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Editorial on the Research Topic 


Impact of microbiome on gut mucosal immunity in health and disease


Early studies on immunoglobulin A, the very first identified marker of adaptive immunity in the gut mucosa, quickly led the way to the constantly expanding research field of mucosal immunology. In parallel, gut microbiome, initially studied using conventional microbiology techniques, has expanded with metagenomics technology and metabolomics to uncover an unprecedented amount of information on multiple factors and regulatory pathways linking and modifying the gut immune system as well as distant organ-systems including the central nervous system. The human gut has an abundant microbial load of bacterial genus, representing >2,000 microbial species (>160 species/individual). It is estimated that for every human cell in the body, there may be as many as 1-10 bacterial cells resident in mucosal surfaces (1). These interactions between the gut’s immune system and microbiome are established from early postnatal development to later stages in life to maintain a homeostatic status but also to allow the host confront the challenges imposed by infectious and non-infectious diseases. Bacteria, fungi, and viruses, major components of the gut microbiome heavily influence mucosal immunity in the mammalian host. Gut and respiratory pathogens continue to challenge the human host with mild to lethal infections. The effect of microbiome on the development of a healthy and robust gut immune response is critical for survival as demonstrated by immune response studies conducted on germ-free animal models and other systems (2). Similarly, microbiome’s influence on gut immune response contributes directly or indirectly to inflammatory disorders and/or autoimmune conditions in the susceptible host.

In this Research Topic, a collection of studies using cutting-edge technology provides information on how microbiome influences gut mucosal immune responses in the healthy host and in hosts affected by inflammatory conditions. Other studies explore how modifications to the microbiome or its metabolic products have a potential as therapeutic agents in the control of intestinal or even extra-intestinal conditions.

Development of a healthy gut immune response at early age is affected by multiple factors including prematurity. Lemme-Dumit et al. provided evidence of three distinct microbiota types differentially associated with intestinal permeability, maternal breastfeeding, and immunological profiles among less than 33 week gestation early preterm infants. The Staphylococcus epidermidis, and Enterobacteriaceae-predominant microbiota types were associated with increased intestinal permeability, reduced breastmilk feeding, and less defined fecal cytokine profile. On the other hand, a lower intestinal permeability was associated with increased levels of fecal IL-1alpha/beta and a microbiota type that included a wide array of anaerobes with expanded fermentative capacity. These findings may explain, at least in part, the role of intestinal permeability in the pathogenesis of necrotizing enterocolitis in premature infants. Amenyogbe et al. evaluated bacterial and fungal fecal microbiota in rural Ghanaian children and found that bacterial communities differed systematically across the age spectrum in composition and diversity. Corresponding maternal fecal and breastmilk microbiotas had a dramatic change in the maternal postpartum microbiota, including abundance of E. coli and lower proportion of Prevotella in the first compared to the fourth week postpartum. The dynamics of mother’s bacterial microbiota at the time of birth may have important consequences for children’s health. Sun et al. described the possible negative effects of prenatal maternal stress on intestinal development, impaired barrier function, and gut dysbiosis in a murine model. They also considered the possible role of persistent overgrowth of Desulfovibrio in the offspring and its associated colitis in adulthood.

Microbial metabolites generated by individual bacterial species, a collection of different species, or as a result of the host-microbiome virtually countless metabolite combinations, have the ability to influence gut structure and function in many different ways. In this Research Topic, Kaya et al., reported on the metabolite-sensing G-protein coupled receptors (GPCRs) ability to bind to metabolites and trigger signals important for cell function. These receptors provide a link between immune system, gut microbiota, and metabolic system and some GPR35 gene variants are even implicated in gut-related diseases such as inflammatory bowel disease. Different effect of metabolites in the intestine was reported by Deng et al., the gut metabolite pravastatin attenuated intestinal ischemia/reperfusion injury by stimulating IL-13 secretion from type II innate lymphoid cells via IL-33/ST2 signaling, a novel mechanism that may have a potential as therapeutic use in cases of intestinal ischemia/reperfusion injury.

In addition to the effect of gut microbiome on the gut immune system, it is fascinating the effect it has in homeostasis of distant organs systems. One review by Bhardwaj et al, described how gut microbiome, prebiotics, and probiotics participate in the regulation of host bone homeostasis, and on the contrary, how dysbiosis of the gut microbiota may lead to bone disease, including osteoporosis. Yu et al., reported on how intestinal microbiome among hospitalized patients in vegetative state versus minimally conscious state significantly differs and how small-chain fatty acid’s production due to this differential bacterial presence were reduced in vegetative state patients compared to other groups.

Authors also explored the potential therapeutic use of probiotics and other bacterial organisms on gut disease conditions. Fidanza et al. reviewed Lactoplantibacillus platanarum and its ecological and metabolic flexibility allowing it to thrive in multiple environments and making it an probiotic with potential applications for treatment or prophylaxis of a variety of disorders. Gong et al. found that L. plantarum and Paenibacillus polymyxa given to one-day chicks protected them against Clostridium perfringens infection through improved composition and metabolic pathways of the intestinal microbiota, intestinal structure, inflammation, and anti-apoptosis. Furthermore, Xu et al. reported on how probiotic mixtures significantly alleviated skin inflammation of chemically-induced atopic dermatitis in mice by increased production of regulatory T cells and regulatory dendritic cells in mesenteric lymph nodes. Finally, Cait et al., provided evidence on how a high fiber diet and the resulting short-chain fatty acid metabolites are associated with enhanced antibody response to seasonal influenza vaccination.

