patients warrants further research to determine their clinical efficacy.



Antibiotics and Probiotics

As described above, infections or enrichment of harmful bacteria in the gut could increase intestinal permeability, therefore antibiotics-mediated selective elimination may restore the gut barrier function. Indeed, the gastrointestinal antibiotic rifaximin decreased the abundance of Clostridium and improved intestinal barrier function in a mouse model of chronic stress (163). Similarly, the rifaximin treatment of patients with decompensated cirrhosis decreased the abundance of Streptococcus in the gut and ameliorated endotoxemia with alleviated gut permeability (164). Since SLE disease activity has been positively correlated with the abundance of Streptococcus in the gut (23) and infections of Clostridium difficile was also linked to the mortality of SLE patients (165), the suppressing effects of rifaximin on both bacteria may offer a new approach in the treatment of lupus. Furthermore, rifaximin prevents stress-induced mucosal inflammation and intestinal barrier impairment in rats by increasing the expression of occludin (166). Oral supplementation with two other non-absorbable antibiotics, neomycin and polymyxin B, improved intestinal leakiness in Western diet or high salt diet mouse models (167, 168). The findings suggest that antibiotics can ameliorate microbiota dysbiosis triggered by environmental factors as well as local inflammation, leading to a healthier gut. In lupus prone MRL/lpr mice, an antibiotic cocktail or vancomycin alone restored the microbiome structure and gut barrier function, supporting a therapeutic benefit of antibiotics in lupus (37). However, since a lower microbiome diversity and richness have been reported to SLE patients (22, 25, 30, 31, 169), it could be further reduced by broad-spectrum antibiotics, which should therefore be used with caution. More sophisticated interventions are needed to target specific pathogens without killing beneficial bacteria in SLE patients.

Probiotics are living commensal or nonpathogenic microorganisms that provide health benefits to hosts (170). A number of studies have shown that supplementation of probiotics can exclude invading bacterial pathogens by suppressing their adhesion and by producing antimicrobial compounds (171). As summarized above, an increased infection rate has been reported in lupus patients due to abnormalities in their immune system and immunosuppressive treatments. Thus, probiotics may serve as a substitute for antibiotics to prevent bacterial infections and improve infection-mediated gut permeability. Many probiotics exert their functions through immune regulation, particularly through the modification of immune cell populations and the balance between pro- and anti-inflammatory cytokines (172). Administration of the probiotics Lactobacillus rhamnosus and L. delbrueckii to pristane-induced lupus mice reduced the populations of Th1 and Th17 cells and the levels of proinflammatory cytokines IFNγ and IL-17 (173). Furthermore, supplementation of NZB/W F1 mice with specific strains of L. reuteri suppressed the MAP kinase and NF-κB signaling pathways, reducing the levels of IL-1β, IL-6 and TNFα (174). Because of the gut-damaging role of multiple pro-inflammatory cytokines, including IL-1β, TNFα and IFNγ (83, 84), suppression on proinflammatory cytokines mediated by probiotics may contribute to an improved gut barrier as well. Lastly, probiotics can promote the expression of mucus glycoprotein and strengthen tight junctions, therefore enhancing the integrity of gut barrier (175). Notably, Lactobacillus treatment on lupus prone MRL/lpr mice significantly increased the expression of multiple tight junction proteins, including ZO1, Occludin, and Claudin-1, in intestinal epithelial cells, suggesting that certain probiotics may rescue gut permeability detected in SLE patients and restore the normal gut barrier function (176).




Conclusion

In summary, increased gut permeability, or leaky gut, in lupus patients can be induced by overactive immune responses, gut microbial dysbiosis, side effects of treatments, or any combination of these factors (Figure 2). The resulting gut leakage allows bacteria to escape from the gut lumen and enter the systemic circulation, which in turn promotes local and systemic inflammation, changing gut microbiome configuration and metabolites profile. Overall, the leaky gut, the overactive immune responses and microbial dysbiosis can exacerbate each other, creating a vicious feed-forward loop (Figure 3). Certain lifestyle modifications, medications, antibiotics and probiotics have shown promising results on improving gut permeability in other diseases or mouse models. Considering the close relationships between immunity, microbiome and intestinal integrity in lupus patients, an unbiased evaluation of these leaky gut interventions should be evaluated in pre-clinical models of the disease for their ability to restore the balance in the immune system and/or gut microbiome, and ultimately, to change disease outcomes.




Figure 3 | A leaky gut exacerbates lupus progression. 1. Leaky gut-mediated bacterial translocation has been linked to the initiation of autoimmune responses. 2. Increased enterocyte cell death in leaky gut activates innate immune cells, inducing an overactive immune system. 3. The phagocytosis of invading bacteria by innate immune cells promotes inflammation. 4. Upon pro-inflammatory signaling, more immune cells are recruited to the leaky gut area. 5. Immune cell focal aggregation triggers local inflammation. 6. Enhanced local inflammation causes gut microbial dysbiosis and dysregulated fecal metabolites, both of which are related to lupus progression. 7. Bacteria and bacterial products can translocate into the blood stream through impaired blood vessels and then induce autoimmunity in systemic organs.
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Adaptive immune response to the gut microbiota is one of the main drivers of inflammatory bowel disease (IBD). Under inflammatory conditions, immunoglobulin (Ig)-targeted bacteria are altered. However, changes in Ig-targeted bacteria in Asian patients with IBD with ulcerative colitis (UC) remain unclear. Furthermore, changes in IgA-targeted bacteria in patients with UC treated with fecal microbiota transplantation (FMT) are unclear. Here, we analyzed fecal samples of patients with IBD and patients with UC before and after FMT by flow cytometry. We found that the percentage of IgA/G-coated bacteria can be used to assess the severity of IBD. Besides oral pharyngeal bacteria such as Streptococcus, we hypothesized that Megamonas, Acinetobacter, and, especially, Staphylococcus might play an important role in IBD pathogenesis. Moreover, we evaluated the influence of FMT on IgA-coated bacteria in patients with UC. We found that IgA-bacterial interactions were re-established in human FMT recipients and resembled those in the healthy fecal donors. Additionally, the IgA targeting was not influenced by delivery methods: gastroscopy spraying and colonic transendoscopic enteral tubing (TET). Then, we established an acute dextran sulfate sodium (DSS)-induced mouse model to explore whether FMT intervention would impact IgA/G memory B cell in the intestine. We found that after FMT, both IgA/G memory B cell and the percentage of IgA/G-targeted bacteria were restored to normal levels in DSS mice.
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INTRODUCTION

Intestinal mucosal inflammatory damage is one of the characteristics of the pathogenesis in inflammatory bowel disease (IBD). This inflammatory damage can be triggered by innate and adaptive immune responses (Sun et al., 2015; Sartor and Wu, 2017). Additionally, the microbiota plays an essential role in many diseases, especially in the development of IBD and other immune diseases (Sansonetti, 2004). However, the precise understanding of immune interactions with the microbiota in IBD remains unclear (Qin et al., 2010). Immunoglobulin A (IgA) is the most abundant antibody secreted into the gastrointestinal tract and provides the first line of immune protection, while IgG is the most abundant antibodies in peripheral blood (Macpherson et al., 1996). Secretion of IgA is induced by both food antigens and the intestinal microbiota (Bunker Jeffrey et al., 2017). Furthermore, Bendelac etc. in ‘Natural polyreactive IgA antibodies coat the intestinal microbiota’, suggested ‘endogenous mechanism driving homeostatic production of polyreactive IgAs with innate specificity to microbiota’, which also indicates the relationship between IgA and gut microbiota (Hapfelmeier et al., 2010).

Secretion of IgA helps regulate the microbiota, altering gene expression patterns and adherence to tissue-cultured intestinal epithelial cells (Bollinger et al., 2003; Suzuki et al., 2004; Peterson et al., 2007; Mathias et al., 2010). Several studies that combined flow cytometry sorting with 16S rDNA sequencing found that IgA and IgG can bind colitogenic members of the microbiota, and that IgA limits the immune response of T helper (Th) cells to mucosal commensal antigens (Palm et al., 2014; Bunker et al., 2015; Koch et al., 2016). Active patients with IBD have been reported to have higher percentage of IgA/G-coated microbiota than healthy controls (van der Waaij et al., 2004; Peterson et al., 2007). Therefore, evaluating the IgA/G-coated microbiota might be important in the treatment of IBD (Rengarajan et al., 2020). Fecal microbial transplantation (FMT) involves the administration of a healthy fecal material containing approximately 1011 bacterial cells/g, as well as viruses, fungi, and archaea, into the intestinal tract of a recipient (Bojanova and Bordenstein, 2016). FMT is recognized as a successful therapy for Clostridioides difficile infections and has also been explored as a promising therapy for IBD compared to antibiotics or probiotics (Weingarden and Vaughn, 2017). Recent studies have shown that IgA-bacterial interactions can be re-established by FMT and resemble the healthy fecal donor in patients with recurrent Clostridioidesdifficile infection (Huus et al., 2021).

However, several questions remain unanswered regarding IgA/G-coated microbiota in patients with IBD patients FMT therapy. First, IBD is a chronic remittent inflammatory disease, and the relationship among IgA/G-targeting bacteria, disease activity, and clinical characteristics in Asian patients with IBD has not been fully explored. Second, the altered pattern of IgA/G targeted bacteria in IBD following FMT as well as its underlying mechanism have not been reported. Moreover, it remains unclear whether IgA/G production after FMT in patients with IBD increases through IgA/G + B cells.

Therefore, in this study, we characterized the IgA/G-coated bacteria in 61 patients with IBD, including 18 before and after FMT, by fluorescence-activated cell sorting (FACS) combined with 16S rDNA sequencing. We also demonstrated the influence of different delivery methods, including colonic TET and gastroscopy spraying, and analyzed IgA-targeting bacteria donor and host pre/post-transplant in IBD FMT recipients. A previous report found that IgA-coated Streptococcus was a dominant biomarker in a CD-based IBD cohort in the United States. Herein, we found a higher percentage of Ig-coated Megamonas and Acinetobacter in patients with IBD and higher IgA-coated Staphylococcus aureus in patients with CD. Consistent with the previous study, Ig-bound bacteria might be used as biomarkers in the assessment of IBD activity. Furthermore, we evaluated the influence of FMT on IgA-coated bacteria in the patients with UC. We found that healthy IgA–microbiota interactions were restored in the patients with UC after FMT. Moreover, the delivery method did not influence IgA targeting. The patterns of IgA-coated bacteria in FMT recipients closely resembled those in the donors. Finally, we established an acute DSS-induced mouse model to explore whether FMT intervention would impact IgA/G + B cells and showed that it decreased the production and percentage of IgA/G-bound bacteria.



MATERIALS AND METHODS


Patients and Volunteers

The study collected samples of patients with IBD from the Guangzhou First People’s Hospital from June 2020 to October 2021. In addition to clinical symptoms, clinical laboratory indicators and imaging tests, the patients with IBD were diagnosed by histological examination of the ileum and colon biopsy. Prior to inclusion in the study, written informed consent was obtained from all the study participants. The patients’ other disease activity index (CDAI; part of Mayo score) and laboratory test results were collected within 5 days of collecting stool samples. All the patients with IBD met the standard of not having not received antibiotics and probiotics for at least 3 months. We collected stool samples within 1 week before FMT and 4 weeks after FMT, and stored them at −80°C for IgA/G-seq as previously reported. Healthy people that match the age and sex of the patients with IBD consist the group that was compared with the IBD cohort. In addition, samples of donors for each FMT operation are also collected. There are mainly two donors who provided the source of bacteria for FMT therapy. We excluded subjects with any other gastrointestinal diagnosis or who had bowel resection. There was no statistical difference in age, gender, and BMI of the patients in the cohort. Whole samples were analyzed with a mixed-effects regression model and corrected for the random effects of each subject.



Intervention by Fecal Microbiota Transplantation

Fecal samples from the healthy donors (approximately 150–200 g each) were dissolved in 1,000 ml of normal saline, and the microbiota was isolated using standard protocols recommended by the manufacturer [performed using a GenFMTer automated purification system (FMT Medical)]. Fresh feces from currently healthy male student donors were used for each fecal transplant, and the cohort used feces from a total of two different donors. Nine patients with UC received stool from s #3, and 6 patients with UC received stool from donor #8. The remaining 3 patients with UC who received feces from other different donors were not included in the discussion. There are two main ways of fecal bacterial transplantation in this study: TET tube placement under colonoscopy and spraying under gastroscope. Eighteen patients were randomly selected for surgery with enteroscopic TET tube or gastroscopic spraying, 8 patients underwent enteroscopic TET tube placement, and the other 10 patients underwent gastroscopic spraying for surgery. Colonoscopy with TET tube: 1 day after TET tube placement, 150 ml of normal saline containing the microbiota (∼50 cm3) was injected into the colon through a TET catheter via a 50-ml syringe. After FMT, the patients were kept in the right side position for ≥ 30 min and allowed to eat after 2 h. FMT was repeated every other day for a total of 3 times of treatment. Gastric spraying: after fasting for more than 8 h, the patients underwent sedative gastroscopy surgery and sprayed on the upper duodenum. The contents, volume, and treatment times were the same as above. After FMT, the patients remained in a semi-recumbent position for ≥ 30 min, and 2 h later were allowed to eat.



16S rDNA Analysis

A sorted bacterial suspension was boiled at 100°C for 15 min, and then 2 μl of lysate was used as a template for 16S PCR, and previously described barcode primers were used to amplify the bacterial V4 hypervariable region of 16S rDNA. PCR was performed under the following cycling conditions using Phusion Polymerase: initial denaturation at 98°C for 5 min, 98°C for 20 s, 55°C for 15 s, 72°C for 30 s, and final extension for 10 min, a total of 30 cycles at 72°C. The reaction was performed on gel to ensure successful amplification, and purified and standardized using a 96-well Sequel-Prep kit (Thermo Fisher Scientific A1051001). All reactions were then combined and gel-extracted (GeneJet K0692) to remove primer dimers. The combined PCR products were sequenced using an Illumina MiSeq platform (2 × 250-bp double-ended reads) (Kozich et al., 2013).



Bioinformatics Analysis of 16S rDNA Data

The sequences were then analyzed in QIIME21 (Bolyen et al., 2019), in which we quality controlled the sequences with Dada2, and then trimmed to 250 bp. Quality tags were clustered into operational taxonomic units (OTUs) of ≥ 97% similarity through UPARSE, and each cluster was the most abundant tag sequence (Edgar, 2013). The analysis of flower/Venn figures and PCoA were operated through the flower/Venn diagram package and unifrac distance, respectively (Caporaso et al., 2010; Chen and Boutros, 2011). Furthermore, diversity indexes were analyzed with the QIIME software. We used the ggplot2 package (version 2.2.1) to draw the OTU rarefaction and rank abundance curves. We used the Welch’s t-test or Wilcoxon rank test to analyze differences between two groups and used Tukey’s HSD test or Kruskal–Wallis H-test to analyze differences between three or more groups in the R project Vegan package (version 2.5.3). Furthermore, the biomarker features in each group were screened using the labdsv package (version 2.0.1) in the R project. Lastly, we extracted the 16S rRNA gene sequence of the prokaryotic whole genome from the KEGG database and compared it to the SILVA SSU Ref NR database (BLAST bit score > 1,500) using the BLASTN algorithm to establish a correlation matrix, and performed Tax4Fun function prediction on the bacteria bound by IgA.



Bacteria Immunoglobulin A/Immunoglobulin G-Seq

Fecal IgA- and IgG-coated bacteria was designed by flow cytometry as reported previously (Palm et al., 2014; Huus et al., 2020, 2021). A 50-mg chip of stool was obtained from each fecal sample and stored at −80°C. The sample was put into Fast Prep Lysing Matrix D tubes containing ceramic beads (MP Biomedicals) and homogenized in 1 ml phosphate-buffered saline (PBS; GBICO, C10010500BT) by bead beating (Mini-Beadbeater; BioSpec). Then, fecal pellets were centrifuged gently to separate large particles. A volume of 100-μl supernatants were collected from the sample and washed thrice with the staining buffer (PBS containing 1% bovine serum albumin). The samples were then blocked for 20 min with 20% normal mouse serum for human samples or 20% normal rat serum for mouse samples (Jackson ImmunoResearch). After blocking, the samples were stained with anti-human IgA/G-PE (Miltenyl 130–093-128) or anti-mouse IgA-apc/anti-mouse IgG-PE (biolegend) at 1:25 dilution for 30 min in the dark. After being washed thrice, the samples were analyzed by flow cytometry (Sony ID7000) to decrease the autofluorescence from bacteria and set the gate of FSC and SSC. After the setting, the samples were sorted into IgA-positive bacteria and IgA-negative bacteria by flow cytometry (Sony SH800S). Each of the sorted samples have collected a minimum of 800,000 events and frozen at −20°C for further 16S analysis.



Fecal and Serum Immunoglobulin A/Immunoglobulin G Quantification by ELISA

The measurements of soluble IgA and IgG were quantified by enzyme-linked immunosorbent assay (ELISA; Cloud clone, SEA546Hu/CEA544Hu). After freeze drying, the fecal samples were weighted approximately 10 mg and then ultrasonicated in 2 ml PBS containing EDTA, soybean trypsin inhibitor (Gibco). The samples were centrifuged at 1,800 rpm and 4°C for 10 min. After another centrifugation at 14,000 rpm and 4°C for 15 min, the supernatants were collected and stored at −80°C. The ELISA plates were coated with anti-human IgA or IgG. The experimental samples and standards were added to the wells and incubated at 37°C for 1 h. After washing with an ELISA washer, anti-IgA or IgG with HRP-conjugated streptavidin was added for 1 h. Lastly, the TMB was added to the wells in the dark, and the results were analyzed with a VICTOR Nivo multimode plate reader (PerkinElmer).



Establishment of Dextran Sulfate Sodium-Induced Colitis Mouse Model

In this study, the mouse model of acute colitis induced by DSS was used. Male BALB/c mice aged 6–8 weeks were purchased from Guangdong Medical Experimental Animal Center (GDMLAC; certificate number SYXK 2018-0002, Foshan, China). The mice were kept in a room free of specific pathogens, with a 12-h light/dark cycle, constant temperature (24°C) and humidity (50–70%), and free access to food and water. The experimental procedure was approved by the Animal Ethics Committee of Guangzhou First People’s Hospital (acceptance no: 2017-202).

Mice with acute colitis were randomly divided into three groups: the control group, the DSS enteritis model group, and the human fecal FMT group. The control group was free to drink water, and the model group and intervention group were free to drink 3% DSS for 7 days. The control group (n = 6) and the model group (n = 6) were given phosphate buffered saline (PBS, 0.1 ml/10 g) by gavage. The human fecal FMT group was fed with fresh fecal bacteria (0.1 ml/10 g) prepared from the healthy donors. The weight of the mice, consistency of feces, and whether there is blood in the anus or feces are tested every day. In addition, according to a modified version of as previously described method (Murthy et al., 1993), the disease activity index (DAI) of a single mouse needs to be scored every day, and at the end of the experiment, their blood and stool samples and colon tissue were collected. The length of the colon was measured, and the dissected tissue was fixed overnight in 4% paraformaldehyde or fixed with CARNOY’s Fixative at 4 degrees for no more than 2 h before dehydration and embedding.



Hematoxylin and Eosin, Immunohistochemistry, and Immunofluorescence to Evaluate the Barrier Function of the Intestinal Tract

The mice were euthanized, and the entire colon tissue from the cecum to the anus was dissected. We gently removed the intestinal contents and flushed the intestinal cavity with saline. The tissues were fixed by 10% buffered formalin paraffin or carnoy fixative. They were then dehydrated by 100% absolute ethanol 15 min*2 times and xylene 15 min*2 times before soaking in wax. Tissue sections (5 μm) were stained with hematoxylin and eosin (H&E). The HE sections were blindly scored by an experienced pathologist. Histological scoring was performed using a modified scoring system reported previously (Iqbal et al., 2002). In brief, longitudinal sections were examined as followed: (A) the degrees of inflammation (0: no inflammatory infiltrate, 1: infiltrates in the lamina propria, 2: infiltrates in the submucosa, and 3: transmural infiltration), (B) ulceration (0: no ulceration, 1: one or two ulcers, 2: three or four ulcers, and 3: more than four ulcers), (C) mucosal hyperplasia (0: normal, 1: slightly thickened mucosa with minimal fibrosis, 2: mucosal thickening with fibrous hyperplasia, and 3: extensive mucosal thickening and fibrous hyperplasia or granulation), and (D) edema (0: none, 1: 0–30%, 2: 30–70%, and 3: > 70%). Whole lesion severity score was estimated by summation of the products of extent and intensity scores for every individual lesion component.

After deparaffinization and hydration, the sections were repaired with citrate antigen, and the repaired sections were restored with 3% H2O2 to expose the antigenic sites, and incubated with anti-ZO-1 (ab216880) from Abcam (Cambridge, MA, United States) (ab168986) or anti-muc2 (272692) overnight at 4°C. We used DAB to develop occludin. ZO1 and muc2 used fluorescent secondary antibodies with 555 and 488 fluorescein, respectively. To visualize bacterial and cellular DNA, 26 slides were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 1 min).



Mouse Intestinal Tissue Flow Cytometry

The flow cytometric antibodies used in mouse intestinal tissues are: anti-CD45, anti-CD19, anti-IgA, and anti-IgG antibodies, purchased from Biolegends (San Diego, CA), and the method of flow sorting is as previously described (Cao et al., 2012). The mouse intestinal tissues were seperated into single cell suspension. They were then washed with PBS before incubating the cells with various conjugated IgA/IgG antibody. After fixing in 1% buffered paraformaldehyde, the single cell suspension was then quantified through flow cytometer (BD Bioscience). We used FlowJo for data analysis. We used mAb with the same isotype but unrelated specificity as a negative control.



Statistical Analysis

The statistical analysis of this study was carried out with the phyloseq and ggplot2 packages in R studio, shown in Supplementary Material for details. We conducted a principal component analysis based on Euclidean distance to explore the data structure of the IgA index. PERMANOVA analysis iteration was conducted on each variable of interest to determine its contribution to the exponential distribution of IgA. The data were expressed as a percentage or mean ± standard deviation (SD). Differences between groups or were analyzed by paired t-test, unpaired t-test, χ2-test, or Wilcoxon signed rank test, as well as one-way analysis of variance and post hoc Tukey’s test (if applicable). Spearman correlation was applied to continuous variables, and a p-value of < 0.05 indicated a statistically significant difference.




RESULTS


Higher Immunoglobulin A/Immunoglobulin G-Targeting Microbiota Was Detected in Patients With Inflammatory Bowel Disease

In this study, fecal and blood samples were obtained from 61 randomly selected patients with IBD from Guangzhou First People’s Hospital. Among them, 18 patients whose basic treatment was mesalamine came for FMT treatment because of recurrence of symptoms and increased disease activity score. The details of FMT intervention has been described above. The fecal and blood samples were collected from them before and after treatment (Table 1). The fecal samples were sorted into IgA/G + and IgA/G- coated bacteria by flow cytometry and identified by 16S rDNA sequencing (Figure 1A). We found that the patients with IBD presented a higher percentage of IgA/G-coated bacteria than the healthy controls, consistent with previous studies (Figures 1B,C). Additionally, the subjects with UC presented a higher and significant difference in IgA-bound bacteria compared to the healthy controls. Meanwhile, the subjects with CD showed more statistically significant differences in IgG-bound bacteria.


TABLE 1. Basic characteristics of healthy controls and IBD patients.
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FIGURE 1. Increased fecal free Ig and Ig-bound bacteria in patients with inflammatory bowel disease (IBD). (A) Fluorescence-activated cell sorting (FACS) profiles of Ig-bound gut bacteria. (B,C) Increased Ig-bound fecal bacteria in patients with IBD. (D,E) Free fecal Ig by ELISA in patients with IBD and healthy controls. *p < 0.05, **p < 0.01, ***p < 0.001, ns means no significance difference.


Similar to previous studies, we also evaluated free-fecal IgA and IgG by ELISA. The free-fecal IgA and IgG were higher in the patients with IBD than in the healthy controls (Figures 1D,E). These results suggested that the higher percentage of Ig-bound bacteria might be caused by the upregulation of free-fecal Ig. Previous studies have shown enhanced IgA release in the intestine under inflammatory conditions, which might be caused by increased IgA production by B cells or overexpression of the PIGR receptor and the polymeric immunoglobulin receptor in intestinal epithelial cells (MacDermott et al., 1986). The polymeric immunoglobulin receptor (pIgR) has dual functions in serving as the precursor of secretory component, which can enhance the immune functions of SIgA and transportation of locally produced dimeric IgA across mucosal epithelia (Johansen and Kaetzel, 2011). The higher detection of free-fecal IgG in the intestinal lumen might be due to the barrier breach in the intestine of patients with IBD.



The Percentage of Immunoglobulin-Bound Bacteria Is Correlated With Inflammatory Bowel Disease

Both UC and CD are chronic remittent inflammatory diseases but present a distinct histopathology and different epidemic areas. Lesions in UC usually remain superficial and extend proximally, while CD has greater mortality (Cosnes et al., 2011; Olén et al., 2020). In this study, we separately estimated the correlation between the percentage of Ig-bound bacteria and disease activity. In the subjects with UC, we observed a significant correlation between the percentage of IgA/IgG + bacteria and disease activity scores (measurement score: Mayo) (Figures 2A,B). Compared to the percentage of IgA +, IgG + showed a stronger association with UC activity (Figures 2C,D). Furthermore, we found that the free-fecal IgA had a positive correlation with the percentage of IgA +, and that the free-fecal IgG was positively correlated to IgG + (Supplementary Figures 1A,B). The differences in our current results, compared to previous studies, might be associated with the expanded samples, different geographic locations, and dietary habits. We hypothesized that there is a positive correlation between free fecal Ig and the percentage of Ig-bound bacteria. As the main component of humoral immunity, IgG is found in extracellular fluids and blood, and its entry into the intestinal tract might occur through a barrier breach. Increased IgA might be related to increased production of IgA. Altogether, these results provided evidence that IgA/G-bound bacteria might be a good assessment measure in predicting the disease activity in UC, and that IgG + might be more beneficial than IgA +.
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FIGURE 2. Percentage of Ig + fecal bacteria correlate with IBD activity. (A,B,E) Percentage of IgA + and IgG + fecal bacteria is correlated with ulcerative colitis (UC) activity. (C,D,F) Percentage of IgA + and IgG + fecal bacteria is correlated with CD activity. *p < 0.05, ****p < 0.0001, ns means no significance difference.


In the cohort, we enrolled 18 patients with CD and analyzed their fecal samples by flow cytometry. We found a significant positive correlation between the percentage of IgA + and IgG + bacteria with CD activity (measurement score: CDAI). Similar to UC, IgG + showed a stronger positive correlation with disease activity (Figures 2E,F). However, Ig-bound bacteria did not present statistical significance with fecal-free Ig (Supplementary Figures 1C,D). The distinct region of the lesion and pathological changes might be one of the reasons for these results. These data suggested that both IgA + and IgG + bacteria might be a non-invasive and promising measure in assessing disease activity in previously diagnosed patients with IBD, especially IgG +.



16S rDNA Sequencing Results of Immunoglobulin-Bound and Unbound Bacteria

Similar to previous studies, we investigated the taxa of bacteria in our IBD samples using 16S rDNA after sorting by flow cytometry. We provided the complement of the Asian IBD statistics in which the researched cohorts are primarily composed of patients with UC, which might be informative for future studies. The Ig-bound and unbound bacteria in each group presented different intersections in the Flower and Venn figures (Supplementary Figures 2A,B), possibly because anti-bacterial Ig antibodies are polyreactive (Bunker et al., 2017). The low affinity and widespread binding of commensal bacteria might overlap the high affinity and specific binding of pathogenic bacteria. We also found that the IgA/G bound bacteria in UC or CD have intersections, and that the IgA + and IgG + bacteria have partial intersections. Although all groups have a varied intersection, we detected specific IgA/IgG-targeting bacteria.

Then, we assessed the broad diversity of Ig-targeted and untargeted bacteria between the IBD and healthy subjects. The Chao1 and Shannon indexes indicate the richness and diversity of OTUs (Figures 3A,B). Similar to previous studies, we observed high coincidence in IgA + and IgA- in both patients with IBD and healthy controls, and there were no significant differences between the Ig + and Ig– fractions from a given disease group. Moreover, we found higher α-diversity in both IgA + and IgA- from the healthy subjects compared to the patients with IBD. The healthy group was also separated by principal coordinate analysis (PCoA) (Figure 3C). These data are consistent with previous characterizations of the total microbiota in healthy subjects and subjects with IBD. One of the significant elements in IBD development is microbiota disorder and elevated adaptive immune response against intestinal bacteria.
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FIGURE 3. Characteristics of IgA -bound commensal bacteria. (A) Shannon index. (B) Chao1 index. (C) PcoA index. (D) Heatmap analysis of the difference in genera of the gut microbiota in each group of IgA+/− by Metastat. (E) Stacked bar plot of the genus structure in each group. (F) Heatmap analysis of the function prediction among different groups.


Next, we analyzed the taxa abundance of IgA/G-bound bacteria. The top 10 genera and species in the cohorts are shown in Figure 3D. Compared to the healthy control (HC) group, increased IgA + bacteria were detected at the genera level in both UC and CD and comprehended unidentified_Chloroplast, Escherichia-Shigella, Bacteroides, Streptococcus, and (Ruminococcus)_torques_group. The taxon that only increased in UC was Megamonas, and in CD it was Komagataeibacter. Meanwhile, they presented a decreased abundance of Pseudomonas, Faecalibacterium, and Acinetobacter. We also observed an increased abundance of IgA + bacteria at the species levels in both UC and CD subjects, including Faecalibacterium prausnitzii, Lolium perenne, Bacteroides fragilis, Anaerococcus vaginalis, and Oryza meyeriana. The species that only increased in HC were Ralstonia pickettii, Roseburia intestinalis, and Dialister sp. Marseille-P5638, and in UC it was Anaerostipes hadrus. On the other hand, there were no species that only increased in CD (Supplementary Figures 2C,D). Since most IgG + bacteria in the flow cytometric sorting did not reach the 16S quality control, IgG + bacteria were uniformly analyzed without separating UC and CD. Regarding the IgG-bound bacteria, all genera overlapped with the IgA + taxa. Meanwhile, at the species levels, the increased abundance overlapped only for Faecalibacterium prausnitzii and Anaerococcus vaginalis (Supplementary Figure 3). These results showed that the Ig-bound was not specific, and that most bacteria were simultaneously targeted by both Ig. Next, we found that the taxa abundance of Ig- also overlapped with most Ig + bacteria. However, the degree of elevation in taxa abundance of Ig + bacteria was higher than Ig-(Figure 3D). Therefore, we focused on the Ig + bound bacteria rather than the Ig- ones.

According to the frequency and abundance of species between groups, we analyzed the indicator species by MetaStat and LEfSe. We conducted MetaStat to perform hypothesis testing on the species abundance data between groups to obtain the p and q-values. Finally, species with significant differences were screened according to q-value (Supplementary Figure 4A). At the genus level, Fenollaria, Unidentified_Chloroplast, and Bifidobacterium were significantly increased in the IgA + UC cohorts and did not entirely overlap with the IgA- UC cohorts. These findings revealed that IgA targeting reflects the immune recognition of bacteria independently of their taxonomic abundance. Then, we conducted LEfSe to find biomarkers with statistical differences between groups (Figure 3E). Staphylococcus aureus and Bacteroides fragilis were the biomarkers for CD and UC, respectively. We also observed that the biomarkers were mainly concentrated in the Bacteroidota and Actinobacteriota phyla in UC and Proteobacteria in CD.

Finally, we predicted the function of the microbiome (Figure 3F). The IgA + and IgG + bacteria in IBD mainly predicted the disease occurrence function, and the correlation of IgG + was stronger. This might be because an increased proportion of IgG + bacteria was not observed in the healthy subjects and other diseases such as liver and rheumatic immune diseases. The high levels of IgA + in the healthy controls were mainly caused by some symbiotic bacteria related to the cell cycle (Supplementary Figure 4B). Previous studies have also shown that the IgA + in healthy people can primarily combine with symbiotic bacteria (Bunker et al., 2017).



Immunoglobulin A-Targeted Bacteria Pre and Post Fecal Microbiota Transplantation

In the 18 patients who accepted FMT therapy, the fecal-free IgA/G did not differ between pre- and post-transplant samples (Supplementary Figures 5A,B). The percentage of IgA/G-bound bacteria also did not differ before and after FMT treatment (Supplementary Figures 5C,D). However, most of the post-FMT samples presented a decrease in Ig-bound bacteria as well as free fecal Ig contains compared to the pre-FMT group (Figures 4A–D). The Anosim analysis is a non-parametric test that can evaluate whether the difference between groups was significantly greater than the difference within the group to determine whether the grouping was meaningful. Thus, we tested the significance of the difference between groups based on the rank of the Bray-Curtis distance value and found that the pre and post-FMT groups were comparable (Supplementary Figure 6A). Moreover, we found that after FMT, the diversity of IgA-binding bacteria was higher compared to pre-FMT, which was reflected by increases in Chao1 and Shannon indexes (Figures 5A,B). Furthermore, according to the PCoA, extensive changes in IgA targeting were detected before and after FMT (Figure 5C). Before FMT, the IgA-targeted bacteria resembled the results described above. However, we found that at the genus level, the abundance of UCG-002, Agathobacter, Ruminococcus_torques_group, and Subdoligranulum targeted by IgA was increased after FMT, while Serratia was decreased (Figures 5D,E). Additionally, we observed a poor correlation between IgA donors targeting for the UC microbiota before FMT. Although FMT can make the patient’s microbiome present a donor tendency, some bacteria such as Escherichia-Shigella were highly bound to IgA before FMT. The number of donors targeted by the bacteria was extremely low and was not completely recovered to the donor status after FMT (Figure 5D). Generally, rising bacteria are a common IgA target in healthy adults, and decreases in the aforementioned bacteria are also common in patients with UC with increased IgA abundance (Figure 5F). Hence, FMT could lower the Ig-bound ability by rebuilding the intestinal microbiota in patients with IBD.
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FIGURE 4. Differences in IgA/G-bound microbiota and fecal free Ig before and after FMT. (A,B) Fecal-free Ig before and after FMT. (C,D) IgA/G-bound microbiota before and after FMT. *p < 0.05, ****p < 0.0001, ns means no significance difference.
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FIGURE 5. Characteristics of IgA -bound bacteria before and after FMT. (A) Shannon index. (B) Chao1 index. (C) PcoA index. (D) Heatmap analysis of the difference in genera of the gut microbiota pre/post FMT by Metastat. (E) Stacked bar plot of the genus structure in pre/post FMT. (F) Heatmap analysis of the function prediction among pre/post FMT. *p < 0.05, **p < 0.01, ****p < 0.0001, ns means no significance difference.




Response of Immunoglobulin A to Different Delivery Methods

The patients enrolled in this study received FMT by gastroscopy spraying or colonic TET. The responses of IgA in the colon and small intestine are very different. Therefore, the route of delivery might change the initiation of the immune response. Thus, we tested the significance of different delivery methods based on Anosim analysis and found no significant difference between gastroscopy spraying and colonic TET, which was also demonstrated in the PCoA (Supplementary Figures 6B,D). Then, we verified whether there were significant differences in the interaction between IgA and bacteria based on the method of delivery. Both gastroscopy and colonic TET recipients had comparable IgA-coating levels of the microbiota (Supplementary Figure 5E). By analyzing the average relative abundance and bacteria biomarkers in post-transplant patients based on delivery method, we found that no harmful taxa were significantly different between gastroscopy and colonic TET recipients (Supplementary Figures 7A,B). These data indicated that the delivery route might not affect the fecal IgA-bacteria interactions after FMT.



Response of Immunoglobulin A to Different Donors

Next, we evaluated the relationship between pre/post-FMT and donor samples. Since the IgA-targeted bacteria of the recipient and the donor were similar, we explored whether the IgA targeting of the recipient was related to different donors. The cohort used the feces of two different donors. Nine patients with UC received the feces of donor #3, and 6 patients with UC received the feces of donor#8. We did not find significant differences in the proportion of IgA bound to bacteria in FMT recipients regardless of the donor (Supplementary Figure 6C). Nevertheless, the total microbiota between the recipients of two different fecal donors was significantly different (Supplementary Figure 5C). The PCoA of IgA-targeted bacteria showed that the donor’s microbiota overlaps with the FMT recipient, and that most of them presented similar IgA-targeted states (Figures 6C,F). After FMT, the patient restored the relative taxa abundance and high IgA recognition. Furthermore, we found significant changes in Chao1 and Shannon diversity indexes between different FMT donors (Figures 6A,B) and the acceptors from different FMT donors (Figures 6C–E). The PCoA of IgA-targeted bacteria showed that the donor’s microbiota overlaps with the FMT recipient, and most of them presented similar IgA-targeted states (Figures 6C,F). Additionally, we detected significant changes in the relative abundance of many strains between post-FMT from different recipients (Figure 6G). For example, more Escherichia-Shigella was detected in the post-FMT recipient from donor 8. Although different sex groups have different immune responses, the donors used in this study were all male. Therefore, the driving factors leading to changes in IgA targeting after FMT might not be related to sex. These data indicated that after FMT, the IgA targeting of the human microbiota was significantly affected by the IgA targeting of the donor microbiota.
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FIGURE 6. IgA-targeting of microbiota post-FMT is influenced by donor microbiota. (A) Shannon index of different donors. (B) Chao1 index of different donors. (C) PcoA index of different donors. (D) Shannon index of patients post FMT by different donor. (E) Chao1 index of patients post FMT by different donors. (F) PcoA index of patients post FMT by different donor. (G) Heatmap analysis of patients post FMT by different donors by Metastat. *p < 0.05, **p < 0.01.




Establishment of Dextran Sulfate Sodium Colitis Mice Model and Fecal Microbiota Transplantation Intervention

To understand the mechanisms underlying the FMT treatment and the relationship between FMT and IgA/G-targeted bacteria, we established acute DSS-induced colitis in mice and administered human fecal bacteria (donor source, consistent with previous experimental collections). The schematic diagram of the experimental design is shown in Figure 7A. After FMT, the colitis of acute DSS mice was relieved. This mitigation was mainly reflected by the following aspects: compared to controls, the DAI value of colitis mice increasingly fluctuated. Moreover, the DAI of the DSS + FMT group value was significantly lower than the DSS group at the end of the treatment (Figure 7B). The bodyweight of the DSS + FMT group was significantly higher than the DSS group (Figure 7C). Similarly, the colon was significantly longer in the DSS + FMT group than in the DSS group (Figure 7D).
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FIGURE 7. FMT with the gut microbiota from donor 3 or mice significantly ameliorates clinical symptoms and inflammation in colitis mice. BALB/c mice were randomized and fed with normal water as the control or water containing 2.5% DSS to induce colitis. The control and some DSS-fed mice (DSS group, n = 6) were fed with PBS, whereas other DSS-fed mice were fed with fresh human or microbiota as the DSS + FMT group (n = 6 per group). (A) Schematic diagram of the experimental design. (B) The dynamics of Disease Activity Index (DAI) in each group. (C) The relative body weight in each group. (D) Mouse colon lengths in each group. (E) H&E. (F) Histology of colonic tissue score in each group. Data are individual means or the mean ± SD of each group from three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


The colon tissue analysis showed that the colon mucosa structure of control mice was clear, the epithelium was intact, the glands were orderly, the goblet cells were abundant, and there was no apparent inflammatory infiltration in the lamina propria (Figure 7E, left). The DSS mice showed severely damaged and few epithelial cells, incomplete glands, and extensive spread of inflammatory infiltration, which is a sign of inflammatory colon injury (Figure 7E, middle). In contrast, these pathological changes were significantly reduced in the DSS + FMT group (Figure 7E, right). The quantitative analysis showed that, compared to the control mice, the histopathological score of the colon in the DSS group was significantly higher but reduced in the FMT-treated group (Figure 7F). ZO-1 is a crucial tight junction protein that controls the integrity of the colonic epithelium. Since inflammation destroys the integrity of the colonic epithelium and the function of the intestinal epithelial barrier (Yin et al., 2015), we evaluated the levels of ZO-1 in the colon tissues of different mice groups by immunofluorescence. The levels of ZO-1 in the colon tissue of the DSS group were significantly lower than those of control mice but partially recovered in the FMT-treated mice (Supplementary Figure 8A). Additionally, inflammation can also lead to destruction of goblet cells, reducing mucin secretion. The immunofluorescence of muc2 indicated that its expression in intestinal tissue from the DSS group was significantly lower compared to the control and FMT groups (Supplementary Figure 8B).



Fecal Microbiota Transplantation Can Decrease Immunoglobulin A/Immunoglobulin G + B Cells in the Intestine of Dextran Sulfate Sodium Mice

The above experiments mainly showed that donor human fecal bacteria can relieve acute colitis in mice, consistent with clinical practice. Regarding the IgA/G-seq in mouse feces, we observed similar results to human samples, that is, the proportion of IgA/G-targeted bacteria in DSS-induced colitis mice was higher than in controls. However, unlike human samples, the proportion of IgA/G-targeted bacteria was reduced to approximately normal levels in the mice model. IgA-targeted bacteria are shown in Figure 8A, IgG-targeted bacteria are shown in Figure 8B, and the quantitative analysis is presented in Figures 8C,D. Whether this increase in the proportion of Ig-targeted binding bacteria was due to increased production of IgA/G + B cells or the upregulation of receptors for IgA transport or destruction of the barrier leading to the leakage of immunoglobulins remained unclear.
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FIGURE 8. IgA/G + gut bacteria were determined by flow cytometry. (A,C) Fecal IgA + bacteria by FACS. (B,D) Fecal IgG + bacteria by FACS. *p < 0.05, ***p < 0.001, ns means no significance difference.


Hence, we quantitatively detected the IgA/IgG + B cells in mouse intestinal tissue by flow cytometry. The FACS of IgA + B cells is presented in Figure 9A and that of IgG + B cells in Figure 9B. These results showed that the number of IgA/IgG + B cells in the DSS enteritis mice was significantly increased compared to the controls (Figures 9C,D). Moreover, compared to the DSS group, FMT treatment led to a significantly lower proportion of IgA/IgG + B cells. Furthermore, no significant differences in IgA/G + B cells were detected in the spleen (Supplementary Figures 9A–D). In summary, we consider that the increase in the proportion of Ig-targeted binding bacteria might be derived from the increased expression of IgA/IgG + B cells. However, the upregulation of receptors for IgA transport or immunoglobulin leakage into the intestine due to destruction of the intestinal barrier cannot be ruled out.
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FIGURE 9. IgA/G memory B cells of the intestine were determined by flow cytometry. (A,C) IgA memory B cells by FACS. (B,D) IgG memory B cells by FACS.





DISCUSSION

In this study, we analyzed IBD and UC fecal samples before and after FMT by flow cytometry and 16S rDNA sequencing. First, we showed that the percentage of IgA/G bound bacteria in UC and CD was increased compared to the healthy subjects. This result indicated that the commensal bacteria of patients with IBD had strengthened their adaptive immune responses, consistent with previous studies. Furthermore, the increased percentage of IgA and IgG binding was related to disease activity. Compared to the healthy subjects, the percentage of IgA and IgG binding was increased by 1–3 times and several tens of times, respectively. Regarding the 16S rDNA sequencing, we found that specific taxa such as Megamonas and Acinetobacter, presented increased Ig targeting. For patients with UC undergoing FMT therapy, the treatment could help rebuild the intestinal pattern of IgA-targeted bacteria and tended to the donor profile. No significant differences were detected in the abundance and taxa of IgA-bound bacteria in post-FMT recipients based on different delivery methods. Finally, by establishing a DSS colitis model and after FMT, we observed that FMT might downregulate the production of IgA/G + B cells and reduce the percentage of IgA/G-bound bacteria.

Our current results were similar to previous studies. The percentage of IgA and IgG-bound bacteria was increased in the patients with IBD and was positively correlated with disease activity. Consistent with a previous report, we also found that increased IgG-bound bacteria were only detected in subjects with IBD. Additionally, we observed that the free-fecal IgA and IgG in IBD were increased, and that there was a correlation with the percentage of IgA/G binding. The free-fecal IgG was more positively correlated with IBD than IgA. However, there are contradictions between our fecal-free IgA results and previous studies. These differences might be related to differences in sample size and geographic location. Increased fecal-free Ig was mainly related to the adaptive immune response, leading to increased secretion of memory B cells or barrier destruction of the intestinal lumen, finally resulting in IgG leakage. Additionally, we observed an increase in fecal-free IgA in cirrhosis and rheumatic diseases different from IgG.

Considering that the IgG increases in this study were mainly due to the destruction of the mucosal barrier, we found that the IgG-targeting bacteria were not detected in other diseases such as liver cirrhosis or cirrhosis with its complications, and rheumatism including rheumatoid arthritis and systemic lupus erythematosus (These results have not been proved). Compared to the healthy subjects, the percentages of IgA and IgG binding were 1–3 times and dozens of times higher, respectively. Altogether, these data suggested that IgG-bound bacteria might be more specific for IBD research.

Regarding the sequencing of IgA/G-binding bacteria, we supplemented the results of the UC-based cohort and Asian patients. In the top 10 most abundant genera, besides three symbiotic bacteria (Pseudomonas, Faecalibacterium, and Komagataeibacter), we found that Megamonas, Acinetobacter, Escherichia-Shigella, Streptococcus, Fenollaria, Bacteroides, and other bacteria presented an increased percentage of Ig binding. Previously, an increased abundance of Escherichia-Shigella and Bacteroides was detected in patients with IBD, consistent with our current results. However, no increase in Megamonas, Acinetobacter, and Streptococcus was observed. Therefore, our results indicated that increased Ig binding to streptococci is not related to the appearance of dysbiosis but might reflect the induction of antigen-specific responses during IBD. Increased Ig binding to Streptococcus in IBD has also been reported in previous studies. Here, we found that increased Ig binding to Acinetobacter (except Streptococcus) indicates that the immune interaction with oral bacteria might play an essential role in IBD pathogenesis. Additionally, we found that Megamonas was mainly increased in UC response, and that Acinetobacter was mainly increased in CD. Megamonas is not the dominant intestinal bacterium of Europeans and Americans, but it is found in Chinese, comprehending a characteristic bacteria of Asians. Moreover, the human genome detected by metagenomic sequencing is significantly higher in individuals with colorectal cancer (CRC) in all stages compared to healthy individuals (Viladomiu et al., 2017). However, the pathogenic role of Acinetobacter and Megamonas in IBD has not been clearly defined. Furthermore, more IgA + Staphylococcus aureus was observed in the patients with CD and more IgA + Bacteroides fragilis and Escherichia-Shigella were detected in the patients with UC by LEfSe. Escherichia coli and Bacteroides are highly targeted by IgA in the inflamed intestine (Nguyen et al., 2010; Kau et al., 2015). However, there is no previous report on IgA-coated Staphylococcus aureus in patients with CD. It has been previously demonstrated that hospitalized patients with IBD are at increased risk of MRSA compared with non-IBD GI and general medical inpatients. Importantly, patients with IBD affected by MRSA have increased mortality (Han et al., 2020). Whether this phenomenon is associated with highly IgA-coated Staphylococcus remains unknown. Whole-genome sequencing of cultured isolates or Ig-combined partial metagenomic sequencing might help determine whether patients with IBD carry unique strains that can promote immune recognition and disease pathogenesis.

The sequencing analysis after FMT showed that the changes in IgA-bound bacteria resembled the donors, and that the delivery methods did not impact the IgA-targeted bacteria in the FMT recipients. Although the taxa in post-FMT patients presented similar IgA targeting status to pre-FMT, indicating that FMT cannot completely replace the recipient microbiome, we observed an increase in IgA binding to probiotics or symbiotic bacteria such as Pseudomonas, Faecalibacterium, Ruminococcus, Bifidobacterium, Agathobacter, and Prevotella. However, the classification differences between the donor and patient strains and the strain level still need to be resolved by deep metagenomic sequencing, and the bacterial identity can be used to better understand IgA-targeted mutations. Given the importance of IgA for intestinal homeostasis, a better understanding of these interactions and their recovery after FMT might help improve the rational design of microbial therapies for UC. Finally, since clinical FMT treatment is usually temporary rather than long-term, we also conducted experiments on mice to evaluate the underlying mechanisms. By constructing a DSS-induced enteritis model and after FMT, we found that the number of IgA/IgG + B cells in DSS colitis mice was significantly increased compared to the control group. Additionally, FMT might downregulate the production of IgA/G + B cells, decreasing fecal-free IgA/G, and, finally, reducing the percentage of IgA/G-bound bacteria.

However, there also exists several limitations. First, the sample size was limited, and the cohort was concentrated in one hospital. Second, the 16S sequencing results are indeterminate with regard to strains, and whole-genome sequencing of cultured isolates or Ig combined with partial metagenomic sequencing may help to identify patients with IBD with unique strains that may promote immune recognition and disease pathogenesis. Lastly, in order to observe the changes in fecal IgA-binding bacteria of patients with IBD after FMT, this study unified the factors that may affect the experimental results, such as transplantation dose, transplantation frequency, donor identity (2 donors), and transplantation route (2 types), which may increase the reliability of results. However, because of differences in donors/region/methodologies and the diversity of intestinal bacteria, it is difficult for the FMT system to achieve full standardization (Zhang et al., 2012). Therefore, standardization of FMT has become an urgent need of the time.



CONCLUSION

In this study, Ig-seq was performed on the stool of patients with IBD and those with IBD who received FMT, and it was found that compared with healthy people, fecal IgA/G-binding bacteria in the patients with UC and CD are expected to be potential biomarkers for evaluating disease activity. Compared with the healthy group, the composition of intestinal flora in the patients with IBD was changed, and the abundance of IgA-bound pro-inflammatory bacteria was higher in the patients with IBD, while the abundance of IgA-bound commensal bacteria and probiotics was lower. In addition, we found that the IgA-targeting gut microbiota was reconstituted and tended to the donor state after FMT treatment in the patients with UC. Besides, the changes in IgA-binding microbiota were related to different donors, not to the delivery route. Finally, by establishing the DSS colitis mouse model and giving FMT treatment, it was found that the increase in the percentage of IgA-binding bacteria in DSS colitis mice may be related to the increase in IgA secretion, independent of pIgR expression. FMT can reduce the percentage of IgA-binding bacteria by downregulating IgA secretion.
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With the rising prevalence of autoimmune diseases, the role of the environment, specifically the gut microbiota, in disease development has grown to be a major area of study. Recent advances show a relationship and possible cause and effect between the gut microbiota and the initiation or exacerbation of autoimmune diseases. Furthermore, microbial dysbiosis and leaky gut are frequent phenomena in both human autoimmune diseases and the murine autoimmunity models. This review will focus on literature in recent years concerning the gut microbiota and leaky gut in relation to the autoimmune diseases, including systemic lupus erythematosus, type 1 diabetes, and multiple sclerosis.
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Introduction

While once believed to be driven predominantly by genetics, environmental factors and interactions between the environment and genetics are now considered to be major contributors to autoimmunity. It is imperative to obtain a better understanding of these factors to address the rising incidence of autoimmune diseases, develop appropriate therapies, and possibly suggest lifestyle changes. Previously, we discussed the ability of leaky gut to act as an environmental trigger of autoimmunity when genetic susceptibility exists (1). We also discussed the gut microbiota’s ability to modulate intestinal permeability, leading to perturbation or amelioration of disease depending on the bacteria’s pathogenicity. Hence, the microbiota was suggested as a controllable factor to alter the disease course. Here, we expand on these ideas by specifically focusing on recent advances in our understanding of the gut microbiota and leaky gut in three autoimmune diseases.



Systemic Lupus Erythematosus


Background

Systemic lupus erythematosus (SLE) is an autoimmune disease that involves production of autoantibodies leading to inflammation-mediated tissue damages of many organs (2). While affecting both men and women, it appears to have a strong female bias. Characteristics of the disease include kidney inflammation, or lupus nephritis, and inflammation of the brain, among others. Leaky gut is also common in SLE patients (1). Recent research has demonstrated the importance of the gut microbiota in the disease pathogenesis, but to fully elucidate the interactions and mechanisms, more investigation is needed.



Gut Microbiota

The composition of the gut microbiota has been shown to influence the diseased state. For example, the role of regulatory B (Breg) cells in SLE appears to be dependent on the disease stage, as prior to disease onset, B cells seem protective against induction, but later in the disease, B cells appear exacerbating (3). The latter finding is reasonable due to the cells’ ability to present autoantigens to T cells and produce autoantibodies (4, 5). The pre-disease protection by Breg cells is supported by vancomycin treatment resulting in a reduction in Breg cells and subsequent exacerbation of disease (3). Additionally, microbes appear to be involved in this protection, as oral supplementation with bacterial DNA can induce Breg cells and reduce autoimmunity (3).

Gavage studies again emphasize that the specific gut microbiota composition of lupus-prone mice contributes to disease. While female and male juvenile mouse gut microbiota is similar, distinctive differences arise in adulthood (6). Fecal transfer experiments suggest that the female microbiota promotes while the male microbiota slows the disease (6). There is an ongoing debate as to whether this altered gut microbiota composition is a cause or effect of SLE and whether it contributes to disease onset or worsens the active disease (3). While the aforementioned study relating bacterial DNA to disease suppression highlights the role of the microbiota in preventing disease initiation, C57BL/6 (B6) mice receiving fecal transfer from young lupus-prone B6.Sle123 mice do not generate lupus-like symptoms (7). This may support that the gut microbiota acts as a disease exacerbator rather than initiator. In this case, a potential disease pathway has been suggested of genetic susceptibility leading to both autoimmunity and an altered microbiota, which in turn acts to worsen the disease. Similarly, the genetic background of the BXD2 lupus mouse model appeared to be responsible for disease initiation, while commensal bacterial affected its progression (8). Of note, the complex genetics of these mice is specifically designed to better represent human SLE. For ZAP70 mutated mice, the gut microbiota was not essential for disease initiation, but rather gut dysbiosis was essential for full disease onset (9).

Additionally, efforts continue to identify the most impactful species. In some studies, Lactobacillus has been shown to beneficially modulate disease, as gavage treatment of Lactobacillus spp. to the lupus-prone MRL/lpr mouse model improved symptoms and the intestinal barrier integrity (10). Interestingly, the benefit of Lactobacillus was only observed in female mice and when treatment was administered prior to disease onset. Hence, the gut microbiota may exert disease control in a sex- and time-dependent manner.

Further highlighting the gut microbiota, MRL/lpr mice treated with mixed antibiotics post-disease onset exhibited improved lupus-like symptoms along with an increase in Lactobacillus spp. but decrease in Lachnospiraceae (11). Some have thus considered Lactobacillus spp. to be “good” while Lachnospiraceae “bad”. Likewise, vancomycin treatment, which eliminates Gram-positive bacteria, but not Lactobacillus, replicated these results (11). These findings further the idea that Lactobacillus spp. may be an important part of the protective role that the gut microbiota could offer against SLE. However, the possibility that the decrease in harmful bacteria may instead be responsible for these results cannot be excluded.

Furthermore, it seems that gut dysbiosis can act as both a cause and an effect of autoimmunity. Genetic mutations in T cell receptor (TCR) signaling were shown to initiate autoimmunity, by promoting positive selection of self-reactive T cells and systemic T follicular helper (Tfh) cells as well as IgG production (9, 12, 13). Simultaneously, these mutations promoted gut dysbiosis through reduced positive selection for microbial-reactive T cells, leading to reduced gut Tfh cells and intestinal IgA (12). This altered gut microbiota then promotes Th17 cell development which furthers SLE development (12).



Bacterial Translocation

Translocation of whole bacteria, including Enterococcus gallinarum and Lactobacillus reuteri, has been reported in mouse models and patients of SLE (14, 15). Bacterial components, such as lipopolysaccharide (LPS), can also affect lupus progression. LPS interacts with its receptor, toll-like receptor 4 (TLR4) whose activation has been shown to exacerbate lupus (1, 16–18). Dysfunction of the inhibitory receptor, Fc gamma receptor IIb (FcγRIIb) is observed in SLE and has been noted as a disease-causing agent (19, 20). Indeed, in mice with FcγRIIb knockout, translocated LPS and (1→3)-β-D-glucan resulted in much more severe inflammatory response (19). Additionally, gut leakage appears TLR7 dependent, since co-housing with lupus mice only resulted in leaky gut when the TLR7 gene was expressed (15).



Bacterial Metabolites

The role of bacterial metabolites, such as short chain fatty acids (SCFAs) produced by colonic fermentation of resistant starch, in autoimmunity is another area of growing study. SCFAs are thought to have immunomodulatory effects after binding to their G-protein-coupled receptors, such as GPR43 (21–25). These metabolites can also affect gene transcription by inhibiting histone-deacetylase (HDAC) (22, 23). Some studies have shown SCFAs as inconsequential in protecting against or ameliorating lupus (3), while beneficial effects have been observed in the TLR7-dependent lupus model (15). Here, dietary supplementation of resistant starch produced SCFAs, ameliorated lupus and reduced Lactobacillus reuteri (15). More investigation is needed to determine whether SCFAs could be a dietary method to control lupus. Interestingly, while this study concluded that Lactobacillus reuteri alone contributed to lupus development for TLR7-dependent mice, others have found removal of Lactobacillus spp. harmful and supplementation beneficial for MRL/lpr and NZB/W F1 mice (3, 26). Thus, it is possible that effects of Lactobacillus, including amongst species and strains, vary between mouse models and may differ amongst subsets of SLE patients.

Gut microbes also contribute to tryptophan metabolism, which can produce immunomodulating molecules such as aryl hydrocarbon receptor ligands (27–29). Altered tryptophan metabolism has been observed for B6.Sle123 mice, and low tryptophan diets reduced disease severity by preventing anti-dsDNA, improving kidney pathology, shifting the balance from Tfh towards T follicular regulatory (Tfr) cells, and enhancing Treg cells (7). However, Lactobacillus spp. is thought to be involved in leaky gut restoration, but since B6.Sle123 mice do not exhibit leaky gut, probiotic treatment may not be beneficial. Indeed, high tryptophan diets worsened lupus symptoms and increased Prevotellaceae, Paraprevotella and Lactobacillus (7). Thus, it seems that dietary tryptophan and altered tryptophan metabolism is associated with gut microbiota dysbiosis, which can modulate lupus. Additionally, the effects of certain microbes again appear to rely heavily on the type of mouse model.

These studies highlight significant variations in microbiota-mediated disease mechanisms from one mouse model to another. The inconsistency among different mouse models may suggest diverse effects of gut microbiota on human SLE, where disease manifestations vary from patient to patient. A personalized approach toward treating SLE should be taken, with emphasis on acquiring a greater understanding of the pathogenesis for each disease manifestation.




Type 1 Diabetes


Background

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of insulin-producing β-cells in the pancreatic islets of Langerhans by self-reactive T cells (30, 31). While genetic components surely are involved, the growing incidence of T1D suggests a significant contribution from the environment (21). Appropriately, numerous intestinal changes have been linked to T1D, including changes to the gut microbiota, intestinal permeability, and intestinal inflammation (32, 33). Furthermore, the pancreas and intestines are likely lymphatically connected since the duodenal lymph node is synonymous with the pancreatic lymph node (PLN) (34). Since these lymph nodes drain both the pancreas and the duodenum, intestinal homeostatic changes can directly impact the pancreas and possibly contribute to the activation of islet-reactive T cells (35, 36). Of note, non-obese diabetic (NOD) mice are often used to model human T1D since they develop disease similarly with autoantibodies and elevated circulating T cells before T1D onset (37, 38).



Gut Microbiota

Of the two major intestinal barriers, the intestinal epithelial barrier and the mucus layer, the permeability of the intestinal epithelial barrier, often involving reduced or dysfunctional tight junction proteins, has primarily been associated with T1D (39). However, mucus layer alterations, including thinning, breakage, reduced goblet cells and mucus production, and shift toward proinflammatory mucin expression, have been observed in NOD mice (39). As such, these mice were observed to have increased intestinal permeability; but interestingly, no change in structural proteins. Intestinal permeability could act as a T1D trigger by facilitating bacterial component leakage, activating mucosal T cells which subsequently migrate to the PLNs and islets. However, to induce islet-reactive T cells, the presence of gut commensal bacteria appears to be required (39). The specific composition of commensal bacteria appears critical, as maternal NOR microbiota transmission, used as a control for NOD mice, to newborn NOD mice altered their commensal bacteria and prevented T1D (34). Further, cross-fostering successfully restored the mucus barrier and normalized goblet cell levels (34). The reduction in secretory IgA (SIgA) in NOD mice could be a reason for their altered bacterial composition, since SIgA contributes to commensal bacteria shaping (40). Thus, altered commensal bacteria and intestinal barrier dysfunction, could together act as T1D triggers. This is supported by these features and additional proinflammatory intestinal alterations manifesting at an age well before disease onset (34).

Treg cells in the intestine that produce IL-10 can migrate and regulate effector T cells, offering protection against T1D (41). As observed after probiotic supplementation, the gut microbiota also appears to be capable of inducing IL-10 producing cells in the gut-associated lymphoid tissue and prevent T1D (41). Furthermore, a probiotic treatment of Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus reuteri, Bifidobacterium bifidium, and Streptococcus thermophiles (called Immune Regulation and Tolerance 5, IRT5) has shown to at least offer partial protection against T1D (42). This appeared to operate through enhancing Treg homing in the gut, by expressing the gut-homing receptor CCR9, reducing IFN-γ producing T helper (Th1) cells, and reducing intestinal permeability (42).

Polymorphisms of the major histocompatibility (MHC) locus are a genetic feature of both human and murine T1D (31, 43). While NOD mice inherently lack the Eα complex of the MHC-II protein, genetic modifications leading to its expression prevent T1D (44–47). The microbiota may be involved in this protection as microbiota differences of Eα-expressing and NOD mice appears at an early age, approximately when the intestines gain lymphatic connection to the pancreas, and self-antigens are seen in the PLN (31). Maternal expression of the Eα complex seems important, as their progeny experienced reduced T1D incidence and insulitis (31). Notably, this expression only seems protective when the maternal microbiota is intact, as some progeny developed insulitis after maternal antibiotic treatment (31). Furthermore, germ-free Eα-expressing NOD mice developed insulitis to similar extents and severity as NOD mice and germ-free NOD mice (31). On a translational level, this may suggest that antibiotics to mothers and infants could be detrimental by preventing the gut microbiota from offering protection against autoimmunity.



Bacterial Metabolites

In further support of the involvement of the gut bacterial composition in T1D is that mice deficient in the signaling molecule MyD88 are protected from T1D only when housed in non-germ-free conditions (21, 48). Knockout of MyD88 results in the over-representation of Bacteroidetes, which could exert protection from T1D due to their production of SCFAs (22). Direct dietary supplementation suggests benefits of high levels the SCFAs acetone and butyrate (21). While independently, these diets offered only partial protection from T1D, in combination they offered complete protection and reduced leaky gut in NOD mice (21). Therefore, either supporting the bacteria that supply these SCFAs or supplementing directly with SCFAs could potentially mitigating T1D. However, the possibility that other bacterial metabolites may worsen or contribute to T1D onset still should be considered.




Multiple Sclerosis


Background

Multiple sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system (CNS). T cells become reactive against myelin self-antigens, creating a pro-inflammatory environment, and facilitating demyelination and neurodegeneration (49, 50). This appears to involve the differentiation of T cells into Th1 and Th17 cells, and their subsequent excessive production and release of pro-inflammatory cytokines IFNγ and IL-17, as they roam about the CNS (51, 52). While genetics contribute to the disease, the importance of the environment and interactions between genetic factors and the environment should not be undervalued (53–55).



Gut Microbiota

The gut microbiota has been noted as involved in MS pathogenesis (55–57). Indeed, both MS patients and mouse models induced with experimental autoimmune encephalomyelitis (EAE), commonly used to study MS, experience gut dysbiosis (58–62). For instance, in EAE induced B6 mice, the relative abundance of certain bacteria appears to be upregulated (such as Proteobacteria and Deferribacteres) while others downregulated (such as Bacteroidetes) (62). However, probiotic treatment with Lactobacillus reuteri reshaped the microbiota back towards that of the control, and reduced CNS immune cell abundance, infiltration, and abundance of inflammatory cytokines (62). Overall, it seems that interactions between gut microbes may be more impactful in dictating EAE severity rather than individual microbial species (55).

Interestingly, both probiotic Clostridium butyricum treatment and antibiotic norfloxacin fluoroquinolone treatment have been successful in ameliorating EAE in B6 mice despite their contradictory roles (63). While both treatment groups resulted in the expected change in bacterial load and distinct microbiota clustering, they also both resulted in a similar ratio of high Bacteroidetes to low Firmicutes (63). These microbial changes were also observed to alter T cell differentiation away from Th17 cells and towards Treg cells, possibly by reducing the activity of p38 mitogen activated protein kinase (MAPK) and c-Jun N-terminal Kinase (JNK) pathways (63).

Furthermore, while IL-17 is often associated with having a pro-inflammatory role, it appears to be more directly involved in shaping the gut microbiota which in turn affects the disease state. IL–17A and IL-17F double knockout mice exhibited a gut microbiota significantly different from wild type B6 mice and were protected from developing EAE (64). Reintroducing IL-17A expression specifically in the gut epithelium using Cre recombinase expression by the Villin1 promoter, altered the microbiota and promoted EAE susceptibility (64).

Overall, the recent literature advances our understanding of how the gut microbiota regulates CNS inflammation and vice versa, revealing mechanisms to support the efficacy of new treatment strategies, such as fecal microbiota transplantation (65), which is currently being tested for the treatment of MS in clinical trials.

Despite the inclination to associate certain bacteria with predetermined disease effects, the impact of the genetic background makes this association not so straightforward. For mice genetically susceptible to EAE, Lactobacillus reuteri independently exacerbated the disease, but interestingly this strain was in high abundance for the disease-resistant wild-derived inbred strain, PWD/PhJ (PWD) (55). Correspondingly, microbiota transplant from PWD mice worsened disease in EAE prone mice (55). Also of note, Lactobacillus reuteri ameliorated disease in EAE induced B6 mice (62). These results suggest that microbial species can have differential effects depending on the host’s genetic background, which will be a crucial consideration when investigating probiotic therapies for autoimmune diseases.

Additionally, in MS, certain human leukocyte antigen (HLA) class II haplotypes have been observed to be especially prominent, which is important since HLA class II molecules are involved in CD4 T cell selection processes (66, 67). Hence, it is valuable to mention that disease-susceptible transgenic mice expressing human HLA-DR3 and DQ8 genes have disease suppression or reduced severity after treatment with Prevotella histicola (68). Not only was this treatment shown to restore the gut barrier, but also the blood brain barrier, coupled with reduced migration of inflammatory T cells to the CNS. Additionally, this treatment induced Treg cells and enhanced their suppressive function, while downregulating Th1 and Th17 cells and their respective cytokines (68). This again supports the view that bacterial treatment could be a therapeutic option for autoimmune disease, pending appropriate genetic background consideration.



Intestinal Permeability

For EAE induced B6 mice, increased intestinal permeability before clinical disease onset has been observed, along with downregulated expression of antimicrobial peptides and tight junction proteins, which are crucial for the mucus layer and intestinal epithelial layer, respectively (69). These deleterious features were reduced after probiotic treatment using E. coli Nissle 1917, supporting the notion that microbial composition can directly impact gut leakiness and subsequently promote or inhibit disease.




Discussion

Overall, the gut microbiota appears closely involved in autoimmune pathogenesis, likely due to its ability to alter the intestinal barrier. In the modern world, this realization is critical since microbial dysbiosis is very obtainable via the Western diet, antibiotic usage, and excessive sanitation. As demonstrated in Figure 1, this gut dysbiosis could trigger autoimmune disease through two potential pathways. After promoting a leaky gut, bacterial antigens could stimulate intestinal immune cells, generating autoreactive cells that subsequently migrate systemically to their target peripheral organs and initiate attack. However, bacterial antigens themselves could migrate systemically and generate autoreactive immune cells within the lymphatic connections of the peripheral organs. Although the environmental ties to autoimmunity are concerning, these findings offer many routes for studying prospective therapies. It is important to acknowledge that it may be impetuous to classify bacteria as solely “good” or “bad” because of the important interactions between and dependence on the host’s genetics and pre-established microbiota. Hence, both probiotics and antibiotics could be potential treatments. Much more investigation is needed to identify the specific mechanisms and interactions between the microbiota and genetic background to properly design host-specific therapies. Furthermore, dietary interventions, such as a high fiber diet facilitating SCFAs may be promising due to research suggesting their ability to affect immune cell differentiation. Overall, the findings presented here on the contributions of the gut microbiota to SLE, T1D, and MS represent the great strides taken towards advancing the understanding of the role of the environment in autoimmunity. While much still needs to be discovered, current research is paving the way for novel clinical interventions to better manage or prevent these life-altering conditions.




Figure 1 | Microbial Dysbiosis & Leaky Gut Initiated Pathways to Autoimmunity. Both activated autoreactive intestinal immune cell translocation (35) and bacterial antigen translocation (14–19, 70) to peripheral sites can lead to autoimmunity.
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Tissue-resident memory T cells (TRM cells) have been shown to play an instrumental role in providing local immune responses for pathogen clearance in barrier tissues. However, their contribution to inflammatory bowel diseases (IBDs) and the underlying regulation are less clear. Here, we identified a critical role of T-cell immunoreceptor with immunoglobulin and ITIM (TIGIT) in regulating CD4+ TRM cells in an experimental model of intestinal inflammation. We found that CD4+ TRM cells were increased and correlated with disease activities in mice with dextran sulfate sodium (DSS)-induced colitis. Phenotypically, these CD4+ TRM cells could be classified into CD69+CD103− and CD69+CD103+ subsets. Functionally, these CD4+ TRM cells were heterogeneous. CD69+CD103− CD4+ TRM cells were pro-inflammatory and produced interferon-γ (IFNγ) and interleukin-17A (IL-17A), which accounted for 68.7% and 62.9% of total IFNγ+ and IL-17A+ CD4+ T cells, respectively, whereas CD69+CD103+ CD4+ TRM cells accounted for 73.7% Foxp3+ regulatory T cells. TIGIT expression was increased in CD4+ T cells in the gut of mice with DSS-induced colitis. TIGIT deficiency impaired IL-17A expression in CD69+CD103− CD4+ TRM cells specifically, resulting in ameliorated gut inflammation and tissue injury. Together, this study provides new insights into the regulation of gut inflammation that TIGIT deficiency protects mice from DSS-induced colitis, which might have a potential therapeutic value in the treatment of IBDs.
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Introduction

Inflammatory bowel diseases (IBDs) such as Crohn’s disease and ulcerative colitis are characterized by chronic inflammation of the gastrointestinal tract, followed by immune-induced tissue injury and disruption of epithelial barrier (1). The pathogenesis of IBDs is multifactorial, involving genetic susceptibility, environmental factors, microbiota–host immune interactions, and dysregulated mucosal immunity (2). Among them, T cells have been suggested as a key player in driving experimental murine colitis and human IBDs (3, 4).

Data have revealed that CD4+ (TH) cell–derived cytokines are important in the pathogenesis of IBDs (5). The roles of CD4+ TH cell subsets such as TH1, TH2, TH9, and TH17 cells have been demonstrated and featured as disease driver by producing pro-inflammatory cytokines (6–9). In contrast, regulatory T cells (Treg) exert anti-inflammatory function and provide a protective role in IBDs (10). Nevertheless, these studies focused on the functions and differentiation of circulating T cells in IBDs. Less is understood in regarding the function and regulation of T cells that reside in the gut and their association with the pathogenesis of IBDs.

Tissue-resident memory T cells (TRM cells), an important memory T-cell subset, persist for a long term in epithelial barrier tissues and help maintaining local homeostasis (11, 12). TRM cells are characterized by the expression of C-type lectin CD69, which counteracts sphingosine 1 phosphate receptor 1–mediated tissue egress and promotes tissue residency (13). TRM cells from barrier tissues also express CD103 and CD49a (14, 15). In addition, CXCR3 has also been involved with development and homing of TRM cells (16). Increasing evidence has uncovered the roles of TRM cells in the pathogenies of autoimmune disorders, such as psoriasis and rheumatic arthritis (17). Our previous data showed that CD8+ TRM cells promoted lupus nephritis (18). Recently, a study showed that the presence of CD4+CD69+CD103+ TRM cells was predictive of disease flares and depletion of TRM cells led to a suppression of colitis activity (19). However, CD103+ CD8+ TRM cells were shown to be less in inflamed tissue from IBDs compared to non-inflamed biopsies in some reports (20, 21). Therefore, the role of TRM cells in the development of intestinal inflammation behind IBDs and underlying regulation needs further investigation.

Therapeutics targeting immune checkpoints have been promising in the treatment of cancers. Data showed that Programmed cell death protein 1/Programmed deathligand 1 (PD-1/PD-L1) blockade was capable to enhance antitumor response of TRM cells in the tumor microenvironment (22). T-cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT) is a recently identified immune checkpoint receptor that functionally contributes to the impairment of antitumor response (23). TIGIT is a transmembrane glycoprotein that competes with CD226 to bind CD155 (24). TIGIT is expressed exclusively in memory T cells, natural killer (NK) cells, and Treg cells and could have different functions on different cell types (23, 25). Recently, data have revealed that CD226/TIGIT/CD155 axis was involved with human Tfh cell differentiation (26). Adoptive transfer of TIGIThigh Treg cells suppressed colitis by inhibiting pro-inflammatory TH1 and TH17 cell responses specifically (27). In human malignancy, TIGIT has been associated with T-cell exhaustion (28). In addition, TIGIT signaling suppressed CD4+ T-cell responses in systemic lupus erythematosus (29). However, little is known about the role of TIGIT in controlling TRM cells in the gut and their contribution to the pathogenesis of IBDs.

Here, we showed that CD4+ TRM cells were expanded in the colon of mice with dextran sulfate sodium (DSS)–induced colitis. CD4+ TRM cells from mice with DSS-induced colitis were heterogeneous and functionally distinct. CD69+CD103− CD4+ TRM cells were the major source of interleukin-17A (IL-17A) production in the colon and TIGIT deficiency protected mice from induction of experimental colitis by reducing IL-17A–producing CD69+CD103− CD4+ TRM cells.



Methods and Materials


Animals

TIGIT−/− mice of C57BL/6 background were kindly provided by professor Xingxu Huang from ShanghaiTech University. Mice were bred and maintained in a specific pathogen–free condition at the Experimental Animal Center of Sun Yat-sen University. The study protocol was approved by the Ethics Committee of the Laboratory Animal Center of Sun Yat-sen University and all experiments were performed in accordance with the National Institutes of Health Guide for Care and Use of Animals.



Colitis Induction

DSS (molecular weight: 36,000–50,000 Da; MP Biomedicals, USA) was added to drinking water at 2% (w/v). Colitis was induced in 8-week-old male littermates of TIGIT−/− or wild-type (WT) mice with 2% DSS ad libitum for a consecutive 7 days, followed by water for another 2 days. Mice were monitored daily for weight loss, stool consistency, and hematochezia. Clinical parameters were determined as follows: weight loss (score 0~4: 0 = None; 1 = 1~5%; 2 = 6~10%; 3 = 11~18%; 4 => 18%), stool consistency (score 0~4: 0 = Normal; 1 = Soft but still formed; 2 = Soft; 3 = Very soft, wet; 4 = Watery diarrhea), anal bleeding (score 0~4: 0 = Negative hemoccult; 1 = Negative hemoccult; 2 = Positive hemoccult; 3 = Blood traces in stool visible; 4 = Gross rectal bleeding) (30). Disease activity index was calculated based on weight loss, stool consistency, and anal bleeding. At the end of treatment, mice were anesthetized. The spleen and colon were obtained for subsequent analysis.



Cell Isolation

Lamina propria mononuclear cells (LPMCs) were isolated as previously described with minor modifications (31). Briefly, colons were cut longitudinally, washed in Hank’s balanced salt solution (HBSS) supplemented with 1% fetal bovine serum (FBS). Tissues were cut into 0.5-cm2 pieces and incubated at 37°C for 20 min in HBSS containing 3 mM ethylenediaminetetraacetic acid and 1mM dithiothreitol to remove epithelial cell. After the incubation, epithelial cells in supernatant were discarded by passing through a 100-µm cell strainer. Then, the remaining pieces was minced and incubated with 1× minimum essential medium–α containing 100 U/ml penicillin, 100 μg/ml streptomycin, and 10% FBS, and supplemented with 1 mg/ml collagenase IV (Biosharp, China), 1 mg/ml dispase II (Roche, Basel, Swiss), and 0.5 mg/ml deoxyribonuclease I (Roche, Basel, Swiss) for 60 min in a shaking incubator at 37°C. The resulting cell suspension was filtered through a 70-μm cell strainer (BD, USA) and LPMCs were collected after centrifugation at 300g for 10 min.

For splenocyte isolation, mouse spleens were cut into 3- to 5-mm pieces, and smashed using a syringe plunger and then filtered through a 70-μm cell strainer. Red blood cells were removed using red blood cell lysing buffer (Sigma, USA). Prepared single-cell suspensions were further processed flow cytometry analysis.



Flow Cytometry

For cell surface staining, cells were stained with antibodies against CD45 (Percp/cy5.5, clone#30-F11), CD3 (Alexa Fluor 700, clone#17A2), CD4 (Pacific Blue, clone#GK1.5), CD8 (Alexa Fluor 594, clone#53-6.7), CD69 (APC/Fire 750, clone#H1.2F3), CD103 (PE, clone#2E7), TIGIT (PE/cy7, clone#1G9), CD226 (APC, clone#10E5), CD44 (AF647, clone#IM7), CD62L (BV510, clone#MEL-14), NK1.1 (Pacific Blue, clone#PK136), B220 (AF700, clone#RA3-6B2), CD38 (PE/cy7, clone#90), CD138 (BV421, clone#281-2), CD80 (FITC, clone#16-10A1), and CD11b (BV421, clone#M1/70) at 4°C for 30 min and then washed with phosphate-buffered saline (PBS) twice. For intracellular cytokine staining, cells were first stimulated with 50 ng/ml phorbol 12-myristate 13-acetate, 500 ng/ml ionomycin, and 5 μg/ml brefeldin A (all from Sigma, USA) for 5 h. Cells were then collected and permeabilized with the fixation/permeabilization solution, stained with antibodies against interferon-γ (IFNγ) (APC, clone#XMG1.2), tumor necrosis factor–α (TNFα) (FITC, clone#MP6-XT22), and IL-17A (PE, clone# TC11-18H10.1) at 4°C for 30 min. For Foxp3 and Ki-67 measurement, cells were fixed and permeabilized with a Foxp3 Staining Set (eBioscience, USA) and stained with antibodies against Foxp3 (BV421, clone#MF-14) and Ki-67 (APC, clone#16A8). All the fluorescence-activated cell sorting antibodies were from BioLegend (USA). Flow cytometry was performed on a Cytek™ AURORA. The data were analyzed with FlowJo software (Tree Star). Gating strategy is shown in Supplementary Figure 1.



Histology

For histological analyses, colons were flushed with PBS and cut transversely. Colon tissues were then fixed in 10% neutral buffered formalin and processed for wax embedding. Paraffin sections were hematoxylin and eosin (H&E) stained and subsequently analyzed by bright-field microscopy (Olympus BX63F, Japan). Histologic colitis severity was evaluated as described previously (30). The sum of the two subscores (Tissue damage in DSS-induced colitis, score 0~3; Lamina propria inflammatory cell infiltration in DSS colitis, score 0~3) results in a combined score ranging from 0 (no changes) to 6 (widespread cellular infiltrations and extensive tissue damage).



Immunohistochemistry

For immunohistochemistry (IHC) analysis, paraffin sections (4 μm) were first dewaxed and rehydrated. Tissue slides were then subjected to antigen-retrieved in a citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 15 min. For Ki-67 and CD155 detection, sections were incubated with antibodies against Ki-67 (1:200, Servicebio, China, catalog #GB13030-2) and CD155 (1:300, Abcam, UK, catalog #ab233102) respectively at 4°C overnight. The sections were then washed and subsequent incubated with horseradish peroxidase (HRP)–conjugated Goat anti-Rabbit IgG (1:200, Servicebio, China, catalog #GB23303) for 45 min at room temperature. The subsequent detection was performed using the standard substrate detection of DAB (Servicebio, China, catalog #G1212).



scRNA-Seq Analysis

Publicly available single-cell RNA-sequencing (scRNA-seq) datasets of DSS-induced colitis were obtained from Gene Expression Omnibus (accession code: GSE148794) (32). The matrix was made up of time-course sequencing data of isolated colon cells from day 0 to day 15 after DSS administration. Cells were included for further analysis if fulfilling all the following criteria: (i) number of expressed genes > 200 and < 3000; (ii) number of total transcripts > 800; and (iii) percentage of mitochondrial genes < 20%. Seurat v4 was utilized to analyze the scRNA-seq data (33). Briefly, highly variable genes were identified based on normalized data firstly. Principle components analysis was performed and top 20 PCs (identified by the elbow plot through JackStraw procedure) were selected for clustering. Non-linear dimensional reduction method, tSNE, was utilized to visualize and explore the data. Next, clusters with strikingly higher expression of CD45 (Ptprc), CD3 delta chain (Cd3d), and T-cell receptor beta-chain constant domains 2 (Trbc2) were annotated as T-cell cluster. T-cell cluster was further divided into 10 subclusters by highly differential expressed genes, including CD4 T-1, -2, and -3 cell (Cd3d and Cd4), CD8 T-1 and -2 cell (Cd3d and Cd8), natural killer T cell (Cd3d and Klrk1), natural killer cell (Klrk1 and Klrc1), group 2 innate lymphoid cell (Gata3), and Mast cell (Mcpt1 and Mcpt2). Finally, the gene set variation analysis (GSVA) method was used to calculate the enrichment score (ES) of gene signatures and identify differences in expression of gene sets between groups, respectively (34). Based on characteristic genes demonstrated by Zhang et al. (35), ES of tissue residency memory signature (TRM signature score) was calculated for CD4+ and CD8+ T cells. Gene sets regarding cytokine signaling pathways, including IL-17 and IFNγ, were selected from molecular signatures database (MSigDB) (36) to calculated ES, respectively. The correlation between TRM signature score and ES of cytokine pathways was explored using the Spearman’s correlation test method.



Statistical Analysis

Data are presented as means ± standard error of the mean (SEM). Statistical analysis regarding scRNA-seq data was performed using R version 4.1.0. Other stastistical analysis were conducted using GraphPad Prism 8.0. The differences were assessed by t-test or one-way ANOVA as appropriately followed by adjustment of multiple comparisons. For correlation analysis, Spearman’s correlation coefficient was applied as appropriate. Two-tailed p < 0.05 was considered statistically significant.




Results


Expansion of CD4+ TRM Cells in DSS-Induced Colitis

DSS-induced colitis was established in WT mice, which was confirmed by weight loss, bloody stool, stool consistency, and pathology (Figure 1A). LPMCs were isolated from the colon and measured by flow cytometry. Compared to control mice, the number of CD45+ cells, CD4+ T cells, and CD8+ T cells was significantly increased in mice with DSS-induced colitis (Figures 1B–D), suggesting a role of CD4+ and CD8+ T cells during the development of DSS-induced colitis. It has been shown that the presence of CD4+ TRM cells was predictive of disease flares in patients with IBD (19). Based on the presence or the absence of CD103, CD4+ TRM cells could be divided into CD4+CD69+CD103− and CD4+CD69+CD103+ subsets. CD8+ TRM cells within mucosal tissues are characterized for the expression of both CD69 and CD103 (11). To investigate the roles of TRM cells in DSS-induced colitis, we further analyzed these cells by flow cytometry. Notably, the numbers of CD4+CD69+CD103− and CD4+CD69+CD103+ TRM cells were strongly increased in DSS-induced mice when compared to control mice, although the percentages of CD69+CD103− and CD69+CD103+ TRM cells within CD4+ T cell were similar (Figures 1E–G) indicating that circulating CD4+ T cells could differentiate into TRM cells and take residency in the gut during the induction of colitis. In contrast, we observed a decreased percentage of CD8+CD69+CD103+ TRM cells in LPMC from DSS-induced colitis. The number of CD8+CD69+CD103+ TRM cells were similar between DSS-induced mice and control mice (Figures 1H, I). These data together suggest a role of CD4+ TRM cells in DSS-induced colitis. The decreased percentage of CD8+CD69+CD103+ cells might be a result of the infiltration of circulating CD8+ T cells, pointing to the important role of CD4+ TRM cells in the pathogenesis of DSS-induced colitis. Phenotypically, most of the CD4+CD69+CD103−, CD4+CD69+CD103+ TRM cells and CD8+CD69+CD103+ TRM cells fell into CD44+CD62L− effector memory T cells (TEM). TEM cells accounted for nearly 80% of these TRM cells (Supplementary Figure 2). Moreover, flow cytometry data showed that the number of CD4+CD69+CD103− TRM cells were correlated with disease activity index in DSS-induced colitis (Figure 1J). However, the number of CD4+CD69+CD103+ and CD8+CD69+CD103+ TRM cells showed no correlation with disease activity index (Figures 1K,L). These data suggested a role of CD4+CD69+ CD103− TRM cells in mediating DSS-induced colitis.




Figure 1 | Expansion of CD4+ TRM cells in DSS-induced colitis. (A) Schematic representation of mouse experiment. Eight-week-old mice were fed with or without DSS for 7 days and switched to water for another 2 days. Disease activities were monitored daily. (B–L) Colons were collected from mice with or without DSS-induced colitis. Single cells were prepared and lamina propria mononuclear cells (LPMCs) were isolated. The cell subsets were measured by flow cytometry. (B) Numbers of CD45+ cells. (C) Numbers of CD4+ T cells. (D) Numbers of CD8+ T cells. (E) Representative counter plots for CD69 and CD103 expression in CD4+ T cells. (F) Numbers of CD4+CD69+CD103− T cells or CD4+CD69+CD103+ T cells measured by flow cytometry. (G) Percentages of CD4+CD69+CD103− T cells or CD4+CD69+CD103+ T cells measured by flow cytometry. (H) Representative counter plots for CD69 and CD103 expression in CD8+ T cells. (I) Numbers and frequency of CD8+CD69+CD103+ T cells measured by flow cytometry. (J–L) Correlations between the numbers of CD4+CD69+CD103− T cells, CD4+CD69+CD103+ T cells, and CD8+CD69+ CD103+ T cells with disease activity index in DSS-induced colitis. Spearman’s R square and a regression line are indicated. n = 4 in the control group and n = 11 in the experiment group. Data are means ± SEM. *p < 0.05, ****p < 0.0001 by Student’s t-test. ns, not significant.





CD4+ TRM Cells in DSS-Induced Colitis Are Heterogeneous

CD4+ T cells are heterogeneous and can be classified into several distinct subsets based on their expression of certain transcription factors and cytokines (37). To investigate the pathological role of TRM cells in colitis, scRNA-seq datasets of colonic cells from DSS-induced colitis were obtained publicly. Dimensional reduction analysis of 13566 single colonic cell identified 11 clusters (Supplementary Figure 3A). According to the scRNA-seq data, T-cell cluster was segregated based on increased expression of T-cell marker (Ptprc, Cd3d, and Trbc2) (Supplementary Figure 3B). T-cell cluster was further divided into 10 subclusters (Supplementary Figures 3C, D). GSVA technique allowed sensitive identification for enrichment of TRM gene signature and signaling pathways between different groups, respectively. Spearman’s correlation analysis demonstrated that IL-17 and IFNγ pathways were both correlated with CD4+ TRM cell signature score positively, whereas IFNγ pathways were significantly associated with CD8+ TRM cell signature score (Figure 2A).




Figure 2 | CD4+CD69+CD103− TRM cells as the major source of IL-17A production during DSS-induced colitis. (A) scRNA-seq data derived from GSE148794 were used for analysis. CD4+ and CD8+ T cells were identified and further adopted to calculate GSVA score. Heatmap showing correlation between TRM signature score of CD4+/CD8+ T-cell population and ES of indicated gene sets using the Spearman’s correlation analysis. IL-17 and IFNγ signaling pathway gene sets were derived from MSigDB. (B–I) DSS-induced colitis was established as described in Figure 1. Colons were collected from mice with or without DSS-induced colitis. LPMCs were isolated and intracellular cytokine staining of IFNγ and IL-17A in CD4+ and CD8+ T cells was performed and measured by flow cytometry. (B) Representative counter plots of IFNγ and IL-17A expression in CD4+ T cells and CD8+ T cells from mice with or without DSS-induced colitis. (C) Numbers of IFNγ+ and IL-17A+ CD4+ T cells. (D) Numbers of IFNγ+ and IL-17A+ CD8+ T cell. (E) Distribution of IFNγ+ and IL-17A+ cells among CD4+CD69−CD103−, CD4+CD69+CD103−, and CD4+CD69+ CD103+ subsets from mice with or without DSS-induced colitis. (F) Representative counter plots of IFNγ and IL-17A expression in CD4+CD69−CD103−, CD4+CD69+CD103−, or CD4+CD69+CD103+ subsets. (G) Numbers of IFNγ+ and IL-17A+ CD4+ T cells in mice with DSS-induced colitis to control mice. (H) FoxP3 expression in CD4+ T cells was measured by flow cytometry. Distribution of CD4+CD69−CD103−, CD4+CD69+CD103−, and CD4+CD69+CD103+ subsets in FoxP3+ cells from mice with or without DSS-induced colitis was shown. (I) Numbers of FoxP3+ CD4+ T cells in mice with DSS-induced colitis and control mice were summarized. Each dot represents an independent mouse sample. Data are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. ns, not significant.