The elegant studies presented in this Research Topic using cutting-edge technology allow us to better understand the mechanisms by which gut microbiota and their metabolites affect gut immune responses as well as systemic immune responses to intrinsic and extrinsic antigenic stimuli during early or late development. It also provides evidence of microbial and metabolic signatures associated with a variety of host states of health or disease conditions. Furthermore, it provided evidence on how gut immune system modifiers, such as microbial organisms, food products and metabolites may have therapeutic potential to a variety of conditions. Regulating gut microbiota and the intrinsic and extrinsic metabolomics it may be possible to control gut immune response locally or distally. Finally, each area of research exploring the relationship between gut microbiome and gut immune system in health and disease keep uncovering more questions than answers that should be the basis for novel and exciting research in the near future.
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This study aimed to investigate the protective effects of Lactobacillus plantarum 16 (Lac16) and Paenibacillus polymyxa 10 (BSC10) against Clostridium perfringens (Cp) infection in broilers. A total of 720 one-day-old chicks were randomly divided into four groups. The control and Cp group were only fed a basal diet, while the two treatment groups received basal diets supplemented with Lac16 (1 × 108 cfu·kg−1) and BSC10 (1 × 108 cfu·kg−1) for 21 days, respectively. On day 1 and days 14 to 20, birds except those in the control group were challenged with 1 × 108 cfu C. perfringens type A strain once a day. The results showed that both Lac16 and BSC10 could ameliorate intestinal structure damage caused by C. perfringens infection. C. perfringens infection induced apoptosis by increasing the expression of Bax and p53 and decreasing Bcl-2 expression and inflammation evidence by higher levels of IFN-γ, IL-6, IL-1β, iNOS, and IL-10 in the ileum mucosa, and NO production in jejunal mucosa, which was reversed by Lac16 and BSC10 treatment except for IL-1β (P < 0.05). Besides, the two probiotics restored the intestinal microbiota imbalance induced by C. perfringens infection, characterized by the reduced Firmicutes and Proteobacteria and the increased Bacteroidetes at the phyla level and decreased Bacteroides fragilis and Gallibacterium anatis at the genus level. The two probiotics also reversed metabolic pathways of the microbiota in C. perfringens-infected broilers, including B-vitamin biosynthesis, peptidoglycan biosynthesis, and pyruvate fermentation to acetate and lactate II pathway. In conclusion, Lac16 and BSC10 can effectively protect broilers against C. perfringens infection through improved composition and metabolic pathways of the intestinal microbiota, intestinal structure, inflammation, and anti-apoptosis.
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Introduction

Necrotic enteritis (NE) caused by Clostridium perfringens (Cp) is a severe gastrointestinal disease responsible for the annual loss of at least $ 6 billion in the poultry industry worldwide (1, 2). The disease usually occurs in two forms, including clinical and subclinical forms. The clinical form is characterized by a sudden rise in flock mortality with no premonitory signs, while the subclinical form is associated with intestinal damage, impaired absorption of nutrients, and poor overall performance in poultry (3). Moreover, as a common foodborne pathogen that affects humans, C. perfringens poses a serious threat to human health via contaminated poultry (4). Antibiotics have been used as the most effective measure to control C. perfringens infection in livestock (5). However, due to the emergence of antibiotic-resistant bacteria and the effect of antibiotics on the microbiome (6), there is an urgent need to find suitable alternatives to reduce the incidence of necrotic enteritis and maintain animal and human health in the post-antibiotics era.

Probiotics are live microorganisms, which when administered in adequate amounts exert their benefits on the host (7). The use of probiotics is a promising measure for the prevention of intestinal diseases, such as colitis (8), inflammatory bowel disease (9), and diarrhea (10). Besides, probiotics can protect the host against pathogen invasion by manipulating the complex gut ecosystems through competitive exclusion, production of antimicrobial compounds, stimulation of the host immune system development, etc (11). Fukata et al. (12) revealed that Lactobacillus acidophilus or Streptococcus faecalis could reduce C. perfringens infection in young chickens. Numerous other studies have also shown that some microorganisms, including Bacillus (13), Lactobacilli (14), Enterococci (15), and yeast (16), could alleviate the severity and damage of NE in chicken via different mechanisms. Lactobacillus johnsonii BS15 was reported to prevent NE by ameliorating lipid metabolism and intestinal microflora (14), while Lactobacillus fermentum 1.2029 regulated the expression levels of cytokines and TLR in chicken (17). Our previous studies also found that Lactobacillus plantarum Lac16 and Paenibacillus polymyxa BSC10 could inhibit the growth and virulence-associated gene expressions of C. perfringens in vitro (unpublished data) and regulate the mRNA expression of cytokines and TLR in chicken macrophage (HD11) cell line infected with C. perfringens (unpublished data). Therefore, the present study aimed to investigate the protective effects of Lac16 and BSC10 against C. perfringens in broilers.



Materials and Methods


Bacterial Strain Preparation

The Lactobacillus plantarum 16 (Lac16) (CCTCC, NO. M2016259) was isolated by our laboratory and preserved in China Center for Type Culture Collection. Paenibacillus polymyxa 10 (BSC10) (CGMCC 1.10711) was obtained from the China General Microbiological Culture Collection Center. Clostridium perfringens (ATCC13124) was purchased from Guangdong Microbial Culture Collection Center.

Probiotics Lac16 and BSC10 were cultured in MRS or Luria–Bertani (LB) broth overnight at 37°C in an anaerobic system or a shaking incubator, respectively. Clostridium perfringens was cultured in Reinforced Clostridium Medium for 24 h under an anaerobic environment. The bacteria were harvested after centrifugation at 4,000 × g for 15 min at 4°C, respectively. After three-time washing with sterile phosphate buffer saline (PBS, pH 7.3), the prepared Lactobacillus and Bacillus powders (1 × 1010 cfu/g) were diluted with starch and added into the basal diet to a final concentration of 108 cfu/kg, respectively. The same amount of starch was added to each group to compensate for the difference in the nutrient composition of the diets.



Chicken Husbandry and Experimental Design

A total of 720 Cobb 500 broiler chicks were purchased from ZhengDa Broilers Development Center of Zhejiang University (Hangzhou, China) and reared in XinXin Broiler Farm (Jiaxing, China). These 1-day-old chicks with similar weights were randomly allocated to four groups with six replicates per group and 30 chickens per replicate. The two probiotic treatment groups received the diets consisting of Lac16 and BSC10 (108 cfu·kg−1 feed) for 21 days, respectively, while the control group and Cp group were only fed the basal diet (Table 1) during the whole trial. On day 1 and days 14 to 20, birds of all groups except the control group were orally challenged with 1 × 108 cfu C. perfringens type A strain once a day. The chickens were exposed to a 24 h lighting device and kept with ambient temperature gradually decreasing from 32°C to 26°C at the rate of 2°C per week. Broilers were provided freshwater and feed ad libitum. The study was carried out according to the guidelines of the Animal Care and Use Committee of Zhejiang University.


Table 1 | Ingredients and nutrition composition of basal diet (%).