To further uncover the functional heterogeneity of CD4+ TRM cells, we first measured IL-17A and IFNγ expression in CD4+ and CD8+ T cells in LPMC by flow cytometry (Figure 2B). Percentages of IL-17A– or IFNγ-expressing CD4+ T cells were increased, whereas percentages of IL-17A– or IFNγ-expressing CD8+ T cells were not changed in mice with colitis compared with control mice (Supplementary Figure 4A). Notably, the number of CD4+ T cells expressing IL-17A was significantly increased in mice with DSS-induced colitis, while numbers of CD4+ T cells expressing IFNγ remained unchanged (Figure 2C). In contrast, the numbers as well as percentages of IFNγ or IL-17A–expressing CD8+ T cells were not changed in mice with colitis. (Figure 2D; Supplementary Figure 4A). We then analyzed the composition of IL-17A– or IFNγ-expressing CD4+ T cell. Surprisingly, CD69+CD103− CD4+ TRM cells were the major source of IL-17A and IFNγ in the gut of mice with or without DSS-induced colitis. CD69+CD103− CD4+ TRM cells accounted for 62.9% and 72.5% of IL-17A+ CD4+ T cells in the colon of DSS-induced colitis or control mice, representing the major source of IL-17A production. In contrast, CD69+CD103+ CD4+ TRM cells only accounted for 2.2% of IFNγ- and 5.1% of IL-17A–expressing CD4+ T cells in control mice, 6.5% of IFNγ- and 3.9% of IL-17A–expressing CD4+ T cells in DSS-induced colitis, respectively. CD69−CD103− CD4+ T cells accounted for 11.7% of IFNγ-expressing CD4+ T cells in control mice and 24.8% in DSS-induced colitis. Among IL-17A+ CD4+ T cells, CD69−CD103− CD4+ T cells accounted for 22.4% in control mice and 33.2% in DSS-induced colitis. (Figure 2E). Albeit IFNγ expression was increased in CD69−CD103− and CD69+CD103+ CD4+ T-cell subsets during DSS-induced colitis, only small percentages of CD69−CD103− CD4+ T cells and CD69+CD103+ CD4+ TRM cells expressed IFNγ (Figure 2F; Supplementary Figure 4B). IFNγ expression was not different in CD69+CD103− subset between mice with or without DSS-induced colitis (Figure 2F; Supplementary Figure 4B). Notably, IL-17A expression was largely increased in all the three subsets of CD4+ T cells during DSS-induced colitis. The numbers of CD69−CD103− T cells and CD69+CD103+ CD4+ TRM cells expressing IFNγ or IL-17A were similar between mice with or without colitis (Figure 2G). CD69+CD103− CD4+ TRM cells only accounted for 19.1% and 15.0% of Foxp3+ Treg cells in the colon of mice with or without DSS-induced colitis, respectively. Majority of the CD69+CD103+ CD4+ TRM cells were Foxp3+ Treg cells that more than 70% of Foxp3+ Treg cells were CD69+CD103+ CD4+ TRM cells both in mice with or without colitis (Figure 2H). However, neither percentages nor cell numbers of Foxp3+ Treg cells were changed in DSS-induced colitis (Figure 2I; Supplementary Figure 4C). These data revealed the heterogeneity of CD4+ TRM cells functionally and suggested a role of IL-17A–expressing CD69+CD103− CD4+ TRM cells in DSS-induced colitis.



TIGIT Expression in CD4+ T Cells Is Increased During DSS-Induced Colitis

TIGIT is an emerging immune checkpoint that is expressed in T cells and NK cells mostly. It has been shown that TIGIT suppresses immune cell responses against cancer (23). TIGIT expression in T cells or NK cells was at low level except that in Treg cells (Supplementary Figure 5). To investigate the role of TIGIT in gut inflammation, an experimental model of DSS-induced colitis was adopted in this study. We found that the expression of TIGIT was strongly increased in CD4+ T cells in the inflamed gut (Figures 3A, B). Although there was an increasing trend for the expression of TIGIT in CD8+ T cells, the difference was not significant (Figures 3A, B). We next analyzed TIGIT expression among subsets of CD4+ T cells from DSS-induced colitis by flow cytometry. The data revealed that TIGIT expression was relatively low in CD69−CD103− cells, whereas CD69+CD103+ subset showed the highest percentage of TIGIT expression among subsets of CD4+ T cells (Figures 3C, D). Although CD69+CD103+ cells accounted for the majority of Treg cells in both colons, TIGIT expression in Treg cells was not different in mice with or without colitis (Figures 3E, F). TIGIT expression was similar in CD4+ T cells from the spleen of colitis or control mice (Figures 3E, F). TIGIT competes with the costimulatory receptor CD226 for binding to CD155 (25). Flow cytometry analysis showed that CD226 expression was increased in CD4+ T cells from spleens in DSS-induced colitis. Although CD226 expression was significantly higher in CD4+ T cells from the colon than that from the spleen, CD226 expression was no changed in CD4+ T cells from the colon of mice with DSS-induced colitis (Figures 3G, H). Of note, TIGIT expression was not different in CD8+ T cells neither from the spleen nor from colon (Figures 3I, J). These data suggested that CD226 might not be involved with T-cell activation during DSS-induced colitis. Moreover, CD155 expression in the colon was measured by IHC. CD155 was detected in the non-inflamed colon but at low level. Notably, CD155 expression in the colon was robustly induced in DSS-induced colitis (Figure 3K), indicating a role of CD155 in the pathogenesis of DSS-induced colitis.




Figure 3 | TIGIT expression in CD4+ T cells was increased during DSS-induced colitis. DSS-induced colitis was established as described in Figure 1. Single-cell suspension of the spleen or LPMC was prepared as described in Figure 1. (A) TIGIT expression in CD4+ and CD8+ T cells from LPMC was measured by flow cytometry. Representative counter plots were shown. (B) Frequencies of TIGIT+ CD4+ T cells and TIGIT+ CD8+ T cells from LPL were summarized. (C) Representative counter plots for TIGIT expression in CD4+CD69−CD103− T cells, CD4+CD69+CD103− T cells, or CD4+CD69+CD103+ T cells. (D) Frequencies of TIGIT+ cells among CD4+CD69−CD103− T cells, CD4+CD69+CD103− T cells, or CD4+ CD69+ CD103+ T-cell subsets in DSS-induced colitis. (E) TIGIT expression in CD4+FoxP3+ and CD4+FoxP3− T cells in the spleen was measured by flow cytometry. Representative counter plots were shown. (F) Frequencies of TIGIT+ Foxp3+CD4+ T cells and Foxp3−CD4+ T cells were summarized. (G–J) CD226 expression in CD4+ and CD8+ T cells from LPMC or spleen of mice with or without DSS-induced colitis was measured by flow cytometry. (G) Representative counter plots of CD226 expression in CD4+ T cells from the spleen or LPMC of mice with or without DSS-induced colitis. (H) Frequencies of CD226+ CD4+ T cells were summarized. (I) Representative histograms of CD226 expression in CD8+ T cells from the spleen or LPMC of mice with or without DSS-induced colitis. (J) Mean fluorescence intensity (MFI) of CD226 expression in CD8+ T cells. (K) Colon sections from mice with or without DSS-induced colitis were stained with antibody against CD155. Representative images of CD155 staining by immunohistochemistry were shown. Original magnification: ×4. Data are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, by Student’s t-test. ns, not significant.





TIGIT Deficiency Neither Affect T-Cell Residency Nor Induce Spontaneous Autoimmune Response in the Gut

Data above revealed that TIGIT expression was relatively high in CD69+CD103− and CD69+CD103+ TRM cells. Here, we were to investigate whether TIGIT has the impacts on T-cell residency in the colon. CD62L is a homing receptor that mediates the entry of naïve T cells to peripheral lymph nodes that CD62L expression is low in TRM cells (38). Flow cytometry analysis revealed that most of the CD4+ and CD8+ T cells from the colons of TIGIT−/− or WT mice without colitis did not express CD62L (Figures 4A–D). CD44, as an activation marker of T cells, whose expression in CD4+ and CD8+ T cells from the colons was not changed in TIGIT−/− mice when compared to that from WT mice (Figures 4A–D). Moreover, the numbers and percentages of CD4+CD69+CD103−, CD4+CD69+CD103+ and CD8+CD69+CD103+ TRM cells were very similar between TIGIT−/− and WT mice (Figures 4E-H). The composition and functional status of immune cells in the spleen were similar between TIGIT−/− and WT mice (Supplementary Figures 6, 7). These data suggested that TIGIT deficiency was not involved with autoimmune response in the gut.




Figure 4 | TIGIT deficiency neither affected T-cell residency nor induced spontaneous autoimmune response in the gut. Colons were collected from TIGIT−/− or WT mice of 8 weeks old and LPMC were isolated for flow cytometry. (A–D) CD44 and CD62L expression in CD4+ and CD8+ T cells was measured by flow cytometry. Representative counter plots were shown. The percentages of CD44+CD62− or CD44−CD62L− in CD4+ and CD8+ T cells were summarized from three independent mice. (E–H) CD103 and CD69 expression in CD4+ or CD8+ T cells from LPMC was measured by flow cytometry. Representative counter plots were shown and data were from three independent mice. (I) Representative counter plots of CD226 expression in CD4+ T cells from the spleen or LPMC. (J, K) Frequencies of CD226+ CD4+ T cells from spleen or colon were summarized. (L) CD155 expression in the colon was measured by immunohistochemistry. Representative images were shown. Original magnification: ×10. (M) Colons from WT and TIGIT−/− mice embedded with paraffin were sectioned and stained with H&E. Representative images were shown. Original magnification: ×4 (top), ×10 (bottom). ns, not significant.



Next, we investigated the impacts of TIGIT deficiency on CD226 and CD155 expression by flow cytometry and IHC, respectively. The flow cytometry data showed that CD226 expression in CD4+ T cells from the spleen or colon of TIGIT−/− mice was similar compared with WT mice (Figures 4I–K). Moreover, CD155 expression in the colon was not affected when TIGIT was knocked out as measured by IHC (Figure 4L). Pathologically, we did not observe changes in the colon between TIGIT−/− and WT mice. Epithelial layers of colon were intact and immune infiltration was absent in both TIGIT−/− and WT mice (Figure 4M). These data suggested that TIGIT exerted no effects on T-cell residency and TIGIT deficiency was not sufficient to induce spontaneous autoimmune response in the gut.



TIGIT Deficiency Reduces IL-17A–Producing CD69+CD103− CD4+ TRM Cells in DSS-Induced Colitis

Data above showed that TIGIT deficiency showed no effect on T-cell residency in the gut. We further investigated the role of TIGIT in T-cell residency during DSS-induced colitis. TIGIT−/− mice showed decreased numbers of CD69+CD103− and CD69+CD103+ CD4+ TRM cells, as well as CD69+CD103+ CD8+ TRM cells in the colons. However, the percentages of these cells in the colons of TIGIT−/− mice were not changed compared with WT mice (Figures 5A–D), indicating that the reduced cell numbers might due to the overall ameliorated infiltration. To further study the functional connection between TIGIT and CD4+ TRM cells, intracellular cytokine production was measured in CD4+ T cells from the colons of TIGIT−/− or WT mice by flow cytometry. Similar to WT mice, IFNγ expression was not changed in CD69−CD103−, CD69+CD103− and CD69+CD103+ CD4+ T cells from TIGIT−/− mice. Interestingly, IL-17A expression was downregulated in CD69+CD103− CD4+ T cells from TIGIT−/− mice when compared to that from WT mice specifically. IL-17A expression in CD69−CD103− and CD69+CD103+ CD4+ T cells were otherwise not changed in TIGIT−/− mice (Figures 5E, F). The percentages of Foxp3+ Treg cells were similar between TIGIT−/− and WT mice (Figures 5G, H). In terms of the phenotype of CD4+ T cells from the spleen, percentages of CD4+ T cells in immune cells and CD4+ TN in all CD4+ T cells were increased in TIGIT−/− mice, while CD8+ TN and TCM were also increased. The percentages of CD44+CD4+ and CD44+CD8+ T cells in the gut were decreased in TIGIT−/− mice. The percentage of Ki-67+ CD4+ T cells was similar, whereas percentage of Ki-67+ CD8+ T cells was increased in TIGIT−/− mice (Supplementary Figure 8). To investigate whether TIGIT deficiency affects CD155 expression in the colon, CD155 expression was detected by IHC, which revealed that CD155 expression in TIGIT−/− mice was reduced during DSS-induced colitis (Figure 5I).




Figure 5 | TIGIT deficiency reduced IL-17A–producing CD4+CD69+CD103− T cells in DSS-induced colitis. DSS-induced colitis was established as in Figure 1. LPMCs were isolated from colon of TIGIT−/− or WT mice with DSS-induced colitis. (A–D) CD69 and CD103 expression in CD4+ and CD8+ T cells in LPMC from TIGIT−/− or WT mice was measured by flow cytometry. Representative counter plots for CD69 and CD103 expression were shown. (B) Numbers and frequencies of CD4+CD69+CD103− T cells. (C) Numbers and frequencies of CD4+CD69+CD103+ T cells. (D) Numbers and frequencies of CD8+CD69+ CD103+ T cells. (E) IFNγ and IL-17A expression in CD4+ T cells from LPL was measured by flow cytometry. Representative flow cytometry of IFNγ and IL-17A expression of CD4+CD69−CD103− T cells, CD4+CD69+ CD103− T cells, or CD4+CD69+CD103+ T cells. (F) Frequencies of IFNγ+ and IL-17A+ T cells among CD4+CD69−CD103− T cells, CD4+CD69+CD103− T cells, or CD4+CD69+CD103+ T cells. (G, H) FoxP3 expression in CD4+ T cells from spleens of TIGIT−/− or WT mice was measured by flow cytometry. Percentages of FoxP3+ CD4+ T cells were summarized and representative counter plots were shown. (I) Colon sections from TIGIT−/− or WT mice with DSS-induced colitis were stained with antibody against CD155 and visualized using HRP-conjugated secondary antibody. Representative images of CD155 staining by immunohistochemistry were shown. Original magnification: ×10. Data are means ± SEM. WT = 8, TIGIT−/− = 7. *p < 0.05 by Student’s t-test. ns, not significant.





TIGIT Deficiency Protects Mice From DSS-Induced Colitis

To assess the impact of TIGIT deficiency on DSS-induced colitis, colitis was induced in TIGIT−/− and WT mice as in Figure 1 (Figure 6A). Notably, TIGIT−/− mice were clinically protected from DSS-induced injury in terms of weight loss (Figure 6B). In addition, scores for intestinal bleeding and stool consistency were significantly lower in TIGIT−/− mice (Figures 6C, D). As a result, TIGIT−/− mice showed lower disease activity index (Figure 6E) and longer colon length (Figure 6F) compared with WT mice. Furthermore, IHC of colons showed that the number of Ki-67+ epithelial cells was profoundly increased in TIGIT−/− mice (Figure 6G), indicating better recovery of the epithelial barrier. TIGIT−/− mice showed reduced lamina propria inflammatory cell infiltration and epithelial injury profoundly when compared with WT mice (Figures 6H, I). These data demonstrate that TIGIT deficiency protects mice from DSS-induced colitis.




Figure 6 | TIGIT deficiency protected mice from DSS-induced colitis. (A) Schematic representation of experiment design. Male littermates of TIGIT−/− or WT mice were fed with DSS to induce colitis. Loss of body weight (B), bleeding score (C), stool consistency score (D), and total score of disease activity index (E) were measured daily. (F) Colon length was measured at the end of the experiment and representative images of the colons from TIGIT−/− or WT mice with DSS-induced colitis or control mice without DSS-induced colitis were shown. (G) Colon sections were stained with antibody against Ki-67 and visualized using HRP-conjugated secondary antibody. Representative images of Ki-67 staining in colonic tissues from TIGIT−/− or WT mice with DSS-induced colitis were shown. Original magnification: ×4 (top), 20× (bottom). (H, I) Representative H&E images of the colon (H) and histological scores (I). Original magnification: ×4 (top), ×10 (bottom). WT (n = 8) or TIGIT−/− mice (n = 7). Data are means ± SEM. *p < 0.05, **p < 0.05, ***p < 0.001, ****p < 0.0001 by Student’s t-test.






Discussion

IBD is characterized by immune-mediated intestinal inflammation that is driven by both genetic predisposition and environmental factors. An abnormal immune response to gut microbiotas plays an important role in the pathogenesis of IBD (2, 39). However, the pathogenesis of IBD is far from understood. Most IBD therapies target inflammatory pathways involved in the dysfunctional immune response. Biologic agents targeting TNF signaling are some of the most effective agents in the care of IBD (40). Here, our data uncover a pathogenic role of CD69+CD103− CD4+ TRM cells in DSS-induced colitis. CD69+CD103− CD4+ TRM cells are the major source of IL-17A production in the colon of mice with DSS-induced colitis. TIGIT expression is strongly increased in colonic CD4+ T cells from mice with DSS-induced colitis. TIGIT deficiency impairs IL-17A production in CD69+CD103− CD4+ TRM cells specifically, resulting in lower disease activity index and reduced pathological injury in mice with DSS-induced colitis. Together, we provide evidence that TIGIT might serve as a pathogenic factor in DSS-induced colitis.

TRM cells represent a subset of long-lived memory T cells that occupy epithelial and mucosal tissues without recirculating (41). The rise of TRM cells in the local microenvironment could be the results of TRM cell expansion locally or the transformation of circulating T cells into TRM cells (42, 43). The existence of CD4+ and CD8+ TRM cells at barrier surfaces has been demonstrated previously (44, 45). TRM cells have been involved with several types of autoimmune skin diseases including vitiligo, psoriasis, cutaneous lupus erythematosus, and alopecia (46). As for colitis, it has been shown that TRM cells are increased in the gut of patients with IBD and have a pro-inflammatory phenotype that CD69+ T cells expressed higher levels of IFNγ, IL-13, IL-17A, and TNF mRNA than CD69− T cells (19). Data have shown that CD4+ TRM cells can be divided into CD69+CD103− and CD69+CD103+ subsets (11). Our data confirmed that the numbers of both CD69+CD103− and CD69+CD103+ CD4+ TRM cells were significantly increased in the colon of DSS-induced colitis, which was associated with more severe disease activities, pointing to the critical role of TRM cells in the development of colitis. Although IFNγ-producing CD8+ TRM cells are a pathological hallmark of immune checkpoint inhibitor treatment related colitis (47), we did not observe the expansion and activation of CD8+ TRM cells in DSS-induced colitis.

Although CD4+ TRM cells has been associated with flares in IBD, functional analysis of the heterogeneity of CD4+ TRM cells has not been studied. Here, IL-17A and IFNγ production was strongly increased in CD4+ T cells from mice with colitis. Cytokine analysis revealed that CD69+CD103− CD4+ TRM cells were the major source of IL-17A and IFNγ production in the colon, whereas CD69+CD103+ CD4+ TRM cells were predominantly Foxp3+ Treg cells. CD4+ T cell–derived cytokines such as IL-17A and IFNγ are pro-inflammatory and have been shown to be pathogenic in murine models and in patients with IBD (5), whereas Treg cells protect mice from DSS-induced colitis (48). During the induction of colitis, IL-17A expression was notably increased in CD69+CD103− CD4+ TRM cells. IFNγ expression was however not changed. In addition, the percentages of Treg cells were similar between mice with or without DSS-induced colitis. For the first time, our data revealed the heterogeneity of CD4+ TRM cells in the colon of mice with DSS-induced colitis. CD69+CD103− CD4+ TRM cells could play an important role in controlling DSS-induced colitis by producing IL-17A.

TIGIT, as an immune checkpoint molecule expressed on memory T cells, NK cells, and Treg cells, suppresses T-cell activation by promoting the generation of mature immunoregulatory dendritic cells (24). TIGIT competes with CD226 for binding to their common ligand CD155. However, TIGIT exhibits higher binding priority than CD226 (24). TIGIT inhibits CD8+ T-cell proliferation and activation by downregulating TCR expression directly (49) or reduces TCR-induced p-ERK signaling (50). In models of cancers and chronic viral infection, blockade of TIGIT was correlated with enhanced CD8+ T-cell effector functions (51–53). TIGIT promoted CD8+ T-cell exhaustion in colorectal cancer (54) and impaired antigen-specific T cells in melanoma (55). In addition, binding of TIGIT on NK cells to CD155 suppresses NK cell–mediated cytotoxicity and IFNγ production (56, 57). TIGIT in CD4+ T cells is far less understood. Here, our data revealed TIGIT expression in CD4+ T cells from LPMC was notably increased in mice with DSS-induced colitis. Concurrently, we also detected the induction of CD155 in the colon during DSS-induced colitis. However, CD226 expression in CD4+ and CD8+ T cells was not changed. These data suggested that TIGIT/CD155 interaction could play a role during the development of DSS-induced colitis. TIGIT deficiency led to decreased numbers of CD69+CD103− and CD69+CD103+ CD4+ TRM cells in the colon during DSS-induced colitis. The percentages of these cells were however not changed. Moreover, the percentages of CD4+ and CD8+ TRM cells in the LPMC were similar between TIGIT−/− and WT mice without colitis, indicating that TIGIT has no effects on T-cell residency in the gut. Albeit data have shown that TIGIT functioned as an immune checkpoint in several autoimmune disorders (58), we did not observe T-cell activation and spontaneous autoimmune response in the gut of TIGIT−/− mice before the induction of colitis.

Our further data revealed that TIGIT expression was notably increased in CD4+ T cells from DSS-induced colitis. IL-17A expression in CD69+CD103− CD4+ TRM cells was impaired in TIGIT−/− mice during the induction of colitis. However, IFNγ expression in T cells or IL-17A expression in CD69+CD103+ and CD69−CD103− was similar between TIGIT−/− and WT mice. Here, we showed that TIGIT was required for IL-17A production by CD69+CD103− CD4+ TRM cells during DSS-induced colitis. Albeit it has been shown that TIGIT had T-cell–intrinsic inhibitory functions (49), the decreased expression of CD155 in the colon of TIGIT−/− mice could lead to reduced TIGIT/CD155 interaction, which might contribute to decreased IL-17A production during DSS-induced colitis in the current study. In addition, a study has also shown that TIGIT enhanced TH2 immunity in mice with experimental allergic disease through interaction with CD155 expressed in dendritic cell (59). Thus, the function of TIGIT on CD4+ T cells could be different due to the intrinsic diverseness of disease model as well as ligand expression in the microenvironment.

It has been shown that TIGIT-Ig postponed onset of proteinuria and reduced serum concentrations of autoantibodies in murine lupus (60). Overexpression of TIGIT suppressed CD4+ T cells and ameliorated the severity of rheumatoid arthritis in mouse models (61). TIGIT−/− mice were more susceptible to the induction of experimental autoimmune encephalomyelitis (49). Here, our data revealed that TIGIT−/− mice were resistant to DSS-induced colitis when compared with WT mice. TIGIT−/− mice were clinically protected from DSS-induced injury in terms of weight loss, disease activity, colon length, and pathological change. A hallmark of IBD is the alteration of microbiota composition in the gut (62). Accumulating evidence suggests that IBDs result from an inappropriate immune response to intestinal microbes in a genetically susceptible host (63), which is different from other autoimmune diseases with immune response to autoantigens (64). It has also been shown that TIGIT blockade decreased T-cell function during sepsis (65). Thus, the role of TIGIT in inflammatory disease appears to vary and may be context-dependent. Nevertheless, further studies are needed to investigate the roles of TIGIT in the pathogenesis of DSS-induced colitis and the underlying mechanisms.

Together, we provide evidence that CD4+ TRM cells are heterogeneous and functionally distinct regarding different subsets in DSS-induced colitis. CD69+CD103− CD4+ TRM cells are the major source of IL-17A production in the gut of mice with DSS-induced colitis. TIGIT deficiency protects mice from DSS-induced colitis by reducing IL-17A–producing CD69+CD103− CD4+ TRM cells. Together, this study reveals a novel mechanism for the regulation of gut inflammation and might have potential therapeutic value in the treatment of IBDs.
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Chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS) is a very common urological disorder and has been gradually regarded as an immune-mediated disease. Multiple studies have indicated that the gut microflora plays a pivotal part in immune homeostasis and autoimmune disorder development. However, whether the gut microflora affects the CP/CPPS, and the underlying mechanism behind them remain unclear. Here, we built an experimental autoimmune prostatitis (EAP) mouse model by subcutaneous immunity and identified that its Th17/Treg frequency was imbalanced. Using fecal 16s rRNA sequencing and untargeted/targeted metabolomics, we discovered that the diversity and relative abundance of gut microflora and their metabolites were obviously different between the control and the EAP group. Propionic acid, a kind of short-chain fatty acid (SCFA), was decreased in EAP mice compared to that in controls, and supplementation with propionic acid reduced susceptibility to EAP and corrected the imbalance of Th17/Treg cell differentiation in vivo and in vitro. Furthermore, SCFA receptor G-protein-coupled receptor 43 and intracellular histone deacetylase 6 regulated by propionic acid in Th17 and Treg cells were also evaluated. Lastly, we observed that fecal transplantation from EAP mice induced the decrease of Treg cell frequency in recipient mice. Our data showed that gut dysbiosis contributed to a Th17/Treg differentiation imbalance in EAP via the decrease of metabolite propionic acid and provided valuable immunological groundwork for further intervention in immunologic derangement of CP/CPPS by targeting propionic acid.
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Introduction

Prostatitis is a common urogenital disease related with high morbidity and recurrence rate, accounting for approximately one-quarter of all visits in urology clinics (1). Chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS), also named Type III chronic prostatitis, is the most common type of prostatitis, which accounts for about 90%–95% of all population of prostatitis (2). Featured with the long-term chronic pain in the pelvic area with or without lower urinary symptoms, CP/CPPS severely influences the patients’ quality of life and has become a global recognized threat to male health. The etiology of CP/CPPS is still unidentified, which leads to a limited availability of its treatment methods. Although several factors, such as urinary reflux, neurological disorder, and endocrine abnormality, have been previously reported to relate to CP/CPPS, accumulating lines of evidence in recent years have demonstrated a vital role for immunological imbalance in its pathogenesis (3). Thus, CP/CPPS has also been considered as an organ-specific autoimmune disease (4, 5). Nevertheless, it is imperative to sharpen our understanding on the exact immunological mechanisms of CP/CPPS, and to explore pertinent treatments.

T lymphocytes, particularly CD4+ T cells, are found to be major contributors to the pathogenesis of CP/CPPS as well as its most commonly used animal model, experimental autoimmune prostatitis (EAP) (6, 7). The Th17 cells are one subset of CD4+ T cells, characterized by the release of cytokine interleukin-17 (IL-17). It was reported that Th17 cells were closely associated with the occurrence of multiple autoimmune disorders (8). As for CP/CPPS, Motrich et al. (9) found that Th17 cells’ immune response was related to chronic inflammation in the male genital tract, which might be the foundation for the induction and aggravation of pelvic pain and male reproductive tract inflammation. In animal experiments, it was also displayed that IL-17 could mediate pelvic pain in EAP mice (10). Regulatory T cells (Treg cells), another subgroup of CD4+ T cells, belong to immunosuppressive cells that are conducive to maintaining immune tolerance. They suppress various immune pathologies through the production of inhibitory cytokines, such as transforming growth factor-β (TGF-β) and interleukin-10 (IL-10) (11). The elimination of Treg cells can increase the morbidity and severity of autoimmune disorders. We have previously described that the percentages of Treg cells in the peripheral blood of patients with CP/CPPS and in prostate of EAP mice were markedly reduced (12, 13). Nevertheless, the regulatory mechanisms of the Th17 and Treg cell differentiation in EAP are still poorly understood.

Gut microflora refers to various parasitic microorganisms in the intestinal tract of organisms. It exerts several immunomodulatory functions and has been recognized to play an indispensable role in modulating the immune/inflammatory responses of host over the past two decades. Studies have linked gut microflora dysbiosis with the increased prevalence of multiple autoimmune diseases, such as systematic lupus erythematosus (SLE) and autoimmune thyroiditis (14, 15). The changes in microbiome have also been reported to relate to CP/CPPS, and their relationship has been emphasized gradually by the academic community (16). Our previous study has further identified that gut microflora maladjustment is related to EAP-induced depressive behaviors in mice (17). Generally, systemic functions of the gut microflora are found to be largely attributed to microbial metabolome, especially short-chain fatty acids (SCFAs), the most well-characterized final products of dietary fiber fermentation (18). On one hand, these bacterially derived SCFAs can enter the circulation to regulate the immune system, including Th17 and Treg cells, in extra-intestinal organs (19). On the other hand, SCFAs have been demonstrated to promote immune cells in the intestine to enter the circulation and remote tissues (20). Thus, the relationships between SCFA metabolisms and immunological disorders have been confirmed and accepted. It is not known whether gut microbiota-driven SCFAs exert effects on prostatitis and, if so, what the mechanism is.

In this study, we deeply explored the impact of gut microflora on the regulation of immune responses in an EAP mouse model via its metabolites. We first built EAP models and detected the percentages of Th17 and Treg cells and the concentrations of their associated inflammatory factors. Then we analyzed gut microbiome profiles and the metabolic products in EAP mice in order to investigate whether abundance of gut microbiota and associated metabolites was altered in EAP. Of special interest, we have found that propionic acid, a kind of SCFA, was significantly decreased in the EAP group. Furthermore, we investigated whether propionic acid supplementation might be an effective treatment in prostatic inflammation and Th17/Treg cell differentiation imbalance, and explored the biological mechanisms underlying them through in vitro and in vivo experiments. Our study emphasizes the functional influences of the gut microflora-driven metabolites on Th17/Treg cell differentiation in an EAP model.



Materials and Methods


Animals

Male non-obese diabetic (NOD) mice (age = 5 weeks; weight = 17 ± 2 g) were subscribed from the Nanjing Model Animal Center (Nanjing, China) and fed in the specific pathogen-free (SPF) laboratory animal room of Anhui Medical University. All animal experiments were designed and conducted following the guidelines of the Institutional Animal Care and Use Committee of Anhui Medical University.



Mouse Model of EAP

The EAP mouse model was built according to our previously reported method (21). In short, mice in the EAP group were immunized by subcutaneous injection into three sites, including the tail root (0.050 ml), bilateral foot pads (0.025 ml for one side), and mouse shoulder (0.050 ml), with emulsion consisting of equal volumes of rat male accessory gland extracts and complete Freund’s adjuvant (CFA, Sigma). Two weeks after the first immunization, mice were immunized again by injection of male accessory gland extracts emulsified with equal volumes of incomplete Freund’s adjuvant (IFA, Sigma). In the corresponding period, control mice were dealt with 0.9% saline rather than prostate antigen. Mice in each group were tested on their pelvic pain by using an apparatus of Von Frey filaments (North Coast Medical, USA).



Histopathology and Immunohistochemistry

To identify the presence of prostatic inflammation, prostate glands of mice were adequately fixed in 10% paraformaldehyde solution, embedded by paraffin, and cross-cut into 4-μm slices. Then, the prostate sections were dyed with hematoxylin–eosin (HE) and successively scored for the inflammatory level by using a previously reported grading principle (0–3 stand for the degree of the prostatitic inflammation, 0 for non-inflammation and 3 for apparent inflammatory cell infiltration) (22).

Immunohistochemistry was also performed on paraffin-embedded prostate sections. The slices were separately de-paraffinized in xylene and incubated in a graded series of ethanol (100%, 85%, and 75%). After antigen retrieval by EDTA antigen repair buffer and quenching of endogenous peroxidase, the sections were stained with primary rabbit anti-G-protein-coupled receptor 43 (GPR43, Genetex, 00823, USA) antibody at 1:200, rabbit anti-IL-17 (Servicebio, China) antibody at 1:200, rabbit anti-forkhead box P3 (FoxP3, Servicebio, China) antibody at 1:150, mouse anti-histone deacetylase 6 (HDAC6, Genetex, 84377, USA) at 1:150, and appropriate secondary antibodies (goat anti-rabbit/mouse IgG; Servicebio, China) at 1:200. The images of sections were captured with a digital slice scanner (Pannoramic MIDI, 3DHistech, Hungary).



Flow Cytometry

The proportions of Th17 and Treg cells were detected using flow cytometry. In brief, lymphocytes were isolated from the spleens of mice and washed twice by phosphate-buffered saline (PBS) solution. Subsequently, the cells were transferred to test tubes and incubated with surface antibody of FITC-labeled CD4 (rat anti-mouse, BD, 553046, USA) and APC-labeled CD25 (rat anti-mouse, BD, 557192, USA). After being washed again by PBS, 1 ml of 1640 medium (Gibco, USA) containing phorbol 12-myristate 13-acetate (PMA, MultiSciences, China), lonomycin (MultiSciences, China), and monensin (MultiSciences, China) was added in each tube, incubated at 37°C for 4 h, and washed again. Next, cells were fixed and permeated successively, followed by incubating with intracellular antibody, including PE-labeled IL-17A (rat anti-mouse, BD, 559502, USA), PE-labeled retinoic acid−related orphan receptor γt (RORγt, rat anti-mouse, ebioscience, 12-6981-60, USA), and PE-labeled FoxP3 (rat anti-mouse, BD, 563101, USA), at a temperature of 4°C for 60 min. After being washed again and analyzed by a FACSCalibur flow cytometer (Beckman Coulter, USA), the resulting data were processed by FlowJo software (Tree Star, Ashland).



Isolation and In Vitro Differentiation of Naive CD4+ T Cells

Isolation of naive CD4+ T cells from the mice spleen and differentiation into Th17/Treg cells in vitro were conducted according to our previously reported method with minor modifications (23). CD4+ T cells from splenic lymphocyte were magnetically enriched by a CD4+ T Cell Isolation Kit (Miltenyi, 130-104-454, Germany) with Columns (LS Column, Miltenyi, 130-042-401). Sorted naive CD4+ T cells were cultured for 5 days in 24-well plates in 1640 medium (including 10% fetal bovine serum and 1% penicillin–streptomycin solution) before supplemented with 10 μg/ml anti-CD3 (Bio X Cell, BE0001-1, USA) and 10 μg/ml anti-CD28 (Bio X Cell, BE0015-1). Th17 stimulations were complemented with 40 ng/ml IL-6 (Novoprotein, CG39), 1 ng/ml TGF-β1 (Novoprotein, CA59), 40 ng/ml IL-23 (Novoprotein, CS31), 20 μg/ml anti-IL-4 (Bio X Cell, BE0045), and 20 μg/ml anti-IFN-γ (Bio X Cell, BE0055). Treg stimulations were supplemented with 5 ng/ml TGF-β1 (Novoprotein, CA59), 20 ng/ml IL-2 (Novoprotein, CK24), 10 μg/ml anti-IL-4 (Bio X Cell, BE0045), and 10 μg/ml anti-IFNγ (Bio X Cell, BE0055).



Lentivirus Infection

Gene suppression of GPR43 was conducted with the short hairpin RNA (shRNA) by using LV as vector. LV packaging with the GPR43 shRNA (LV-Sh GPR43) and empty vector (LV-Sh Control) was subscribed from Hanbio Biotechnology Co., Ltd. (Shanghai, China, HH20211029RFF-LV01). The target sequence was 5′-CCCATGGCAGTCACCATCTTCTGTT-3′. To generate stable gene knockdown cells, LV-shRNAs were transfected in strict accordance with the manufacturer’s instructions. Suppression was confirmed using the Western blot method.

In mice, intravenous injection of LV-Sh GPR43 or LV-Sh Control was implemented 2 days before EAP induction. On the 14th day after EAP induction, pentobarbital sodium (60–80 mg/kg) was administered by intraperitoneal injection for the anesthesia of mice. The lower abdomens of mice were incised under sterile conditions, and the prostate was exposed. The LV solution was injected slowly into the bilateral coagulating glands and ventral and dorsolateral lobes of prostate (75 μl/mouse). After that, the wound was closed.



Enzyme-Linked Immunosorbent Assay

The concentrations of cytokines including IL-17, IL-10, TGF-β, granulocyte-macrophage colony stimulating factor (GM-CSF), and interferon gamma (IFNγ) in serum and the levels of IL-17, IL-10, and TGF-β in the supernatant of the prostate tissues were measured by the ELISA method. In terms of detection of cytokines from the prostate tissues, samples were washed, weighed at a dose of 10 mg, and cut into pieces, and 90 μl of PBS was added. The mixtures were homogenized in a glass homogenizer. After centrifugation, the supernatants were obtained for detection. All experiments were performed by using the corresponding ELISA Kit (Elabscience, China) based on the manufacturer’s protocol.



DNA Extraction and 16S rRNA Sequencing

Feces were collected and frozen immediately. The bacterial genomic DNA of fecal samples was extracted with the QIAamp 96 PowerFecal QIAcube HT kit (QIAGEN, Germany). The V3–V4 region amplicon sequencing 343F (5’ TACGGRAGGCAGCAG 3’) and 798R (5’ AGGGTATCTAATCCT 3’) of the 16S rRNA gene were performed by an Illumina Miseq PE300 system (Illumina Company, USA). Raw sequencing data were in FASTQ format, and then bioinformatic analysis was carried out. Trimmomatic software was applied to detect the paired-end reads and cut off ambiguous bases (N). Low-quality sequences (quality score is less than 20 on average) were cut out by using a sliding window trimming approach, followed by an assembly by FLASH software. Then, QIIME software (version 1.8.0) was applied to further de-noise the sequences. Next, using usearch software, primer sequences were removed and clustered with 97% similarity threshold to generate operational taxonomic units (OTU). The representative read for each OTU was assigned by the QIIME package, and finally annotated and blasted against the Silva database (version 123) by the RDP classifier with a 70% confidence threshold. The analyses for all parameters such as α-diversity and β-diversity of microbes were performed on the basis of using the OECloud platform (https://cloud.oebiotech.cn/task/detail/micro-pipline-oehw/) developed by OE Biotech Co., Ltd. (Shanghai, China).



Metabolome Sequencing of Feces

The metabolites of feces were isolated and extracted as follows. First, 60-mg fecal samples were precipitated with 360 µl of methanol. All samples were processed to grind and ultrasound extraction. After 200 μl of chloroform was added, the mixtures were vortexed. Samples were then centrifuged at 12,000 rpm for 10 min, and the acquired supernatant was transferred and vacuum-dried. Subsequently, an 80-μl solution of methoxyamine hydrochloride pyridine, 80 μl of BSTFA derivatization reagent, and 20 μl of hexane were successively added.

The pretreated samples were next subjected to metabolomics profiling by a gas chromatography detection system (Agilent 7890B, Agilent Technologies, USA) with an MSD system (Agilent 5977A, Agilent Technologies, USA). Gas chromatography-mass spectrometry (GC-MS) raw data were transferred into.abf format and analyzed by the MD-DIAL software for processing. The metabolites were annotated via the LUG database. In the “data array”, internal standards and pseudo positive peaks were eliminated. After deleting the internal label RSD > 0.3, all peak strengths were processed by normalization of multi-interior label in the light of retention time partition period. The resulting data matrix were subsequently imported to R ropls package for analysis. After mean centering and unit variance scaling, principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis OPLS-DA were used to identify the differential metabolites among groups. T2 region of Hotelling defines the 95% confidence interval of the modeling variable. Variable importance in the projection (VIP) ranks the total contribution of each variable to the OPLS-DA model, and VIP > 1 is regarded to be related to group discrimination. The selection of differential metabolites was on the basis of the combination of the VIP values acquired from the OPLS-DA and p-values obtained from a Student’s t-test (two-tailed) on the normalized peal areas from samples in different groups. The analyses for all parameters such as volcano plot and hierarchical clustering heatmap of metabolites were performed on the basis of using the OECloud platform (https://cloud.oebiotech.cn/task/detail/meta-luming-oehw/) developed by OE Biotech Co, Ltd (Shanghai, China).



SCFAs Measurement Assay

The GC-MS and liquid chromatograph mass spectrometer (LC-MS) were applied for the measurement of SCFA concentrations in feces and serum, respectively. For feces, 150 mg of samples was weighed, and 1 ml of 5 mmol/L NaOH solution was added. The samples were homogenized for 3 min and extracted by ultrasound for 7 min. After centrifugation, 500 μl of supernatants was transferred to a 4-ml injection glass bottle. The derivatization of samples and standards was then carried out, and GC-MS was performed to determine the SCFA concentrations. For plasma samples, 150 μl of 50% acetonitrile aqueous solutions (V/V) (including [2H9]-pentanoic acid and [2H11]-hexanoic acid) was added to 150 μl of plasma. After ultrasonic extraction for 10 min and centrifugation at 12,000 rpm for 10 min, 80 μl of supernatants was transferred into the injection vial. Next, the derivatization of samples and standards was performed, and LC-MS was utilized to determine the SCFA concentrations by high-performance liquid chromatography (HPLC, Nexera UHPLC LC-30A, Japan) and a highly sensitive mass spectrometer (AB Sciex Qtrap 5500, USA).



SCFA Propionate Treatment Assays

After EAP induction, a group of mice were treated with propionic acid (Sigma, USA) added into drinking water (150 mM, fresh solutions four times a week) for 7 days, as described previously (24). In in vitro experiments, sorted naive CD4+ T cells were stimulated under Th17 or Treg cell conditions with or without propionic acid for 5 days at concentrations of 10 μg/ml.



Western Blot Analysis

The cultured CD4+ T cells under Th17/Treg differentiation conditions were lysed in RIPA lysate (Thermo Scientific, USA) plus protease inhibitors (Beyotime, China). Proteins were subjected to electrophoresis separation and then transferred to polyvinylidene fluoride membranes. The membranes were incubated with 5% milk for 1 h, followed by incubating with the GPR43 antibody (1:800, Genetex) overnight at 4°C. GAPDH (1:5,000, Elabscience) was applied as a loading control. The membranes were washed in TBST, incubated with a corresponding secondary antibody (anti-rabbit or anti-mouse IgG, 1:5,000, Elabscience) for 1 h, and washed again by TBST. The protein bands were visualized by an enhanced chemiluminescence (ECL) system (ChemiScope 5600; Hengmei Technology, China).



Real-Time Polymerase Chain Reaction

Total RNA was extracted from the isolated or cultured cells by TRIzol reagent (Invitrogen, USA) based on the manufacturer’s instructions. The synthesis of first-strand cDNA was conducted with a FastQuant RT Kit (Tiangen Biotech, China) and reverse transcribed by a SuperReal PreMix Plus Kit (Tiangen Biotech). All qPCRs were run on an ABI 7500 PCR system (Applied Biosystems, USA). The primers used were as follows: HDAC6 (F 5′ TCCACCGGCCAAGATTCTTC 3′; R 5′ GCCTTTCTTCTTTACCTCCGCT 3′), T-box expressed in T cells (T-bet, F 5′ AGCAAGGACGGCGAATGTT 3′; R 5′ GGGTGGACATATAAGCGGTTC 3′), and GATA binding protein 3 (GATA3, F 5′ CTCGGCCATTCGTACATGGAA 3′; R 5′ GGATACCTCTGCACCGTAGC 3′). All reactions were performed in a 20-µl tube, and mouse GAPDH was applied as an internal standard. The formula 2−ΔΔCt method was applied for each sample during data processing.



Pseudo Germ-Free Mice Modeling and Fecal Microbiota Transplantation

Fecal samples of mice were applied to colonize the intestines of antibiotic-treated mice. First, a group of male NOD mice (used as recipient mice) were treated with a cocktail of antibiotics, including 1 g/L neomycin sulfate (Sigma), 1 g/L ampicillin (Sigma), and 1 g/L metronidazole (Sigma), to build a pseudo germ-free mice model as described previously (17). Then, fecal samples from control and EAP mice were separately collected, diluted (every 1 g stool in 10 ml of sterile PBS), and administered by gavage into the antibiotic-treated pseudo-germ-free mice for 2 weeks.



Statistical Analysis

All results were expressed as the mean ± standard deviation (SD). SPSS software version 21.0 (IBM Corp, Armonk, NY, USA) was used for statistical analysis. Two-tailed Student’s t-tests or Wilcoxon rank sum test was applied for the comparison of two groups. Results were considered statistically significant if p-values < 0.05.




Results


Significant Abnormalities in the Proportion of Th17 and Treg Cells and Relative Cytokine Levels of EAP

In this study, we first built the mouse model of EAP by subcutaneous immunity twice (Figure 1A). The EAP model was assessed by the result of histological examination and pelvic pain measurement. As shown in Figures 1B–D, respectively, compared with the control group, both prostatic inflammation and response frequency to tactile allodynia were obviously increased in the EAP group, indicating a successful establishment of the mouse EAP model. Next, we analyzed the percentage of Th17 and Treg cells in the splenic lymphocytes from the control and EAP mice. As a result, both the proportion of CD4+IL17+ cells (0.90% ± 0.11% vs. 1.18% ± 0.11%, Figures 1E, , p < 0.01) and CD4+RORγt+ cells (0.96% ± 0.18% vs. 1.47% ± 0.26%, Figures 1G, H, p < 0.05) in the EAP group were tremendously higher than that in the control group, while the frequency of CD4+CD25+FoxP3+ cells was significantly lower (6.42% ± 0.95% vs. 4.33% ± 0.61%, Figures 1I, J, p < 0.01), indicating a prominent imbalance of Th17/Treg in the peripheral spleen of EAP mice. We also examined the mRNA expressions of T-bet and GATA3, two transcription factors of other T-cell subsets, in the splenic lymphocytes. The results suggested that the T-bet level was obviously increased in the EAP group as compared to the control group (Supplementary Figure 1A, p < 0.05), while no statistical differences in GATA3 expression were found between the two groups (Supplementary Figure 1B, p > 0.05). Moreover, compared with control individuals, the concentrations of serum anti-inflammatory cytokines TGF-β and IL-10 were significantly decreased, while the levels of serum pro-inflammatory cytokines IL-17, GM-CSF, and IFNγ were significantly increased in the EAP group (Figure 1K, p < 0.01 or p < 0.05). Consistent with these results, EAP mice also have a higher IL-17 level and lower levels of TGF-β and IL-10 in prostate tissues (Figure 1L, p < 0.01 or p < 0.05). Lastly, we performed immunohistochemical staining of IL-17A and FoxP3 on prostate sections from the two groups. The results suggested that the proportions of IL-17A-positive staining cells were increased and the proportions of FoxP3-positive staining cells were decreased in the prostate tissues of EAP mice (Figures 1M, N). All these results suggested an imbalance state of Th17/Treg in EAP.




Figure 1 | Evaluation of the EAP model, proportion of Th17/Treg cells, and levels of related inflammatory cytokines. (A) After 1 week of acclimation, mice received primary and secondary immunization on days 0 and 15, respectively. Modeling was completed 1 week later, followed by feces collection and pain measurement for 2 days. Mice were sacrificed on day 24 and then samples were collected. (B) Representative HE staining images of prostate tissue sections of the control and EAP group. The black arrowhead indicates infiltration of inflammatory cells in the EAP group. (C) Inflammation score of prostate in the control and EAP group. (D) EAP induced pelvic pain as evaluated by tactile allodynia. (E) Representative pictures of flow cytometric staining for CD4+IL-17+ cells in the splenic lymphocytes from control and EAP mice. (F) Flow cytometric analysis of the proportion of CD4+IL-17+ cells in control and EAP mice. (G) Representative pictures of flow cytometric staining for CD4+RORγt+ cells in the splenic lymphocytes from control and EAP mice. (H) Flow cytometric analysis of the proportion of CD4+RORγt+ cells in control and EAP mice. (I) Representative pictures of flow cytometric staining for CD4+CD25+FoxP3+ cells in the splenic lymphocytes from control and EAP mice. (J) Flow cytometric analysis of the proportion of CD4+CD25+FoxP3+ cells in control and EAP mice. (K) Serum concentrations of IL-17, TGF-β, IL-10, GM-CSF, and IFNγ by ELISA in the control and EAP group. (L) Concentrations of IL-17, TGF-β, and IL-10 in 10-mg prostate tissues in the control and EAP group. (M) Immunohistochemical staining of IL-17A (marker of Th17) on prostate sections in the control and EAP group. (N) Immunohistochemical staining of FoxP3 (marker of Treg) on prostate sections in the control and EAP group. The black arrows indicate the IL-17/FoxP3-positive cells in the two groups. Data are from one experiment representative of three independent experiments. n = 5–6/group; *p < 0.05; **p < 0.01; EAP, experimental autoimmune prostatitis; HE, hematoxylin–eosin; IL-17, interleukin-17; RORγt, retinoic acid−related orphan receptor γt; GM-CSF, granulocyte-macrophage colony stimulating factor; IFNγ, interferon gamma; TGF-β, transforming growth factor-β; IL-10, interleukin-10; FoxP3, forkhead box P3; Treg, regulatory T cell.





Alterations of the Fecal Metabolome in EAP

The mammalian immune system is in a constant dialogue with the microbiome (25). As previously described, gut microflora plays a pivotal role in immune homeostasis and usually regulates the host immune systems by its metabolites (19). Thus, metabolomic analysis was conducted to investigate the enteric metabolic profiles of EAP mice. After untargeting metabolomics sequencing of feces by GC-MS, it was identified that a total of 94 metabolites differed in abundance between control and EAP mice (Figures 2A, B). Further KEGG pathway enrichment analysis of differentially expressed pathways between the control and EAP group was carried out (Figure 2C). Importantly, among these enriched pathways, we paid more attention to fatty acid biosynthesis due to the deep connections between fatty acid and immune cell regulation (26). Given that we had found the proportion imbalance of Th17/Treg cells in EAP previously, it was reasonable to doubt preliminarily whether fatty acids may exert an immunoregulatory effect on this process. Taken together, these data showed significant differences in gut microbiota-derived metabolites of control and EAP mice, and provided us a clue to investigate the role of fatty acids of microbiota-derived metabolites in EAP.




Figure 2 | Metabolomic profiles of control and EAP mice. (A) Volcano plot for metabolite analysis in feces from control and EAP mice. The red dots denote the significantly upregulated metabolites, the blue dots denote the significantly downregulated metabolites, and the gray dots denote the insignificant metabolites. (B) A hierarchical clustering heatmap of metabolites in feces of control and EAP mice. Red represents increased expression, while green represents decreased expression. (C) A bubble chart of KEGG pathway enrichment. The disturbances in fatty acids are highlighted in red. n = 10/group; EAP, experimental autoimmune prostatitis.





Gut Microflora of EAP Significantly Differs From That of Controls

To determine the role of gut microflora in EAP, 16S ribosomal RNA sequencing was performed on fecal samples. A Venn diagram showed the number of common and unique OTUs in the control and EAP groups (Supplementary Figure 2A). The parameters of α-diversity indices, including Chao1, Shannon index, Simpson index, observed_species, and PD_whole_tree, were all markedly lower in EAP mice than those in the controls, revealing a significantly altered α-diversity of the gut microbiota (Figure 3A and Supplementary Figure 2B, p < 0.05 or p < 0.01). The PCoA analysis, an indicator of β-diversity, showed a noticeable separation between the samples of control and EAP mice, suggesting significantly different microbiota composition between the two groups (Figure 3B). At the phylum level, EAP mice had fewer relative abundance of Firmicutes, Nitrospirae, Gemmatimonadetes, and Fusobacteria. Conversely, we detected an increase in Bacteroidetes, Cyanobacteria, and Patescibacteria in the EAP group (Figure 3C, p < 0.05). At the genus level, Lactobacillus was markedly increased in EAP, while the other nine flora were obviously decreased (Figure 3D, p < 0.05). Notably, several members of these decreased bacterial genus, including Bacteroides, Butyricicoccus, and Ruminococcaceae_UCG_009, were the so-called “SCFAs-producing bacteria” that metabolize indigestible carbohydrates to immunogenic SCFAs as reported in the literature (27–29). The relative abundance of gut microbiota composition in the EAP group at the class level, order level, family level, and species level was also significantly altered in EAP mice in comparison with the controls (Supplementary Figures 2C–F). Next, a linear discriminant analysis effect size (LEfSe) analysis was performed to explore the bacteria with higher abundance in the two groups, which has the potential to serve as biomarkers. Overall, 24 genera were determined with LDA scores >3.5 (Figure 3E). A cladogram of annotated branches of different bacteria is shown in Figure 3F. Intriguingly, phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis predicted multiple metabolic pathways including SCFA metabolism (butanoate metabolism and propanoate metabolism) that might be highly relevant to EAP (Supplementary Figure 3).




Figure 3 | Comparison of gut microbiome between control and EAP mice. (A) α-diversity indices (Chao 1 index, Shannon index, and Simpson index) of bacterial 16S rRNA gene of fecal samples from control and EAP mice. (B) β-diversity (Bray–Curtis similarity index) of bacterial 16S rRNA genes of fecal samples from control and EAP mice. Most of the dots in the EAP group were separated from those in the control group. (C) Relative abundance of gut microflora at the genus level from control and EAP mice. (D) Relative abundance of gut microflora at the genus level from control and EAP mice. (E) A LEfSe analysis of differentially abundant genera from control and EAP mice. (F) A cladogram of the differentially abundant bacteria from control and EAP mice. n = 10/group; *p < 0.05; **p < 0.01; EAP, experimental autoimmune prostatitis.





The SCFA Propionate Decreases Significantly in EAP

Building on the above findings in KEGG pathway enrichment analysis of untargeted metabolomics and PICRUSt analysis of 16S rRNA sequencing, we are next committed to investigating the alterations of fatty acids in EAP, especially the SCFAs. The concentrations of the six most abundant SCFAs, namely, acetic acid, propionic acid, butyric acid, pentanoic acid, isovaleric acid, and isobutyric acid, in both feces and serum were measured. As a result, the concentrations of propionic acid in mice feces were higher in the control groups than those in the EAP group (Figure 4A, p < 0.05), but no differences existed in other SCFAs between the two groups (Figure 4A and Supplementary Figure 4A, p > 0.05). Analysis of SCFA concentrations in the serum of EAP mice also presented a striking decrease in content of propionic acid (Figure 4B, p < 0.05) but not obviously in other acids of SCFAs as compared to controls (Figure 4B and Supplementary Figure 4B, p > 0.05). These data demonstrated that the microbiota-derived propionic acid was significantly decreased in EAP.




Figure 4 | Detection of the absolute concentrations of SCFAs, including acetic acid, propionic acid, and butyric acid, in control and EAP mice. (A) The absolute concentrations of several common SCFAs (acetic acid, propionic acid, and butyric acid) in feces from control and EAP mice. (B) The absolute concentrations of acetic acid, propionic acid, and butyric acid in serum from control and EAP mice. Data are representative of three independent experiments. n = 6–10/group; *p < 0.05; NS, not significant; EAP, experimental autoimmune prostatitis; SCFAs, short-chain fatty acids.





Propionic Acid Supplementation Ameliorates EAP and Restores Th17/Treg Imbalance In Vivo

To elucidate the impacts of propionic acid on EAP, we first utilized it in vivo experiments. EAP mice were divided into an untreated group (EAP group) and a propionate-treated group (EAP+PA group) according to whether propionic acid was added in drinking water or not (Figures 5A). Notably, supplementation with exogenous propionic acid significantly reduced the prostatic inflammation and pelvic pain of EAP mice (Figures 5B–D). Furthermore, propionic acid treatment suppressed Th17 cell differentiation in the splenic lymphocytes of EAP mice (Figures 5E–H, p < 0.05) but favored Treg cell differentiation (Figures 5I, J, p < 0.05). In addition, oral supplementation with propionic acid decreased the production of IL-17 and GM-CSF in serum of EAP mice, while it increased the secretion of TGF-β and IL-10 (Figure 5K, p < 0.05 or p < 0.01). Similar results to the levels of IL-17, TGF-β, and IL-10 were observed in prostate tissues (Figure 5L, p < 0.05 or p < 0.001). Additionally, we also performed immunohistochemical staining of IL-17A and FoxP3 on prostate sections from the two groups (Figures 5M, N). The results indicated that the proportion of IL-17A-positive staining cells were decreased while the proportion of FoxP3-positive staining cells were increased in the prostate tissues of propionate-treated EAP mice. Collectively, these observations suggested that propionic acid helped to ameliorate the prostatic inflammation and restore Th17/Treg imbalance induced by EAP.




Figure 5 | Propionic acid ameliorates EAP and restores Th17/Treg imbalance in vivo. (A) After 1 week of acclimation, all mice received EAP induction. They were divided into an untreated group (EAP group) and a propionate-treated group (EAP+PA group) according to whether propionic acid was added in drinking water or not. Mice were sacrificed on day 24 and then samples were collected. (B) Representative HE staining of prostate sections from untreated and propionate-treated EAP mice. The black arrowhead indicates infiltration of inflammatory cells in the EAP group. (C) Inflammation score of prostate sections from untreated and propionate-treated EAP mice. (D) Chronic pelvic pain measurement of untreated and propionate-treated EAP mice. (E) Representative pictures of flow cytometric staining for CD4+IL-17+ cells in the splenic lymphocytes from untreated and propionate-treated EAP mice. (F) Flow cytometric analysis of the proportion of CD4+IL-17+ cells in untreated and propionate-treated EAP mice. (G) Representative pictures of flow cytometric staining for CD4+RORγt+ cells in the splenic lymphocytes from untreated and propionate-treated EAP mice. (H) Flow cytometric analysis of the proportion of CD4+RORγt+ cells in untreated and propionate-treated EAP mice. (I) Representative pictures of flow cytometric staining for CD4+CD25+FoxP3+ cells in the splenic lymphocytes from untreated and propionate-treated EAP mice. (J) Flow cytometric analysis of the proportion of CD4+CD25+FoxP3+ cells in untreated and propionate-treated EAP mice. (K) Detection of serum cytokine productions (IL-17, GM-CSF, IFNγ, TGF-β, and IL-10) from untreated and propionate-treated EAP mice. (L) Concentration determination of IL-17, TGF-β, and IL-10 in 10 mg of prostate tissue in untreated and propionate-treated EAP mice. (M) Immunohistochemical staining of IL-17A (marker of Th17) on prostate sections in untreated and propionate-treated EAP mice. (N) Immunohistochemical staining of FoxP3 (marker of Treg) on prostate sections in untreated and propionate-treated EAP mice. The black arrows indicate the IL-17/FoxP3-positive cells in the two groups. Data are from one experiment representative of three independent experiments. Data are representative of three independent experiments. n = 5–6/group; *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant; EAP, experimental autoimmune prostatitis; HE, hematoxylin–eosin, PA, propionic acid; IL-17, interleukin-17; RORγt, retinoic acid−related orphan receptor γt; GM-CSF, granulocyte-macrophage colony stimulating factor; IFNγ, interferon gamma; TGF-β, transforming growth factor-β; IL-10, interleukin-10; FoxP3, forkhead box P3; Treg, regulatory T cell.





Propionic Acid Regulates Th17/Treg Cell Differentiation In Vitro

We further assess the impacts of propionic acid on EAP by performing in vitro experiments. Propionic acid was administered to isolate CD4+ naive T cells that were under Th17/Treg differentiation conditions (Figures 6A, D). As expected, propionic acid could suppress more CD4+ naive T cells to differentiate into Th17 cells (Figures 6B, C, p < 0.05), while it was also associated with a promotion for the differentiation into Treg cells (Figures 6E, F, p < 0.05). These data demonstrated that propionic acid helped to regulate Th17/Treg balance in vitro, further strengthening the immune-modulatory role of propionic acid in EAP.




Figure 6 | Propionic acid regulates Th17/Treg cell differentiation in vitro. (A) Sorted naive CD4+ T cells were activated for 5 days under Th17 cell differentiation conditions with or without propionic acid and subjected to flow cytometry analysis for IL-17a. (B) Representative pictures of flow cytometric staining for CD4+IL-17+ cells from the vehicle group (without propionic acid treatment) and the PA group (incubated with propionic acid). (C) Flow cytometric analysis of the CD4+IL-17+ cells’ proportion. (D) Sorted naive CD4+ T cells were activated for 5 days under Treg cell differentiation conditions with or without propionic acid and subjected to flow cytometric analysis for FoxP3. (E) Representative pictures of flow cytometric staining of CD4+CD25+FoxP3+ cells from the vehicle group and the PA group. (F) Flow cytometric analysis of the CD4+CD25+FoxP3+ cell proportion. Data are representative of three independent experiments. n = 5/group; *p < 0.05; PA, propionic acid; IL-17, interleukin-17; FoxP3, forkhead box P3; Treg, regulatory T cell.





Propionic Acid Regulates Th17/Treg Cell Differentiation by Modulation of the GPR43–HDAC6 Axis

It has been exquisitely reported that SCFA propionate could regulate immune cell differentiation through G-protein-coupled receptors (GPRs) and histone deacetylases (HDACs) (30). To explore whether propionic acid regulated Th17 and Treg cell differentiation in a GPR-dependent manner, we detected the expressions of GPR43, one of the GPRs that play an important role in the immunity and metabolism, and intracellular signaling HDAC6 (31). First, the expressions of GPR43 were increased by propionic acid stimulation under Th17 and Treg cell conditions but suppressed by using LV-shGPR43 (Figure 7A). We also observed that when isolated CD4+ T cells were treated with propionic acid and incubated under Th17/Treg differentiation conditions, the expression level of HDAC6 was decreased. However, after LV-shGPR43 infection, it was increased significantly (Figure 7B, p < 0.05). Additionally, the suppression of GPR43 contributed to a sharp increase in Th17 cell differentiation (Figures 7C, D, p < 0.05) and an obvious reduction in Treg cell differentiation (Figures 7E, F, p < 0.05), which reversed the effects of propionic acid on Th17/Treg differentiation. In subsequent animal experiments, we also used LV-mediated RNA interference to knock down GPR43 in EAP mice (suppression of GPR43 was confirmed in Supplementary Figures 5A, B). The immunohistochemical detection of prostate tissue exhibited a reduction of GPR43-positive cells and an increment of the expression levels of HDAC6 in EAP mice treated with LV-sh GPR43 (Figures 7G, H). Knocking down GPR43 eventually led to an imbalance of Th17/Treg in these mice (Figures 7I–L, p < 0.05). On the basis of the above data, we proposed that SCFA propionate may regulate Th17/Treg cell differentiation by the GPR43–HDAC6 axis.




Figure 7 | Propionic acid regulates Th17/Treg cell differentiation by modulation of the GPR43–HDAC6 axis. (A) Immunoblot analysis of GPR43 expression levels in CD4+ T cell under Th17/Treg differentiation conditions that were assigned to four groups: vehicle group (without treatment), PA group (incubated with propionic acid), PA+sh Control group (incubated with propionic acid and LV-sh Control), and PA+sh GPR43 group (incubated with propionic acid and LV-sh GPR43). (B) The relative mRNA expressions of HDAC6 in the four groups as detected by RT-qPCR assay. (C) Representative pictures of flow cytometric staining for CD4+IL-17+ cells in the PA+sh Control group and the PA+sh GPR43 group. (D) Flow cytometric analysis of the proportion of CD4+IL-17+ cells in the PA+sh Control group and the PA+sh GPR43 group. (E) Representative pictures of flow cytometric staining for CD4+CD25+FoxP3+ cells in the PA+sh Control group and the PA+sh GPR43 group. (F) Flow cytometric analysis of the proportion of CD4+CD25+FoxP3+ cells in the PA+sh Control group and the PA+sh GPR43 group. (G) Immunohistochemical analysis of GPR43 expression in prostate of EAP mice treated with LV-sh Control or LV-sh GPR43. Results indicate a decrease in GPR43 expression in prostatitic inflammatory cells of EAP mice treated with LV-sh GPR43. The black arrows indicate the GPR43-positive inflammatory cells in the two groups. (H) Immunohistochemical analysis of HDAC6 expression in prostate of EAP mice treated with LV-sh Control or LV-sh GPR43. Results indicate an increase in HDAC6 expression in prostatitic inflammatory cells of EAP mice treated with LV-sh GPR43. The black arrows indicate the HDAC6-positive inflammatory cells in the two groups. (I) Representative pictures of flow cytometric staining for CD4+IL-17+ cells in EAP mice treated with LV-sh Control or LV-sh GPR43. (J) Flow cytometric analysis of the proportion of CD4+IL-17+ cells in in EAP mice treated with LV-sh Control or LV-sh GPR43. (K) Representative pictures of flow cytometric staining for CD4+CD25+FoxP3+ cells in the splenic lymphocytes from EAP mice treated with LV-sh Control or LV-sh GPR43. (L) Flow cytometric analysis of the proportion of CD4+CD25+FoxP3+ cells in EAP mice treated with LV-sh Control or LV-sh GPR43. Data are representative of three independent experiments. n = 3–5/group; *p < 0.05; **p < 0.01; EAP, experimental autoimmune prostatitis; SCFA, short-chain fatty acid; NS, not significant; PA, propionic acid; GPR43, G-protein-coupled receptor 43; HDAC6, histone deacetylase 6; LV, lentivirus; IL-17, interleukin-17; FoxP3, forkhead box P3; Treg, regulatory T cell.





Fecal Transplantation From EAP Induces the Decrease of Treg Cell Frequency in Recipient

To further determine whether modifications of the gut microbiota were responsible for imbalance of Th17/Treg in EAP, we took advantage of feces transplantation experiments by gavaging feces suspensions from control or EAP mice into antibiotic-treated pseudo-germ-free recipient mice (Figure 8A). As shown in Figures 8B–E, the proportion of Treg cells in fecal transplantation from the EAP mice was markedly decreased compared to fecal transplantation from the control mice (p < 0.05), although no statistical differences existed in the proportion of Th17 cells between the two groups (p > 0.05). Thus, the oral transfer of intestinal microbes from EAP donors into healthy recipients induced their decrease of Treg cell frequency.




Figure 8 | Fecal transplantation from EAP mice induces the decrease of Treg cell frequency in recipient mice. (A) Sketch of the fecal transplantation process. After 1 week of acclimation, mice were treated with antibiotics for 2 weeks. Subsequently, mice received 2 weeks of fecal transplantation from control and EAP mice. All mice were sacrificed on day 28, and samples were collected. (B) Representative pictures of flow cytometric staining for CD4+IL-17+ cells in the splenic lymphocytes of mice that respectively received fecal microbiota transplantation from control and EAP mice. (C) Flow cytometric analysis of the proportion of CD4+IL-17+ cells in recipient mice that respectively received fecal microbiota transplantation from control and EAP mice. (D) Representative pictures of flow cytometric staining for CD4+CD25+FoxP3+ cells in the splenic lymphocytes of mice that respectively received fecal microbiota transplantation from control and EAP mice. (E) Flow cytometric analysis of the proportion of CD4+CD25+FoxP3+ cells in recipient mice that respectively received fecal microbiota transplantation from control and EAP mice. Data are representative of three independent experiments. n = 4–5/group; *p < 0.05; NS, not significant; EAP, experimental autoimmune prostatitis; FMT, fecal microbiota transplantation; IL-17, interleukin-17; FoxP3, forkhead box P3; Treg, regulatory T cell.






Discussion

CP/CPPS remains one of the leading diseases endangering men’s health, especially for young men. Whereas more is understood regarding the participation of Th17/Treg cells in CP/CPPS, the regulatory mechanism of Th17/Treg cell differentiation remains underexplored. Recent breakthroughs in our understanding of the important role of the gut microflora in immune cells have novel implications for investigating the pathogenesis of CP/CPPS (32). In this research, we showed changes in the diversity and relative abundance of gut microflora in response to EAP resulting in extensive alterations in the host metabolites, and also observed that the fatty acid-related pathway was enriched in the EAP group. Further probing revealed that EAP mice have obviously decreased contents of SCFA propionate in both feces and serum, and propionic acid supplementation attenuated EAP severity and restored its Th17/Treg balance, which was possibly linked to the GPR43 activation and HDAC6 inhibition. Our research broadens the horizons of the correlation between gut microflora and extra-intestinal organs or immune cells and provided new lines of evidence for the previously proposed concept of the “gut–prostate” axis (33).

It has been now becoming widely accepted that the large amounts of commensal gut bacteria not only are restricted to regulate the intestinal mucosal immunity and maintain the intestinal homeostasis, but also exert systemic effects on immune cells in extra-intestinal organs or tissues (34). The generative mechanism for these influences on distal anatomical sites, however, needs continued research. In the prostate, several studies have shown that gut dysbiosis can induce a chronic inflammatory state and disturb systemic hormonal production, which may be the potential causes of prostate cancer (35, 36). Nonetheless, few studies have explored the mechanistic basis of the occurrence of prostatitis in response to gut dysbiosis. Shoskes et al. (16) first found that patients with CPPS have markedly less gut microbiome diversity in clusters that is different from controls. Then, Liu et al. (33) took a big step forward by suggesting an epigenetic mechanism for chronic nonbacterial prostatitis that is correlated with gut microbiota, immunity, and metabolism using multi-omics analysis. Since Th17 and Treg cells are the key immune cells that may regulate the development of CP/CPPS under the condition of when Th17 cells are activated and Treg cells are inhibited (37), it is necessary to demonstrate the gut dysbiosis and Th17/Treg cell immune imbalance in EAP and uncover whether there was an objective arrived-at connection between them. Here, we first investigated the immune state of Th17 and Treg cells after EAP induction and demonstrated the imbalance of Th17/Treg in periphery immune organ spleen of EAP mice. Interestingly in our previous study, after the start of the EAP model, the proportion of Treg cells increased on day 42 in comparison with the control group (38). In this study, by contrast, the proportion of Treg cells of EAP mice decreased significantly on day 24. We reasoned that EAP mice may have different immune states at different stages of modeling. The proportion of Treg cells in the EAP model might change from a decrease to an increase with the passage of time, which was helpful to the reduction of inflammation. This is also consistent with the clinical observation that a small number of patients with CP/CPPS recover without any treatment after a period of time. Also, what we investigated then was the parameters of gut microflora and its metabolites in EAP mice by fecal 16s rRNA and cecal metabolomics sequencing. Our results implied that changes in the constitution of gut microflora resulted in profound alterations in host metabolite abundance. Previous studies have reported that the abundance of Lactobacillus was negatively correlated with Treg cells and IL-10 level in spleen, while the abundance of Bacteroides was positively related to them (39). In another study, researchers also found that a branch of Bacteroides could produce propionic acid and increase Treg cell numbers while decreasing Th17 cell numbers (19). Consistent with these studies, the abundance of Bacteroides and Lactobacillus was also altered in this study and may be the key genera that were associated with SCFA propionate metabolism and immune regulation. Altogether, our findings provide a promising blueprint of the correlation between gut microflora dysbiosis and immune inflammation of prostate through the communication of Th17/Treg cell differentiation imbalance.

The gut microbiota regulates the host immunity mainly by its metabolism, such as trimethylamine oxide, bile acid, and amino acids. Among these gut-microbiota-derived metabolites, SCFAs have emerged as important microbial metabolites participating in the modulation of immune inflammation and metabolism by interactions with both gut microbiome and host receptors (18). Recent literature has demonstrated that SCFAs are an effective class of immune-modulatory mediators with the capacity to regulate Th17 and Treg cell differentiation in gut and periphery (40, 41). To date, only a few studies have reported on the beneficial influences of SCFAs in the CP/CPPS mouse model. Here, based on our microbiome analysis findings of the decrease of several SCFA-producing bacteria and the prediction that SCFAs may be involved, we focused on the detection of the content of SCFAs and observed that the contents of propionic acid were markedly decreased in EAP mice, whereas other types of SCFAs, such as acetic acid and butyric acid, did not change. Importantly, the absolute concentration of propionic acid in serum was also decreased in EAP mice. It was therefore inferred that decreases in abundance of SCFA-producing bacteria may trigger decreases in SCFA propionate level and further exert effects on prostate.

Next, we further evaluated the effects of propionic acid on EAP by performing in vivo and in vitro experiments. Our work determined that SCFA propionate alleviated prostatic inflammation and pelvic pain of EAP mice. Hence, incorporating the SCFA propionate into the diet may be a promising method for treating CP/CPPS. More significantly, we noted that propionic acid supplement regulated host immune responses by diminishing the percentage of Th17 cells and restoring Treg cell proportion in EAP. The immune-regulatory effects of propionic acid were also verified in an in vitro study. Recent advances have identified that SCFAs can bind to GPRs, such as GPR41 and GPR43, on immune cells and further cause epigenetic alterations in the genome by changing the activity of both histone acetylase and HDAC enzymes (42, 43). Another study also reported that SCFAs, especially propionic acid, were important signaling molecules acting as GPR activators and HDAC inhibitors (44). In agreement with these studies, we found that the level of GPR43 was obviously upregulated, whereas the expression of HDAC6 mRNA was apparently downregulated in the group of SCFA propionate supplementation, which suggested that microbiota-derived propionic acid inhibited HDAC6 possibly through activating GPR43 and finally regulated Treg and Th17 cells in EAP. Furthermore, knocking down GPR43 can reverse this result and drive up rates of Th17/Treg. Hereby, the mechanisms on how propionic acid regulated the host Th17/Treg cell differentiation in EAP are probably attributed to the modulation of the GPR43–HDAC6 axis.

Nowadays, fecal transplantation has been an effective method for exploring the relationship between specific diseases and gut microflora and is a promising treatment option for several autoimmune diseases. Our data demonstrated that fecal transplantation from EAP mice resulted in a decrease in the Treg cell frequency of recipient mice. It is notable, however, that the fecal microbiota transplants from EAP mice were not sufficient to induce Th17 cell immunoreactivity in healthy recipients, suggesting an intricate relationship between gut microbiota and Th17/Treg differentiation of EAP. Previous research has indicated that loss of gut barrier integrity might be a causal factor on inducing a certain T-cell activation and autoimmune disease (45). Considering that there is no loss of gut barrier integrity in recipient mice, modifications of the gut microbiota by fecal transplantation may not fully lead to develop immune imbalance in EAP. Another possible explanation for our data may be that the fecal transplantation results in incomplete colonization of the recipient with all donor bacterial species. In addition, unlike direct SCFA administration, the effect of fecal transplantation on recipient mice is difficult to judge due to the complexity of mouse fecal composition, which warrants further research.

There are several limitations to the present study. First, although the immune state of Th17/Treg in EAP was investigated mainly by using the most generally used immune organ, spleen, it remains to further determine whether other immune organs or tissues, such as draining lymph nodes, have immune changes similar to spleen. Second, when detecting the expressions of HDAC6 in Th17 and Treg cell differentiation conditions, we did not sort Th17 cells from Treg cells to determine the HDAC6 levels in particular to each cell type.

In conclusion, our research supported preliminary evidence that the immune imbalance of Th17/Treg in EAP is mediated systemically by SCFA propionate derived from the gut microbiota. This study also provided a new perspective for improving immunological disturbance in CP/CPPS patients by supplementation of microbial end-products during dietary interventions.
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Supplementary Figure 1 | The relative mRNA expressions of transcription factor T-bet and GATA3 in the splenic lymphocytes from control and EAP mice. (A) The relative mRNA expression of transcription factor T-bet in the splenic lymphocytes from control and EAP mice. (B) The relative mRNA expression of transcription factor GATA3 in the splenic lymphocytes from control and EAP mice. Data are the representative of three independent experiments. n=3/group; *, P<0.05; NS, not significant; EAP, experimental autoimmune prostatitis; T-bet, T-box expressed in T cells; GATA3, GATA binding protein 3.

Supplementary Figure 2 | Comparison of gut microbiome between control and EAP mice. (A) A Venn diagram of OTUs in EAP and control mice. (B) α-diversity indices (observed_species, and PD_whole_tree) of bacterial 16S rRNA gene of fecal samples from control and EAP mice. (C) Relative abundance of gut microflora at class, order, family, and species levels from control and EAP mice. n=10/group; **, P<0.01; EAP, experimental autoimmune prostatitis; OTUs, operational taxonomic units.

Supplementary Figure 3 | PICRUSt analysis revealed that the metabolic pathways of butanoate metabolism and propanoate metabolism (highlighted in red boxes) might be relevant to EAP. n=10/group; EAP, experimental autoimmune prostatitis; PICRUSt, phylogenetic investigation of communities by reconstruction of unobserved states.

Supplementary Figure 4 | Detection of the absolute concentrations of SCFAs, including pentanoic acid, isobutyric acid, and isovaleric acid, in control and EAP mice (A) The absolute concentrations of SCFAs, including pentanoic acid, isobutyric acid, and isovaleric acid, in feces from control and EAP mice. (B) The absolute concentrations of pentanoic acid, isobutyric acid, and isovaleric acid in serum from control and EAP mice. Data are the representative of three independent experiments. n=6-10/group; NS, not significant; EAP, experimental autoimmune prostatitis; SCFAs, short-chain fatty acids.

Supplementary Figure 5 | Analysis of the GPR43 protein expression levels and the relative mRNA expressions of HDAC6 in different groups. (A) Immunoblot analysis of GPR43 expression levels in Treg cells that were isolated from mice of four groups: EAP group, EAP+PA group, EAP+PA+sh Control group, and EAP+PA+sh GPR43 group. (B) The relative mRNA expressions of HDAC6 in Treg cells that were isolated from mice of the four groups. n=3/group; *, P<0.05; NS, not significant; EAP, experimental autoimmune prostatitis; PA, propionic acid; GPR43, G-protein coupled receptors 43; HDAC6, histone deacetylase 6; Treg, regulatory T cell.
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Commensal bacteria and the immune system have a close and strong relationship that maintains a balance to control inflammation. Alterations of the microbiota, known as dysbiosis, can direct reactivity to self-antigens not only in the intestinal mucosa but also at the systemic level. Our laboratory previously reported gut dysbiosis, particularly lower abundance of bacteria in the family Lactobacillaceae, in lupus-prone MRL/lpr mice, a model of systemic autoimmunity. Restoring the microbiota with a mix of 5 different Lactobacillus species (spp.), L. reuteri, L. oris, L. johnsonii, L. gasseri and L. rhamnosus, attenuated lupus-liked clinical signs, including splenomegaly and lymphadenopathy. However, our understanding of the mechanism was limited. In this study, we first investigated the effects of individual species. Surprisingly, none of the species individually recapitulated the benefits of the mix. Instead, Lactobacillus spp. acted synergistically to attenuate splenomegaly and renal lymphadenopathy through secreted factors and a CX3CR1-dependent mechanism. Interestingly, oral administration of MRS broth exerted the same benefits likely through increasing the relative abundance of endogenous Lactobacillus spp. Mechanistically, we found increased percentages of FOXP3-negative type 1 regulatory T cells with administration of the mix in both spleen and mesenteric lymph nodes. In addition, oral gavage of Lactobacillus spp. decreased the percentage of central memory T cells while increasing that of effector memory T cells in the lymphoid organs. Furthermore, a decreased percentage of double negative T cells was observed in the spleen with the mix. These results suggest that Lactobacillus spp. might act on T cells to attenuate splenomegaly and lymphadenopathy. Together, this study advances our understanding of how Lactobacillus spp. attenuate lupus in MRL/lpr mice. The synergistic action of these bacteria suggests that multiple probiotic bacteria in combination may dampen systemic autoimmunity and benefit lupus patients.
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Introduction

Recently generated evidence suggested that gut microbiota and the immune system interact to maintain tissue homeostasis (1–5), but it is unclear how disturbances in this interaction contribute to the pathogenesis of systemic lupus erythematosus (SLE). Our research team was the first to describe changes of gut microbiota in lupus-prone compared to control mice. Specifically, MRL/lpr lupus-prone mice have a decrease in Lactobacillaceae and an increase of Lachnospiraceae species (6), and administration of a mixture of 5 strains of Lactobacillus spp. into lupus-prone MRL/lpr mice via oral gavage corrected the gut microbiota and attenuated the disease (7). Our studies, along with two recent studies using additional models of murine lupus (8, 9), have established that gut microbiota is causative rather than the result of the disease. In SLE patients, one cross-sectional study showed that a greater Bacteroidetes to Firmicutes ratio was present in the fecal microbiota of SLE patients (10), whereas another cross-sectional study showed a strong association between SLE disease activity and expansion of Ruminococcus gnavus in the gut microbiota (11). Moreover, the fecal microbiota of SLE patients induced more Th17 differentiation than the control microbiota from healthy individuals (12). Furthermore, human studies and investigations of different mouse models have identified a couple of SLE-driving pathobionts such as Enterococcus gallinarum (13). It has been suggested that translocation of pathobionts due to a leaky gut leads to systemic inflammation. This is supported by evidence that the gut in mice and people with SLE is leaky (7, 11, 13–15) and evidence of bacterial translocation into extraintestinal tissues (13). Notably, Lactobacillus spp. are capable of reversing the leaky gut, thus attenuating lupus (7). However, it remains unclear how the mixture of 5 strains of Lactobacillus spp. modulated the interaction between gut microbiota and the immune system to affect disease. Specifically, whether individual Lactobacillus species could recapitulate the benefits of the mix had not been investigated.

In this study, we started with investigating the effects of individual Lactobacillus spp. in female MRL/lpr mice. Surprisingly, none of them was able to reproduce the benefits; instead, all 5 species acted in synergy to attenuate lupus-like disease. In addition, while the gut microbiota changes mostly did not correlate with the disease outcome, the relative abundance of two genera, Clostridium and Oscillibacter, at earlier time points was negatively correlated with lymphadenopathy. Mechanistically, we found that the mixed Lactobacillus spp. attenuated splenomegaly and lymphadenopathy through secreted factors and a CX3CR1-dependent manner. Finally, we characterized alterations of immune cell populations in lymphoid organs demonstrating that the mixed Lactobacillus treatment might act on multiple T cell subsets to attenuate lupus in MRL/lpr mice. These results suggest synergistic actions of multiple Lactobacillus spp. that may benefit SLE patients as a combination therapy.



Material and Methods


Ethics Statement

We followed the recommendations in the Guide for the Care and Use of Laboratory Animals of the NIH. The protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Virginia Tech College of Veterinary Medicine. All experiments with animals followed the guidelines provided by the IACUC protocol #18-060 and #21-003, including performing euthanasia with CO2.



Mice

MRL/lpr (MRL/Mp-Faslpr/lpr, stock number 00485) mice were purchased from The Jackson Laboratory (JAX). MRL/lpr-Cx3cr1gfp/gfp mice were generated in-house as previously described (16). Mice were bred and maintained in a specific pathogen‐free facility under the requirements of IACUC at Virginia Polytechnic Institute and State University. All Lactobacillus strains, L. reuteri (CF48-3A), L. oris (F0423), L. johnsonii (135-1-CHN), L. gasseri (JV-V03) and L. rhamnosus (LMS201), were obtained from BEI Resources. All 5 strains were freshly and separately cultured every week, then inoculated to mice as a mix or individually, twice a week at 109 total CFU, from 3 weeks of age until dissection. The inoculation volume increased with age, with 100µL at 3 weeks of age, 150µL at 4 weeks of age, and 200µL for the remaining weeks. The combined culture supernatant was obtained after spinning down the bacteria and transferring the supernatant to a new tube in sterile conditions, then filtered through a 0.22µm syringe filter and stored at -80°C. The supernatant from109 total CFU of bacteria was orally gavaged at 200µL at a frequency of twice a week. The same volume and frequency were used for MRS broth oral gavage. All mice were continuously monitored every week for body weight and level of proteinuria, and euthanized at 15 weeks of age. Once mouse dissection was performed, body and organ weights were recorded.



Analysis of proteinuria, endotoxin, and antibodies

Proteinuria was determined with a Pierce Coomassie Protein Assay Kit (Thermo Scientific). Blood endotoxin was measured by using a Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific). Anti-dsDNA IgG was measured as previously described (17). Serum total IgG concentration was determined with mouse IgG ELISA kit (Bethyl Laboratories).



16S rRNA sequencing analysis

Fecal samples were collected weekly directly from the anus for each mouse. Samples were stored at -80°C till being processed at the same time. Samples were homogenized, cell lysed, and DNA extracted as previously described (6, 7, 18–21). PCR were performed and purified amplicons were sequenced bidirectionally (V4 region) on an Illumina MiSeq at Argonne National Laboratory. Data analysis was performed as described previously (6, 22).



Flow cytometry

Spleen and mesenteric lymph node (MLN) were collected and mashed in 70-µm cell strainers with C10 media (RPMI-1640 containing L-glutamine, 10% fetal bovine serum, 100 U/ml penicillin-streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, 1% 100X MEM non-essential amino acids, 55 µM 2-mercaptoethanol, all from Life Technologies). For splenocytes, red blood cells were lysed with RBC lysis buffer (eBioscience). For FACS staining, cells were blocked by anti-mouse CD16/32 (eBioscience), stained with fluorochrome-conjugated antibodies, and analyzed with BD FACSAria Fusion flow cytometer (BD Biosciences). Anti-mouse antibodies used in this study include: CD3-FITC and B220-FITC (eBioscience), CD4-PerCP/Cy5.5, CD8-PE/Dazzle, PD-1-APC/Cy7, CXCR5-BV605, CD25-BV421, FOXP3-PE, CD44-APC, CD62L-APC/Cy7, CD138-PerCP/Cy5.5, CD19-BV421, CD273-PE/Dazzle, CD38-PE/Cy7 and GL7-APC (Biolegend). For intracellular staining, Foxp3/Transcription Factor Staining Kit was used to fix the cells (Biolegend). For intracellular staining of IL-10 producing cells, splenocytes or MLN cells were pre-stimulated for 4 hours with 500X Cell Stimulation Cocktail (Invitrogen) plus protein transport inhibitor (eBioscience) containing phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin A and monensin; then stained with CD19-AF700, CD138-BV711, Foxp3-AF647 and IL-10-PE. FlowJo was used to analyze data.



Kidney histopathology

Kidneys were fixed in formalin right after isolation. Fixed tissues were paraffin-embedded, sectioned, and stained for Periodic Acid-Schiff (PAS) at the Histopathology Laboratory at Virginia Tech College of Veterinary Medicine. Kidney histopathology score were graded by a board-certified pathologist in a blindly fashion using the following categories: glomerular lesions (cellularity, mesangial matrix, necrosis, percentage of sclerotic glomeruli, and presence of crescents, tubulointerstitial lesions and vasculitis inflammation (23).



Analysis of tight junction transcripts

Isolated intestinal epithelial cells (IECs) were obtained as described previously (7). Reverse transcription and quantitative PCR were performed as we reported (24). Relative quantities were calculated using 18S and GAPDH as the housekeeping genes. Primer sequences for mouse Cldn1, Cldn2, ZO1 are available upon request.



Statistical analyses

For the comparison of two groups, unpaired student’s t-test was used. For the comparison of three or more groups, one-way ANOVA was used. Two-way ANOVA was used to reveal time- and group-dependent effects. Results were considered statistically significant when p<0.05. All analyses were performed with the GraphPad Prism software.




Results


Five Lactobacillus species act synergistically to attenuate splenomegaly and lymphadenopathy

Previously, we reported alterations of the gut microbiota in MRL/lpr mice that exhibited a state of dysbiosis characterized by lower abundance of the Lactobacillaceae bacterial family (6). This dysbiosis disrupted the balance between commensal bacteria and the immune system leading to a permanent state of inflammation. We next reported that restoring the microbiota with a mix of 5 different Lactobacillus species (spp.), L. reuteri, L. oris, L. johnsonii, L. gasseri and L. rhamnosus, attenuated lupus-liked clinical signs, including splenomegaly and lymphadenopathy (7). However, the underlying mechanisms were not clear. In this study, we first investigated the effects of individual species. As we showed L. reuteri together with an uncultured Lactobacillus dominated the gut microbiota of Lactobacillus-treated MRL/lpr mice (7), we hypothesized that L. reuteri would be the best candidate to reproduce the same beneficial effects.

Female MRL/lpr female mice were orally gavaged, twice a week at 109 CFU/mouse, freshly cultured Lactobacillus spp. either individually or as a mix from 3 weeks of age (pre-disease) till 15 weeks of age (late disease). Upon euthanasia, the weight of different organs including spleen, mesenteric lymph node (MLN), and renal lymph node (RLN) was measured, and the organ-to-body weight ratios were calculated. There were no differences except for the mix, which significantly reduced the combined weight of all 3 lymphoid organs compared to the PBS control (Figure 1AM), suggesting that only the mix was beneficial against splenomegaly and lymphadenopathy. When looking at the lymphoid organs individually, we observed similar results with significantly smaller organs for the mix (Figures 1B–D). Each strain individually did not have enough impact to exert a beneficial effect; instead, the 5 species worked synergistically to attenuate splenomegaly and lymphadenopathy.




Figure 1 | Five Lactobacillus species act synergistically to attenuate splenomegaly and lymphadenopathy. Female MRL/lpr mice were treated with indicated Lactobacillus spp. at 109 total CFU/mouse twice a week from 3 weeks to 15 weeks of age. PBS, phosphate buffered saline control. Mixed, the mix of all 5 species. LR, LO, LJ, LG and LGG represent L. reuteri, oris, johnsonii, gasseri and rhamnosus, respectively. (A) Combined organ weight-to-body weight ratio. SP, spleen; MLN, mesenteric lymph node; RLN, renal lymph node. (B) SP-to-body weight ratio. (C) MLN-to-body weight ratio. (D) RLN-to-body weight ratio. (E) Accumulated proteinuria level from 9 weeks to 14 weeks of age. (F) Serum level of anti-dsDNA IgG at 15 weeks of age. IU, international units. (G) Serum level of anti-dsDNA IgG-to-total IgG weight ratio at 15 weeks of age. n ≥ 7 mice per group. Statistical significance (*p<0.05, **p<0.01) is shown based on one-way ANOVA. Nearly significant differences between PBS and Mixed are shown as #p<0.1.