Sample Collection and Treatment

At the end of the experimental period, two chickens per cage with a weight close to the average of the group were selected and immediately slaughtered by exsanguination. The intestine was collected by simultaneously washing with cold sterile PBS to remove the attached impurity, and the jejunal mucosa and ileum mucosa were gently scraped. Jejunal samples were diluted with nine-time volumes of sterile ice-cold normal saline (0.9%) based on the sample weight and then homogenized using a hand-held glass homogenizer. The tissue supernatants were collected by centrifuging at 3,500×g for 10 min at 4°C, and the concentration of protein was determined by a BCA protein assay kit according to the manufacturer’s instruction (Pierce, Rockford, IL) and stored at −80°C for further study.



Ileal Morphology and Immunohistochemistry

Approximately 1 cm of distal ileum was dissected for histomorphology analysis. Ileal tissues were fixed (in 4% paraformaldehyde overnight), dehydrated, and embedded in paraffin according to the standard procedure (18). The paraffin-embedded tissues were cut into 5 µm thick and subsequently subjected to hematoxylin and eosin staining and observed by a light microscope (Nikon Eclipse80i, Tokyo, Japan). The immunohistochemistry staining was carried out as described previously with minor modification (18). Briefly, after dewaxing and rehydration, the tissue sections underwent microwave antigen retrieval in sodium citrate buffer (0.01 M, pH 6.0) for 20 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide and then using 10% goat serum (ZSGB-BIO, Beijing, China) as a non-specific binding block for 30 min at room temperature. The sections were incubated overnight at 4°C with polyclonal rabbit antibody Bax (BIOSS, Beijing, China) or BCl-2 (BIOSS, Beijing, China). The tissues were incubated with Biotinylated secondary antibodies (Polink-2 plus polymer HRP anti-rabbit or anti-mouse, ZSGB-BIO, Beijing, China) and further visualized with a diaminobenzidine-tetrachloride (DAB) kit (TIANGEN RA110, Beijing, China). All sections were counterstained with hematoxylin for 3 min.



TUNEL Assay

Apoptosis in ileum tissue was analyzed by the terminal dUTP-nick end labeling kit (Roche, Germany). Briefly, the paraffin-embedded tissue sections of ileum were incubated with proteinase K working solution at 37°C for 25 min and washed three times with PBS, and then incubated with permeabilization solution for 20 min. Following three times with PBS, the samples were incubated with TUNEL reaction mixture for 60 min at 37°C in a humidified chamber and strained with DAPI for 10 min and rinsed with PBS for three times. The cell nuclei were identified using UV light microscopy (Nikon, Japan) and TUNEL-positive cells were identified as brilliant green.



RNA Extraction and RT-qPCR

The RNA was extracted using Takara RNAiso Plus Kit (Japan) following the manufacturer’s protocol. The purity and concentration of total RNA were determined using a Nanodrop Spectrophotometer (ND-2000, Thermo Fisher Scientific). The reverse transcription of total RNA was performed by Reverse Transcriptase M-MLV Kit (RNase H-) according to the manufacturer’s instruction. The qRT-PCR assay was conducted with the ABI 7500 fluorescence detection system using SYBR green (Takara, SYBR Premix Ex Taq TM II Kit) detection. Each sample was measured in duplicate. Relative quantitation of all gene expression was calculated using the 2-△△Ct method, and the β-actin served as the internal reference gene (19). Primers used in the current study were designed using the Primer Express 3.0 software (Applied Biosystems, Foster City, CA), and the specificity of primers was assessed by melting curve analysis. Primers are listed in Table 2.


Table 2 | Primers used in the experiment.





Detection of iNOS Activity and NO Production

The activity of inducible nitric oxide synthase (iNOS) and production of Nitric oxide (NO) in the jejunal mucosa were measured strictly according to the manufacturer’s protocols (Jiancheng Bioengineering Institute, Nanjing, China).



DNA Extraction and Library Construction of Cecum Content

The cecal contents of twelve chickens from four groups (Control, Cp, Cp+Lac16, Cp+BSC10) were collected on day 21. The fecal DNA was extracted using TIANamp DNA Stool Mini Kit (TianGen, Beijing), and the quality was checked by agarose gel electrophoresis. All of the extracted DNA samples were stored at −80°C for further processing.

DNA library was constructed by TruSeq Nano DNA LT Library Preparation Kit (FC-121-4001). DNA was fragmented using dsDNA Fragmentase (NEB, M0348S) by incubating at 37°C for 30 min. Library construction begins with fragmented cDNA. Blunt-end DNA fragments are generated using a combination of fill-in reactions and exonuclease activity, and size selection is performed with provided sample purification beads. An A-base is then added to the blunt ends of each strand, preparing them for ligation to the indexed adapters. Each adapter contains a T-base overhang for ligating the adapter to the A-tailed fragmented DNA. These adapters contain the full complement of sequencing primer hybridization sites for single, paired-end, and indexed reads. Single- or dual-index adapters are ligated to the fragments and the ligated products are amplified with PCR by the following conditions. The initial denaturation was at 95°C for 3 min, 8 cycles of denaturation at 98°C for 15 sec, annealing at 60°C for 15 s, and extension at 72°C for 30 s, and then final extension at 72°C for 5 min.



Metagenomics Analysis of Taxonomic Profiling and Functional Profiling

Raw sequencing reads were processed to obtain valid reads for further analysis. Assessment of sequence quality was used in fastqc. The host genome sequence was removed using the Best Match Tagger (BMTagger), referred to the genome of gga_ref_Gallus_gallus-5.0. Using fastq_to_fasta, the fq format data was converted to fasta format, which further used the filter_fasta.py command in QIIME to remove the host genome sequence. The remaining sequence was regarded as the intestinal flora DNA sequence for further analysis. The species composition was analyzed using MetaPhlAn2 (20), the cladogram was conducted with GraPhlAn, and the heatmap was drawn with metaphlan_hclust_heatmap.py The functional profiling of microbiota was analyzed using HUMAnN2, referred to the uniref90_ec_filtered_diamond database and the uniref50_ec_filtered_diamond database (21).

Principal component analysis of gene family was performed using prompt R package. Heatmap of metabolic pathway abundance was drawn using the fold-change value (log2 transformed) using the pheatmap R package. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was analyzed using the KEGG online service tools’ KEGG mapper.