We previously reported that lupus nephritis was linked to gut microbiota dysbiosis (7). We thus tested the levels of proteinuria, but no differences were found except for L. johnsonii, which significantly exacerbated glomerulonephritis over the PBS control (Figure 1E). Notably, the MRL/lpr mice in our in-house colony, similar to those housed at The Jackson Laboratory, have lost the kidney disease phenotype (25), leading to low levels of proteinuria throughout the experiment. As expected, kidney histopathological analysis revealed no difference in glomerular and tubulointerstitial lesions as well as leukocyte infiltration (Supplementary Figure 1). However, the serum level of anti-dsDNA IgG, a typical pathogenic autoantibody in lupus, as well as the anti-dsDNA IgG to total IgG ratio in the blood, were moderately decreased by the mix, although L. johnsonii and L. gasseri individually had similar effects (Figures 1F, G).

These results indicate that none of the species individually recapitulated the benefits of the mix. Instead, these Lactobacillus spp. acted synergistically to attenuate splenomegaly and lymphadenopathy.



Gut microbiota during early disease is associated with the decrease of gut-draining lymph node size

To study the associations between changes of disease phenotype and the composition of gut microbiota, we analyzed the fecal samples collected from mice treated with each Lactobacillus individually or in combination by using 16S rRNA sequencing. Looking at the observed operational taxonomic units (OTUs), we found that the gut microbiota from mice treated with the mix was significantly less diverse than that treated with the PBS control (
Figure 2A), likely due to the enrichment of Lactobacillus spp. In addition, we performed principal coordinate analysis and found the gut microbiotas from PBS, L. reuteri and L. oris treated groups were clustered together, whereas the gut microbiotas from the mix, L. johnsonii, L. gasseri and L. rhamnosus treated groups were clustered together (Figure 2B). Analysis at the order level confirmed these observations (Figure 2C). The order of Lactobacillales, in particular, followed this pattern with the L. rhamnosus treated group harboring significantly more Lactobacillales than the L. oris group (Figure 2D). These results did not correlate with the observed disease phenotype, where only the mix was beneficial. However, it was evident that the relative abundance of genera Clostridium and Oscillibacter at earlier time points of 5 and 7 weeks of age was negatively correlated with the size of MLNs at 15 weeks of age (Figure 2E; Supplementary Table 1). No correlation was observed between the size of endpoint MLNs and the relative abundance of these genera at 13 weeks of age (Supplementary Figure 2A), suggesting that the changes of gut microbiota may precede the change of disease.




Figure 2 | Gut microbiota at early stage is associated with the decrease of gut-draining lymph node size. Fecal microbiota samples were collected at 3, 5, 7, 9, 11 and 13 weeks of age (n = 5 mice per group) and subjected to 16S rRNA sequencing. (A) Observed OTUs (p<0.001). (B) Principal coordinate analysis of fecal microbiota composition. (C) Time-dependent changes of fecal microbiota at the order level. (D) The relative abundance of the order Lactobacillales. Statistical significance (*p<0.05) is shown based on one-way ANOVA. (E) Correlation analysis of the relative abundance of the genera Clostridium and Oscillibacter at 5 and 7 weeks of age against the MLN-to-body weight ratio at 15 weeks of age.





Lactobacillus spp. attenuate splenomegaly and renal lymphadenopathy through secreted factors and a CX3CR1-dependent mechanism

After uncovering that only the mix exerted beneficial effects, we further investigated whether it was the bacteria themselves or their secretion that improved the disease outcome. We thus treated female MRL/lpr mice with the combined culture supernatant of all 5 Lactobacillus spp. using the optimal culture medium of Lactobacillus, MRS broth, as the negative control. Interestingly, MRS broth transiently but significantly expanded endogenous Lactobacillales when mice were 11 weeks of age, whereas the gut microbiota following supernatant treatment was similar to that of the PBS control (Figures 3A, B), even though the bacterial diversity of the gut microbiota was significantly lower upon treatment with the culture supernatant (Supplementary Figure 2B). Nonetheless, the culture supernatant was effective in reducing splenomegaly and renal lymphadenopathy, although no differences were observed for the size of MLN, proteinuria and anti-dsDNA IgG to total IgG ratio (Figures 3C-G). The latter was consistent with no differences in the endotoxin level (Supplementary Figure 2C) and tight junction gene expression (Supplementary Figure 2D). The MRS broth, presumably through enriching endogenous Lactobacillus spp., exerted similar benefits on splenomegaly and renal lymphadenopathy (Figures 3C, E).




Figure 3 | Lactobacillus spp. attenuate splenomegaly and renal lymphadenopathy through secreted factors and a CX3CR1-dependent mechanism. Female MRL/lpr mice were orally gavaged with PBS, the combined culture supernatant of the 5 Lactobacillus spp. (Mixed SN), or MRS broth (Broth) twice a week at 200 μL/mouse from 3 weeks to 15 weeks of age. In some experiments, female MRL/lpr-Cx3cr1gfp/gfp mice were treated with MRS broth (Broth KO) following the same protocol. (A) Time-dependent changes of fecal microbiota (n = 5 mice per group). (B) The relative abundance of the order Lactobacillales at 5, 11 and 13 weeks of age. (C) SP-to-body weight ratio. (D) MLN-to-body weight ratio. (E) RLN-to-body weight ratio. (F) Accumulated level of proteinuria from 9 to 14 weeks of age. (G) Anti-dsDNA-to-total IgG ratio. n ≥ 7 mice per group. Statistical significance (*p<0.05, **p<0.01) is shown based on one-way ANOVA.




Furthermore, we were interested in CX3CR1, a receptor that helps to present commensal bacterial antigens to the proximal lymph nodes, limiting the immune response against beneficial bacteria while removing harmful bacteria (26). We previously generated MRL/lpr-Cx3cr1gfp/gfp mice where GFP replaced the coding region of the Cx3cr1 gene leading to global knockout of CX3CR1 (16). By gavaging these mice with the MRS broth, we found that the benefits of the broth were eliminated in the knockout mice (Figures 3C, E), suggesting a CX3CR1-dependent mechanism by which Lactobacillus spp. improve splenomegaly and renal lymphadenopathy.

Together, these results suggest that Lactobacillus spp. attenuate splenomegaly and renal lymphadenopathy through secreted factors and a CX3CR1-dependent mechanism.



Lactobacillus spp. control inflammation through regulating splenic and MLN immune cell populations

After observing the beneficial effects of mixed Lactobacillus spp., their culture supernatant, and MRS Broth, we sought to understand the immunological mechanism by which these treatments inhibited inflammation towards to a more balanced environment leading to decreased lymphoid organ sizes. We first analyzed the germinal center (GC) reaction in the spleen and MLN. Gating on CD4+PD−1+CXCR5+ follicular T helper (Tfh) cells (Supplementary Figure 3A) and CD19+GL7+CD38−/low GC-B cells (Supplementary Figure 3B), we found mostly no difference in these populations (Supplementary Figures 3C, D), although the mixed Lactobacillus spp. significantly induced more GC-B cells over the PBS control in the MLN (Supplementary Figure 3D). We also gated on the recently identified CD273+ regulatory B (Breg) cells (27–29) (Supplementary Figure 3E), and the mixed Lactobacillus spp. was able to significantly induce more of these Breg cells in the MLN (Supplementary Figure 3F). It is possible that the antibody-producing GC-B cells and immunosuppressive Breg cells counter their respective effects; therefore, overall, we did not observe significant alterations of spleen or MLN GC reaction by the treatment groups.

Next, we analyzed several populations of IL-10 producing immunoregulatory cells. These included CD4+Foxp3−IL-10+ type 1 regulatory T (Tr1) cells (Figure 4A), CD4+Foxp3+IL-10+ regulatory T (Treg) cells, CD19+IL-10+ Breg cells, and CD138+IL-10+ plasma cell (PC)-derived Breg cells (Supplementary Figure 4A). We found consistent upregulation of Tr1 cells in the spleen and MLN with the mixed Lactobacillus treatment (Figures 4A–E). This observation aligns well with our published results on Tr1 cells as IL-10 producers in MRL/lpr mice (7). Interestingly, the combined culture supernatant of all 5 Lactobacillus spp. was also able to significantly increase the percentage of Tr1 cells in the MLN (Figure 4E). In addition, we observed decreased percentages of FOXP3+IL-10+ Treg cells and CD138+ PC-Breg cells in the MLN with both the mixed 
Lactobacillus and MRS broth treatments (Supplementary Figure 4B). These results suggest that Tr1 cells may be responsible for the immunoregulatory effects of the mixed Lactobacillus treatment. Notably, while CD4+Foxp3+IL-10+ Treg cells were reduced in the MLN (Supplementary Figure 4B), CD25+FOXP3+ Treg cells were significantly increased in the MLN with the mixed Lactobacillus treatment (Supplementary Figure 4C), suggesting that Treg cells may produce cytokines other than IL-10, such as TGFβ, to suppress inflammation.




Figure 4 | Lactobacillus spp. control inflammation through regulating splenic and MLN immune cell populations. (A–D) Flow cytometry analysis of splenocytes. (E–H) Flow cytometry analysis of MLN cells. (A–E) Frequency of IL-10-expressing type 1 regulatory T (Tr1) cells. Plots were pre-gated on CD4+ T cells. (B, F) Frequencies of central memory (CM) and effector memory (EM) T cells as well as naïve T cells within CD4+ T cells. Plots were pre-gated on CD4+ T cells. (C–G) Frequencies of CM and EM T cells as well as naïve T cells within CD8+ T cells. Plots were pre-gated on CD8+ T cells. (D–H) Frequency of double-negative T (DNT) cells. Plots were pre-gated on T cells. Statistical significance (*p<0.05, **p<0.01) is shown based on one-way ANOVA. Nearly significant differences are shown as #p<0.1.



Moreover, oral gavage of Lactobacillus spp. decreased the percentage of central memory T (TCM) cells while increasing that of effector memory T (TEM) cells in both CD4+ and CD8+ compartments in the spleen (Figures 4B, C) and MLN (Figures 4F, G). Since TCM cells are known to sustain persistent inflammation (30), the conversion of them into short-lived TEM cells may be beneficial. Notably, the MRS broth exerted similar benefits within the CD8+ compartment in the spleen (Figure 4C), whereas the combined culture supernatant regulated TCM and TEM cells in a similar fashion as mixed Lactobacillus spp. in the MLN (Figures 4F, G). Naïve T cells, on the other hand, were suppressed by mixed Lactobacillus spp. or MRS broth in the spleen (Figures 4B–C). These results suggest that Lactobacillus spp. may target memory T cells to suppress inflammation in MRL/lpr mice.

Furthermore, the mixed Lactobacillus treatment significantly downregulated the percentage of double-negative T (DNT) cells in the spleen (Figure 4D), which play a proinflammatory role by secreting IL-17 that aggravates the autoimmune environment, particularly in lupus patients (31–34). The percentage of DNT cells in the MLN, on the other hand, did not change (Figure 4H).

Together, these results suggest that Lactobacillus spp. might act on T cells to attenuate splenomegaly and lymphadenopathy.




Discussion

In this study, we showed that restoring the microbiota with a mix of 5 different Lactobacillus spp., L. reuteri, L. oris, L. johnsonii, L. gasseri and L. rhamnosus, was able ameliorate lupus-like clinical signs, reducing splenomegaly and lymphadenopathy. However, none of the strains individually could replicate the same positive effects that the mix Lactobacillus spp. showed, suggesting a potential cooperation among the species that helps to multiply each individual strength. In addition, the combined culture supernatant of Lactobacillus spp. attenuated splenomegaly and renal lymphadenopathy suggesting that the bacteria benefit by releasing certain secreted factors. Interestingly, oral administration of MRS broth exerted the same benefits probably by creating a favorable environment that increased the relative abundance of endogenous Lactobacilliales. Moreover, Cx3cr1 deficiency in MRL/lpr mice abrogated the benefits showing a comparable level of disease as the control group, suggesting that the MRS broth, and thus the endogenous Lactobacillus spp., may exert protective effects through a CX3CR1-dependent mechanism. The mechanistic pathway of the mix of Lactobacillus spp. increasing the percentages of FOXP3-negative Tr1 cells in both spleen and MLN suggests a possible probiotic-mediated control of inflammation that may happen in both MRL/lpr mice and lupus patients. Furthermore, oral gavage of Lactobacillus spp. increased the relative abundance of TEM cells in the lymphoid organs while decreasing TCM cells. Finally, a lower percentage of DN T cells, which plays a detrimental role in SLE, was observed in the spleen, suggesting an additional protective mechanism provided by the mix of Lactobacillus spp.

Our novelty resides in the fact that individual Lactobacillus strains could not replicate the effects of the mix. This result was surprising to us and was not reported previously. In addition, while we did report the effect of the mixed Lactobacillus spp. on Tr1 cells, the new information we are presenting is the effects of the mixed culture supernatant and MRS broth. The mixed Lactobacillus group was used as the positive control. We advance the previous findings by explaining how Lactobacillus spp. could potentially exert the beneficial effects. Here we show data suggesting that they do so through secreted factors produced by the administered probiotics. We also show similar benefits due to MRS broth-mediated enrichment of local Lactobacillus spp. found in the gut microbiota.

MRL/lpr mice have been extensively used as a murine model of lupus. These mice spontaneously develop autoimmune disease resembling SLE patients due to multiple SLE susceptibility loci present in the MRL background as well as a spontaneous mutation in the Fas gene (35). Fas is a type I membrane protein of the tumor necrosis factor receptor (TNFR) superfamily that is expressed on activated lymphocytes and in the thymus which induces lymphocyte apoptosis upon ligation by the Fas ligand. The Fas defect triggers the survival of self-reactive lymphocytes common in autoimmunity (36). Therefore, the Fas mutation accelerates the disease in MRL mice leading lymphoproliferation with progressive organ failures. Many features of the MRL/lpr mouse, including autoantibodies, glomerulonephritis, and infiltrates of proinflammatory B and T cells in peripheral tissues such as the kidney, resemble clinical symptoms in SLE patients. In addition, like human SLE, the MRL/lpr mouse develops progressive nonmalignant lymphoproliferation that contributes to an early mortality (37).

We recently published a study where disease manifestations in MRL/lpr mice can differ among animal facilities, suggesting a role for environment factors (25). Notably, the gene loci responsible for splenomegaly and lymphadenopathy, which are chromosomes 4, 5 and 7, are not the same as that for glomerulonephritis, which is chromosome 10. We found that comparing our in-house mice with those obtained from The Jackson Laboratory, there were differences in lymphoproliferation (splenomegaly and lymphadenopathy), but the loss of kidney disease (glomerulonephritis) was a shared phenomenon. Due to this significant phenotypic drift, we decided to focus on the splenomegaly and lymphadenopathy in the current study.

To further investigate the mechanism by which the gut microbiota modulates lupus disease progression, we characterized the gut microbiota and established correlations between gut bacteria and disease phenotype. Although less diversity traditionally means unhealthier gut microbiota (38), in the context of autoimmune disease, Lactobacillus spp. induces a positive change in the ecosystem, supporting microbiota stability through their metabolic activities, interacting with the host to provide a low inflammatory state or to revert a proinflammatory state, and resisting the colonization from pathogens. In contrast, higher microbiota diversity in this setting seems to be associated with disease or dysfunction, leading to competition instead of cooperation, which undermines the stability of the microbial community. Lactobacillus spp., on the other hand, corrects this. Notably, the introduction of probiotics such as Lactobacillus spp. can be a starting point to redirect the gut microbiota towards to a better and healthier profile. It has been reported that major interventions in gut microbiota can temporarily reduce diversity, as the process of enriching certain bacteria could lead to a change in composition and, through competitive interactions, reduce diversity (39).

Interestingly, the relative abundance of genera Clostridium and Oscillibacter was negatively correlated to the size of MLN. Clostridium is a genus with butyrate-producing gram-positive bacteria (40). Known to exert beneficial effects for intestinal homeostasis, Clostridium spp. can have an important role in attenuating inflammation due to their cellular components and metabolites, likely through energizing intestinal epithelial cells, stimulating intestinal barrier health, and educating the immune system. Moreover, a member of the Oscillibacter genus, O. valericigenes, is a valerate- and butyrate-producing anaerobic gram-negative non-sporulating bacterium (41). O. valericigenes has been found in the human gut microbiota. In particular, O. valericigenes was found more abundant in healthy individuals compared to patients diagnosed with Crohn’s disease (42). An important short-chain fatty acid (SCFA), butyrate has been shown to successfully prevent inflammation through Treg induction (43) and down-regulating the expression of pro-inflammatory cytokines (44). Therefore, it is conceivable, while yet to be elucidated, that the negative correlation between mesenteric lymphadenopathy and the genera Clostridium and Oscillibacter may be due to the ability of the bacteria to produce the anti-inflammatory butyrate. It is likely that the presence or products of Lactobacillus spp. facilitated the proliferation and/or survival of these two genera, even though we do not know the mechanisms at this time. It is known, however, that Lactobacillus spp. are SCFA producers and can be butyrate-producing bacteria that alleviate intestinal permeability and maintain barrier function. Butyrate can not only inhibit pathogenic bacteria but also stimulate the growth of beneficial bacteria (45), a notion that could be associated with the enhancement of the relative abundance of Oscillibacter and Clostridium.

The secreted factors in the culture supernatant, potentially bacterial metabolites, showed the same benefits as the mixed Lactobacilli themselves. Bacterial metabolites are important particularly for food digestion and metabolic pathways of dietary carbohydrates, protein, fat and vitamins (46). SCFAs such as acetate, propionate and butyrate are bacterial metabolites generated from the fermentation of dietary fiber by the gut microbiota. They play immune modulatory roles and are involved in the maintenance of colonic mucosal health by stimulating the mucous layer, producing antimicrobial peptides, and serving as anti-inflammatory agents due to their regulatory effects on gene expression (47). Besides SCFAs, Lactobacillus spp. are known for their production of antimicrobial compounds, including biosurfactants, lactic acid, hydrogen peroxide, bacteriocins and bacteriocin-like peptides that could inhibit pathogen growth (48). It is likely that the metabolites of Lactobacillus spp., such as indole molecules, bind to the aryl hydrocarbon receptor (AhR) of T cells leading to Tr1 differentiation (49–52). Further research is necessary to identify specific secreted factors that recapitulate the benefits of Lactobacillus spp. on lupus.

CX3CR1 is important for maintaining intestinal homeostasis and controlling pathogen challenges (26, 53). CX3CR1, or the fractalkine receptor, in conjunction with its ligand CX3CL1, mediates the translocation of the antigen-presenting cells from the blood to the gut, MLN, kidney and brain. The role of CX3CR1-expressing cells in the intestinal epithelium is to capture bacteria and antigens present in the gut lumen and to transport them to the MLN, where T cells are activated (54). Interestingly, however, Cx3cr1-deficient mice display markedly increased translocation of commensal bacteria into the MLN leading to gut inflammation (55), suggesting that CX3CR1-expressing cells also have a regulatory function and promote homeostasis between commensal bacteria and immune system. Our study supports the important role of CX3CR1 as an antigen carrier and an immune regulator, where the lack of the receptor abrogates the protective effects of Lactobacillus spp. enriched by the MRS broth leading to aggravated lupus.

Type 1 regulatory T (Tr1) can prevent and downregulate undesired immune responses to pathogenic and non-pathogenic antigens (such as autoantigens) and are associated with long-term tolerance. Tr1 cells produce IL-10 as well as TGF-β, but they can also produce variable amounts of other cytokines depending on the microenvironment and disease context (56). Notably, the ability to produce IL-10 does not equal to suppressor activity (57); however, IL-10-producing Tr1 cells do have suppressor functions that are independent from FOXP3 (58). Our results suggest that Lactobacillus treatment can promote an anti-inflammatory environment in the gut of lupus-prone mice through increasing the frequency of Tr1 cells. TCM and TEM cells are antigen-specific memory T cells to viruses or other microbial molecules and their primary function is to trigger an immune response upon reintroduction of relevant pathogen into the body (59). TCM cells can sometimes react to novel antigens, potentially caused by intrinsic diversity and breadth of the T cell receptor (60). These memory T cells could cross-react to environmental or resident antigens in our body (such as commensal bacteria in the gut) and proliferate. The cross-reactivity mechanism may be important to help maintain the TCM population at mucosal surfaces. However, through the same mechanism, TCM cells can sustain autoimmune response by proliferating in the secondary lymphoid organs and producing a persistent inflammatory state (61). TEM cells, in comparison, present an immediate, but not sustained, defense at the pathogen’s sites of entry. Lactobacillus treatment promotes a TEM response while suppressing TCM cells, thereby present an immediate response with subsequent resolution instead of prolonging the autoimmune response. Notably, the frequencies of TCM cells decreased in the spleen and MLN that decreased their weights. This suggests that decreases of TCM cells may be more critical changes induced by Lactobacillus spp. than relatively increased frequencies of Tr1 cells, as the latter increased while the organ weight decreased, leading to no change in actual cell numbers. DNT cells are characteristically elevated in several autoimmune diseases including SLE, and expanded DNT cells in inflamed tissues contribute to disease pathogenesis (34). DNT cells can produce inflammatory cytokines IL-17 and IFN-γ, which contribute to the pathogenesis of kidney damage in patients with SLE (62). Therefore, the suppression of DNT cells may be another reason that lupus-like clinical signs are improved by Lactobacillus treatment. Altogether, our results suggest the probiotic bacteria may target T cells to control the autoimmune response in MRL/lpr mice.

In conclusion, this study advances our understanding of the mechanisms of how changes of the gut microbiota regulate SLE-associated immune responses in mice. Future studies will determine if these results can be replicated in human SLE patients. The ultimate goal is to uncover novel, gut microbiota-related pathogenic pathways of SLE that enable the identification of new therapeutic targets, for which the modification of gut microbiota—through diet modulation and/or probiotic supplementation—can be a cost-effective approach to complement the current SLE treatment strategies.
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Although studies have identified the presence of gut-associated cells in the enthesis of joints affected by spondylarthritis (SpA), a direct link through cellular transit between the gut and joint has yet to be formally demonstrated. Using KikGR transgenic mice to label in situ and track cellular trafficking from the distal colon to the joint under inflammatory conditions of both the gut and joint, we demonstrate bona-fide gut-joint trafficking of T cells from the colon epithelium, also called intraepithelial lymphocytes (IELs), to distal sites including joint enthesis, the pathogenic site of SpA. Similar to patients with SpA, colon IELs from the TNFΔARE/+ mouse model of inflammatory bowel disease and SpA display heightened TNF production upon stimulation. Using ex vivo stimulation of photo-labeled gut-joint trafficked T cells from the popliteal lymph nodes of KikGR and KikGR TNFΔARE/+ we saw that the CD4+ photo-labeled population was highly enriched for IL-17 competence in healthy as well as arthritic mice, however in the TNFΔARE/+ mice these cells were additionally enriched for TNF. Using transfer of magnetically isolated IELs from TNF+/+ and TNFΔARE/+ donors into Rag1-/- hosts, we confirmed that IELs can exacerbate inflammatory processes in the joint. Finally, we blocked IEL recruitment to the colon epithelium using broad spectrum antibiotics in TNFΔARE/+ mice. Antibiotic-treated mice had reduced gut-joint IEL migration, contained fewer Il-17A and TNF competent CD4+ T cells, and lessened joint pathology compared to untreated littermate controls. Together these results demonstrate that pro-inflammatory colon-derived IELs can exacerbate inflammatory responses in the joint through systemic trafficking, and that interference with this process through gut-targeted approaches has therapeutic potential in SpA.
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Introduction

Spondyloarthritis (SpA) is a family of chronic inflammatory arthritides primarily targeting the joint entheses, the site of tendon or ligament insertion into bone. Enthesial inflammation can cause pain, joint damage, and loss of mobility in affected sites, leading to significant loss of quality of life (1, 2). While in recent years there have been significant advances in the treatment of SpA, headlined by biologic treatments aimed at the blockade of tumor necrosis factor (TNF) and interleukin (IL)-17 (3); however these treatments are efficacious in only ~60% of patients (4). In those patients for whom therapy is effective, ~30% of patients discontinue treatment after 12 months due to cost and treatment-associated adverse reactions (2). Therefore, additional treatment strategies are needed to reduce the burden of this disease.

Immunologically, SpA is believed to be largely caused by local overproduction of Il-17 and TNF (5). In the joint, IL-17 and TNF synergize to potentiate the production of bone-erosion promoting factors such as receptor activator of nuclear factor κβ ligand (RANKL) (5, 6), ultimately leading to joint pathology. In the human enthesis, a series of studies demonstrated that both CD4+ and CD8+ T cells isolated from the spinous process enthesis of individuals undergoing spine surgery could be stimulated to produce both IL-17A and TNF (7) into the culture supernatant, suggesting that pro-inflammatory T cell infiltrate is a critical component of disease pathology. Conversely, in bulk RNA sequencing of enthesial CD4+ and CD8+ T cells, gene expression of the T cells was consistent with a tissue repair pattern, including higher vascular endothelial growth factor (VEGF), transforming growth factor (TGF)-β, and IL-10 expression compared to their circulating counterparts (5). Thus, it appears that two types of T cell populations may exist in the enthesis: those that secrete IL-17A and/or TNF and those that are regulatory. Therefore, while the importance of T cell driven immunopathology in SpA is well supported, the mechanisms by which these cells are generated and arrive in the joint remain largely uncharacterized.

One potential clue to the pathogenesis of SpA lies in the clear clinical connection between SpA and inflammatory bowel diseases (IBD) such as Crohn’s disease and ulcerative colitis (8). As many as 10% of individuals with axial SpA (axSpA) are diagnosed with co-morbid IBD, and up to 50% of individuals with axSpA will present with sub-clinical bowel inflammation that is detectable by biopsy but is not sufficient for a diagnosis of IBD (8). This observation has led to the generation for the gut-joint hypothesis in axSpA (9–11), which proposes that inflammatory disease begins and is driven by host-microbe interactions in the gut and then spreads to distal sites, ultimately presenting as inflammatory back pain. Multiple studies have reported increases in circulating and synovial populations of Th17 polarized T cells, ILC3s, mucosa-associated invariant T cells (MAITs), and TCRγδ+ T cells (12–15), all of which are generally thought to be generated and/or activated through microbiome-mediated mechanisms at the mucosa and are capable of production of TNF and IL-17 (16), the primary mediators of disease in axSpA (3).

Work in the HLA-B27 transgenic rat model of SpA supports the idea of a gut-joint connection, as differential disease penetrance in distinct rat strains has been linked to the microbiota. Indeed, HLA-B27 itself has been shown to alter the human microbiome (17), and individuals with axSpA have distinct perturbations in their own microbial communities that have been linked to production of pro-inflammatory cytokines (18). In the SKG model, which is driven by impaired zeta-chain-associated protein kinase (ZAP)-70 function (19), the microbiome has been shown to be critical for the development of arthritic disease (20). Together these findings indicate that the gut may be an important driver of arthritis, with the microbiome perhaps accounting for some of the missing environmental risk factors for the development of SpA.

Although a substantial body of evidence supports the gut-joint hypothesis in SpA, limitations on what can be learned from observational studies in humans mean that the potential mechanisms by which such a connection might be mediated have remained largely unexamined. In our own previous work, we observed an inverse correlation between the absolute lymphocyte count in the blood and the number of intraepithelial lymphocytes (IELs, T cells within the intestinal epithelium) in colon biopsy tissue from patients with axSpA (18). This inverse relationship could be explained by the physical migration of IELs into circulation, which is in line with prior findings of increased gut-associated cell types in circulation in SpA (12, 21). We therefore hypothesized that colon IELs engage in systemic trafficking and are involved in immune responses in the joint.

To explore this hypothesis two murine models were needed, one in which systemic trafficking could be observed, and a SpA model in which the key feature of IELs in human axSpA, overproduction of TNF (18), was maintained. Previously, systemic trafficking of specific cell types to and from tissues including the gut has been shown using photoactivatable transgenic Kaede and Kikume green-red (KikGR) mice (22–24). KikGR+ mice express a photoconvertable fluorescent protein under a CMV enhancer/chicken beta-actin promoter (25). Upon exposure to 405 nm light, the KikGR protein undergoes an irreversible conformation change, which alters its fluorescent properties, and can be detected by flow cytometry and fluorescent microscopy. Using a similar transgenic approach, gut T cell trafficking to the eye could be measured in a murine model of experimental autoimmune uveitis (24).

To model IBD and SpA, we chose the TNFΔARE/+ transgenic murine model given the success of TNF targeting treatments in in these diseases and our observation of increased TNF production by stimulated IELs in SpA and IBD (18). The TNFΔARE/+ model of IBD and SpA is driven by a 69bp deletion in the 3’ AU-rich untranslated region of TNF mRNA, resulting in increased stability of the TNF mRNA and increased TNF protein expression in cells in which the mRNA is present (26). Similar to other models of SpA, such as the SKG and B27 transgenic rat, the TNFΔARE/+ shows a dependence on the microbiota, as germ-free animals display no meaningful disease in the gut (27, 28), although arthritic disease was not assessed in these mice. CD4+ T cells are also known to be critical in the TNFΔARE/+ model, as CD4+ T cells isolated from the MLN are sufficient to drive disease after transfer to Rag1-/- mice (29). By crossing the KikGR and TNFΔARE/+ transgenic models we explored the trafficking dynamics of colon IELs and assessed their potential contribution to arthritic disease.

Here we demonstrate gut-joint trafficking of colon IELs. Using the KikGR transgenic mouse model we are able to photo-label colon IELs in situ in the descending colon of live mice and track subsequent migration by flow cytometry. We further observe that migratory colon IELs in the peripheral joints are highly cytokine competent and are capable of exacerbating inflammatory responses in the joint. Finally, we show that treatment with broad spectrum antibiotics reduces the number and pro-inflammatory potential of peripheral IELs, and results in a significant reduction in joint disease in the TNFΔARE/+ model. These results provide an example of gut-joint trafficking and show a means by which immunity at multiple sites may be mediated in SpA.



Materials and methods


Mice

Recovered cryopreserved KikGR mice (Tg(CAG-KikGR)33Hadj/J, strain #013753, Jackson Laboratory), TNFΔARE/+ mice (B6.129S-Tnf tm2Gkl/Jarn strain, gift from Sean Colgan), and Rag1-/- (B6.129S7-Rag1tm1Mom/J, strain #002216, Jackson Laboratory) were maintained as colonies at the University of Colorado Anschutz Medical Campus in specific pathogen-free housing conditions. All experimental manipulations were approved under the Institutional Animal Care and Use Committee. In all experiments age and sex matched littermate controls were used, allowing 2-1 ratios in cases where there was an odd number of animals in a litter.

Photoconversion of the distal colon was performed under anesthesia using inhaled isoflurane induced and maintained at 1- 3% using an anesthesia machine, and confirmed by the absence of withdrawal to toe pinch and skeletal muscle tone. A 7 French (2.3 mm) rigid colonoscope (Storz) was introduced into the rectum to a depth of 25mm, up to but not past the splenic flexure with direct visualization via attached camera. 405 nm light was shone through the scope using a 100 mW handheld laser pointer. Laser light was applied in 15 second pulses and retracted 5 mm until removed from the colon. Anesthesia was withdrawn and mice monitored until recovered.

Blockade of lymphocyte trafficking was established with the sphingosine-1-phosphate inhibitor FTY720 (Cayman) injected intraperitoneally at a dose of 1 mg/kg in phosphate-buffered saline (PBS). As a control, mice were injected with 10% dimethyl sulfoxide in PBS (Gibco). Mice were administered 4 doses, first at the time of photoconversion and subsequently every 24 hours until time of harvest three days following photoconversion.

To induce local inflammation in the hind ankle, complete Freund’s adjuvant (CFA) was injected into the hind hock according to the method of Kamala et al. (30). Briefly, mice were kept under anesthesia as above. 20ul of an emulsion of 1:1 CFA and sterile PBS was injected into the hind hock, just inside of the Achilles tendon. A sham injection was performed on the contralateral joint by simply inserting 25 gauge needle in the site. Anesthesia was withdrawn and the mice monitored for recovery.

IEL transfer from TNFΔARE/+ mice and TNF+/+ littermate controls, harvested as described below, were transferred into Rag1-/- mice by tail vein injection of 100 μl volume of 5 x 105 lELs in PBS, or PBS alone or Rag1-/- controls, using a 25-gauge needle. Blood was collected by submandibular bleed two times a week for the quantification of circulating T cells.

Antibiotic treatment was administered ad libitum in the drinking water from 4 -16 weeks of age. The antibiotic cocktail contained 1 mg/ml each ampicillin (Research Products International, RPI) and neomycin (RPI), and 0.5 mg/ml each metronidazole (RPI) and vancomycin (Alfa Aesar). To encourage consumption 20 mg/ml sugar-sweetened grape-flavored Kool-Aid (Kraft) was added. Control mice were treated with Kool-Aid, but no antibiotics, added to their drinking water.

Quantification of the gene for 16S ribosomal RNA was carried out using the QIAamp PowerFecal Pro DNA Kit (Qiagen). The 16S rRNA gene was amplified using CYBRFast master mix (Tonbo) with 5’-cccgatggtataatcagac-3’ forward and 5’-cacaactgacttaactgtcc-3’ reverse primers on an ABI 7500 real-time PCR system.



Flow cytometry

Flow cytometry was performed on a five laser Cytek Aurora, with some control experiments performed using a five laser BD LSR-20 Fortessa. Post-harvest tissue samples were handled in black walled conical tubes (Corning) to prevent incidental light from causing non-specific photoconversion of the KikGR protein. Achilles enthesis were harvested and incubated for 20 minutes at 37C in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum (FBS) (Sigma), 2.5 μl/ml beta-mercaptoethanol (Gibco), 0.05 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 0.54 mg/ml type 4 collagenase (Worthington). About 8mm of the Achilles tendon starting from the enthesis was removed. The tendon was cut free and any attachments to the gastrocnemius scraped away with forceps. About 1-2 mm of plantaris enthesis proximal to the ankle was also included. Enthesial tissue was taken from both hind paws in this manner. Tissues were then passed through a 70 μm cell strainer (VWR) and stained. Lymph nodes were homogenized with the plunger of a syringed and passed through a 70 μm cell strainer and stained. Colon tissue was harvested and flushed with PBS (Gibco) before being finely minced and placed in a 50 ml conical tube (Falcon) with 10 ml of PBS supplemented with 1 mM ethylenediaminetetraacetic acid (EDTA) and 7.5 mM HEPES. Tissue was shaken at max speed in a tabletop vortex for 10 minutes to disassociate the epithelial fraction. The epithelial fraction was passed through a 70um cell strainer and proceeded to staining. Intact tissue as taken from the strainer and re-minced until no visible pieces of tissue remained. Tissue was incubated with shaking in at 37C in 2ml RPMI 1640 (Gibco) supplemented with 10% FBS (Sigma), 2.5 μl/ml beta-mercaptoethanol (Gibco), 0.05 M HEPES and 0.54 mg/ml type 4 collagenase (Worthington). Cells were washed to remove collagenase and passed through a 70um cell strainer (VWR) before proceeding to staining. Staining took place for 30 minutes at 4C in PBS supplemented with 10% FBS (Sigma) with the indicated antibodies at 1 part in 100. Cells were then washed in PBS, pelleted at 500g for ten minutes and fixed for 20 minutes using the FoxP3/Transcription Factor Staining Buffer Kit (Tonbo). If intracellular staining was performed, cells were additionally stained for 30 minutes at 4C with the indicated antibody and washed in PBS and pelleted before use. Antibodies, clones, fluorophore, and sources are listed in Supplementary Table 1. Data was analyzed using FlowJo (v10) and statistical analysis performed in GraphPad Prism v9.3.0.



IEL isolation and reconstitution

Colon tissue was harvested and flushed with PBS (Gibco) before being finely minced and placed in a 50 ml conical tube (Falcon) with 10 ml of PBS supplemented with 1 mM EDTA and 7.5 mM HEPES. Tissue was shaken at max speed in a tabletop vortex for 10 minutes to disassociate the epithelial fraction. The epithelial fraction was passed through a 70um cell strainer (VWR) before proceeding to magnetic enrichment. IELs were purified using a Easysep negative selection magnetic enrichment kit (STEMCELL), supplemented with 1ul/sample biotin conjugated anti-EPCAM (clone G8.8). Isolated cells were introduced to Rag1-/- hosts by tail vein injection. Homeostatic T cell proliferation in recipient animals was monitored weekly by cheek bleed and flow cytometry until circulating CD3+ lymphocyte levels were stable (10 weeks).



Ex vivo cell stimulation

Popliteal lymph nodes were harvested and enriched for T cells using the EasySep magnetic negative selection kit (STEMCELL). Cell suspensions were placed in RPMI 1640 completed with 10% FBS (Sigma) and stimulated with anti-CD3/CD28 conjugated Dynabeads (Gibco) in the presence of protein transport inhibitor cocktail (eBioscience). Cells were stimulated for 4 hours before harvest and intracellular cytokine staining.



Histology

Colon and ileal tissue was harvested and pined flat before fixation for 24 hours with 4% paraformaldehyde. Fixed tissue was rolled prior to paraffin embedding, and 5 μm sections stained with hematoxylin and eosin. Ankle and knee tissue was decalcified using treatment with formic acid for 7 days. Tissues were washed with 70% ethanol before being blocked in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin. Scoring of all histology was performed blinded to the experimental condition. Colon and ileal pathology were determined through direct measurements taken from in-frame regions of taken from the whole length of the colon and the whole length of the ileum in Photoshop (Adobe). At minimum, 5 images were assessed from each mouse with at least 5 measurements taken per image. Ankles and knees were scored from 0-4 (0=none; 1=minimal; 2= mild; 3=moderate; 4=severe) on each of the following metrics, and results summed to generate a histopathology score: inflammatory infiltrate, synovio-enthesitis, cartilage loss, and bone destruction.




Results


Colon IELs engage in constitutive gut-joint trafficking

Previously, we demonstrated that IELs from patients with either axSpA or Crohn’s disease are enriched for TNF production compared to controls (18). We confirmed that, similar to human axSpA, IELs isolated from TNFΔARE/+ mice have increased TNF production upon stimulation relative to those isolated from TNF+/+ littermate controls (Figure 1A). Next, because or prior work in human axSpA demonstrated an inverse correlation between the number of colon IELs and circulating lymphocytes (18), we tested the hypothesis that colon IELs engaged in systemic trafficking by crossing TNFΔARE/+ mice with the transgenic KikGR model. Utilizing timed exposures of the distal colon during colonoscopy of 15 seconds per 5 mm tissue, the epithelial fraction can be photo-labeled without significant exposure into the lamina propria as confirmed by both flow cytometry (Figure 1B) and histologically (Figure 1C). Using this model, we observed the presence of KikRed+ photo-labeled colon-derived IELs in the Achilles enthesis, the site of pathogenic inflammation in SpA (3), peaking 72 hours after photoconversion in arthritic TNFΔARE/+ mice as well as TNF+/+ littermate controls (Figure 1D; Supplementary Figure 1A). The majority of trafficked KikRed+ IELs in the enthesis were verified to be within tissue rather than the vasculature of the tissue, as injection with anti-CD3 APC just prior to euthanasia to identify intravascular T cells represented only ~20% of the KikRed+ TCRβ+ CD4+ cells (Supplementary Figure 1B). We also observed trafficking to other tissue sites, including the lung, liver, and skin, but was significantly reduced in magnitude and more commonly intravascular compared to what was observed in the joint (Supplementary Figure 1C).




Figure 1 | IELs engage in constitutive gut-joint trafficking. IELs were isolated from the colon epithelia of 8-10 week old male and female TNFΔARE/+ mice (n=5) and TNF+/+ littermate controls (N=5). (A) IELs were stimulated with PMA and Ionomycin overnight, the supernatant was assayed for TNF by ELISA and per cell TNF production calculated. Each symbol represents an individual mouse with bars as mean ± SEM. *P<0.05 by Student’s t-test. (B) KikGreen versus KikRed protein signal was compared by flow cytometry before and after photoconversion in the epithelium and lamina propria. (C) Representative immunofluorescence at 400X magnification is shown of colon tissue harvested from a KikGR+ mouse that had just undergone photoconversion and from an unconverted control. (D, E) 72 hours post photo-conversion the Achilles enthesis was harvested from TNFΔARE/+ (n=8) and TNF+/+ littermate controls (n=5) and assayed for the presence of photoconverted KikRed+ CD3+ TCRαβ+ T cells by flow cytometry. (D) Absolute number and (E) percentage is shown for each mouse (symbols) with mean ± SEM (bars). (F) 8-10 week old male and female KikGR+ mice received a photoconversion of the distal colon and daily i.p. injections of 1mg/kg FTY720 or 10% DMSO vehicle control. Absolute number of KikRed+ CD3+ TCRαβ+ T cells were measured by flow cytometry. (G, H) KikGR+ mice (n=10) received an injection of 20mg CFA in the hind hock and a injection of PBS in the contralateral hock simultaneously to having undergone photoconversion of the distal colon. 72 hours post injection, each Achilles enthesis was harvested and (G) total and (H) percentage of KikRed+ CD3+ TCRαβ+ T cells were enumerated by flow cytometry. Data are shown as individual mice across three separate experiments with bars as mean ± SEM. *P<0.05; **P<0.01 , and ns, non-significant as determined by Student’s t-test, and paired Student’s T test for (G, H).



Our work with colon IELs has highlighted an important difference from small intestinal IELs, in that those in the colon are αβ+ T cells that are equally distributed among CD4+, CD8+, and CD4-CD8- subsets (31). Therefore, we focused on TCRαβ+ T cells. While the total number of photo-labeled KikRed+ CD3+ TCRαβ+ T cells was significantly increased in the arthritic TNFΔARE/+ mice (Figure 1D), there was no difference in the percentage of photo-labeled cells between groups (Figure 1E), suggesting that trafficking IELs are a stable component of circulating T cell surveillance of tissues. We additionally confirmed that these cells were indeed engaged in systemic trafficking using the inhibitor of systemic T cell trafficking FTY720, which disrupts the sphingosine-1-phosphate (S1P)- sphingosine-1-phosphate receptor (S1Pr) signaling axis and results in sequestration of T cells in the lymph (32). FTY720 1 mg/kg was administered intraperitoneally to TNFΔARE/+ and TNF+/+ mice at the time of photoconversion and daily for 72 hours, after which the Achilles enthesis was harvested and analyzed for KikRed+ colon IEL trafficking. We observed a significant reduction in trafficked KikRed+ CD3+ TCRαβ+ T cells in the enthesis of the TNFΔARE/+ mice with a trend towards but not significant reduction in TNF+/+ mice, likely due to the small number of T cells observed in the enthesis at steady state (Figure 1F).

Given that the TNFΔARE/+ model is of chronic systemic inflammation driven by dysregulated TNF expression, we also evaluated gut-trafficked T cells in an acute model of joint inflammation. Hock-injection with complete Freund’s adjuvant (CFA) in KikGR mice produces rapid inflammation characterized by neutrophil infiltration, periosteal inflammation, synovitis and enthesitis (Supplementary Figure 2). We performed photoconversion of the colon at the time of hock injection, and again observed significantly increased gut-derived KikRed+ CD3+ TCRαβ+ T cells in the Achilles enthesis after 72 hours (Figure 1G). Similar to our findings in TNFΔARE/+ mice, the proportion of gut-joint trafficked T cells did not differ between the CFA-injected and PBS-injected Achilles entheses (Figure 1H). These results establish the direct trafficking of gut-derived migratory IELs in peripheral tissues including the joint enthesis and imply that they are a component of homeostatic immune surveillance.



Colon IELs maintain cytokine competence following systemic trafficking

In order to explore the potential role of colon-derived IELs that have trafficked to the joint, we examined cytokine production following ex vivo stimulation. Due to the small cell numbers in the Achilles enthesis, we examined the gut-trafficked KikRed+ T cells from the draining popliteal lymph node (PLN) as the most meaningful proxy for the lymphocytes that would have the capability the enter the enthesis. Initially, we observed an increase in CD44+ cells in the KikRed+ fraction (Figure 2A), indicative of antigen exposure (33). Seventy-two hours following photoconversions of the distal colon of both un-diseased TNF+/+ and arthritic 12-week-old TNFΔARE/+ mice, CD4+ T cells from the PLNs were harvested using magnetic negative selection and stimulated with bead-bound anti-CD3 and anti-CD28 for four hours in the presence of protein transport blockade. By flow cytometry, we compared cytokine production by CD4+ T cells in the unconverted KikGreen+ fraction versus the photo-converted, gut-derived KikRed+ fraction (representative gating shown in Supplementary Figure 3A). We observed a slight but non-significant increase in TNF-producing KikRed+ CD4+ T cells versus KikGreen+ CD4+ T cells from TNFΔARE/+ mice, with no difference between TNF-producing KikRed+ versus KikGreen+ CD4 T cells in TNF+/+ mice (Figure 2B). The TNF+ KikRed+ CD4+ T cells isolated from TNFΔARE/+ mice produced significantly more TNF compared to those cells from TNF+/+ mice as measured by mean fluorescence intensity (MFI) (Figure 2C), suggestive of increased TNF expression upon stimulation and paralleling the previous finding of increased TNF production by colon IELs (Figure 1A). Together these data indicate that the pro-inflammatory capacity of colon IELs in TNFΔARE/+ mice was maintained as these cells trafficked systemically.




Figure 2 | IELs maintain elevated cytokine competence following systemic trafficking. 8-10 week old male and female KikGR+ TNF+/+ (N=4) and KikGR+ TNFΔARE/+ mice (N=5) underwent photoconversion of the distal colon. Popliteal lymph nodes (PLNs) were harvested 72 hours later. T cells were purified by magnetic negative selection and stimulated with bead-bound anti-CD3 and anti-CD28 in the presence of protein transport inhibitor for 4 hours. (A) The percentage of CD44+ KikGreen+ TCRαβ+ CD4+ versus CD44+ KikRed+ TCRαβ+ CD4+ T cells was evaluated by flow cytometry in TNF+/+ mice. (B) The percentage of KikGreen+ versus KikRed+ TCRαβ+ CD4+ T cells that were positive for TNF was evaluated by flow cytometry in TNFΔARE/+ (Left) and TNF+/+ (Right) mice. (C) Mean fluorescence intensity (MFI, arbitrary units) of TNF was determined within the TNF+ TCRαβ+ CD4+ population. (D) The percentage of KikGreen+ versus KikRed+ TCRαβ+ CD4+ T cells that were positive for IL-17A was evaluated by flow cytometry in TNFΔARE/+ (Left) and TNF+/+ (Right) mice. (E) Mean fluorescence intensity (MFI, arbitrary units) of IL-17A was determined within the IL-17A+ TCRαβ+ CD4+ population. Data are shown as individual mice (symbols) across two separate experiments with bars as mean ± SEM. *P<0.05; **P<0.01; ***P<0.0001 as determined by Student’s T-test for (B, D) and, and paired Student’s T test for (A, C) ns, not significant.






Figure 3 | Injury induces influx of gut-derived regulatory T cells. 8-10 week old male and female KikGR+ (n=5) mice received an injection CFA in the hind hock and PBS in the contralateral hock simultaneously to having undergone photoconversion of the distal colon. 72 hours post injection each Achilles enthesis was harvested and (A) Foxp3+ TCRαβ+ CD4+ T cells, (B) CD69+ Foxp3+ TCRαβ+ CD4+ T cells and (C) CD69+ CD103+ TCRαβ+ CD4+ T cells were enumerated in the CFA-injected hock (left) and PBS-injected hock (right) by flow cytometry. (D-F) 8-10 week old male and female KikGR+ TNFΔARE/+ (n=6) and TNF+/+ littermate controls (n=9) received an injection of CFA in the hind hock and an injection of PBS in the contralateral hock simultaneously to having undergone photoconversion of the distal colon. 72 hours post injection each Achilles enthesis was harvested and (D) KikRed+ Foxp3+ TCRαβ+ CD4+ T cells and (E) KikRed+ TNF+ TCRαβ+ CD4+ T cells were enumerated by flow cytometry. (F) Mean fluorescence intensity (arbitrary units) of TNF was determined within the TNF+ TCRαβ+ CD4+ population. (G, H) 8-10 week old male and female TNFΔARE/+ (n=3) and TNF+/+ littermate controls (n=3) received an injection of CFA in the hind hock and an injection of PBS in the contralateral hock. After 72 hours each Achilles tendon was removed and RNA isolated. RT-qPCR was performed to determine the levels of (G) Tnf and (H) Il-17a transcript relative to β-actin. Data are shown as individual mice (symbols) with bars as mean ± SEM. Significance was determined by paired Student’s T test for (A–C) and unpaired Student’s T-test for (D–H). *,P<0.05 and **,P<0.01; ns, not significant.



Given the role of IL-17 in the pathophysiology of SpA (21) and prior descriptions of IL-17 producing cells in the synovium of individuals with SpA (34), we additionally evaluated for the production of this cytokine. IL-17 producing T cells were significantly enriched within the KikRed+ CD4+ T cells versus the KikGreen+ fraction of both TNFΔARE/+ and TNF+/+ mice (Figure 2D), with no significant difference in MFI between healthy and arthritic animals (Figure 2E). These data indicate that the high TNF production capacity of IELs in the TNFΔARE/+ is maintained following egress from the gut and trafficking to distal sites, and demonstrate a significant enrichment for IL-17 competence within the gut-joint migratory T cell subset in both healthy and diseased mice.



Injury also induces influx of gut-derived regulatory T cells

In the human enthesis, both CD4+ and CD8+ T cells could be stimulated to produce both IL-17A and TNF while bulk gene expression of the T cells was consistent with a tissue repair pattern including higher VEGF, TGF-β, and IL-10 expression compared to their circulating counterparts (7). Thus, it appears that two types of T cell populations may exist in the enthesis: those that secrete IL-17A and/or TNF and those that are regulatory. Therefore, we evaluated whether the gut-trafficked KikRed+ IELs in the joint had a regulatory subpopulation. First, we utilized our hock-injection model, simultaneously performing photoconversions of the distal colon injection of 20mg CFA into the hind hock as before. After 72 hours, we interrogated T cells in the PLNs by flow (representative gating shown in Supplementary Figure 3B). CD4+ FoxP3+ T cells were enriched within the KikRed+ but not KikGreen+ populations following CFA injection (Figure 3A), which was not mirrored in the PBS-injected side. The gut-derived KikRed+ CD4+ FoxP3+ regulatory T cells were also enriched for the activation marker CD69 in the PLNs from the CFA but not PBS-injected hocks (Figure 3B), and within that population also displayed increased CD103+ expression which could be indicative of alterations to trafficking (Figure 3C). CD69 enrichment was not mirrored in the general KikRed+ CD4+ T cell population (Supplementary Figure 4A), indicating that inflammatory injury results in specific activation of gut-derived regulatory T cells.

To investigate the hypothesis that joint pathology in TNFΔARE/+ mice may be at least partially due to a deficiency in the recruitment of gut-derived T regulatory cells, we repeated the simultaneous photoconversions and hock-injections as above in TNFΔARE/+ mice versus TNF+/+ littermate controls. We observed similar magnitudes of enrichment for KikRed+ CD4+ FoxP3+ regulatory T cells following injury in both TNFΔARE/+ and TNF+/+ mice (Figure 3D) as well as total CD4+ FoxP3+ regulatory T cells (Supplementary Figure 4B). Since we had observed a slight increase in TNF competent cells in the KikRed+ gut derived population in the PLNs of TNFΔARE/+ mice, we also checked if there was an enrichment of TNF competent cells following hock-injection. We observed similar numbers of TNF+ CD4+ T cells in the injured joint in TNFΔARE/+ and TNF+/+ mice (Figure 3E); however, similar to our findings at steady state, following injury we observed an increase in the MFI of TNF within TNF+ CD4+ T cells in TNFΔARE/+ mice (Figure 3F). We also observed both Tnf and Il17a mRNA in the Achilles enthesis of TNFΔARE/+ mice following induced injury, which were undetectable in the uninjured Achilles from TNFΔARE/+ or either CFA- or PBS-injected Achilles in TNF+/+ mice (Figures 3G, H). These findings indicate that following injury there is an influx of gut-derived regulatory cells into the joint, and that this process is present in both healthy and arthritic animals. However, in the arthritic TNFΔARE/+ mice, there is also increased local TNF and IL-17A production which may be an important factor that skews the response from pro-resolving to pro-inflammatory.




Figure 4 | IELs from TNFΔARE exacerbate induced joint inflammation. IELs from TNF+/+ and TNFΔARE/+ mice were harvested from the colon epithelium, purified by magnetic negative selection and transferred into Rag1-/- recipients by tail vein injection; PBS injection was used as a non-transfer control. Following 10 weeks of homeostatic proliferation, recipients of IELs derived from TNF+/+ mice (n=5), TNFΔARE/+ mice (n=5), and Rag1-/- PBS controls (n=6) received an injection of 20mg CFA in one hind hock and PBS in the other. Mice were euthanized 5 days following hock injections and ankles evaluated histologically. Ankles were scored from 0-4 (0=none; 1=minimal; 2= mild; 3=moderate; 4=severe) on each of the following metrics, and results summed to generate a histopathology score: synovio-enthesitis, cartilage loss, and bone destruction in the (A) PBS-injected hock and (B) CFA-injected hock. Data are shown as individual mice (symbols) with bars as mean ± SEM. P values shown were determined by Student’s T test; ns, not significant.





Colon IELs exacerbate inflammation in the joint

The confirmation of systemic trafficking and elevated cytokine production within the KikRed+ trafficked IELs in the PLNs led us to investigate if these cells could directly contribute to or induce pathology in the joint. Because colon IELs are a heterogeneous population composed of multiple T cell lineages and without specific ontogenetic markers, deletion of these cells by genetic manipulation is not possible. Therefore, we transferred 5 x 105 lELs, which were harvested and magnetically enriched from TNFΔARE/+ and TNF+/+ colons (Supplementary Figures 5A-C) into Rag1-/- mice, which lack an adaptive immune system (35), and allowed for homeostatic proliferation over 10 weeks. As an injection control Rag1-/- mice were given an equal volume of PBS and aged alongside the mice with IELs transferred. Eight weeks following IEL transfer, the right hock was injected with 20mg of CFA to induce local inflammation, testing the role of IELs in contributing to joint inflammation. The left hock was PBS-injected to determine if IEL transfer alone was sufficient to drive joint pathology. After 5 days, mice were euthanized and the hind ankles evaluated by a blinded observer for histopathology including inflammatory infiltrate, synovio-enthesitis, cartilage loss and bone destruction. In the PBS-injected ankles we observed no increase in pathology relative to the Rag1-/- controls given PBS injections (Figure 4A) indicating that IELs alone are not sufficient to drive joint pathology. Following CFA injection, we observed an increase in joint pathology in the mice that received colon IELs from TNF+/+ mice, and a more significant increase in those that received colon IELs from TNFΔARE/+ mice (Figure 4B; Supplementary Figures 5D-F). These results indicate that colon IELs are capable of exacerbating an inflammatory insult in the joint, with those predisposed towards a more inflammatory profile causing worse pathology, but alone are not sufficient to drive disease.



Antibiotics ameliorate arthritis as well as intestinal inflammation in TNFΔARE/+ mice

Given our results that gut-primed IELs in the joint are capable of inflammatory cytokine production and exacerbation of inflammatory responses in the joint, we wanted to determine if disease pathology in the joint could be altered with an intervention targeting the gut. Previous work has shown that treatment with broad spectrum antibiotics largely prevents co-localization of T cells and the colon epithelium (31). Furthermore, gut pathology in TNFΔARE/+ mice is dependent upon the presence of the microbiome as germ free derived TNFΔARE/+ mice do not develop ileitis (27, 28). Therefore, we queried if depletion of the microbiome with broad-spectrum antibiotics (Figure 5A), which would both block IEL recruitment and limit disease in the gut, would serve to ameliorate arthritis. TNFΔARE/+ mice were treated from 4 weeks of age, before the development of any pathology (26), until 16 weeks of age with antibiotics or vehicle in their drinking water. As expected, antibiotic treatment significantly reduced pathology in the colon and terminal ileum (Figures 5B-E). Additionally, antibiotic treatment compared to vehicle significantly reduced pathology in the knees and ankles (Figures 5F-H). These results demonstrate the importance of the microbiota in arthritis pathogenesis as well as intestinal disease and suggest potential for therapeutic interventions targeting the gut in SpA.




Figure 5 | Antibiotics ameliorate disease in TNFΔARE/+ mice. Male and female KikGR+ TNFΔARE/+ mice were given either broad spectrum antibiotics, consisting of ampicillin, neomycin, metronidazole, and vancomycin in 10% grape Kool-Aid (n=7) or Kool-Aid alone as vehicle (n=7) ad libitum in the drinking water from 4-16 weeks of age. (A) Depletion of bacteria was assessed by 16S rRNA gene qPCR. At 16 weeks mice were euthanized and the colon, terminal ileum, knees, and ankles were harvested and processed for histology. (B, C) Representative histology of the (B) colon and (C) ileum from a control and antibiotic (ABX) treated TNFΔARE/+ mouse is shown at 100X. Histology of the (D) colon and (E) ileum was evaluated for crypt height assessed in 5 fields viewed at 100X magnification. The mean length in microns for each individual mouse is represented as a symbol while the bars are the mean ± SEM for the group. (F) Representative histology of the knee from a control (left) and ABX treated (right) mouse is shown at 40X magnification. Histopathology of the (G) ankles and (H) knees were scored by a blinded reviewer from 0-4 (0=none; 1=minimal; 2= mild; 3=moderate; 4=severe) on each of the following metrics, and results summed to generate a histopathology score: inflammatory infiltrate, synovio-enthesitis, cartilage loss, and bone destruction. Data are shown as individual mice (symbols) with bars as mean ± SEM. *P<0.05; **P<0.01 as determined by Student’s T test.





Treating TNFΔARE/+ mice with antibiotics reduces gut-joint trafficking and cytokine competence in CD4+ T cells

Next, to understand how antibiotic treatment affected the gut joint migratory IELs, we repeated antibiotic treatment in KikGR+ TNFΔARE/+ mice from ages 4 to 16 weeks, and additionally performed a photoconversion of the distal colon at 72 hours prior to tissue harvest. We isolated CD4+ T cells from the PLN and performed stimulation and intra-cellular cytokine staining to assess T cell function in both the labeled KikRed+ fraction and the bulk KikGreen fraction. In the antibiotic treated mice compared to vehicle treatment, there was a significant reduction in the number of gut-derived KikRed+ CD4+ T cells in the PLN (Figure 6A) indicating that antibiotic treatment indeed reduced CD4+ T cell-epithelium colocalization resulting in less gut-joint trafficking. We did not observe a reduction in the presence of gut-derived KikRed+ CD8+ T cells following antibiotic treatment (Figure 6B). Within the remaining gut-trafficked cells, we also observed significant reductions in TNF competence (Figure 6C) and a non-significant trend towards decreased IL-17A competence (Figure 6E), suggesting antibiotic treatment altered those interactions with the epithelium that are important for the generation of cytokine competence within the IEL population. We also observed reductions in Il-17a and TNF competence within the unlabeled KikGreen+ population (Figures 6D, F), showing that sustained reduction in the number of gut derived cells that entered the periphery subsequently reduced the total number of cytokine competent cells in the animal. Together these results show that gut-joint trafficking of IELs is a constitutive process in which T cells gain effector function in the gut and contribute to inflammatory processes at distal sites.




Figure 6 | Treating TNFΔARE/+ mice with antibiotics reduces gut-joint trafficking and cytokine competence in CD4+ T cells. Male and female KikGR+ TNFΔARE/+ mice were given either broad spectrum antibiotics, consisting of ampicillin, neomycin, metronidazole, and vancomycin in 10% grape Kool-Aid (n=5) or Kool-Aid alone as vehicle control (n=3) ad libitum in the drinking water from 4-16 weeks of age. At 16 weeks old the mice underwent photoconversion of the distal colon and the PLNs harvested 72 hours later. T cells were purified by magnetic negative selection and stimulated with bead-bound anti-CD3 and anti-CD28 in the presence of protein transport inhibitor for 4 hours. (A) The percentage of KikRed+ cells within the TCRαβ+ CD4+ population and (B) TCRαβ+ CD8+ population was assessed by flow cytometry. The percentage of TNF+ cells within the KikRed+ TCRαβ+ CD4+ population (C) as well as the global TCRαβ+ CD4+ (D) was determined by flow cytometry. The percentage of IL-17A+ cells within the KikRed+ TCRαβ+ CD4+ population (E) as well as the global TCRαβ+ CD4+ (F) was also determined by flow cytometry. Data are shown as individual animals with bars as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001; as determined by Student’s T test.






Discussion

Here we directly demonstrate trafficking of colon IELs to the Achilles enthesis and draining PLNs where they exhibit functional capacity to exacerbate inflammatory responses. Our results exemplify a means by which events at the gut may drive the chronic joint inflammation observed in SpA and point to a general mechanism by which conditions at the gut may influence systemic immunity. Prior work in the similar photo-convertible Kaede transgenic mouse had shown trafficking of multiple cell types including lymphocytes from the gut into lymph nodes throughout the animal (22), and into the eye (24). Our work extends this finding, showing migration from the gut not merely into important anatomic structures but also the capability of these gut-derived cells to influence local immune responses, and that interventions targeting the gut can impact disease outcomes in these sites.

We do note a couple caveats to the interpretation of our data. First, the finding of gut-derived cells in peripheral tissue as well as lymphoid structures, coupled with prior findings of trafficking from lymphoid structures to other tissue sites (22), implies the possibility that any given immune cell may have visited the intestinal epithelium or any other disease-associated tissue at some point in its developmental path. Thus, crosstalk between sites is not unique to the gut-joint axis, and our findings merely represent an example of a broader immunological principle still under investigation. Second, in this model it is unclear whether trafficking IELs represent a unique subset within the general mature T cell population due to their programming at the epithelium, or if our finding of enhanced cytokine production by IELs in the periphery represents an enrichment of mature T cell phenotypes within that population. Regardless, it is clear that these cells are potentially important producers of cytokines in the periphery.

Currently, little is known about the specific means by which interactions at the epithelium influence colon IEL function. Work using transgenic antigen expression has shown that antigen presentation by colon epithelial cells has the capability to drive Treg expansion (36). Conversely, colon epithelial cells isolated from human IBD patients have displayed the capability to drive pro-inflammatory T cell function (37). These findings suggest that situationally, the interaction between IELs and the epithelium has the capability to drive responses in either a pro- or anti-inflammatory direction; however the ultimate determinants of IEL function are yet to be determined. As a migratory subset of T cells, IELs may also be involved in more classical interactions with antigen-presenting cells in the lymph nodes. This allows for the idea that the highly functional subset of cells labeled at the gut and observed in the periphery did not gain effector function at the epithelium but simply represented a highly migratory subset of a larger pool of circulating T cells.

Our results suggest that, regardless of the specific mechanisms of their activation, trafficking of T cells to and from the colon epithelium and to distal sites including the joint is a homeostatic process that requires no specific induction. We found that ~10% of T cells in the enthesis had been present in the colon epithelium 72 hours prior. This percentage was consistent irrespective of whether the joint was healthy, chronically inflamed, or experiencing an acute inflammatory insult. These results suggest that immune surveillance of the joint occurs at homeostasis, likely in response to some factor produced in the joint itself. Isolated human chondrocytes have been shown to produce the T cell chemoattractant (38) sphingosine-1-phosphate (S1P) upon mechanical stretch (39), suggesting that mechanical loading of the joint may induce T cell recruitment into the enthesial microenvironment. Certainly reduction of the mechanical load on the joint can ameliorate arthritic disease in mice (5), but the effects of exercise in humans in less clear (40). While there is evidence that intense exercise can exacerbate arthritic symptoms in affected individuals (41, 42), physical therapy can significantly ease symtoms (43). These data have led to the idea of a “Goldilocks zone” in the joint (40), where the positive effects of movement are not yet overcome by the negative effects of the inflammation caused by joint loading.

In our studies herein, we identified enrichment of both regulatory and pro-inflammatory effector T cells within the gut-derived T cells of the PLNs, with the critical distinction between healthy mice and those with arthritic disease being the balance between the effector potential of those populations. The importance and sensitivity of the balance between opposing effector T cell subsets makes the selective blockade of pro-inflammatory T cell recruitment to the joint a particularly important axis to target in the development of therapeutics for SpA. Since both pro and anti-inflammatory gut-derived cells require access to the circulation in order to reach the joint, broad blockade of systemic trafficking is sub-optimal as a potential treatment paradigm in SpA. However, our finding that acute injury results in the influx of gut-derived Foxp3+ regulatory T cells suggests that the joint has the capability to engage in preferential recruitment of specific T cell subsets through the expression of specific chemokines or cell surface adhesion proteins. Therefore, discovery of the mechanisms recruitment of specific T cells subsets to the joint is an important avenue of research, as this would allow selective blockade of pathogenic pro-inflammatory T cell recruitment while minimizing the disruption to the homeostatic function of other T cell subsets in the joint.

Together, data shown here and the findings of others demonstrating the presence of gut-tropic immune cells in the joints of those with SpA (18, 23, 24) suggest a model in which trafficking of gut T cells is an important link that connects immunological processes at the gut and distal sites including the joint. We propose a model in which IELs are recruited to the gut in response to the detection of microbial products (31). These IELs would then gain effector function, both pro- and anti-inflammatory, in response to microbial antigen and as yet incompletely characterized local conditions. These cells then re-enter circulation and become a component of systemic immune surveillance. Following this, tonic inflammation at the joint, resulting from normal loading and unloading of the joint during day-to-day activities, results in the local production of chemoattractants and the influx of immune cells from circulation, some of which had previously gained pro-inflammatory effector function in microbiome dependent interactions. Therefore, depending on the conditions at the gut and the resultant priming of the circulating pool of potential respondent T cells, immune responses in the joint can either result in resolution or exacerbation of the initial inflammatory insult. Our data using broad spectrum antibiotics demonstrate that by removing microbial signals/antigens from the system, this link can be cut, and disease ameliorated. This is likely mediated by one of two mechanisms: Either the lack of IELs at the epithelium due to antibiotic treatment (31) results in the absence of some epithelial-cell dependent mechanism for licensing of IELs, or the lack of microbial antigen results in an absence of T cell priming in the mesenteric lymph node.

While we show gut-joint trafficking of IELs, here we do not address other potential means of disease transference between the gut and distal sites, such as the production of soluble factors at the gut that circulate and activate cells locally in the joint. Indeed, this mechanism may synergize with what we report here, as migratory IELs in the joint, which display heightened cytokine competence and enrichment for a Th17 phenotype, would be well positioned to respond to such soluble factors as IL-23 which are proposed to be produced in the gut in SpA (44). This study is also limited in that a targeted, specific deletion of IELs is not possible due to the heterogenous nature of IELs. Instead, we have chosen to employ a transfer strategy, which has the advantage of allowing the direct observation of the impact of IELs on responses in the joint but fails to account for the potential interactions between IELs and other cells of the adaptive immune system in the enthesial microenvironment.

In the TNFΔARE/+ model used here, all TNF producing cell types are affected and consequently locally produced TNF as well as that derived from cells trafficking to sites of inflammation are important for the pathophysiology of disease. Indeed, TNF mRNA stabilization specifically in the colon epithelium is sufficient to drive gut pathology (45). However, results reported here demonstrate that broad-spectrum antibiotics delivered in the gut significantly reduces joint pathology and confirms the importance of cytokines derived from infiltrating cells for the development of inflammatory disease in the joint. Yet, our reported results showing that transfer of IELs from a TNFΔARE/+ into a healthy recipient is insufficient to drive disease directly, but can serve to exacerbate existing inflammation, highlights the importance of the interaction between immune infiltrate and the local cellular milieu.

Altogether, our findings corroborate the general idea of the gut-joint hypothesis in SpA and showcase trafficking of IELs to the periphery as an important means by which this connection is mediated. Importantly, our finding that application of broad-spectrum antibiotic treatment resulted in a reduction of disease severity in the joint indicates a variety of druggable targets in the treatment of SpA. Further work will be required to determine the specific mechanisms by which IELs gain pro-inflammatory effector function, as well as how specific subsets are recruited the joint. As these targets would have a direct effect on the pathogenesis of disease and would not rely on blocking the deleterious effects of already in-progress pathogenic immune cascades, they would have the potential to more significantly limit disease progression.
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Objective

In this study, we aimed to explore the alterations in gut microbiota composition and cytokine responses related to disease progression, severity, and outcomes in patients with hypertensive intracerebral hemorrhage (ICH).



Methods

Fecal microbiota communities of 64 patients with ICH, 46 coronary heart disease controls, and 23 healthy controls were measured by sequencing the V3-V4 region of the 16S ribosomal RNA (16S rRNA) gene. Serum concentrations of a broad spectrum of cytokines were examined by liquid chips and ELISA. Relationships between clinical phenotypes, microbiotas, and cytokine responses were analyzed in the group with ICH and stroke-associated pneumonia (SAP), the major complication of ICH.



Results

In comparison with the control groups, the gut microbiota of the patients with ICH had increased microbial richness and diversity, an expanded spectrum of facultative anaerobes and opportunistic pathogens, and depletion of anaerobes. Enterococcus enrichment and Prevotella depletion were more significant in the ICH group and were associated with the severity and functional outcome of ICH. Furthermore, Enterococcus enrichment and Prevotella depletion were also noted in the SAP group in contrast to the non-SAP group. Enterococci were also promising factors in the prognosis of ICH. The onset of ICH induced massive, rapid activation of the peripheral immune system. There were 12 cytokines (Eotaxin, GM-CSF, IL-8, IL-9, IL-10, IL-12p70, IL-15, IL-23, IL-1RA, IP-10, RANTES, and TNF-α) changed significantly with prolongation of ICH, and the Th2 responses correlated with the 90-day outcomes. Cytokines TNF-α, IP-10, IL-1RA, IL-8, IL-18, and MIP-1β in SAP group significantly differed from non-SAP group. Among these cytokines, only IP-10 levels decreased in the SAP group. Enterococcus was positively associated with IL-1RA and negatively associated with IP-10, while Prevotella was inversely associated in both the ICH and SAP groups.



Conclusion

This study revealed that gut dysbiosis with enriched Enterococcus and depleted Prevotella increased the risk of ICH and subsequently SAP. The altered gut microbiota composition and serum cytokine profiles are potential biomarkers that reflect the inciting physiologic insult/stress involved with ICH.





Keywords: intracerebral hemorrhage, stroke-associated pneumonia, gut microbiota, Enterococcus, Prevotella, cytokines



Introduction

Intracerebral hemorrhage (ICH) is a devastating disease and a major public health issue worldwide (1). The fatality and long-term mortality rate of ICH have not changed significantly in recent years (2), and effective treatments have not yet been found in the internal medicine and surgery fields (3–7). Thus, alternative treatment options are needed to improve ICH prognosis and lower the risk of mortality.

The gut-brain axis is a bidirectional communication system that involves multiple pathways including neural, hormonal, and immunological signals with the microbiota as the central mediator (8). Acute ischemia rapidly causes severe gastrointestinal paralysis, ischemia and produces excess nitrate leading to intestinal dysbiosis (9, 10). In turn, the intestinal flora and their metabolites affect the outcome and prognosis of stroke. The use of broad-spectrum antibiotics before a stroke can reduce the overall diversity of intestinal microbes and reduce cerebral infarction, which involves intestinal immune cell traffic to the meninges (11). Further, germ-free mice with intestinal dysbiosis after stroke had increased lesion volume and functional impairment compared to normal control mice (9). Alterations in gut microbiota composition affect the host immune system with inflammatory cytokine production and immune cell differentiation (12), enhancing the role of neuroinflammation in ICH. Thus, the intestinal microbiota and the interplay with the immune system are intervention strategies in the setting of stroke. Notably, current studies focus on ischemic stroke while the alteration of the microbiota and relative immune system in ICH are less studied, particularly in vivo. Here, we characterized the microbiota and peripheral cytokine alterations in ICH patients and analyzed the relationships between changes in fecal microbiota and immune responses.



Materials and methods

The flow chart is shown in Figure 1. A total of 64 ICH patients, 46 coronary heart disease (CHD) controls, and 23 healthy controls were enrolled from April 2018 to December 2020 in the neurology department of Guangdong Provincial Hospital of Traditional Chinese Medicine, Shenyang Second Hospital of Traditional Chinese Medicine, The Fourth Affiliated Hospital of Guangzhou Medical University, and the health examination department of Guangdong Provincial Hospital of Traditional Chinese Medicine. All subjects provided written informed consent to participate in this study.




Figure 1 | Flow chart and enrolled participants in the current study.



ICH was diagnosed according to American Heart Association/American Stroke Association guidelines (13). Stroke-associated pneumonia (SAP) following ICH is the most common complication after stroke. In this study, the diagnosis of SAP was based on modified Centers for Disease Control and Prevention (CDC) criteria (14). The inclusion criteria were as follows (1) age >18 years, (2) admission within 7 days of ICH onset, and (3) informed consent obtained and the retention of biological samples completed. The exclusion criteria were as follows: (1) ICH caused by brain tumor, brain trauma, blood diseases, cerebrovascular malformation, or aneurysm, (2) any antibiotics, prebiotics, or probiotics treatment within four weeks before admission, (3) active infection within two weeks before admission, (4) liver and kidney dysfunction, (5) history of gastrointestinal diseases such as gastrointestinal tumor, inflammatory bowel disease, or active gastrointestinal bleeding in the last 3 months, and (6) history of immune-related diseases or receiving immunotherapy. Clinical data such as age, gender, medical history, and neurological deficits were assessed and collected by neurologists.


Sample collection

Stool and serum samples of patients with ICH were collected at T1 (0–3 days after ICH), T2 (4–7 days after ICH), T3 (8–14 days after ICH), and T4 (14–30 days after ICH). In total, 170 stool and 184 serum samples were collected after the onset of symptoms. The number of stool samples for T1 to T4 were 44, 33, 82, and 11, while the number of serum samples for T1 to T4 were 46, 34, 88, and 16. Venous blood (10 mL) was collected at different phases on an empty stomach and centrifuged (3000 rpm, 10 min) within 6 h after collection. After centrifugation, the serum was divided into cryovials and stored in an -80°C refrigerator for cytokine analysis. Fecal Samples were collected in the morning, stored in the Fecal Microbial Collection and Preservation Kit (ML-001A, Shenzhen Dayun Gene Technology Co., Ltd.), and saved in an -80°C refrigerator within 72 h. Stool samples of healthy controls (HC) and CHD group were collected using the same methods. The specimens of all collaborative subcenters were transported through a cold chain and stored uniformly in the Biological Resource Center of Guangdong Provincial Hospital of Traditional Chinese Medicine to avoid repeated freezing and thawing.



DNA extraction, 16S ribosomal RNA gene sequencing

According to the manufacturer’s instructions, the DNA was extracted using the magnetic soil and stool genomic DNA extraction kit (Magnetic Soil and Stool DNA Kit, Tiangen Biochemical Technology Co., Ltd.). After extracting total DNA from the stool samples, we used primers, 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT), to amplify the V3-V4 region of the bacterial 16S rRNA gene. The library was constructed using TruSeq DNA PCR-Free Library Preparation Kit from Illumina. The constructed library was subjected to Qubit quantification and library testing. After it was quantified, the NovaSeq 6000 was used for sequencing.



Measurement of serum cytokine levels by liquid chips and ELISA

This study examined 36 cytokines at different time points in patients with ICH. The list of cytokines is: MIP-1α, SDF-1α, IL-27, IL-1 β, IL-2, IL-4, IL-5, IP- 10. IL-6, IL-7, IL-8, IL-10, Eotaxin, IL-12p70, IL-13, IL-17A, IL-31, IL-1RA, RANTES, IFN-γ, GM-CSF, TNF-α, MIP-1β, IFN-α, MCP-1, IL-9, TNF-β, CXCL-1, IL-1α, IL-23, IL-15, IL-18, IL-21, IL- 22, CXCL-2 and TGF-β. Among these cytokines, CXCL-2 (Shanghai Lianshuo Biotechnology, AE91213Hu) and TGF-β (Shanghai Lianshuo Biotechnology, AE98029Hu) were tested by ELISA according to the manufacturer’s instructions. The remaining cytokines were assessed by a multiplex liquid-chip assay based on Luminex xMAP. Samples with cytokine values below the lower limit of detection were designated as the lower limit of detection for that specific cytokine. The detection limit was 0.3 ~ 13.7 pg/mL.



Statistical analyses

Categorical variables are presented as numbers and percentages, and continuous variables are presented as mean ± standard deviation (SD) or median (interquartile range (IQR)). Comparisons between groups were performed with chi-square tests for categorical variables. Continuous variables that followed the normal distribution were compared with the Student’s t test or analysis of variance (ANOVA). Variables inconsistent with the normal distribution and Levene’s test were compared with the non-parametric Wilcoxon test or Kruskal-Wallis test. Spearman’s rank correlations were calculated between the relative abundance of bacterial communities and environmental variables or cytokine responses. The predictive performance of ICH prognosis was assessed by comparing receiver operating characteristic (ROC) curves. Statistical analysis was performed using SPSS 26.0 (Statistical Package for Social Sciences, Chicago, IL, USA) software. The analysis of intestinal flora was performed using QIIME software (version 1.9.1) and the R language tool (version 3.4.0). Changes in cytokine concentration were plotted using GraphPad Prism 9 (GraphPad Software, Inc.) software. A two-sided, P<0.05 was considered statistically significant.




Results


Clinical characteristics of ICH and control groups

The demographic and clinical information of the 64 ICH patients, 46 CHD controls, and 23 healthy subjects included in this study are shown in Table S1 in the appendix. As Table S1 shows, there was no statistical difference in age and gender between the ICH group and the CHD group. Compared with the CHD group, the ICH group had patients with a higher proportion of hypertension history (76.563% vs 26.087%, P < 0.001). The two groups had similar rates of smoking and alcohol abuse histories. The median triglyceride in the CHD group was higher than that in the ICH group (0.995 vs 1.43, P=0.012), while the levels of total cholesterol, low-density lipoprotein, and high-density lipoprotein were similar in the two groups. Compared with the HC group, the proportion of men in the ICH group was higher (59.375% vs 26.087%, P = 0.006) and the average age was older (P < 0.001). The proportion of patients with a history of hypertension, active smoking, drinking, and coronary heart disease was higher in the ICH group than in the HC group. Additionally, the median (interquartile range) of the ICH scores, GCS at admission, and NIHSS score at admission of the ICH group were 1 (2), 14 (6), and 10 (9) respectively. There were 27 (42.20%) patients with a neurological recovery defined as NIHSS score improving ≥ 40% after 14 d of standard treatments. In addition, there were 37 patients (57.81%) with functional independence (mRS ≤ 2) at 90 d.



Patients with ICH have altered and more diverse gut microbiota

We then characterized the ICH-associated gut microbiota by high-throughput sequencing of the V3-V4 region of the 16S rRNA gene. The gut microbial composition is shown in Figure S1A. The bacterial diversity and richness in the ICH and the control groups were measured by different methods using the Simpson index, Shannon index, and richness index. ICH patients had more diverse gut microbiota than the controls (Wilcoxon rank-sum test, compared to HC group, P = 0.018 for the Simpson index and P < 0.001 for the richness index, Figure 2A; compared to CHD group, P = 0.002 for the Simpson index and Shannon index and P < 0.001 for the richness index, Figure 2B). Specifically, these results remained significant according to longitudinal analyses (Kruskal-Wallis Test, compared to HC group, P = 0.036 for the Shannon index, P < 0.001 for the richness index, Figure S1B; compared to CHD group, P = 0.027 for the Simpson index, P = 0.009 for the Shannon index and P < 0.001 for the richness index, Figure S1C).




Figure 2 | Comparison of the microbial communities of the ICH and control groups. (A, B) Box plots depict differences in the fecal microbiota diversity indices between the ICH and control groups according to the Simpson index, Shannon index, and richness index based on OTU counts. Each box plot represents the median, interquartile range, minimum, and maximum values. OUT: operational taxonomic units. (C, D) PCoA with the Bray-Curtis dissimilarities showing the gut microbiota composition among healthy controls (C) or CHD controls (D) and the patients with ICH.



To determine whether there were significant differences in the microbiota structure between ICH patients and controls, principal coordinate analysis (PCoA) was used. The microbial composition of the ICH group was significantly different from that of the HC or CHD group according to Bray-Curtis differences (Permutational multivariate analysis of variance (PERMANOVA) test; ICH vs HC, R2 = 0.028, P < 0.001; ICH vs CHD, R2 = 0.034, P < 0.001) (Figures 2C, D). Furthermore, the PCoA also revealed that the gut microbiota changed dynamically with the prolongation of ICH (Figures S1D, E). These results suggested that the richness and diversity of gut microbiota in patients with ICH were significantly different from those of controls.



The gut microbiota profile shows Enterococcus enrichment and Prevotella depletion in the ICH group

To identify the most relevant taxa responsible for the observed differences, supervised comparisons of the microbiota between the ICH and control groups were performed by linear discriminant analysis (LDA) effect size (LEfSe) analysis without any adjustment. We used a logarithmic LDA score cutoff of 6.0 to identify important taxonomic differences between the ICH and control groups and found a notable difference in fecal microbiota. We identified, through LEfSe analysis, 19 taxa that were differentially abundant in the HC and ICH groups (Figure 3A) and 25 taxa in the CHD and ICH groups (Figure 3B). We observed that the relative abundances of Prevotella and Faecalibacterium were higher in the HC group than those in the ICH group, while the relative abundances of Enterococcus, Parabacteroides, Lachnoclostridium, Acidaminococcus, and Streptococcus were higher in the ICH group than those in the HC group. Moreover, the relative abundances of Prevotella and Roseburia were higher in the CHD group, whereas the relative abundances of Enterococcus, Parabacteroides, and Lachnoclostridium were higher in the ICH group. Notably, the relative abundance of Enterococcus was higher in patients with ICH compared to controls (Figures 3A, B). Additionally, significant taxa were observed at different times after ICH (Figure S2A, B). A generalized linear model (GLM) was used to model the microbiota that were significantly different between the ICH and control groups after controlling for possible confounding factors (age, gender, antibiotic use, and comorbidities) (15). As Tables S2A, B shows, Enterococcus, Parabacteroides, Streptococcus, Veillonella, Clostridium _innocuum_group, and Eubacterium_eligens_group differed significantly between the ICH and control groups after adjustment. Further, we found that the ICH score was the most important phenotype that contributed to the flora variation in ICH (Figure S2D), suggesting that ICH was the major cause of microbiota alteration rather than hypertension or other comorbidities.




Figure 3 | Taxonomic differences of fecal microbiota in the ICH and control groups. (A, B) LEfSe analysis revealed significant bacterial differences in fecal microbiota between the ICH (positive score) and control groups (negative score). LDA scores (log10) > 6 and P < 0.05 are shown (left panel). Cladogram using the LEfSe method indicating the phylogenetic distribution of fecal microbiota associated with the ICH and control participants (median panel). The relative abundance of Enterococcus was significantly higher in the ICH group than in the control groups. (P < 0.001) (right panel). (C) Heatmap of Spearman’s rank correlation coefficient among clinical indexes and 11 genera (LDA scores (log10) > 4). *: P < 0.05, **: P < 0.01.



In addition, we found that the relative abundance of Enterococcus increased with a prolonged duration of ICH and was highest in the T4 phase (Figure S2C). Enterococcus was correlated positively with the severity of ICH (admission and discharge NIHSS (r = 0.337 and r = 0.394, P < 0.001), PSI score (r = 0.324, P < 0.001), ICH score(r = 0.339, P < 0.001), hematoma volume(r = 0.289, P < 0.001), length of ICU stay (r = 0.181, P = 0.025), neutrophil-to-lymphocyte ratio (NLR) (r = 0.246, P = 0.002), and poor outcome of ICH (discharge and 90-day mRS scores(r = 0.462 and r= 0.432, P < 0.001)) (Figure 3C). Conversely, Prevotella and Roseburia were negatively related to the severity and poor outcomes of ICH (Figure 3C).

To understand microbial community metabolism among the ICH and control groups, MetaCyc was used, which is a database of metabolic pathways and components covering all domains of life (16). It showed that peptidoglycan biosynthesis V (β-lactam resistance) (PWY-6470), the super pathway of β-D-glucuronosides degradation (GLUCUROCAT-PWY), Bifidobacterium shunt (P124-PWY), and hexitol fermentation to lactate, formate, ethanol, and acetate(P461-PWY) were enriched in the ICH group (Figure S2E), which were also positively correlated with Enterococcus (r = 0.866, r = 0.659, r = 0.697 and r = 0.655, respectively, P <0.001) (Figure S2F). The functional capacities of the intestinal microbiome were predicted based on 16S data using BugBase (17). At the organism level, three potential phenotypes including anaerobic, facultatively anaerobic, and containing mobile elements were predicted to be significant in the ICH and control groups (P < 0.001) as Figure S3 shows. Among these three phenotypes, the ICH group had more mobile elements and facultative anaerobic bacteria and less anaerobic bacteria as the disease progressed. Meanwhile, the proportion of the facultative anaerobia phenotype was significantly enriched in the ICH group in the T1-T3 phases, with a mild recovery in phase T4. Collectively, these results suggested changes in microbiota profile were closely related to the disrupted intestinal microenvironment.



Enterococcus enrichment and Prevotella depletion in the SAP group

We next examined the association between fecal microbiota and ICH complications. Among the 64 ICH patients, 47 (73.4%) were initially diagnosed with pneumonia (SAP), while the remaining patients did not have SAP (non-SAP). The demographic and clinical information of the 47 patients with SAP and 17 non-SAP subjects in the T1 phase are shown in Table S3. The SAP group had similar age and gender as the non-SAP group. Additionally, the SAP group had higher rates of midline shift (51.064% versus 11.765%, P = 0.008) and was likely to have larger hematoma volume (median (IQR), 13 (21) versus 6.54 (12.5), P = 0.007), higher initial white blood cell count (median (IQR), 10.7 (4.65) versus 6.92 (4.1), P = 0.003), higher neutrophil count (median (IQR), 8.36 (4.86) versus 4.45 (4.88), P = 0.012), and higher NLR (median (IQR), 6.846 (6.112) versus 3.5 (5.406), P = 0.021). Compared to non-SAP group, the SAP group also had a higher ICH score (median (IQR), 1 (2) versus 0 (1), P < 0.001), higher GCS, and higher NIHSS on admission (median (IQR), 13 (7) versus 15 (0); 13 (12) versus 7 (5), P < 0.001). The non-SAP group had more patients with neurological recovery after 14 d of standard treatments (76.471% versus 29.787%, P = 0.001). However, there was no difference in 90-day functional independence between the two groups.

The gut microbial composition of SAP is shown in Figure S4A. In the PCoA analysis, there was no difference between the patients with and without SAP with respect to gut microbiota (PERMANOVA test, R2 = 0.005, P = 0.572) (Figure 4A). While the SAP group was different from the non-SAP group using analysis of similarities (ANOSIM) (Kruskal-Wallis test, P < 0.001) (Figure 4B). The dysbiosis of gut microbiota in patients with and without SAP are shown in Figure S4B. Furthermore, the LEfSe algorithm was used to analyze the flora with significant differences between the two groups. We found that 18 taxa were differentially abundant in the two groups (Figure 4C). Among them, Enterococcus, Parabacteroides, Blautia, Lachnoclostridium, and Acidaminococcus were significantly enriched, and Prevotella were depleted in patients with SAP compared to the non-SAP group. The relative abundance of Enterococcus was higher in patients with SAP than in non-SAP (P < 0.001) (Figure 4C); moreover, GLM further confirmed that the Prevotella, Blautia, Ruminococcus_torques_group, Sutterella, and Veillonella were different between the two groups after controlling for age, hematoma volume, NIHSS score, and antibiotic use (Table S2C). Enterococcus, Alistipes, Hungatella, and clostridium_immocuum_group were enriched in the SAP group and were positively correlated with the severity of ICH (admission and discharge NIHSS, ICH score, and hematoma volume), severity of pneumonia (NLR and PSI score (except Alistipes)), and poor outcome of ICH (discharge and 90-day mRS scores (Figure 4D). Roseburia, Fusobacterium, and Prevotella were enriched in the non-SAP group and were negatively correlated with the severity and poor outcomes of ICH. Enterotypes, clustering human fecal metagenomic samples based on their taxonomic composition, are described as, “densely populated areas in multidimensional space of community composition” (18). Three types of enterotypes are traditionally reported, which are independent of age, gender, cultural background, and geography. We found that ET1 only appears in the SAP group (22%), and ET2 was predominant in the non-SAP group (85%), with a high abundance of Prevotella (Figures S4C, D). The important genera in different enterotypes are shown in Figure S4E. Moreover, we found that the relative abundances of Enterococcus, Parabacteroides, Lachnospira, UCG_004, and Clostridium_innocuum_group were higher in the patients with ICH after developing pneumonia than those before developing pneumonia (Figure S4F, G), which indicated that Enterococcus and Parabacteroides could be sensitive biomarkers in the prediction of which patients with ICH develop stroke-associated pneumonia.




Figure 4 | Comparison of the microbial communities of the SAP and non-SAP group. (A) PCoA plot with the Bray-Curtis dissimilarities demonstrates that the bacterial communities were similar between the SAP (n = 131) and non-SAP group (n = 39). (B) Analysis of similarities (ANOSIM) in Bray-Curtis distances showed that the SAP group differed from the non-SAP group. (C) LEfSe analysis revealed significant bacterial differences in fecal microbiota between the SAP (positive score) and non-SAP groups (negative score). LDA scores (log10) > 6 and P < 0.05 are shown (left panel). Cladogram using the LEfSe method indicating the phylogenetic distribution of fecal microbiota associated with the SAP and non-SAP groups (median panel). The relative abundance of Enterococcus was significantly higher in the SAP group than in the non-SAP group (P < 0.001) (right panel). (D) Heatmap of Spearman’s rank correlation coefficient among clinical indexes and significant genera (LDA scores (log10) > 4). *: P < 0.05, **: P < 0.01.