Statistical Analysis

All data were analyzed by a one-way analysis of variance (ANOVA) followed by Tukey multiple comparisons procedure using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). Statistical significance was declared at P < 0.05 and trend at P < 0.1. The data were expressed as mean ± SD, and graphs were generated by GraphPad Prism 7.0 software. Statistical analyses and data visualization for fecal microbiota were conducted using the R program (version 3.6.1).




Results


Lac16 and BSC10 Alleviated Intestinal Mucosal Injury Induced by C. perfringens Infection

Hematoxylin–eosin staining showed that the damaged intestinal structure and shorter villus were observed in C. perfringens-infected birds, which were recovered by probiotics treatment (Figure 1A). Besides, the C. perfringens infection significantly increased the expression of intestinal barrier-related genes, such as claudin1 (CLDN1), occludin-1 (ZO-1), and mucin-2 (MUC2) in the ileum (P < 0.05). However, the expression of OCLN in the Cp + Lac16 group was significantly lower compared with the Cp group (Figure 1B).




Figure 1 | Probiotics Lactobacillus plantarum 16 (Lac16) and Paenibacillus polymyxa 10 (BSC10) alleviated intestinal mucosal injury induced by Clostridium perfringens (Cp) infection. (A) From the left to the right column, hematoxylin–eosin (HE) staining showing the integral morphology of the ileum, the villus, and the grand in the Control, Cp, Cp + Lac16, and Cp + BSC10 groups. Magnification, ×100, ×200, and ×200, respectively. IV, intestinal villus; IE, intestinal epithelium; IG, intestinal glands; M, muscularis. n = 6/group. (B) The mRNA expression of barrier-related genes assessed by RT-PCR. CLDN, Claudin; OCLN1, Occludin 1; ZO-1, Zonula occludins-1; MUC2, Mucin 2. Data were expressed as mean ± SD (n = 12). *indicates statistically significant difference (P < 0.05).





Lac16 and BSC10 Attenuated Apoptosis Induced by C. perfringens Infection

The mRNA expression levels of pro-apoptosis genes in the ileum mucosa, including Bax, p53, Caspase-9 were up-regulated in C. perfringens-infected birds (P < 0.05). However, Lac16 and BSC10 treatment downregulated the expression levels of the pro-apoptosis genes except for Caspase-9 in the Lac16 group (P < 0.05). Moreover, a significant increase in Bcl-2 mRNA level was observed in the Lac16 group compared to the C. perfringens-infected birds (P < 0.05) (Figure 2A). The result of Bax immunohistochemistry demonstrated that compared with the control group, C. perfringens infection increased the number of Bax positive cells, while Lac16 restored them to a normal level. BSC10 also showed a slight decrease in the number of Bax positive cells compared with the Cp group (Figure 2B). C. perfringens infection significantly decreased the number of Bcl-2-positive cells, while probiotic treatment alleviated the decrease (Figure 2C). TUNEL assay results demonstrated that C. perfringens infection enhanced the number of positive cells in the ileum, while there was a decline following Lac16 or BSC10 treatment (Figure 2D).




Figure 2 | Probiotics treatment attenuated apoptosis induced by Clostridium perfringens (Cp) infection. The apoptosis-related gene expression in the ileum mucosa (A) (n = 12/group). Representative images of the immunohistochemical staining of Bax (B) and Bcl-2 (C) in the ileum mucosa (n = 6/group). The positive cells are stained brown. From the left to the right column, the integral morphology of the ileum, the villus, and the grand are seen (magnification ×100, × 400, and × 400, respectively). (D) TUNEL immunofluorescence data showing the distribution of apoptosis cells (brilliant green) in the ileum mucosa. Magnification, × 200. n = 6/group. * indicates statistically significant difference ( P < 0.05).





Lac16 and BSC10 Down-Regulated C. perfringens-Induced Inflammatory Response

C. perfringens infection increased the expression of anti-inflammatory cytokine IL-10 and pro-inflammatory cytokines, IFN-γ, IL-6, IL-1β, and iNOS (P < 0.05) (Figure 3A), while Lac16 or BSC10 treatment significantly decreased the expression levels of IL-6 (P < 0.05), iNOS (P < 0.05), IFN-γ (P < 0.05), and IL-10 (P < 0.1 and P < 0.05, respectively). Compared with the Cp group, Lac16 supplementation down-regulated TGF-β expression (P < 0.05). Nitric oxide (NO) and inducible nitric oxide synthase (iNOS) actively participated in the host defense in response to C. perfringens infection. As depicted in Figures 3B, C, the highest iNOS activity and NO production in the jejunal mucosa was observed in the Cp group but decreased following Lac16 or BSC10 treatment.




Figure 3 | Lactobacillus plantarum 16 (Lac16) and Paenibacillus polymyxa 10 (BSC10) down-regulated the C. perfringens-induced inflammatory response. (A) cytokines gene expression profiles in the ileum mucosa determined by RT-qPCR. The iNOS activity (B) and NO production (C) in jejunal mucosa were measured using commercial kits. Results are presented as mean ± SD (n = 12/group, *represents significant differences (P < 0.05).





Lac16 and BSC10 Re-Shifted the Intestinal Microbiota Composition in Cp-Infected Broilers

As shown in Supplemental Figure S1, phylogenetic analysis revealed the most abundant composition of fecal microbiota at the family, genus, and species levels among all groups. At the family level, Rikenellaceae, Bacteroidaceae, and Oscillospiraceae were dominant. The composition of gut microbiota at the phylum level is shown in Figure 4A. The predominant phyla were Firmicutes, Bacteroidetes, and Proteobacteria, which were more than 99%. C. perfringens infection decreased the relative abundance of Firmicutes and Proteobacteria, and increased Bacteroidetes, while probiotic treatment increased the relative abundance of Firmicutes and decreased Bacteroidetes. At the genus level, the gut microbiota was dominated by genus Allistipes, accounting for 50.41%, followed by Bacteroides and Oscillibacter, accounting for 16.97 and 13.08%, respectively. Lac16 or BSC10 treatment enhanced the relative abundance of Oscillibacter but decreased Allistipes and Bacteroides (Figure 4B). Principal Components Analysis (PCA) showed the different clusters of microbial communities among the four groups, with PC1 accounting for 20.6% of the total variation and PC2 accounting for 15.7% (Figure 4C). Four bacterial species that were enriched in all groups included, Alistipes, Bacteroides, Osciliibacter, and Escherichia (Figure 4D). C. perfringens infection enriched Gallibacterium anatis and those that decreased included Erysipellotrichaceac, Subdoligranulum, Anaerotruncus, Ruminococcus, Pseudoflavonifractor, and Oscillibacter, which were found to be increased in the probiotic treatment groups. The abundance of Bacteroides fragilis was significantly decreased in the Cp + BSC10 group, compared with the Cp and Cp + Lac16 group.




Figure 4 | Bacterial taxonomic composition of cecum contents. (A) The relative abundance of bacterial phyla (mean of each group); (B) The top 15 genus abundance (mean of each group); (C) Principal component analysis of the dissimilarity among the microbial samples using prompt R package; (D) Heatmap of species abundance by MetaPhlAn2. n = 3/group.





Functional Capacity of the Gut Microbiome Related to Metabolic Pathways

The functional capacity of the gut microbiome was evaluated using metagenomic sequencing data. We classified the predicted genes by aligning and assigning them to pathways using the HUMAnN2 database. PCA analysis of the gene family abundance revealed dramatic changes between the Cp group and other groups (Supplemental Figure S2). C. perfringens infection changed the microbiota composition and metabolic pathways, including enhancing B-vitamin biosynthesis (for example, folate biosynthesis as shown in Supplemental Figure S3), peptidoglycan biosynthesis (Supplemental Figure S4), amino acid biosynthesis and ribonucleotide biosynthesis, etc, and decreased pyruvate fermentation to acetate and lactate II pathway, which was reversed by probiotic supplementation (Figure 5).




Figure 5 | The functional profile of cecum contents. Differences in metabolic pathways expression of the microbiota among different treatment groups evaluated using the HUMAnN2 metabolic analysis network. The representative metabolic pathway is selected by a one-way ANOVA test, and the fold changes of pathway abundance were calculated using the formula Cp/Control, Cp + Lac16/Cp, and Cp + BSC10/Cp. The significant difference is defined as the fold change > 2 or fold change < 0.5. A heatmap is drawn using the fold-change value (log2 transformed) of the metabolic pathway abundance using the pheatmap R package. * indicates statistically significant difference (P < 0.05).






Discussion

Numerous studies have demonstrated that probiotics exert antimicrobial activity against C. perfringens through different mechanisms. In our previous study, increased intestinal lesion scores and decreased growth performance of broilers were observed after C. perfringens challenge, which was ameliorated in broilers pretreated with Lac16 and BSC10 (unpublished data). Therefore, the current study aimed to investigate the protective effects of Lac16 and BSC10 against C. perfringens in broilers through the regulation of the intestinal mucosal structure, apoptosis, inflammation, and intestinal microbiota.

Gut integrity is a prerequisite for maintaining the host homeostasis. The intestinal mucosal barrier comprises connecting epithelial cells that are overlaid by host-secreted mucous layer and serve as the first line of defense against pathogens and potentially harmful commensal bacteria (22, 23). Impaired intestinal mucosal barrier caused by intestinal pathogens compromises the immune tolerance of the intestines and causes a systemic inflammatory response, which aggravates systemic immune response and host body damage (24). Consistent with a previous study (25), the present study demonstrated that probiotics Lac16 and BSC10 treatment could improve the intestinal morphology of C. perfringens infected broilers. MUC2 is the main component of mucins which binds several pathogens and inhibits external bacterial access to the epithelial cells (26). Previous studies have shown that the expression of MUC2 is suppressed in infected broilers (27, 28). However, Fasina et al. (29) reported that Salmonella Typhimurium infection increased the number of goblet cells and mucin level in the jejunum of broilers, indicating that the infected birds can capture and eliminate the pathogens from the epithelial surface by enhancing mucin expression (30). We also found that the MUC2 expression was significantly increased in C. perfringens infected broilers but decreased after probiotic supplementation. Our results may unravel novel strategy for improving mucus barrier to inhibit C. perfringens infection. Occludin and claudin are two of the most important components of tight junctions, and they exhibit beneficial effects on epithelial barrier function (31). Similar with the result of MUC2 expression, the present study showed that C. perfringens infection significantly up-regulated the relative expression levels of ZO-1 and CLDN1, which was contrary to results from previous studies (32, 33). One plausible explanation was that up-regulating the expression levels of barrier-related genes in infected chicken was beneficial for decreasing C. perfringens to pass through the epithelial layers and intestinal damage. However, the probiotic supplementation could decrease the number of C. perfringens and improve intestinal health status, which resulted in the decreased expression of occludin and claudin.

Apoptosis is regulated by the dynamic balance between the expression of pro-apoptosis proteins, such as Bax, and the anti-apoptosis protein, such as Bcl-2. Once the imbalance occurs, cytochrome c is released from the mitochondria and subsequently activates Apaf1/Caspase 9 and downstream executioner Caspase 3, thereby initiating cell apoptosis (34). p53 is a multiple function protein that induces apoptosis by promoting the expression of pro-apoptosis genes, such as Bax, and inhibits anti-apoptosis genes, such as survivin, thereby activating the caspase-dependent pathway and ultimately triggering apoptosis (35). Wu et al. (36) reported that Lactobacillus rhamnosus GG stimulates apoptosis by increasing p53 expression and decreasing Bcl-2 and Bcl-xl protein in the ilea of HRV-infected pigs. In the present study, the results of mRNA expression and immunohistochemistry of apoptosis-related genes showed that the probiotics could ameliorate C. perfringens-induced apoptosis in the ileum by up-regulating anti-apoptosis genes and down-regulating pro-apoptosis genes in broilers, and these findings were consistent with previous findings (37). Moreover, p53 mRNA expression in the probiotics groups was down-regulated compared with the Cp group, suggesting that the probiotics inhibited cell apoptosis in the ileum through the p53 signaling pathway during C. perfringens infection.