Altered cytokine responses in ICH patients with alterations in taxonomic compositions of the gut microbiota

Gut microbial dysbiosis is associated with abnormal immune responses and is often accompanied by abnormal production of inflammatory cytokines (19). Thus, we investigated the dynamic changes of a broad spectrum of cytokines in the process of ICH and assessed the relationship between cytokine responses and clinical characteristics. Levels of different serum cytokines in the process of ICH were shown in Figure S5. There were 12 cytokines changed significantly at the four different time points (Kruskal-Wallis Test, Eotaxin: P = 0.036; GM-CSF: P = 0.006; IL-8: P = 0.027; IL-9: P = 0.011; IL-10: P = 0.030; IL-12p70: P = 0.014; IL-15: P = 0.006; IL-23: P = 0.015; IL-1RA: P = 0.003; IP-10: P < 0.0001; RANTES: P = 0.028; and TNF-α: P = 0.012). Among these cytokines, we found that levels of GM-CSF, IL-12p70, IL-15, IL-1RA, IL-9, IL-23, and TNF-α were gradually increased with the prolonging of time, and levels of these cytokines were positively associated with the 90-day unfavorable outcomes (Figure 5A). Moreover, levels of IL-10 were gradually decreased with the prolonging of time despite a slight increase at the phase T2. Levels of IP-10 decreased sharply from phase T1 to T2 and increased from phase T2 to T4. Decreased IL-10 levels and increased IP-10 levels were negatively associated with the 90-day unfavorable outcomes (Figure 5A). Further, IL-1RA levels were also positively related with the severity of ICH (admission and discharge NIHSS (r = 0.401 and r = 0.482, P < 0.001), PSI score (r = 0.360, P < 0.001), ICH score (r = 0.476, P < 0.001), hematoma volume(r = 0.309, P < 0.001), length of hospital stay (r = 0.244, P = 0.003) and length of ICU stay (r = 0.459, P < 0.001), white blood cell and neutrophil counts (r = 0.395 and r = 0.303, P <0.001), and poor functional outcomes of ICH (discharge and 90-day mRS scores(r = 0.492 and r = 0.285, P < 0.001)) (Figure 5A). These findings suggested that IL-1RA may be a strong cytokine to predict the severity and poor functional outcomes of ICH. Next, we investigated whether specific cytokine responses correlated with the relative abundance of important genera. As Figure 5B shows, Enterococcus was positively related to IL-1RA (r = 0.229, P = 0.003) and negatively related to IP-10 as well as SDF-1α (r = -0.315, P <0.001 and r = -0.253, P = 0.001). Conversely, Prevotella was negatively corrected with IL-1RA (r = -0.427, P < 0.001) and positively related to IP-10 and SDF-1α (r = 0.248, P = 0.001 and r = 0.182, P = 0.019). Interestingly, Parabacteroides, Anaeroplasma, Lachnospira, Roseburia, Faecalibacterium, and Agathobacter were negatively associated with proinflammatory cytokines such as IL-1α, IL-β, IL-6, TNF-β, and others, which indicated that ICH onset was accompanied by a great alteration in the intestinal microbiota and immune responses.




Figure 5 | Correlations among abundances of significant fecal microbiota, clinical indexes, and serum levels of cytokines. (A) Heatmap of Spearman’s rank correlation coefficient among cytokines and specific clinical indexes. (B) Heatmap of Spearman’s rank correlation coefficient among cytokines and significant genera between ICH and control groups. (C) Heatmap of Spearman’s rank correlation coefficient among significant cytokines and significant genera between the SAP and non-SAP groups. *: P < 0.05. **: P < 0.01.



To further examine the cytokine responses in SAP subjects, we found that there were six cytokines statistically significant between the SAP group and non-SAP group (Wilcoxon rank-sum test, SAP vs non-SAP, mean [SEM], IP-10:19.9 ± 3.8 vs. 22.54 ± 3.181, P = 0.006; IL-8: 20.53 ± 3.7 vs. 13.09 ± 4.675, P = 0.014; IL-1RA: 1087 ± 91.37 vs. 376.3 ± 74.39, P < 0.0001; TNF-α: 3.261 ± 0.316 vs. 2.785 ± 0.393, P = 0.045; MIP-1β: 111.1 ± 10.15 vs. 70.34 ± 7.494, P = 0.013; IL-18: 10.67 ± 0.947 vs. 8.098 ± 1.141, P = 0.031) (Figure S6). Among these cytokines, IP-10 was negatively related to Enterococcus and Parabacteroides (r = -0.324 and r = -0.274, P < 0.001), and positively correlated with Prevotella (r = 0.242, P = 0.002). IL-RA, on the contrary, was positively correlated with Enterococcus and Parabacteroides (r = 0.219, P = 0.005 and r = 0.231, P = 0.003), and negatively related with Prevotella and Roseburia (r = -0.440 and r = -0.259, P < 0.001) (Figure 5C).



Enterococci are promising factors in the prognosis of cerebral hemorrhage

To determine signature bacteria that could discriminate the good or poor functional outcomes of short-term and long-term prognosis, we incorporated robust statistical analysis and applied 5-fold cross-validation together with random forest to create classification models with consideration of the lowest error rate and standard deviation. The random forest model was used to select important genera. As Figure 6A shows, the combination of Enterococcus, Prevotella, Lachnospiraceae_NK4A136_group, [Clostridium]_innocuum_group, Fusobacterium, Romboutsia, and Sellimonas could distinguish the good or poor outcomes of short-term prognosis (discharge NIHSS score decrease > 40% for good outcome), with an AUC of 0.8343 (95% CI = 0.7706–0.898). Among these genera, Enterococcus was the major genus in the signature biomarkers’ random seed, which indicated that Enterococcus was likely to predict the short-term outcome of ICH. Moreover, 17 genera including Eubacterium, Roseburia, Fusobacterium, Enterococcus, and Prevotella consisted of the random forest of long-term outcomes of ICH (90-day mRS ≤ 2 for good outcome), with an AUC of 0.8364 (95% CI = 0.7764–0.8956) (Figure 6B).




Figure 6 | Disease classification based on gut microbiota signature. Receiver operating characteristic curve (ROC) analysis of the sensitivity and specificity of the differentially abundant genera as prognosis factors for ICH. Variable importance in random forests considering the mean decrease in accuracy (MDA) (left) or mean decrease in Gini index (MDG) (right). (A) Model of 14-day outcome (discharge NIHSS) of ICH. (B) Model of 90-day outcome (90-day mRS) of ICH.






Discussion

Previous studies have shown that commensal microbiota played a critical role in degenerative and autoimmune diseases of the central nervous system (20, 21). Stroke itself markedly affects the composition of intestinal microbiota and these changes, in turn, can determine stroke outcome (9). Few studies have been conducted to reveal the characteristics of the intestinal microbiota and peripheral immunity associated with ICH in vivo. Here, we reported that ICH induced gut microbiota dysbiosis, which was similar to previous studies on other acute CNS injuries (9, 11, 22). Additionally, we described the cytokine response after ICH and its relationship to the intestinal microbiota.

Our study revealed the richness and diversity of fecal microbiota were altered in patients with ICH, in contrast to those in the HC group and CHD group. The microbiota structures were different between the ICH and control groups. These observations were consistent with a previous study that suggested the gut microbiota could be altered in ICH (22). In terms of the composition of the gut microbiota, we determined certain specific changes in the composition of the bacterial genera in patients with ICH relative to controls by applying the LEfSe algorithm. We observed a significant increase in putative pathobionts in the ICH group. Enterococcus, a genus of Firmicutes phylum, are considered commensal organisms of the human gastrointestinal tract. However, they can also be pathogenic, usually causing urinary tract infection, bacteremia, endocarditis, burn and surgical wound infections, neonatal sepsis, abdomen and biliary tract infections, and root canal failure (23–25). In our study, Enterococci levels were higher in the ICH samples, and this genus has been associated with producing bacteriocins, which are linked to mobile elements (24). Additionally, Enterococci are an important clinical cause of bloodstream infection. The incidences of E. faecalis and E. faecium bloodstream infections were 4.5 and 1.6 per 100000, respectively, in a population-based study (26). The researchers showed that E. faecium infections were associated with gastrointestinal illness and affected patients who were invalid and hospitalized, leading to a high mortality rate. Other studies showed that Parabacteroides was also abundant in patients with hypertension (27) and large artery atherosclerotic stroke or transient ischemic attack (28). Similarly, the less studied Acidaminococcus was enriched in hypertension subjects in other cohorts as well (29–31). A higher abundance of Lachnoclostridium could lower circulating levels of acetate, resulting in increased visceral fat negatively impacting obesity and type 2 diabetes (32). Lachnoclostridium has been found to produce trimethylamine (32). Trimethylamine N-oxide (TMAO) promotes atherosclerosis and is linked to platelet hyperreactivity and inflammation, which in turn participates the development of stroke and its secondary consequences (33). Streptococcus was found to cause neurological damage by producing neurotoxins such as streptomycin, streptodornase, and streptokinase (34). The abnormal increase of these putative pathobionts could produce endotoxins and neurotoxins and were associated with high-risk factors of ICH, which may have contributed to the development of ICH pathogenesis (34). The three main depleted genera in the ICH group, Prevotella, Faecalibacterium, and Roseburia, are major commensal or beneficial microbes. Prevotella are linked to a plant-rich diet composed of carbohydrates and fiber; although, in the gut, they have been linked to inflammatory conditions (35, 36). One study found that subjects with a high Prevotella abundance lost more weight when eating ad libitum whole-grain diets, suggesting Prevotella may control body weight (37).Faecalibacterium and Roseburia have been widely considered critical butyrate acid-producing beneficial bacteria (38, 39), whose populations were depleted in many diseases (29, 40, 41). Among these genera, our study also showed that the Enterococcus and Parabaceroides populations increased in the ICH group, and had a robust correlation with the severity of disease, inflammatory conditions, and poor outcomes. However, some beneficial microbes, such as Prevotella and Roseburia, correlated inversely with the above-mentioned factors.

Recently, studies on SAP have increased significantly. SAP is the major complication of ICH and has high mortality and morbidity (42). However, there have been few advancements in the prevention and treatment of SAP (43). Increasing evidence has shown that gut microbiota played an essential role in post-stroke infection (44, 45). Therefore, in this study, we explored the microbiota community of SAP after ICH. We found that more patients with moderate to severe ICH were admitted to the intensive care units of our clinical centers because of high SAP rates. We then found that there were structural differences in the gut microbial communities between the SAP and non-SAP groups. Consistent with the altered gut microbiota in the ICH patients, Enterococcus enrichment and Prevotella depletion were also found in the SAP patients, and Enterococcus was positively associated with the severity of ICH and SAP and poor outcomes of ICH, whereas we found that Prevotella was inversely associated. This suggested that Enterococcus enrichment and Prevotella depletion not only promoted the progression of ICH but also increased the occurrence of SAP. Similar to previous studies, Prevotella was associated with a reduced risk of hospital-acquired pneumonia in adult intensive care unit patients (46) and was reduced in the oropharynx of adults and children with asthma or chronic obstructive pulmonary disease (47). Enterococcus was similarly abundant in SAP following acute ischemic stroke (48) and acquired immune deficiency syndrome (49), which showed that Enterococcus could be related to stroke-induced immunodepression, a leading mechanism of SAP (50–53). Furthermore, enterotypes could be the potential predictors of SAP, as showed that ET1 was the best indicator in the SAP group driven by Enterococcus, and ET2 was dominant in the non-SAP group with a high abundance of Prevotella. However, our cohort was composed of a small population from the Southern and Northeast regions of China.

In terms of the potential microbial functions, our study showed overgrowth of facultatively anaerobic and mobile element-containing bacteria and the decrease of anaerobic bacteria in patients with ICH, which indicated that the alteration to the gut microbiota may be involved in the development of brain injury. Interestingly, the Enterococcus (facultatively anaerobic) increase and the Prevotella (anaerobic) depletion were in agreement with our findings. Further, we found that metabolic pathways of peptidoglycan biosynthesis and hexitol fermentation to lactate, formate, ethanol, and acetate had a positive association with Enterococcus in the ICH. Peptidoglycan is an essential molecule in the cell wall of both gram-positive and gram-negative bacteria. In a previous study, intraperitoneal injection of 2E7, to neutralize circulating peptidoglycan, suppressed the development of autoimmune arthritis and experimental autoimmune encephalomyelitis in mice (54), which indicated that peptidoglycan could be related to the development of autoimmune disease (55, 56). Peptidoglycan has been found in human atherosclerotic lesions (57). Increased baseline levels of peptidoglycan recognition protein-1 (PGLYRP-1), a pro-inflammatory molecule that binds peptidoglycan, were independently associated with an increased risk of first atherosclerotic cardiovascular disease (ASCVD) in a ten-year cohort, suggesting that PGLYRP-1 may contribute to the development of ASCVD (58). Cerebral ischemia is a contributing mechanism to secondary injury after ICH. Lactate accumulation induced by ischemic damages was observed in the ICH model (59, 60). Lactic acid has been shown to exacerbate ischemic brain injury by activating G protein-coupled receptor 81 (GPR81) and inhibition of GPR81 attenuated the ischemic injury (61). Additionally, early elevated cerebral lactate levels in extracellular fluid were associated with the occurrence of pneumonia in patients with aneurysmal subarachnoid hemorrhage, which may result from systemic hypoxemia or lactatemia with a damaged blood-brain barrier (62). Further, lactate accumulation in the colon could alter gut microbiota composition (63) and modulate immune responses (64). In our study, Lactobacillales (data not shown), Enterococcus, and Streptococcus (lactic acid bacteria) were significantly enriched in the ICH group compared to the HC group. These results suggested that microbiota-derived lactate may participate the secondary injury after ICH and increase the occurrence of SAP.

A growing body of evidence has suggested that intestinal microbes modulated the induction, training, and function of immune system responses, with gut microbiota dysbiosis related to several autoimmune and immune-mediated inflammatory diseases (65–67). Therefore, we investigated the dynamic changes of a broad spectrum of cytokines following ICH and evaluated the relationship between inflammatory cytokine response and long-term outcomes of ICH and signature microbiota. In our study, we found that Eotaxin, GM-CSF, IL-8, IL-9, IL-10, IL-12p70, IL-15, IL-23, IL-1RA, IP-10, RANTES, and TNF-α were changed significantly in the progression of ICH. levels of GM-CSF, IL-12p70, IL-15, IL-1RA, IL-9, IL-23, and TNF-α were increased and levels of IL-10 decreased gradually, which positively correlated with 90-day poor outcomes. Many studies revealed that GM-CSF promoted leptomeningeal collateral growth, decreased the infarct size, and improved long-term functional outcomes in the experimental stroke (68, 69). GM-CSF was more than a growth factor and researchers showed that GM-CSF also promoted neuroinflammation by increasing LPS-induced production of proinflammatory mediators (70). In line with previous study, astrocyte-derived IL-15 significantly increased in the ICH patients and experimental ICH and aggravated brain injury following ICH through the proinflammatory response amplification of microglia in the setting of ICH (71). Similarly, astrocytic IL-15 also exacerbates brain damage after ischemic stroke by enhancing cell-mediated immune responses (72). Researchers found that IL-23 signaling could promote Th2 polarization and enhance Th2 expression in allergic inflammation (73). Expression of IL-23 and IL-17 increased in sequence following ICH and IL-23/IL-17 axis promoted secondary brain injury in ICH model mice (74). However, IL-17 levels did not increase in the acute phase in our study, which indicates that IL-23 may influence ICH in a Th17-independent manner. Consistent with previous research, higher IL-1RA, erythrocyte sedimentation rate, and CRP were correlated with dependent stroke outcome (mRS >3) in acute ischemic stroke (75). Moreover, IL-5, IL-6, IL-9, and IL-27 were also positively correlated with long-term functional outcomes. Increased serum levels of IL-6 and IL-10 were detected in intraparenchymal hemorrhage (76), and higher admission IL-6 levels were associated with unfavorable 90-day functional outcomes and hematoma and perihematomal edema volumes (77). Additionally, IL-6 and IL-10 levels were higher in hemorrhage stroke patients with 1-month unfavorable outcomes (78). Hematoma expansion is a major cause of morbidity and mortality after ICH, and inflammation may be associated with its pathogenesis. Higher plasma IL-10 levels were related to the hematoma expansion in spontaneous ICH and worse 30-day outcomes (79). However, a study on IL-10-/- mice showed that the presence of IL-10 was protective against the development of ICH (80). Although IL-10 is regarded as an anti-inflammatory cytokine to prevent inflammatory and autoimmune pathologies by limiting the immune response to pathogens (81), it also exhibits proinflammatory activities. A study showed that IL-10 treatment stimulated lipopolysaccharide (LPS)-induced release of IFN-γ and enhanced activation of CTL and NK cells after LPS injection, though IL-10 treatment upon LPS-induced IFN-γ release could not be reproduced in whole blood in vitro (82). IL-5, IL-9, IL-10, IL-23, and IL-27 are also related to the Th2 response (T-cell response associated with allergies, progressive systemic sclerosis, and autoimmune disorders) (83). Researchers observed that IL-27 was upregulated centrally and peripherally after ICH, and IL-27 treatment improved ICH outcomes by reducing edema and increasing iron and hematoma clearance (84). However, higher IL-27 levels were correlated with poor 90-day outcomes in our results. The findings above suggested that high-dose anti-inflammatory therapy in patients with inflammatory disorders could be associated with undesired proinflammatory effects in vivo.

In contrast, IL-21, CXCL1, IL-4, IL-31, IFN-γ, SDF-1α, and IP-10 were negatively associated with 90-day unfavorable outcomes. Recently, IL-4/STAT6 signaling accelerated microglia-and macrophage-mediated hematoma clearance and improved neurofunctional recovery following ICH in blood and collagenase injection models (85). Additionally, in a study about the relationship between ex vivo cytokine synthesis and 3-month outcomes after ischemic stroke, decreased release of IP-10, TNFα, IL-1β, and IL-12; increased release of IL-10 and IL-8; and higher plasma IL-6 levels were associated with poor outcomes (86). Additionally, decreased release of IP-10 and TNF-α after ex vivo blood stimulation with endotoxin was associated with poor outcomes after stroke, suggesting that the inhibition of both the MyD88-dependent and MyD88-independent pathways of toll-like receptors (TLR)4 signaling in blood cells was associated with poor prognosis in stroke patients (87). Reduced IFN-γ production caused by impaired NK and T cell response was the crucial stroke-induced defect in the antibacterial defense. IFN-γ supplementation effectively inhibited bacterial infections after stroke (50). Neovascularization after ICH is an important compensatory response that mediates brain repair and improves the clinical outcome. The Tp53 Arg72Pro single-nucleotide polymorphism increased endothelial cell survival and triggered efficient endothelial progenitor cell mobilization via vascular endothelial growth factor and SDF-1α, resulting in neovascularization after experimental ICH (88). In conclusion, the onset of ICH induced massive, rapid activation of the peripheral immune system and Th2 responses were correlated with worse 90-day outcomes.

Furthermore, Enterococcus was positively associated with IL-RA and negatively associated with IP-10 and SDF-1α, while Prevotella showed an inverse association. Peptidoglycan is detected by multiple pattern-recognition receptors and triggers inflammatory responses in immune and nonimmune cells (89). TLR2s are known to be the signaling receptors for peptidoglycan, which induced IL-1RA gene expression by activating the p38 stress-activated protein kinase (90). IP-10 has been shown to have direct antibacterial activity similar to α-defensins, like against Escherichia coli and Listeria monocytogenes (91). In addition, IFN-γ signaling in enteric glia cells (EGCs) maintains intestinal homeostasis and immunity and improves tissue repair after intestinal damage caused by pathogen infection. Researchers have identified IP-10 as the critical response cytokine in IFN-γ signaling, thus the IFNγ–EGC–IP-10 axis is essential to the immune response and tissue repair after infectious challenge (92). Collectively, this evidence showed that Enterococcus interacted with cytokines such as IL-1RA, IP-10, and SDF-1; promoted the TLR-2 pathway; inhibited the TLR-4 pathway (87); induced neovascularization; and disturbed the homeostasis of the intestinal microbiota to aggravate the inflammatory response and worsen ICH outcomes.

Stroke-induced immunosuppression (SIIS) was characterized by decreased lymphocyte counts in the spleen, blood, and thymus; impaired early NK and T cell responses, and a shift from Th1 to Th2 (50). This syndrome increased the susceptibility to stroke-associated infections. Among these infections, SAP was the major acute type of ICH and can worsen ICH functional outcomes (93). To elucidate the molecular mechanisms of SAP, the peripheral suppression of the immune system after the occurrence of ICH must be considered. In this study, we found that there were six cytokines that were significantly correlated with SAP, including IP-10, IL-1RA, TNF-α, MIP-1β, IL-18, and IL-8. IP-10 was the only cytokine that was decreased in the SAP group. IFN-γ plays a pivotal role in preventing bacterial infections after stroke. Studies have revealed that supplementing with IFN-γ by adoptive transfer of IFN-γ–producing lymphocytes or recombinant IFN-γ treatment inhibited bacteremia and pneumonia (50). However, this did not prove whether the downstream effector of IFN-γ was associated with stroke-associated infections or not. IP-10, also called IFN-γ-inducible protein 10, is a chemokine secreted from cells stimulated with type I and II IFNs and LPS (94). It is vital in controlling pneumonia by enhancing IFN-γ production and reinforcing leukocyte antibacterial responses (95). In a previous study, at the early stage of Klebsiella administration, anti-IP-10 antibody treatment led to 10- to 100-fold increases in the number of Klebsiella pneumoniae CFU isolated from lung homogenates compared to IgG administration. Additionally, adenovirus-mediated expression of IP-10 led to 30- to 100-fold reductions in lung and blood CFU in Klebsiella-infected mice in the early stage (95). Therefore, the IFN-γ-IP-10 axis may be a candidate pathway for immunotherapy of SAP or severe respiratory tract infection. Decreased secretion of TNF-α and IFN-γ has contributed to spontaneous bacterial infections. However, a reduction of endotoxin-induced TNF-α was observed 12 h and 2 d after middle cerebral artery occlusion and returned to control levels on day 5 (50). Our study showed that TNF-α levels were increased in the SAP group, which suggested that the increase of TNF-α present during the late stage of stroke could also be linked to SAP, as the duration of SIIS still remained unknown. Stroke severity was the most important predictor of infection risk, and increased plasma IL-1RA levels were independently associated with infection risk after adjusting for stroke severity. This suggested that IL-1RA was a strong predictor of post-stroke infection (96). Moreover, in a previous study, the A2A2 genotype of the IL-1RA gene was associated with the risk of adverse outcomes of severe community-acquired pneumonia in Indian children (97), though there were some different findings in other studies (98, 99). MIP-1β, an inflammatory chemokine, has an impact on vasculopathy. Researchers have found that MIP-1β inhibition improved endothelial progenitor cell (EPC) function and enhanced EPC homing and ischemia-induced neovasculogenesis (100). Increased IL-18 and IL-8 expressions contributed to the development and severity of stroke (101–103) and IL-18 also participated in hypoxic-ischemic brain injury (104). Interestingly, a novel innate immunity pathway consisting of lipoteichoid acid, produced by gram-negative bacteria, was sensed by the NLRP6 inflammasome and exacerbated a systemic gram-positive pathogen infection via the production of IL-18 (105). Unexpectedly, IL-18 was not associated with the genus Enterococcus in our study. Further analysis showed an association between the cytokines and genera and revealed that increased bacteria in the SAP group, especially Enterococcus, enhanced the expression of IL-1RA and decreased IP-10 levels to promote SAP. Increased bacteria in the non-SAP group, particularly Prevotella, were inversely related to SAP.

Random forest analysis showed that Enterococci were the critical biomarkers in determining either the good or poor functional outcomes of short-term and long-term prognoses. Notably, Enterococci were the most important biomarkers in predicting short-term functional outcomes, which was due to its levels gradually increasing throughout the ICH process and peaking at phase T4.

The major findings of our study were that the gut microbiota changed dynamically throughout the duration of ICH, and gut dysbiosis with Enterococcus enrichment and Prevotella depletion not only promoted ICH but also SAP. Moreover, we investigated the dynamic changes of a broad spectrum of cytokines in the process of ICH and confirmed the roles of these cytokines in patients with ICH, and examined the relationship between genera and cytokine responses. Our study does have some limitations. First, the age, gender, and comorbidities of the ICH group and the control groups were not identical, although a generalized linear model was applied to control the possible confounding factors. Additionally, the stool samples in different phases of the ICH process were varied, as ICH could reduce gastrointestinal motility (22). Second, short-chain fatty acid (SCFA) levels, which potentially mediate gut-brain communication, were not tested (106), although a number of studies have revealed that SCFAs played a beneficial and anti-inflammatory role in stroke (107, 108). Third, antibiotics are unavoidable, important factors for ICH patients and gut microbiota. ICH patients in this study were recruited from intensive care units and 73.4% of them were diagnosed with pneumonia within 7 days of ICH. Thus, we should consider the effect of antibiotics on intestinal microbiota. However, the impact of different types of antibiotics and their application times on intestinal flora in vivo remains unknown, and it is difficult to control the antibiotics used in unpredictable medical conditions. Finally, for the study scale, we did not analyze the correlations between every taxon and every cytokine tested in this study under the consideration of the limited statistical power of multiple comparisons. Consequently, the related changes in the microbiota and serum cytokines were analyzed under the assumption that the altered microbiota may trigger peripheral inflammatory responses that contributed to ICH or SAP. Additionally, the specific mechanisms underlying the microbiota and ICH process were not explored in this study. Therefore, in a future study, we plan to simulate the intestinal alteration by enriching Enterococcus or depleting Prevotella in experimental ICH to verify the potential targets and elucidate their causal relationship in the gut-brain axis. Moreover, specific immune responses stimulated by a particular species, or a group of gut microorganisms, need to be investigated. We will analyze the dynamic changes in cytokine responses in patients with SAP in our subsequent studies to identify the changes in inflammatory responses. More study patients will be enrolled in the future to support our findings. As discussed, SIIS was a key mechanism of ICH and SAP. More information about SIIS including the duration, the cytokine storm, and its activation is needed.



Conclusion

In summary, to the best of our knowledge, this is the first study to show that patients with Enterococcus enrichment and Prevotella depletion in the gut microbiota had increased risk of ICH and SAP in vivo. Changes in a broad spectrum of cytokines associated with the signature microbiota proved that microbiota alterations with aberrant host immune responses were related to ICH pathogenesis. Elucidation of the interaction between intestinal microbiota and the peripheral immune response would help to understand ICH pathogenesis. The altered gut microbiota composition and serum cytokine profiles are potential biomarkers that reflect the inciting physiologic insult/stress involved with ICH. Gut microbiota modulation may help to the development of intervention strategies targeting microbiota dysbiosis for ICH.
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As the world’s population ages, neurodegenerative diseases (NDs) have brought a great burden to the world. However, effective treatment measures have not been found to alleviate the occurrence and development of NDs. Abnormal accumulation of pathogenic proteins is an important cause of NDs. Therefore, effective inhibition of the accumulation of pathogenic proteins has become a priority. As the second brain of human, the gut plays an important role in regulate emotion and cognition functions. Recent studies have reported that the disturbance of gut microbiota (GM) is closely related to accumulation of pathogenic proteins in NDs. On the one hand, pathogenic proteins directly produced by GM are transmitted from the gut to the central center via vagus nerve. On the other hand, The harmful substances produced by GM enter the peripheral circulation through intestinal barrier and cause inflammation, or cross the blood–brain barrier into the central center to cause inflammation, and cytokines produced by the central center cause the production of pathogenic proteins. These pathogenic proteins can produced by the above two aspects can cause the activation of central microglia and further lead to NDs development. In addition, certain GM and metabolites have been shown to have neuroprotective effects. Therefore, modulating GM may be a potential clinical therapeutic approach for NDs. In this review, we summarized the possible mechanism of NDs caused by abnormal accumulation of pathogenic proteins mediated by GM to induce the activation of central microglia, cause central inflammation and explore the therapeutic potential of dietary therapy and fecal microbiota transplantation (FMT) in NDs.

KEYWORDS
 gut microbiota, pathogenic proteins, neurodegenerative diseases, inflammatory factors, dietary therapy, fecal microbiota transplantation


Introduction

Neurodegenerative diseases (NDs) include Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and multiple sclerosis (MS) are characterized by associated neuron damage resulting from a buildup of neurotoxic substances in the brain (Zhang et al., 2022). And as the world’s population ages, so will the burden of NDs (Cottler et al., 2015; Ravindranath et al., 2015). The abnormal accumulation of pathogenic proteins is considered to be common feature of NDs, these abnormal accumulations can occur in a variety of aggregates, including naturally unfolded monomers, β-rich oligomers or fibrils, and stable pathogenic proteins fibrils (Lashuel et al., 2002; Volles and Lansbury, 2003). Tau protein, amyloid β-protein (Aβ) and α-synuclein (α-syn) abnormal accumulations have been widely reported to be associated with the occurrence of NDs (Giacomelli et al., 2017; Ryder et al., 2022). The abnormal accumulation of these pathogenic proteins can over-activate astrocytes and microglia leading to a range of neuron and synaptic plasticity damage, etc., and that eventually led to the development of NDs (Parhizkar and Holtzman, 2022; Zhu et al., 2018).

In recent years, microbial infections was regard as a risk factor for NDs (Lotz et al., 2021). Gut microbiota (GM) have been reported to be related to the occurrence and development of NDs (Fang et al., 2020; Sun et al., 2020; Singh et al., 2021). The GM is thought to be critical for brain physiological processes such as myelination, synaptic plasticity, neurogenesis and glial cell activation and regulate mental processes such as emotion and cognition (Diaz Heijtz et al., 2011; Pellegrini et al., 2018). GM can directly or indirectly affect the abnormal accumulation of pathogenic proteins in the brain. On the one hand, GM can directly cause the generation of pathogenic proteins by acting on the gut and enter the brain through the vagus nerve (Kim et al., 2019). On the other hand, GM can trigger a cytokine storm that causes abnormal accumulation of pathogenic proteins in the brain by causing an excessive inflammatory response in the body (Megur et al., 2020). And, these abnormal accumulation of pathogenic proteins of different origins trigger a more severe inflammatory and disease response. Therefore, the mechanism of abnormal aggregation of pathogenic proteins in NDs directly or indirectly mediated by GM in the brain is expected to provide a theoretical basis for suppressing the accumulation of pathogenic proteins in NDs by intestinal microorganisms in the future.

GM dysregulation is an important factor in the occurrence and development of nervous system diseases (Ghezzi et al., 2022). Therefore, GM targeting is expected to become a new treatment for NDs, with great clinical research prospects. At present, studies have proved that diet, antibiotics, stress, lifestyle and surrounding environment are all factors affecting the composition of GM (Sorboni et al., 2022). In this review, in addition to reviewing the relationship between GM and pathogenic proteins in NDs, two current approaches based on modulation of host GM to ameliorate the pathological changes in NDs, namely dietary therapy and FMT, will be described. It provides new ideas for future research on clinical treatment strategies of NDs.



Is there a relationship between gut microbiota and pathogenic proteins of neurodegenerative diseases?

In the past decade, it has been widely reported that GM not only directly affect the host gut environment, but also indirectly affect the health of the host. GM is a complex community of microorganisms colonizing the digestive tracts of humans. It consists of more than 1,500 species, including more than 50 different phyla (Yang et al., 2020). Among them, Bacteroidetes and Firmicutes are the most important, followed by Proteobacteria, Fusobacteria, Tenericutes, Actinobacteria and Verrucomicrobia, accounting for 90% of the total microbial population in humans (Gomaa, 2020). In a healthy state, the GM is in ecological balance, showing a high diversity and rich microbial population, which plays a variety of important roles in host, such as digestion, metabolism, immune regulation, anti-aging and emotional cognition (Vera-Urbina et al., 2022).

Many studies have shown that there is a close correlation between the GM and the brain, which can communicate with each other directly and indirectly, including neural, immune and endocrine pathways (Cryan et al., 2019). This links the gut to a central brain region that controls emotion and cognition (Kesika et al., 2021). Therefore, the important concept of microbial-gut-brain (MGB) axis was proposed, and it has become a research hot spot in the field of neuroscience, even though the mechanism involved is not completely clear (Maiuolo et al., 2021). The GM plays a key role in early brain development and adult neurogenesis. It is well known to have a significant impact on NDs (Kowalski and Mulak, 2019; Nagu et al., 2021). GM dysbiosis and changes in the function and structure contribute to the development of NDs, such as PD and AD (Pistollato et al., 2016). Several studies now suggest a potential link between GM, neuroinflammation, and cognitive impairment. GM changes precede amyloidosis and neuroinflammation (Chen et al., 2020). Cognitive impairment and amyloid deposition are associated with increased abundance of pro-inflammatory bacteria (e.g., Escherichia, Shigella) and decreased abundance of anti-inflammatory bacteria (e.g., Bacteroides fragilis) (O'Toole and Jeffery, 2015; Rogers et al., 2016; Sharon et al., 2016). Furthermore, certain gut microbial components may be actively involved in regulating neuroinflammation and protein misfolding (González-Sanmiguel et al., 2020; Parker et al., 2020). GM have been shown to produce amyloid, lipopolysaccharide (LPS), or other biological substances that disrupt intestinal homeostasis, affect the central nervous system through the MGB axis, and mediate the pathological process of NDs, such as inflammation, amyloid, and Tau protein accumulation in the brain (Friedland, 2015; Xu and Wang, 2016). Among them, extracellular bacterial amyloid produced by Pseudomonas, Salmonella, and EScherichia coli (E. coli) may contribute to the pathological process of α-syn and inflammatory responses in the gut and brain, or may mediate the formation of Aβ amyloid through the blood–brain barrier (BBB), leading to NDs (Needham et al., 2020; Sampson et al., 2020; Zhang et al., 2022).

For AD, A study of 40 AD patients also showed increased abundance of the proinflammatory bacteria Escherichia and Shigella, and decreased abundance of the anti-inflammatory bacteria E. rectale, compared with healthy people and cognitive patients without amyloid, and has been suggested to be associated with peripheral inflammatory states. The relationship between them and amyloidosis is worth further investigation (Cattaneo et al., 2017). Endotoxins produced by GM may be involved in the inflammatory and pathological processes associated with amyloidosis and AD. After long-term injection of LPS into the fourth ventricle of rats, inflammatory responses and AD pathological features can be seen in the brain. In addition, in vitro studies have found that E. coli endotoxin can enhance the formation of Aβ fibrin, which may be involved in the formation of pathogenic amyloid protein and inflammatory response in the brain of AD patients (Blanco et al., 2012). Interestingly, antimicrobial-induced intestinal dysbiosis can exacerbate neuroinflammation and amyloid deposition in AD models, while symptoms and pathological processes of amyloid deposition in brain were alleviated in AD mice transplanted with healthy mice or healthy human intestinal bacteria (Asti and Gioglio, 2014). In another mouse study, GM dysregulated pregnancy was vertically transferred to offspring after antibiotic treatment, similarly demonstrating that specific GM ameliorated memory impairment and reduced Aβ aggregation in preclinical AD models (Bello-Medina et al., 2022). In other studies, chronic H. pylori infection has been shown to affect AD by releasing a large number of inflammatory mediators. Plasma levels of β-amyloid peptide 1–40 and 1–42 were increased in AD patients infected with H. pylori. Furthermore, H. pylori filtrate can induce AD Tau hyperphosphorylation. Treatment with probiotics, such as Lactobacillus and Bifidobacterium, reduced amyloid beta formation and improved cognitive function (Nimgampalle and Kuna, 2017; Sochocka et al., 2019).

In PD, One clinical study showed that the fecal abundance of Prevotellaceae decreased by 77.6% in PD patients compared with healthy volunteers, while the abundance of Enterobacteriaceae increased, and was positively correlated with the severity of the patients’ dyskinesia (Scheperjans et al., 2015). Forsyth et al. (2011) also found that PD patients had an increase in intestinal permeability accompanied by an increase in Enterobacteriaceae abundance in the gut and an increase in pathological α-syn in the gut and brain. Furthermore, GM has been found to promote pathogenic α-syn accumulation, neuroinflammation, dopamine neuronal degeneration, and motor dysfunction in PD mouse models (Sampson et al., 2016). It may be mediated by substances produced by GM. Recent studies have found that some GM-derived amyloid proteins can cause abnormal changes of α-syn in gut and brain, leading to motor dysfunction (Sampson et al., 2020). Therefore, GM is closely related to NDs related pathogenic proteins. However, questions remain about how GM-derived amyloid affects NDs, In the future, the relationship between intestinal and brain pathological proteins and the specific mechanism of action need to be further studied.



Gut microbiota affects the accumulation of pathogenic protein in neurodegenerative diseases by direct and indirect pathways

The effects of GM on pathogenic proteins are complex. In general, GM is closely related to NDs. Bacterial amyloid proteins, LPS and other components of GM can trigger NDs through a variety of ways. We reviewed previous studies and summarized them into two possibilities. One possibility is that it is taken up by the intestinal epithelium and then retrograde transported to the central nervous system through the vagus nerve. The Braak hypothesis (Braak et al., 2003). Another possibility is to enter the brain through damaged intestinal and BBB, causing corresponding pathophysiological processes (Desplats et al., 2009).Therefore, we explored the immune and vagal pathways will be used to elucidate the relationship between GM, pathogenic Protein and NDs (Figure 1).
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FIGURE 1
 GM affect the production of pathogenic proteins in the brain directly and indirectly. GM can produce lipopolysaccharide and amyloid protein, and these harmful substances enter the body and cause NDs when intestinal and blood-brain barriers are damaged. Bacterial amyloid directly cause the accumulation of pathogenic α-syn in the gut in a “cross-seeding” manner, or the intestinal AEP cleaved α-syn and Tau proteins at N103 and N368 sites, respectively, to form α-syn N103/Tau N368 complex. These pathogenic proteins then enter the brain through the vagus nerve, causing cognitive dysfunction. Bacterial amyloid and lipolysaccharide pass through the damaged intestinal barrier and blood-brain barrier to cause inflammation in the peripheral circulatory system, or cause inflammation in the brain to produce pro-inflammatory cytokines, indirectly leading to the synthesis and deposition of pathogenic amyloid proteins. LPS, lipopolysaccharide; α-syn, α-synuclein; Aβ, β-amyloid; AEP, asparagine endopeptidase; IL, interleukin; TNF-α, tumor necrosis factor-α; BAP, bacterial amyloid protein.



Gut microbiota directly stimulates production of pathogenic proteins

NDs are associated with abnormal aggregates of pathogenic proteins, of which humans encode about 30, while GM also produce functional pathogenic proteins, such as curli, Tau, Aβ, α-syn and FapC (Kesika et al., 2021; Wang et al., 2021). Related studies have shown that amyloid produced by GM may lead to the accumulation of other pathogenic proteins with different structures through “cross-seeding,” which leads to the misfolding of neuronal proteins (Blanco et al., 2012; Friedland and Chapman, 2017). For example, a variety of intestinal strains can express Curil protein, such as E. coli, S. Typhimurium, Citrobacter SPP and Enterobacter SPP (Zogaj et al., 2003; Dueholm et al., 2012). Sampson et al. (2020) found that curli protein-producing E. coli can promote α-syn pathology and inflammation in the gut and brain of mice, and purified CsgA of curli protein subunit can accelerate α-syn aggregation in vitro. When CsgA of curli subunit of E. coli was knocked out or inhibited, α-syn-induced cell death was significantly reduced, and mitochondrial and neuron functions were restored (Wang et al., 2021).

What’s more, In PD patients, accumulation of pathogenic α-syn is observed in the intestinal tissue, which is thought to occur before the onset of gastrointestinal motor symptoms (Hilton et al., 2014). Pathogenic α-syn was found in both enteroendocrine cells and intestinal neurons. It could reach the brain from the intestine through the vagus nerve and cause pathological changes in the central nervous system (Holmqvist et al., 2014; Chen and Lin, 2022). The study found that pathogenic α-syn was injected into the duodenum and pylorus muscle layer in mice produced symptoms similar to those of PD and successively in the vagus nerve dorsal motor nucleus, after brain tail, the basolateral amygdala, dorsal raphe nucleus and substantia nigra compacta found pathogenic α-syn, and cut off the vagus nerve can inhibit the occurrence of this phenomenon (Kim et al., 2019). A cohort study of vagotomy in PD patients also found a reduction in PD risk after total trunk vagotomy (Svensson et al., 2015). In addition, the pathological development of α-syn from the gut to the brain is age-related, and older mice are more susceptible than younger mice (Challis et al., 2020). More severe forms of disease can occur in the gut, asparaginyl endopeptidase (AEP) cleaved α-syn and tau protein at N103 and N368 sites, respectively, and produced α-syn N103 and Tau N368 in intestinal tract. α-syn N103 interacts with tau N368 to promote each other’s fibrosis and transmission from the gut to the brain, triggering the loss of dopaminergic neurons in the substantia nigra. And the complex spreads faster and causes more severe disease than the normal form of α-syn (Ahn et al., 2020). Abnormal accumulation of α-syn was found in the appendix of patients with PD and appendectomy can affect the incidence of PD (Chen et al., 2021). Therefore, the gut-derived α-syn play an important role in the development of NDs. the vagus nerve is involved in the transmission of intestinal pathogenic α-syn to the brain. However, the underlying mechanism of how the pathogenic α-syn is transmitted to the brain via the vagus nerve has not been clarified.

Simultaneously, activation of the CCAAT/ EBPβ/AEP pathway in the gut and brain was also found in AD patients, inducing Aβ and Tau fiber formation and propagation to the brain via the vagus nerve (Chen et al., 2021). The GM of the aged AD mice transfer to the young mice, which can activate the CCAAT/ EBPβ/ AEP pathway in the brain of the young mice and accelerate the progression of AD. Moreover, prebiotic-enriched Lactobacillus salivarius can significantly inhibit the CCAAT/ EBPβ/ AEP pathway and reduce generation of Tau protein and oxidative stress (Chen et al., 2020). And, microbial prions in the human microbiome may also be involved in protein misfolding that initiates NDs (Flach et al., 2022). The Aβ from gut may also be involved in abnormal accumulation in the brain. After Aβ 1–42 oligomer was injected into the gastrointestinal tract of mice, Aβ migrated from the gastrointestinal tract to the vagus nerve and brain after 1 year, and induced intestinal dysfunction and cognitive impairment in mice (Sun et al., 2020). GM may through the gut -derived pathogenic proteins take part in the development of NDs.



Gut microbiota indirectly stimulates production of pathogenic proteins

The gut mucosal lymphatic tissue also has 70 to 80% of the body’s immune system, so it is considered to be the largest and most important immune organ in the body (Hooper et al., 2012). These lymphatic tissues maintain continuous close contact with the human GM. GM are known to secrete a range of compounds, such as LPS and amyloid. It has been suggested that LPS and amyloid can cause NDs by directly passing through the damaged gastrointestinal tract and BBB, or indirectly through these protective physiological barriers by LPS and amyloid triggered cytokines or other pro-inflammatory factors (Kesika et al., 2021). In addition, these compounds may also can increase the permeability of the intestinal barrier, damage the immune system, increase the production of proinflammatory cytokines (e.g., IL-6, IL-1β, and TNF-α), and further enhance the gut and the permeability of BBB, significantly increased inflammatory response. Induced excessive synthesis and accumulation of Aβ and α-syn amyloid proteins, and the Tau protein phosphorylation, eventually leading to neurodegeneration (Quigley, 2017; Sochocka et al., 2019; Zhao et al., 2019; Rosario et al., 2021). Bacterial amyloid can interact with Toll-like receptor 2 (TLR2) to activate NF-κB signal and COX-2, promote the production of proinflammatory cytokines, such as IL-17A and IL-22, and the production of amyloid in brain neurons (Nishimori et al., 2012; Kesika et al., 2021).