Accumulating evidence demonstrates that iNOS-derived NO and pro-inflammatory cytokines exert multiple modulatory effects on the host immune response against various infections (38, 39). Besides, pro-inflammatory cytokines modulate host immunity against multiple pathogens through differentiation and proliferation of immune cells, apoptosis, and NO production (40). However, excessive inflammatory responses cause tissue injury. The increase in NO production and iNOS activity and increased expression of pro-inflammatory cytokines, such as IL-1β, IL-6, iNOS, and IFN-γ demonstrate that C. perfringens infection induces a strong inflammatory response and causes severe tissue damage (41). However, in the present study, probiotics reduced the inflammatory response, thus inhibiting excessive inflammatory damage in infected broilers. Similar results have also been observed in birds infected with Salmonella enteritidis (42) and Escherichia coli (43). Interleukin-10 is an anti-inflammatory cytokine that inhibits T cell proliferation and the production and function of many proinflammatory cytokines (44). In the present study, the level of IL-10 decreased following treatment with the probiotics in C. perfringens infected broilers, and this was attributed to a decreased inflammatory response.

The microbiota plays a major role in host growth and health and significantly contributes to the regulation of the host immune system, nutrient synthesis, energy metabolism, and prevention of enteric pathogen infection (45). The gut microbial composition and function are reported to be modulated by dietary probiotic supplementation (46). The increase in Firmicutes contributes to energy efficiency, while the Firmicutes/Bacteroides ratio is associated with growth performance and host health (47, 48). A high proportion of Proteobacteria in the gut is an indicator of metabolic disorders, immune disorders, and an unstable gut microbial community structure in the host (49). In the present study, increased Firmicutes/Bacteroidetes ratio and a decline in Proteobacteria were associated with improved intestinal health in broilers supplemented with probiotics.

Bacteroides fragilis is generally regarded as a gut commensal and leads to an increased risk of infection and disease when it leaks into the bloodstream or surrounding tissue (50). Even though Bacteroides fragilis has an anti-inflammatory property, toxigenic B. fragilis induces intestinal inflammation and can cause bowel disease and colon cancer (51). Gallibacterium is an indigenous bacterial pathogen in chicken and one of the major pathogens causing reproductive tract disorders in laying hens (52). Butyrate is an important energy source for gut enterocytes, and can reduce the inflammatory response and gastrointestinal pathogens, regulate the gut bacterial ecology, and stimulate villi growth (53, 54). Two probiotics increased some beneficial bacteria and butyrate-producing bacteria, such as Ruminococcus, Oscillibacter, Pseudoflavonifractor, and Erysipellotrichaceac and decreased Gallibacterium in C. perfringens-infected birds. In addition, BSC10 decreased Bacteroides fragilis. Together with the results of the PCA, we speculated that the two probiotics could restore the intestinal microbiota disturbance induced by C. perfringens infection with minor differences.

Alterations in the intestinal microflora composition are closely related to the metabolic alterations in the gut microbiota. In the present study, C. perfringens infection changed the microbiota composition and metabolic pathways, including enhancing B-vitamin biosynthesis, peptidoglycan biosynthesis, amino acid biosynthesis, and ribonucleotide biosynthesis, etc., and decreased pyruvate fermentation to acetate and lactate II pathway, which were reversed by probiotic supplementation. Acetate and lactate are known to inhibit the growth of gut pathogens, suggesting that probiotics exert antibacterial properties by increasing the production of acetate and lactate in response to C. perfringens. B-vitamins are important in numerous metabolism processes, including fat and carbohydrate metabolism and DNA synthesis. Hosts cannot produce enough B-vitamins and have to be supplemented either from the diet or the gut microbiota (55). An increased risk of colitis correlates with a deficiency of genetic pathways involved in polyamine transport and B vitamin biosynthesis (56, 57). Dubin et al. (58) found that three modules involved in the biosynthesis of B vitamins (riboflavin (B2), pantothenate (B5), and thiamine (B1)) were more abundant in colitis free patients. Besides, Ford et al. (59) reported that high-dose vitamin-B supplementation reduced oxidative stress and inflammation. Inconsistent with some previous studies, the present study showed that the vitamin-B biosynthetic pathway was enriched in the Cp group but decreased in the probiotics group. We speculated that C. perfringens induced a compensatory synthesis of vitamin-B against oxidative damage and inflammation, while Lactobacillus and Bacillus synthesized vitamin-B in the gut to maintain normal levels in the organism, hence no need to supply exogenous Vitamin-B after probiotic treatment. Peptidoglycan (PGN) is a component of the cell wall in both Gram-positive and Gram-negative bacteria, and it triggers inflammatory responses through multiple pattern-recognition receptors (60). The most well-defined sensors of the peptidoglycan are NOD-like receptors (NLRs), which promote pathogen clearance by inducing the secretion of pro-inflammatory cytokines and chemokines and other host defense pathways, including autophagy (61). Peptidoglycan predominantly induces the Th1 immune response. Besides, bacteria-derived peptidoglycan can activate Paneth cells to produce defensins that protect the host from pathogenic bacteria (62). Therefore, in the present study, downregulation of the peptidoglycan biosynthetic pathway in the probiotic groups indicated that probiotics might protect against C. perfringens-infections by inhibiting excessive inflammatory response, and these findings were also consistent with the results of cytokines expression levels in the ileum mucosa.



Conclusion

In our study, the two probiotics have similar molecular mechanism against C. perfringens infection, including improving the composition and metabolic pathways of the intestinal microbiota, intestinal structure, inflammation, and anti-apoptosis. There are some differences in anti-apoptosis and the composition and metabolic pathways of the intestinal microbiota of these two probiotics.
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Background: Bacterial and fungal microbiotas are increasingly recognized as important in health and disease starting early in life. However, microbiota composition has not yet been investigated in most rural, low-resource settings, and in such settings, bacterial and fungal microbiotas have not been compared. Thus, we applied 16S and ITS2 amplicon sequencing, respectively, to investigate bacterial and fungal fecal microbiotas in rural Ghanaian children cross-sectionally from birth to 5 years of age. Corresponding maternal fecal and breast milk microbiotas were additionally investigated.

Results: While bacterial communities differed systematically across the age spectrum in composition and diversity, the same was not observed for the fungal microbiota. We also identified a novel and dramatic change in the maternal postpartum microbiota. This change included much higher abundance of Escherichia coli and much lower abundance of Prevotella in the first vs. fourth week postpartum. While infants shared more bacterial taxa with their mother’s stool and breast milk than with those of unrelated mothers, there were far fewer shared fungal taxa.

Conclusion: Given the known ability of commensal fungi to influence host health, the distinct pattern of their acquisition likely has important health consequences. Similarly, the dynamics of mothers’ bacterial microbiotas around the time of birth may have important consequences for their children’s health. Both topics require further study.

Keywords: breast milk, child, fungi, bacteria, post partum microbiome


INTRODUCTION

The dynamics of the bacterial gut microbiota have been well studied but mostly in resource-rich settings. These surveys have shown microbial diversity to increase with age and reach adult-like profiles by 2–3 years (Palmer et al., 2007; Yatsunenko et al., 2012; Subramanian et al., 2014; Backhed et al., 2015; Bokulich et al., 2016; Stewart et al., 2018). The breast milk bacterial microbiota has also been studied using culture-based (Jimenez et al., 2008; Solis et al., 2010; Jost et al., 2013) and culture-independent (Cabrera-Rubio et al., 2012; Moossavi et al., 2019) approaches, which revealed its potential to seed the infant intestinal microbiota (Martin et al., 2012). These findings together with disease-specific surveys have identified the bacterial microbiota as a key factor shaping health in early life (Arrieta et al., 2014).

In contrast, the fungal gut microbiota has been far less studied, despite emerging evidence that fungi are also key modulators of health and disease (Jiang et al., 2017; Shao et al., 2019). Examples include recent mouse studies demonstrating that fungi effectively calibrate mucosal immune responses with an emphasis on Th17 immunity and neutrophil function (Shao et al., 2019) and that colonization with Candida albicans increases survival of systemic viral challenge (Jiang et al., 2017). Sequence-based surveys of infant fungal microbiotas have also revealed that a higher abundance of specific fungal taxa is associated with the development of allergic disease later in childhood (Arrieta et al., 2018). The human fungal microbiota in early life has been surveyed in very few studies and in select populations: Europe (Norway, Florence, and Luxembourg) and America (Puerto Rico and Ecuador) (Strati et al., 2016; Schei et al., 2017; Wampach et al., 2017; Arrieta et al., 2018; Ward et al., 2018). Based on diverse study designs, Candida, Aspergillus, and Saccharomyces feature prominently in newborns and older infants. There is, however, no clear age-dependent trajectory of fungal microbiota taxonomic composition (Strati et al., 2016; Schei et al., 2017; Wampach et al., 2017) or diversity (Strati et al., 2016; Wampach et al., 2017) in the first 2 years of life, aside from lower diversity in 10-day-old newborns vs. 3-month-olds or their mothers (Schei et al., 2017). There were also no clear trajectories identified during the first month of life in a more granular assessment of the newborn fungal microbiota (Ward et al., 2018).

The breast milk fungal microbiota has only recently been profiled using a culture-independent approach (Boix-Amoros et al., 2019), revealing dominance by Malassezia spp. also commonly found on skin and compositional differences across diverse populations, which were confirmed in separate studies (Heisel et al., 2019; Moossavi et al., 2020). Beyond this, the fungal composition of human breast milk has not been investigated.

Despite the importance of both the bacterial and fungal gut microbiota in influencing the developmental trajectory toward health or disease, to our knowledge, these two have never been jointly investigated in early life, which is likely the most important period of development. Equally surprising, despite the well-established fact that the maternal stool and breast milk microbiotas shape the newborn’s microbiota, no study so far has captured this interaction between mother and infant across the bacterial and fungal domains. We thus conducted a cross-sectional bacterial and fungal microbiota survey encompassing fecal microbiotas of children in the first 5 years of life plus fecal and breast milk microbiotas of mothers of children one month and younger.



MATERIALS AND METHODS


Ethics Approval and Consent to Participate

All work in this study was in accordance with ethical guidelines at the University of British Columbia and done under the approved ethics protocol number H11-01423. Separate ethical approval was obtained from the Kintampo Health Research Centre Institutional Ethics Committee (KHRCIEC_2016-14).



Study Participants

Study participants were recruited in the Kintampo North Municipality, located in the former Brong Ahafo Region (now Bono-East Region) in the middle-belt of Ghana, and serving as part of the Kintampo Health Research Centre (KHRC) study area. Prospective participants were selected from the database of the Kintampo Health and Demographic Surveillance System (KHDSS). Expectant mothers of newborn participants were approached during pregnancy, or mothers of older children, who were recruited into the study were approached to participate in the study. Inclusion criteria for this study were for participants to be (a) living in the study area, (b) healthy with no known congenital defects, (c) under 63 months, and (d) to have provided written informed consent. An exclusion criterion was refusal to provide informed consent. Study participant recruitment was stratified by the age groups outlined: the newborn period [day of life (DOL) 0–5; DOL 13–17; DOL 26–35]; 3 months (DOL 83–115), 6 months (DOL 165–200), 1 year; month of life (MOL) 11–13; 2 years, MOL 22–26; 3 years, MOL 33–39; and 5 years, MOL 57–63.



Stool and Breast Milk Sample Collection

Field workers supplied mothers with sterile containers and scoops to collect stool samples from soiled diapers. Stool samples were collected from the diapers of children with sterile plastic spoons transported to the clinical laboratory at the KHRC. Additionally, mothers of participants who were 0–1 or 4–5 weeks old and were exclusively breastfed were asked to provide stool and breast milk samples in supplied sterile containers. All samples collected in the study were kept in cold boxes with ice packs and sent to the laboratory within 2 h. At the clinical laboratory, stool and breast milk samples were split into multiple 1.0-ml aliquots and stored at −80°C until further analysis. Biospecimens were transported to the University of British Columbia on dry ice with temperature monitoring via World Courier Inc.



Stool DNA Extraction for Amplicon Sequencing

DNA was extracted from swabs using the MagAttract PowerSoil DNA KF kit (Qiagen Cat. No. 27000-4-KF) using the manufacturer’s protocol for the KingFisher Flex platform with the following modification using approximately 200 mg bulk stool loaded into each 96-well plate with sterile wooden picks.