Lipopolysaccharide is a major component of the cell wall of Gram-negative bacteria and an endotoxin. When bacteria invade the body, they release LPS. Recent studies have shown that high levels of Aβ are present in brain tissues after LPS intervention. LPS first binds to lipopolysaccharide binding proteins to transport LPS to the membrane surface of immune cells, it binds to a protein on the surface of the membrane, CD14, which then transport LPS to toll-like receptor 4 (TLR4) and myeloid differentiation protein 2 (MD2) protein complex. As a special exocrine protein, MD2 helps TLR4 recognize LPS. When LPS is combined with TLR4 extracellular groups, the conformation of the intracellular groups changes, and the signal transduction into immune cells activates signal molecules such as MyD88, IL-1R-associated protein kinase (IRAK), IRAK2 and tumor necrosis factor receptor-associated factor 6 (TRAF6). Through a series of biochemical reactions, It phosphorylates the inhibitory protein IB kinase (IK) complex, degrades IκB, and eventually activates the transcription factor NF-κB, which crosses the nuclear membrane and binds to specific regions on chromosomes, promotes the expression of multiple cytokines, and causes systemic inflammation, resulting in increased Aβ levels and neuronal death, ultimately leading to cognitive impairmen (Milosevic et al., 2019; Zhao et al., 2019; Kesika et al., 2021). Morever, LPS enters the body through the damaged intestinal barrier, causing an inflammatory response and increasing the expression of amyloid precursor protein (APP). APP is a transmembrane glycoprotein that plays an important role in the pathogenesis of AD. At the same time, promotion of β/γ-secretase will abnormally cleat APP and induce the production of Aβ (González-Sanmiguel et al., 2020). Similarly, in PD, GM ecology is dysregulated, causing elevated levels of LPS, systemic inflammation through the TLR4/NF-κB pathway, disruption of the BBB, and triggering α-syn accumulation (Sorboni et al., 2022). Moreover, LPS has been suggested to be a key mediator of α-syn aggregation in the enteric nervous system (Bhattacharyya and Bhunia, 2021).

In addition, proteins of bacterial origin (e.g., curil, Aβ, and α-syn) produced by intestinal microorganisms were found to initiate the accumulation of Aβ peptide in AD (Friedland and Chapman, 2017. This process may be mediated by the innate immune system or cross-seeding (Kesika et al., 2021; Chidambaram et al., 2022). Bacterial amyloid protein has been identified as pathogen-associated molecular pattern (PAMP), and its communication messengers include TLR1/2, CD14, NF-κB and iNOS (Chen et al., 2016). Therefore, these results suggest that the immune pathway serves as an important bridge between GM and NDs-related pathogenic proteins.




Pathogenic proteins activates microglia to produce inflammatory factors

Glial cells in the brain include astrocytes, oligodendrocytes, and microglias. Microglia account for 5–15% of the total brain cells (Pelvig et al., 2008). As central scavenger cells, microglia play an important role in central immune defense and the regulation of immune microenvironment. Microglia are closely related to central NDs, such as AD, PD and Amyotrophic lateral sclerosis (ALS) (Harms et al., 2021; Leng and Edison, 2021; Vahsen et al., 2021; Figure 2).
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FIGURE 2
 Pathogenic proteins activate signal transduction pathways in microglia leading to NDs. In AD, Aβ can bind to TLR4/6 on microglia and induce the release of inflammatory factors (IL-1β, TNF-α, and IL-6) through the downstream MyD88/NLRP3 and NF-κB signaling pathways. It also activates TREM2 on microglia, causing DAP12 to enhance Syk and induce a cascade of protein tyrosine phosphorylation, which leads to apoptosis and myelin damage through immune pathways. For Tau protein, it can activate microglia through PQBP1/CGAS/STING pathway, and 40% NF-κB can amplify inflammatory response in this process, leading to a series of nerve damage. The rest is supplemented by TREM2/ERK/PIK3. In PD, α-syn can stimulate microglia to secrete proinflammatory cytokines, such as ROS, TNF-α, IL-1β, COX2, and iNOS through TLR/MyD88/NLRP3 pathway. It also binds to TLR2 to induce nuclear translocation of NF-κB, which triggers the production of NLRP3, pro-IL-1β and pro-IL-18, and ultimately IL-1β secretion. TLR, toll-like receptors; MyD88, myeloid differentiation factor 88; NLRP3, NOD-like receptor thermal protein domain associated protein 3; NF-κB, nuclear factor kappa-B; TREM2, triggering receptor expressed on myeloid cells 2; DAP12, TYRO protein tyrosine kinase binding protein; PQBP1, polyglutamine binding protein-1; CGAS, cyclic GMP-AMP synthase; STING, interferon gene stimulation protein; ERK, extracellular regulated protein kinases; PIK3, phosphatidylinositide 3-kinases; ROS, reactive oxygen species; COX2, cyclooxygenase 2; iNOS, inducible nitric oxide synthase.



Aβ in Alzheimer’s disease

Studies have shown that a variety of receptors on microglias mediate NDs caused by pathogenic proteins, such as class B scavenger receptor CD36, integrin-associated protein/CD47, and α6β1-integrin (Bamberger et al., 2003) through pattern recognition receptors (PRR) of the innate immune system (Stewart et al., 2010). Peptide interactions of Aβ fibrils receptors with CD36, scavenger receptors, CD47, and α6β1 integrin inhibit Aβ-stimulated Tyr kinase-based signaling cascades in THP-1 monocytes and mouse microglias, as well as IL-1β production (Bamberger et al., 2003). Aβ fibrils can trigger microglial inflammation via Toll-like receptors4/6 (TLR4/TLR6) (Stewart et al., 2010). Mice with TLR4 mutation were hybridized with AD transgenic mice and showed more Aβ plaque deposition in the center (Tahara et al., 2006). Activation of Aβ by caspase and signal-dependent transcription factors (such as NF-κB and AP-1) leads to the production of a large number of inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, which may act on neurons to induce apoptosis (McCoy and Tansey, 2008). In addition, cytokines (such as TNF-α and IL-1β) released by microglias can activate astrocytes, and cytokines released by astrocytes can lead to further activation of microglias (Saijo et al., 2009). Aβ also promotes Nod-like receptor (NLR) family pyrin domain containing 3 (NLRP3) inflammasome activation and IL-1β secretion by acting on TLR/MyD88 (Terrill-Usery et al., 2014; Friker et al., 2020). A recent study showed that Aβ acts on the trigger receptor 2 (TREM2) expressed on bone marrow cells on microglia, which transmits intracellular signals through an associated adapter, DAP12, which enforces A protein tyrosine kinase, Syk, leading to a cascade of protein tyrosine phosphorylation. This cascade reaction can lead to the differentiation of microglia into disease-associated microglia, which ultimately causes cell apoptosis and myelin sheath injury through immune pathways (Ellwanger et al., 2021).



Tau in Alzheimer’s disease

In addition to Aβ, Tau is also an important pathogenic protein in AD. A recent study showed that Tau can activate microglia through the PQBP1-CGAS-STING pathway (Jin et al., 2021), and the activated microglia can produce IL-1β, TNF-α, IL-6 and other inflammatory factors through NF-κB transcription factor, ultimately leading to cognitive impairment in mice (Wang et al., 2022). TREM2 has been shown to be a risk factor for AD (Guerreiro et al., 2013), and activation of microglia in the brain of mouse AD models and human AD patients can occur through TREM2-dependent and TREM2-independent mechanisms (Keren-Shaul et al., 2017), and NF-κB activation can also be induced by TREM2 signaling (Zhong et al., 2017). Jin et al. (2021) showed that Tau activated 40% of NF-κB via the PQBP1-CGAS-STING pathway and TREM2-ERK/PIK3 pathway complemented NF-κB activation in the PQBP1-CGAS-STING pathway. A recent interesting study found that Tau can produce phosphorylated modification in microglia after being phagocytic by microglia, and phosphorylated Tau can enhance Tau diffusion by secreting vesicles and aggravating central inflammatory response (Clayton et al., 2021). Another study also showed that, Transmission of Tau pathology depends on the underlying microglia circuit, supporting the hypothesis that neuronal transmission of Tau is induced by activated microglia (Pascoal et al., 2021). An in vitro and in vivo study showed that Tau aggregation can activate NLRP3-ASC inflammatory bodies of microglia and aggravate endogenous and non-exogenous Tau pathology in vivo (Stancu et al., 2019).



α-Syn in Parkinson’s disease

Recent studies have shown that the serum and cerebrospinal fluid of PD patients have proinflammatory characteristics, suggesting cytotoxic microglial activity (Brodacki et al., 2008). Microglia and misfolded α-syn are thought to be involved in a vicious cycle: α-syn itself can elicit immune responses, since both secreted and aggregated α-syn are known to activate microglia, and inflammatory mediators can promote α-syn aggregation (Zhang et al., 2005; Blandini, 2013). α-syn promotes NLRP3 inflammasome activation through TLR/MyD88 (Daniele et al., 2015), and promotes the production of ROS, TNF-α, IL-1β, COX2, iNOS and other inflammatory factors in microglia (Su et al., 2008; Watson et al., 2012). Meanwhile, studies have shown that FLZ, a novel phosphamide derivative, can improve the inflammatory state of the brain in PD mouse models by inhibiting TLR4/MyD88/NF-κB signaling pathway (Zhao et al., 2021a). α-syn fibrils, but not monomers, activate the NLR family Pyrin domain containing NLRP3 inflammasome and induce IL-1β and cleaved Caspase-1 production and release. Pretreatment of mouse microglia with the small molecule NLRP3 inhibitor MCC950 improved α-syn mediated inflammatory response (Pike et al., 2021). Studies have shown that α-syn protein can lead to the production of NLRP3, pro-IL-1β and pro-IL-18 through the “α-syn-TLRS-NF-κB /NLRP3 inflammasome axis.” First, α-syn binds to TLR2, and then induces the downstream nuclear translocation of NF-κB, which triggers the production of NLRP3, pro-IL-1β and pro-IL-18, and eventually leads to the production of cytokines such as IL-1β (Li et al., 2021). In a recent study of primary human microglia, α-syn protein was found to activate the secretion of IL-1β by NLRP3 in microglia (Pike et al., 2021).




Inflammatory factors and neurodegenerative diseases

Elevated IL-1β levels are often observed in NDs (Heneka et al., 2018). IL-1β plays an important role in the central nervous system, and many cells in the central nervous system can express the IL-1β receptor, which can cause an inflammatory signaling cascade, ultimately leading to neuron injury and cell death (Allan et al., 2005). Apoptosis and necrotizing apoptosis are different modes of cell death that have been shown to promote neuroinflammation and neuronal degeneration in a variety of NDs, including multiple sclerosis (Zhang et al., 2017; Yuan et al., 2019). Microglia are activated around amyloid plaques in AD, and the activated microglia produce IL-1β, which can lead to neuronal degeneration (Griffin and Mrak, 2002). The typical mechanism of IL-1β production by microglia involves activation of NLRP3 inflammasome (Mendiola and Cardona, 2018; Place and Kanneganti, 2018), a multi-molecular scaffold whose primary function is to sense the amplification and propagation of pro-inflammatory signals from one cell to another by driving cytokine secretion. The three traditional components of NLRP3 inflammasome are: (1) intracellular pattern recognition receptor NACHT domain, leucine-rich repeat (LRR), and NLRP3 (Heneka et al., 2014); (2) ASC consists of a Pyrin domain and a caspase activation and recruitment domain (CARD) (Latz et al., 2013); (3) Caspase-1 (Cysteine-aspartate protease) (Boucher et al., 2018). In the APP/PS1 mouse model, NLRP3 inflammasome cleaves immature pro-IL-1 to produce mature IL-1β, which mediates neuronal damage and cognitive dysfunction (Heneka et al., 2013).

Tumor necrosis factor -α (TNF-α) is a 25 kDa transmembrane protein that can be produced by a variety of cells, including microglia (Parameswaran and Patial, 2010). TNF-α binds to tumor necrosis factor receptor (TNFR1/2) and plays a variety of downstream roles, including immune stimulation, resistance to infectious agents, malignant cell cytotoxicity, sleep regulation and embryonic development (Idriss and Naismith, 2000). TNF-α-mediated inflammation can also lead to Aβ plaques and Tau protein accumulation in the brain of AD patients (Baj and Seth, 2018), and phosphorylated Tau can further aggravate the central inflammatory response (Clayton et al., 2021). Production of TNF-α in microglia stimulated by amyloid over time induces neuroinflammatory responses associated with muscular atrophy in AD, PD, and MS (Baj andSeth,2018). TNF-α inhibitors reduce central Aβ and Tau levels and improve cognitive dysfunction in a mouse model of dementia (Shi et al., 2011). In a clinical study, curcumin reduced TNF-α and may reduce the accumulation of Aβ plaques and Tau in the hypothalamus, and was also found to improve cognitive dysfunction (Small et al., 2018). TNF-α can enhance n-methyl-D-Aspartate (NMDA) receptor, mediate neurotoxicity, increase glutamate, and cause nerve cell damage (Zou and Crews, 2005). In addition, TNF-α can also affect neuronal membrane potential, resulting in long-term disturbance of intracellular Ca2+ balance and abnormal cell function (Choi et al., 2002).

IL-6 is a polypeptide composed of α and β chains (Kaur et al., 2020). The change in central IL-6 concentration is mainly due to the response of astrocytes and microglias to inflammation (Guo et al., 2021). Dysregulation of IL-6 is associated with various cognitive dysfunction, and individuals with high levels of IL-6 in the blood are at a higher risk of cognitive impairment than individuals with low Levels of IL-6 (Bradburn et al., 2017). IL-6 acts as an important proinflammatory cytokine and a key mediator of the acute phase response, and IL-6 induces c-reactive protein (CRP) production. Typical IL-6 signaling involves the binding of IL-6 to its homologous receptor, causing the formation of a dimer of GP130 protein, Intracellular signal transduction and transcriptional regulation are then activated through the Janus kinase/signal transduction and transcriptional activator (Jak/STAT) pathway and the transcription factor cytokine signal transduction inhibitor 3 (SOCS3). Another signaling pathway is IL-6 binding to IL-6R to produce soluble SIL-6R, which then activates GP130 signaling (Dugan et al., 2009). Increased levels of central IL-6 have been shown to mediate disease behaviors, including lethargy, insanity, and cognitive deficits (Cartmell et al., 2000). Newest study suggests that central IL-6 also regulates glutamate neurotransmission (Qiu and Gruol, 2003), and it has been found that IL-6 in transgenic mice promotes reactive glial proliferation and further promote neuronal degeneration in acute response (Chiang et al., 1994). Therefore, this storm of inflammatory actived by glial cells is an important contributor to NDs.



Neurodegenerative diseases newly treatment

With further research on GM and brain health, GM communicates with the brain through the microbiota-gut-brain axis, intestinal dysbiosis is thought to affect the development of NDs (Kowalski and Mulak, 2019). Therefore, effective reversal or alleviation of intestinal dysbiosis may be a potential strategy to prevent and treat NDs. Regulating GM as a treatment for NDs is a future direction with potential clinical practice. Current approaches based on modulated GM for the treatment of NDs (AD, PD) include diet therapy and fecal microbiota transplantation (FMT; Lorente-Picón and Laguna, 2021; Mohammadi et al., 2019; Westfall et al., 2018; Figure 3).
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FIGURE 3
 There are two dietary treatments for NDs, the Mediterranean diet (MedD) and the ketogenic diet (KD). MedD is a dietary pattern rich in antioxidants and unsaturated fatty acids, which has neuroprotective effects such as regulating GM and metabolite composition, anti-inflammatory, antioxidant and reduce pathological proteins. And there are different intake strategies for different foods. KD is a high fat, low carbohydrate, appropriate protein and nutrients dietary pattern. Neuroprotective mechanisms may involve regulation of GM and metabolite composition, anti-inflammatory, antioxidant, and epigenetic. However, long-term low carbon water intake can cause certain side effects, such as gastrointestinal, weakness, inattention, myodynia and decreased bone density. HbA1c, hemoglobin A1C. CRP, C-reactive protein.



Diet therapy

Related studies have proved that diet may affect the occurrence and development of NDs by regulating GM and its metabolite composition, inflammatory response, metabolism, oxidative stress and pathological protein production (Zhang et al., 2020). At present, dietary therapy has shown potential in the treatment of NDs. These include Mediterranean (MedD) and ketogenic (KD) diets (Alfonsetti et al., 2022; Ding et al., 2022; Grochowska and Przeliorz, 2022).

The MedD, a plant-based dietary pattern rich in antioxidants and unsaturated fats. it can change the GM and metabolite composition, modulates systemic inflammation, oxidative stress, metabolic disturbances, neurodegeneration, and cognitive decline (Zhang et al., 2020; Scoditti et al., 2022). It is affected by geographical location and climate (Mattavelli et al., 2022). A cohort study of the health of the Hispanic/Latino community showed that subjects with high adherence to the MedD had better cognitive performance and a lower risk of AD (Moustafa et al., 2022). In addition, high adherence to MedD improved mediotemporal gray matter volume and memory in AD patients, correlated with lower levels of amyloid (Aβ 42/40 ratio), and decreased pTau181 (Ballarini et al., 2021). Also, higher adherence to MedD in midlife was associated with a lower risk of PD (Yin et al., 2021). Therefore, MedD has been recognized worldwide as a good dietary pattern. Olives, nuts, fruits, vegetables and red wine are important components of MedD, because they are rich in nutrients such as unsaturated fatty acids, phenols and vitamins (Petrella et al., 2021; Lefèvre-Arbogast et al., 2022). Treatment of human SH-SY5Y cells transfected with neuronal amyloid precursor protein (APP695) with walnut extract (rich in linoleic acid, oleic acid, α-linolenic acid, and γ-and δ-tocopherol) improved mitochondrial function, increased ATP production, and decreased Aβ1-40 formation. These changes may enhance neurite growth (Esselun et al., 2022).

In addition, dietary polyphenols in MedD have attracted extensive attention due to their neuroprotective properties in NDs (Kaakoush and Morris, 2017; Shishtar et al., 2020; Nargeh et al., 2021). Most dietary polyphenols enter the body and are converted into other microbial metabolites by GM, such as short-chain fatty acids (SFCAs) and phenolic metabolites, thereby delaying the development of NDs (Nargeh et al., 2021; Ticinesi et al., 2022). Dietary polyphenols can exert neuroprotective effects by modulating GM, improving the ubiquitin-proteasome system (UPS) and GM-induced aggregation of pathogenic proteins (Nargeh et al., 2021). Flavonoids belongs to polyphenols, especially anthocyanins and flavono-3-alcohols, as well as flavonoid-rich foods such as berries and red wine, reduce the risk of death in PD patients (X. Zhang et al., 2022). This therapeutic effect may be derived from its inhibition of inflammatory response and reduction of oxidative stress (Zhao Y. et al., 2019). It also can significantly down-regulate the activation of CCAAT/EBPβ/AEP pathway and inhibit the generation of pathogenic proteins in the gut and brain, play an anti-AD effect (Flach et al., 2022). Phosphorylation of α-syn was more pathogenic than α-syn in PD (Penke et al., 2019). Long-term consumption of coffee has a neuroprotective effect on PD, effectively dephosphorylating the pathogenic α-syn by activating subunit protein phosphatase 2A (Yan et al., 2018). Morever, mitochondrial autophagy disorder is also related to NDs (González-Polo et al., 2015). Studies have found that extra virgin olive oil (EVOO) has multiple benefits, such as improving GM composition (Promote the growth of probiotics Lactobacillus and Bifidobacterium) and cognitive function, antibacterial, anti-inflammatory, antioxidant, lowering blood sugar and insulin resistance (Millman et al., 2021). It can reduce the risk of AD, reduce the abnormal accumulation of Aβ and Tau in AD mouse models, and improve cognition and memory (Millman et al., 2021). Olive oil polyphenols are important components of MedD, which have anti-inflammatory and antioxidant effects (Bucciantini et al., 2021). Studies have shown that olive oil phenolic compounds (olivin) can regulate mitophagy through AMPK/SIRT1/mTOR pathway, and exert antioxidant and anti-cell death effects (Blanco-Benítez et al., 2022). it can also improve the viability of SH-SY5Y cells, reduce the levels of reactive oxide and intracellular free Ca2+ induced by proinflammatory protein S100A9 amyloid, and play a neuroprotective role (Leri et al., 2021). Finally, in AD mice fed EVOO, autophagy was induced through AMPK/ UNC-51-like kinase 1 (ULK1) pathway, NLRP3 inflammasome was inhibited to reduce neuroinflammation, clear Aβ, and restore BBB function (Al Rihani et al., 2019). In addition, grapes are also a rich source of polyphenols. Grape extracts have anti-inflammatory, anti-oxidative and protective dopamine neuron functions in PD models in vivo and in vitro (Ben Youssef et al., 2021). Interestingly, moderate drinking of red wine is also part of MedD, which is rich in polyphenolic compounds (quercetin, myricetin, catechins, tannins, anthocyanidins, resveratrol, ferulic acid). It has a certain antioxidant and neuroprotective effect on AD and PD (Caruana et al., 2016). Finally, MedD may also play a neuroprotective role by modulating GM, and high adherence to MedD is associated with a lower risk of AD and PD. It was found that MedD could increase the level of bacteria associated with AD/PD (2 family, 17 genera, 6 species) and reduce related bacteria (1 family, 17 genera, and 3 species) (Solch et al., 2022). For example, Lachnoclostridium, Parabacteroides and Ruminococcus were increased in AD with MedD, while Bilophila and Streptococcus were decreased. Clostridiaceae 1, Facealibacterium and Prevotella were increased and Acidaminococcus and Enterococcus were decreased in PD MedD (Solch et al., 2022). Moreover, MedD can also increase the abundance of beneficial bacteria Bifidobacterium and exert anti-inflammatory activity (Lopez-Legarrea et al., 2014). Therefore, MedD show great potential in regulating GM and host homeostasis, and has a good prospect in the field of NDs research.

For KD, it is a high-fat, low-carbohydrate, and recombinant protein diet pattern that has potential neuroprotective effects in NDs, Among them, β-hydroxybutyrate (BHB) and acetoacetate (ACA) are considered to be the most neuroprotective ketone bodies (Li et al., 2020; Gough et al., 2021). The neuroprotective mechanism may involve regulation of GM and metabolism, anti-inflammatory, antioxidant and epigenetic (Gough et al., 2021). A clinical study of 26 AD patients showed significant improvement in quality of life and daily functioning after 12 weeks of modified KD treatment (Phillips et al., 2021). Fortier et al. (2021) also demonstrated that ketone bodies (medium chain triglyceride) can improve mild cognitive impairment in AD patients. In addition, inflammation and Tau aggregation mediated by GM and metabolite changes (such as SCFAs) can be reduced by increasing brain ketone uptake, energy supply, and Aβ clearance, and the same time, it affects the expression of Aβ precursor protein (APP) and α/γ-secretase, thereby improving cognitive impairment, memory, and the ability and quality of daily living (Rebello et al., 2015; Croteau et al., 2018; Nagpal et al., 2020; Neth et al., 2020). A randomized controlled trial of 47 PD patients showed that maintaining KD for 8 weeks was reasonable and safe, with improvements in motor and cognitive function (Phillips et al., 2018). Long-term KD, however, can lead to inadequate carbohydrate intake and certain side effects (known as keto flu), including gastrointestinal distress, weakness, poor concentration, muscle pain, and reduced bone density (especially in children) (Grochowska and Przeliorz, 2022).

In 5XFAD transgenic mice (a mouse model of AD that recapitulates the pathological features of amyloid), 4-month KD can restore the number of neurons and synapses in hippocampus and cortex, reduce microglial activation and amyloid accumulation, reduce neuroinflammation, and improve spatial learning, memory and cognitive function in mice. Shorter KD (2 months) was found to be less effective, while KD in late AD (9 months) had no effect on cognitive improvement (Xu et al., 2022). In addition, based on RNA-seq technology, KD has different effects on neurons and astrocytes, which involve mitochondrial and endoplasmic reticulum function, insulin signal transduction and inflammation related pathways, and is closely related to NDs such as AD (Koppel et al., 2021). Exogenous administration of BHB to AD model mice reduces Aβ plaque formation, increased microglia, apoptosis-associated speck-like protein containing a caspase recruitment domain (Asc) speck and caspase-1 activation and is dependent on inhibition of the NLRP3 inflammasome (Shippy et al., 2020). For PD, a case study showed that after 24 weeks of KD (70% fat, 25% protein, 5% carbohydrate), patients had decreased glycated hemoglobin (HbA1c), CRP, triglycerides, and fasting insulin levels, and improved PD symptoms and anxiety and depression (Tidman, 2022). Morever, KD can also inhibit the reduction of tyrosine hydroxylase (TH) -positive neurons and the activation of microglia in the substantia nigra (SN) of MPTP mice, reduce the levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α), play a neuroprotective and anti-inflammatory role, and alleviate motor dysfunction (Yang and Cheng, 2010). And KD can play a neuroprotective role by regulating glutathione activity against the toxicity of 6-hydroxydopamine (Cheng et al., 2009). Finally, GM including Lactobacillus, Akkermansia, Christensenellaceae and Enterobacteriaceae will change after KD intervention, affecting brain function (Varesi et al., 2022). In conclusion, KD may also be a new adjuvant therapy for NDs, which needs further study.

To summarize, Dietary habits interventions have shown a therapeutic effect on pathogenic proteins-induced NDs. The formulation of accurate nutrition plan plays an important role in the prevention and treatment of NDs. In the future, more effective dietary habits can be explored to prevent the occurrence of NDs through large population studies.



Fecal microbiota transplantation

GM plays an important role in NDs, so remodeling dysregulated GM may be one of the therapeutic strategies. As a new therapeutic approach, FMT transfers fecal microorganisms from healthy donors to the gut of diseased recipients, regulates GM homeostasis, and aims to restore body health (Biazzo and Deidda, 2022). The methods of transplantation include oral live bacteria capsule, upper gastrointestinal intubation, rectal enema and endoscopy (Cold et al., 2021). At present，FMT has been a recognized treatment method for C. difficile infection (CDI), and is currently the most effective intervention for regulating GM (Surawicz et al., 2013; Varesi et al., 2022). In addition, many clinical experiments have clearly proved that FMT has shown good effects in the treatment of gastrointestinal diseases, metabolic diseases and malignant tumors, and the potential regulatory mechanisms may involve the regulation of GM and metabolite composition, immune response and so on (Qu et al., 2022). Therefore, this section will also focus on reviewing the potential application of FMT in NDs (AD and PD; Table 1).



TABLE 1 Application of FMT in AD and PD.
[image: Table1]

A case report of an 82-year-old man with CDI and AD showed a cure of CDI and reversal of AD symptoms after FMT (Hazan, 2020). This was also the case in a recent case report where GM composition, metabolite production, and cognitive function improved after FMT (Park et al., 2021). A study of six men with PD showed improvement in motor and nonmotor symptoms after 6 weeks of FMT in five patients and adverse effects in only one patient (Segal et al., 2021). Another study of 15 PD patients showed similar results, five of whom had gastrointestinal discomfort (abdominal pain, diarrhea, and flatulence; Xue et al., 2020). Therefore, the FMT study of NDs is only in the preliminary stage of animal models. Multiple studies on animal models of AD have shown that after FMT, SCFAs-producing GM increase, Aβ and pTau aggregation and inflammation levels decrease, synaptic plasticity is enhanced, and cognitive function is improved (Sun et al., 2019; Kim et al., 2020; Soriano et al., 2022). A recent study also demonstrated improvements in intestinal barrier, Aβ plaques and neurofibrillary tangles, glial responsiveness, and cognitive impairment in ADLPAPT mice (transgenic AD mouse model) after transplantation of fecal microorganisms from healthy mice (Kim et al., 2020). In addition, another study showed that when APP/PS1 transgenic mice were transplanted with GM from AD patients, increased NLRP3 expression in the gut, systemic inflammation, microglial activation, and cognitive impairment were observed. However, GM composition can be improved after transplantation of GM from healthy people or administration of antibiotics (minocycline), and all of the above adverse reactions are improved (Shen et al., 2020).

For PD mice with FMT, GM dysregulation was restored, TLR4/TNF-α inflammatory pathway was inhibited in gut and brain, the activation of SN microglia and astrocytes was decreased, and the levels of striatal dopamine (DA) and 5-HT were increased, which played a role in neuroprotection and alleviating physical injury (Sun et al., 2018). Zhao et al. (2021b) also demonstrated that PD mice treated with FMT significantly restored GM structure, reduced LPS levels in colon, serum and SN, thus inhibited TLR4/MyD88/NF-κB inflammatory signaling pathway, alleviated systemic inflammatory response, restored intestinal barrier and BBB, and played a neuroprotective role. In addition, FMT has been shown to inhibit the expression of α-syn and block the TLR4/PI3K/AKT/NF-κB pathway in the brain (SN and striatum) to exert anti-PD effects (Zhong et al., 2021).

The above contents indicate that FMT has certain feasibility in the future treatment strategy of NDs, but the detailed mechanism still needs to be clarified. Short-term adverse effects (such as gastrointestinal discomfort and fever) have also occurred after FMT, but the exact cause has not been elucidated (Choi and Cho, 2016). All in all, the dysbiosis of GM is closely related to NDs. FMT, as a means to rapidly regulate GM, has great potential for neurotherapy and is economical, which is worthy of further study and provides more options for future prevention and treatment. Morever, in addition to the potential regulatory mechanisms of FMT, future studies need to involve standardized protocols, safety assessments, and increases in sample size and scope.




Conclusion

Impaired GM structure may be involved in the accumulation of pathogenic proteins in NDS through direct or indirect pathways, and this accumulation may trigger a more severe inflammatory storm through the overactivation of microglia, leading to the development of disease. Overall, GM play a role in the accumulation of pathogenic proteins in the brain, but evidence remains limited. This brain-gut signal crosstalk still requires further study. A large number of clinical trials have shown that dietary therapy and FMT have shown great potential in the treatment of NDs. A stable GM can effectively reduce the occurrence of NDs, but the pathogenesis of each NDs is still different from others. Therefore, the specific mechanism remains to be clarified in the future to tailor a specific diet or GM structure according to different NDs diseases.
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Sample-id

AX105
AX108
AX183
AX185
AX186
AX187
AX188
AX189
AX190

AX93
AX94
AX95
AX96
cCL.C
CCLK
CN.C
CNK
FLS.C
FLSK
GQJ.C
GQJ.K
GTAA917
GTAB917
GTAC920
GTAD922
GTAE1009
GTAF923
GTAG1009
GTN1211
GTR124
GTS1210
GTW927
GTX908
GZC.C
GZCK
HGT

HZY
IXY.C
IXYK

KR

LGH.C
LOH.K
LSH
Lsa.c
LSQ.K
LXH.C
LXHK
LZX.C
LZXK
NAYFOOO1
NAYFO002
NAYFO003
NAYF0004
NAYFO005
NAYFOO06
NAYFOOO7
NAYFO008
NAYFO009
NAYFO010
NAYFOO11
NAYFOO12
NAYFOO13
NAYFOO14
NAYFOO15
NAYF0O16
NAYFOO17
NAYFOO18
NAYFO019
NAYF0020
NAYF0021
NAYF0022
NAYF0023
NAYF0024
NAYF0025
NAYF0026
NAYF0027
NAYF0028
NAYKO001
NAYK0005
NAYKO006
NAYK0007
NAYK0009
NAYK0010
NAYK0011
NAYK0012
NAYK0013
NAYKOO14
NAYK0015
NAYK0016
NAYK0017
NAYK0019
NAYK0020
NAYK0022
NAYK0023
NXG.C
NXG K
SXF.C
SXFK
wea
WHT

XA

XDC.C
XDC.K
XHY
XSY.C
XSYK
YCY.C
YCYK
YHY

YY.C

YYK
YZH.C
YZHK
YZLC
YZLK
ZPX.C
ZPXK
ZXM.C
XM.K
7Y209992
ZY209993
7Y209994
7Y209995
7Y209996
7Y209997
ZY209998
7Y209999
ZYJK-1
ZYJK-2
ZYJK-3

55,297
29,587
28,961
28,985
26,788
31,074

Filtered

31,407
66,512
51,137
62,242
27,417
28,535
38,075
91,203
73,749
88,836
118,231
95,132
63,684
82,398
65,344
56,458
69,587
78,438
91,296
51,653
47,595
22,060
27,315
67,473
53,642
25,835
31,415
30,930
29,441
30,653
47,923
60,755
43,021
70,615
33,608
55,236
61,473
62,848
56,754
51,893
61,747
62,746
61,305

28,374
26,312
30,572

Percentage of input
passed filter

9791
9731
97.33
96.34
97.45
o7
96.11
96.64
96.95
96.78
97.35
96.35
9773
97.18
9655
97.36
96.69
96.82
96.83
96.56
97.29
96.77
97.44
9756
97.79
97.78
98.04
97.95

9791
97.1
9754
9753
97.42
97.69
9752
9756
9752
97.63
83.32
785
88.89
84.94
88.19
76.68
79.82
78.55
97.01
96.93
96.73
97.06
96.8
96.88
96.97
94.43
95.77
95.69
97.01
96.75
847
8165
97.25
97.27
91.04
86.82
97.24

82.45
82.22
90.71
82,07
93.4
78.57
84.06
87.86
88.13
87.63
87.33
87.71
87.36
87.68
87.97
87.37
85.73
8855
88.14
8891
87.93
88.71
88.35
87.77
8867
89.44
90.01
89.78
89.38
88.65
90.12
89.56
89.73
8853
93.96
936
94.03
93.38
9351
93.95
92.88
90.76
92.41

91.88
91.82
9225
9253
9267
93.02
92.48
97.89
97.99
97.89
98.22
98.38

Denoised

29,072
26,401
24,415
22,877
25,059
22,493
22213
24,782
25,396
23,389
23,175
21,485
23,924
24,140
20,775
26,123
21,783
24,568
25,264
22422
27,226
25,400
21,002
24,682
27,492
28,042
30,729

54,827
50,411
57,016
59,658
59,113
62,778
54,158
47,854
59,807
59,405
55,850
58,056
57,325
58,209
52,077
54,498
64,419
54,649
62,471
65,094
53,616
62,946
63,755
65,787
55,879
49,144
46,851
47,515
62,128
62,065
48,539
59,264
64,882
60,680
52,970
59,007
64,449
66,327
60,863
67,242
75,469
66,787
31,858
32,963
30,344
33,390
29,353
29,903
28,148
64,782
49,571
22,369
47,656
29,300
25,885

Non-chimeric

Percentage of input
non-chimeric

95.97
91.83
84.78
93.31
97.05
93.65
95.73
92.98
92,68
945
96.91
94.04
80
80.28
94.43
86.72
96.46
87.36
93.43
90.74
96.41
96.37
92,67
93.01
94.74
87.17
96.59
95.81
93.56
94.62
9222
94.41
94.67
91.69
94.93
95.31
914
94.92

65.83
66.22
68.52
68.01
72.94
58.84
62.78
69.1
73.25
63.48
56.75
7712
68.57
68.94
70.73
73.07
71.62

55.96
69.16
61.55
65.97
75.86
89.22
71.69
72.36
92.89
62.81
66.72
93.46
62.59
63.22
66.98
77.24
70.65
67.45
8151

84.36
80.97
83.51
7.4
67.14
81.07
84.61
78.95
75.67
74.48
84.95
84.31
79.99
83.4
83.92
85.04
86.34
86.01
85.04
85.87
80.97
84.73
85.74
8553

85.25

76.55
83.48
66.01
67.16
58.56
65.21
92.76
58.73
66.98
56.56
66.1
6244
7058
59.69
67.74
74.35

70.89
65.06
65.7
65.15
55.37
62.03
87.6
67.91

94.01
92.78
95.85
92.61
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Human Gene Predominant expression Biological function Associated disease
GSDM location
GSDMA 17921 esophagus, stomach, skin, mammary gland Apoptosis cell proliferation IBD, SSc, RA, asthma in children
GSMDB 17921 immune cells, airway, liver, gastrointestinal epithelial, pyroptosis IBD, asthma, type | diabetes.
neuroendocrine
GSDMC 8qg24.1-  colon, spleen, trachea, esophagus, caecum, small Not known Not known
8g24.2 intestine
GSDMD 8024.3 skin, immune cells, astrointestinal tissue Pyrotpsis, caspase-1, LPS- EAE, FMF, NOMID
activatedcaspase-11,
GSDME 7p15 brain, heart, kidney, cochlea, placenta Apoptosis, pyroptosis Hearing loss, several inflammatory skin

diseases
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Cohort

Number of patients
Number of specimens
% Male

Age

Treatment
%Steroids (oral/lV)
%TNFa inhibitors
%5-ASAs

%Other immunomod-modulators
% Antibiotics

%FMT

CcD

18
18
16.60%
31 +£14.32
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72.20%
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0
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0
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Affected Organs Current study (n=52) Zhang et al. (6) (n=346) Yamada et al. (7) (n=334) Wallace et al. (8) (n=125)

Submandibular gland 30 (57.7) 182 (52.6) 242 (72.7)2 35 (28.0)
Parotid 12 (23.1) 75 (21.7) 21(16.8)
Lacrimal gland/Orbit 21 (40.4) 161 (46.5) 190 (57.1) 28 (22.4)
Lung/Pleura 16 (30.8) 97 (28.0° + 21 (6.1)° 78 (23.4) 22 (17.6)
Pancreas 14 (26.9) 133 (38.4) 85 (25.5) 24 (19.2)
Kidney 11(21.2¢° 24 (6.9) 79 (23.7) 15 (12.0)
Bile duct 11(21.2) 88 (25.4) 18 (5.4) 12 (9.6)
Nasal cavity/Sinuses 8(15.4) 81 (23.4) - 3(2.4)° +5 (4.0
RPF 4(7.7) 69 (19.9) 83 (24.9° 23 (18.4)
Aorta 2(1.9) 33 (9.5) 14(11.2)
Skin 3(5.8) 22 (6.4) 5(1.5) 2(1.6)
Prostate 2(3.9) 48 (20.9) 32 (9.6) 432
Thyroid 1(1.9) 14.(4.0) 3(0.9) 7 (5.6)
Meninges 1(1.9 5(1.4) - 3(2.4)
Hypophysis 1(1.9 8(2.3 - -
Mesentery 1(1.9 9(2.6) - 2(1.6)
Breast 1(1.9 - - -
Vagina 1(1.9 - - -

Data are expressed as number (%). “The data included both submandibular gland and parotid involvement; °Lung; °Pleura; “Kidney involvement included kidney, renal pelvis, and ureter
involvement: ®Nasal cavity: "Sinuses; 9The data included both RPF and Aorta involvement: RPF, Retroperitoneal fibrosis.
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Group

non-Atopy
Atopy
P-value

Eosinophils (*10%/1)

41
11

M (P25, P7s)

0.22 (0.10, 0.47)
0.28 (0.26, 0.43)
0.494

Th2 (cells/pl)

27

M (P25, P7s)

7.40 (6.35, 11.48)
8.61 (5.84, 15.09)
0.523

19G4 (mg/dl)
N M (P2s, P75)
38 1155 (408, 2120)
10 1345 (1140, 1590)

0.780
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Laboratory Examination Value

ESR (mmv/h) 27 (15.75, 57.75)
Elevated ESR, n (%) 33(71.7)

CRP (mg/l) 3.14 (2.81,8.32)
Elevated CRP, n (%) 12 (30.0)
Elevated eosinophils, n (%) 9(17.3)
C3<0.79 g/, n (%) 21(77.8)

C4 < 0.16 g/l, n (%) 15 (55.6)

ANA positive, n (%) 6 (12.0)

RF positive, n (%) 11(22.0)

lgG1 (mg/dl) 892 (675.5, 1100)
Elevated IgG1, n (%) 4 (14.8)

IgG2 (mg/dl) 669.5 (450.25, 791.75)
Elevated 19G2, n (%) 12 (46.2)

IgG3 (mg/di) 48 (32.7,91.4)
Elevated 19gG3, n (%) 5(18.5)

IgG4 (mg/di) 1300 (685.25, 1975)
Elevated 1gG4, n (%) 47 (97.9)

Data are expressed as M (Pas, P75) or number (%). ESR, Erythrocyte sedimentation rate;
CRP, C-reactive protein; C3, Complement 3; C4, Complement 4; ANA, anti-nuclear
antibody; RF, Rheumatoid factor: Ig, Immunoglobulin.
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Lymphocyte subsets

CD3* T (cells/u)
CD19* B (cells/pl)
NK (cells/ul)
CD4* T (cells/)
CD8* T (cells/u)
Th1 (cells/pl)
Tm (%)*

Th2 (cells/ul)
Th2 (%)°
Th17 (cells/pl)
Th17 (%)°
Treg (cells/pl)
Treg (%)°
Th1/Th2
Th17/Treg

19G4-RD

1395.95 + 540.92
158 (116, 218.75)
251.78 (167.25, 303.5)
824.77 (567.25, 1080.75)
396 (308.25, 590.99)
157.58 (105.7, 220.79)
20.01 (14.26, 24.20)
7.61 (5.64, 11.55)
099 (0.77, 1.27)
7.71 (432, 11.04)
1.00 (0.66, 1.42)
29.74 (23.84, 42.39)
3.64 (3.17,5.28)
20.02 (14.66, 31.99)
027 (0.15, 0.42)

HC

1369.98 + 340.74
186.59 (138.76, 243.92)
272.94 (172.24, 384.89)
716.22 (592.52, 848.91)
464.24 (366.47, 694.87)

13054 (83.17, 171.6)
16.91 (12.25, 22.36)
7.94 (4.7,11.89)
1.01(0.73, 1.47)

1 (4.96,9.25)
1.00 (0.61, 1.31)
36.88 (28.19, 46.26)
5.19 (4.13, 6.39)
15.7 (9.21, 22.43)
0.18(0.13, 0.3)

P-value

0.800
0.266
0.353
0.264
0.167
0.038
0.207
0.612
0.746
0.444
0.986
0.122
0.002
0.063
0.095

Data are expressed as mean + S.D. or M (Pzs, P7s). Lymphocyte subgroups (n=38) included CD3* T, CD19* B, NK, CD4* T, CD8" T; CD4"* T cell subsets (n=36) included Th1, Th2, Th17,
Treg: HC, healthy controls (n=50); ®Percentages of Th1 in CD4* T cells; ®Percentages of Th2 in CD4* T cells; °Percentages of Th17 in CD4™ T cells; ®Percentages of Treg in CD4* T cells.





OPS/images/fimmu.2022.825386/fimmu-13-825386-g001.jpg
IFN-1(pg/ml)

8. ) »
©pe000 201 <0001 pe000f p<000f S0 <0001
2
7
150] *
E
Bl .
3
0
° o
WD e
9 W '
T =0
] =005
30 s
=% = LI P
z 3 . z
Bwo - |8 g
& & &
200} + 10
[ S — ol
oD e o oD X T T T






OPS/images/fimmu.2022.825386/fimmu-13-825386-g002.jpg
Y

e (g re g o o Coga " o G
s a8 rmasis o406 * r0079
peool Pesonl Pevo P07
O
. H £

Hiaos g
riogn
=)






OPS/images/fimmu.2022.825386/fimmu-13-825386-g003.jpg
Lung / Pleura involvment Kidney involvement






OPS/images/fimmu.2022.825386/table1.jpg
Characteristics Current study Zhang et al. (6) Yamada et al. (7) Wallace et al. (8)
Number of cases (n) 52 346 334 125

Age at diagnosis, mean (range) 57.4 (27-81) 53.8 (9-83) 63.8 (25-91) 55.2 (24-83)
Disease duration (months) 12 (3, 24) 12 (3-36) - 52 +85%
Male: Female 1.36:1 1.98:1 1.59:1 1.55:1

Race Chinese Chinese Japanese 76%Caucasian
Elevated serum IgG4, n (%) 47 97.9) 285 (94.1) 318 (95.5) 52 (51.0)
Serum 1gG4 level (mg/dl) 1300 (585.25, 1975) 766 (313, 1780) 755 + 642 =
Number of affected organs, mean (range) 27(1-8 - 3.2 (1-11) 23(1-7)
History of atopy, n (%) 1121.2) 172 (49.7)° - -

Data are expressed as mean + S.D., M (P.s, Ps) or number (%). @Years of disease duration; °History of allergy.
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Pre-FMT  Responders Nonresponders p value
Age (Mean, SD)  47.48:12.34 48.44:1208 460921316 0642
Sex, N (%)

Women 10 (37%) 8(29.63%) 2(7.41%) 0.124
Men 17(63%)  8(29.63%)  9(33.33%)

Extent of disease,

N (%)

Proctitis 2() 0 2 0058
Left sided colitis 21(78) 12 9

Pancoitis 4(1s) 4 0
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Name

Clinical indices

Full Mayo score
Calprotectin
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ESR

IL-1_Histo

L-6_Histo

IL-10_Histo
TNF-alpha_Histo
VitD_Histo

IL-1_Serum

IL-6_Serum

IL-10_Serum
TNF-alpha_Serum
VitD_Serum

Gut microbiota diversity
Observed_OTUs
Evenness

Shannon
path_Observed_OTUs
path_Evenness
path_Shannon

Oral microbiota diversity
Observed_OTUs-Oral
Evenness-Oral
Shannon-Oral
path_Observed_OTUs-Oral
path_Evenness-Oral
path_Shannon-Oral

FMT

3.05E-06
0.016552863
0.347700137
0.730812035
0.023727928
0.000965475
0.730812035
0.529979285
0.015244513
0.385068137
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0.877379654
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2.05E-07
0.035567919

6.57E-05
0.000613481
0.055638589
0.002270375

0.001176824
0.115613198
0.394387053
6.57E-05
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2.94E-05

Response

0.959496179
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FMT+Response
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