Breast Milk DNA Extraction for Amplicon Sequencing

Total DNA was extracted from 0.7–1.0 mL breast milk using the Qiagen DNease PowerSoil DNA extraction kit (Qiagen Cat. 12830-50) with the following modifications: frozen breast milk samples were thawed on ice and transferred to 2.0 ml screw-top tubes (VWR Cat. 211-0440) and spun for 10 min at 4°C at 20,000 g to pellet all particles. The lipid portion of the milk remained on top of the aqueous phase after centrifugation. The lipid layer was retained, and the aqueous phase between the pellet and whey layer was carefully removed with a 200-μL micropipette. The contents of one Qiagen 0.1-mm glass bead tube (Qiagen 13118-50) was then added to each sample with 500 μL Bead Solution and 200 μL phenol:chloroform:IAA pH 7–8 (Ambion Cat. AM 9730, pH adjusted with included Tris buffer). Then, 60 μL of C1 was added, and samples were homogenized in a FastPrep bead mill for 30 s at 5.5 m/s for two cycles with a 5-min wait in between. The remainder of the protocol was carried out according to manufacturer’s instructions, and samples were eluted in 2 × 30 μL (total of 60 μL).



16S Amplicon Sequencing

Samples were submitted to Microbiome Insights Inc. (Vancouver, BC, Canada) for PCR amplification and DNA sequencing targeting the V4 region of the 16S rRNA gene. Library preparation was done using a previously published protocol (Kozich et al., 2013) with the details and product information outlined below. Here, 10 μL of the final product was used to normalize to 1–2 ng/μL using the SepalPrep Normalization Prep Plate Kit (Thermo Fisher Cat. A1051001), and 5 μL of each normalized sample was pooled into a single library per 96-well plate. Library pools were further concentrated using the DNA Clean and Concentrator kit (Zymo Cat. D4013). A dilution series was performed for each of the pooled libraries for subsequent quality control (QC) steps. Each pool was analyzed using the Agilent Bioanalyzer using the High Sensitivity DS DNA assay (Agilent Cat. 5047-4626) to determine approximate fragment size and to verify library integrity. Library pools with unintended amplicons were purified using the Qiagen QIAquick Gel Extraction Kit (Qiagen Cat. 28706). Pooled library concentrations were determined using the KAPA Library Quantification Kit for Illumina (KAPA Cat. KK4824). The final libraries were loaded at 8 pM, with an additional PhiX spike-in of 20%. The amplicon library was sequenced on the MiSeq using the MiSeq 500 Cycle V2 Reagent Kit (Illumina Cat. MS-102-2003).

Paired-end reads were assembled using MOTHUR version 1.37.2, following the MiSeq SOP (Schloss et al., 2009; accessed Aug 2018)1. Operational taxonomic units (OTUs) were clustered at 97% identity and classified using the GreenGenes 13_8_99 database (DeSantis et al., 2006).



ITS2 Amplicon Sequencing

Processing for ITS2 amplicon sequencing was identical to that used for 16S amplicon sequencing, except with the following differences: Primers and PCR conditions were previously described (Gweon et al., 2015). Paired-end reads were trimmed at the non-overlapping ends, and high-quality reads were classified using UNITE (v. 7.1) (Koljalg et al., 2005).



16S and ITS2 Sequencing Quality Control

The potential for contamination was addressed by co-sequencing DNA amplified from specimens and from four template-free PCR controls and extraction kit reagents processed the same way as the specimens (two for breast milk specimens). Two positive controls, consisting of cloned SUP05 DNA, were also included (number of copies = 2∗10^6). Breast milk samples were extracted and PCR amplified separately from the stool samples but sequenced on the same lane. Given the different distributions of contaminating OTUs from breast milk blanks compared to stool, QC was done for the breast milk samples separately. Contaminating OTUs can come from two main sources: from PCR and extraction reagents and carryover from neighboring samples during the extraction and amplification process. OTUs were considered reagent contaminants and removed from the dataset if they were present in over 50% of blank samples and their count geometric mean plus one standard deviation was greater than that in the samples. Using this approach, OTUs with high counts in many samples (mainly including taxa commonly known to be highly abundant in these sample types) were not flagged for removal, despite their presence in blanks. For OTUs whose mean counts were high in the samples but also found in over 50% of blanks, the mean count plus standard deviation from the blanks was subtracted from each of the samples. Samples with total counts under 1,000 were also removed. Once filtered, data from breast milk and stool were recombined for further analysis.



Statistical Analysis


Alpha Diversity

We used the phyloseq R package (Charlop-Powers and Brady, 2015) to compute alpha and beta diversity. We estimated microbial diversity with abundance-dependent (Shannon) and independent (Observed richness) metrics after subsampling the OTU table to account for unequal sampling depth. To test for relationships between age, we used the Wilcoxon test comparing each age bin to the Mothers of one-month-old (DOL 26–35) infants, as this was considered the adult microbiota group. p-values were adjusted using the Bonferroni correction, and adjusted p-values under 0.05 were considered significant.



Community Composition

Beta diversity was computed using the Bray–Curtis index. Sample clustering was visualized using non-metric-multidimensional scaling (NMDS). To test whether child age (all age bins except maternal samples) explained community composition, we used the Adonis test from R package vegan (Oksanen et al., 2017) using age in days calculated between the time interval between participant’s date of birth and visit date. To test if community composition between 5-year-olds (age bin MOL 57–63; 5 years) and younger children differed, we computed the Bray–Curtis distance of individuals in each bin to their distance to all individuals in the MOL 57–63 bin. The Wilcoxon rank-sum test was then used to compare distances between each bin to the median distance among the 5-year-olds to others in the same bin. p-values were adjusted using the Bonferroni correction, and adjusted p-values under 0.05 were considered significant.



Differential Abundance

To identify OTUs differentially abundant between mothers of 0–5-day-old vs. 26–35-day-old infants, we used the Wald test implemented in the R package DESeq2 (Love et al., 2014). Differential abundance was considered significant if the Benjamini–Hochberg adjusted p-value was less than 0.05. To further visualize select bacterial genera differentially abundant between maternal groups and their abundance across the age spectrum, we aggregated OTU counts by genus-level assignment and confirmed that the genera differed between groups using the Wilcoxon rank-sum test.



Shared Operational Taxonomic Units Between Mother and Infant

For shared OTU analysis, OTUs were considered present if their relative abundance was over 0.01%. For stool and breast milk separately, we calculated the number of shared OTUs between newborns and their mothers and newborns and unrelated mothers. Because the number of unrelated pairs was much greater than related pairs, we randomly subsampled the unrelated pairs, selecting the same number as related pairs in each analysis. The median number of shared OTUs between related and unrelated pairs and 0–5 and 25–36 days postpartum was then compared using the Wilcoxon rank-sum test.





RESULTS


Sample Summary: Amplicon Sequencing

After quality filtering, we retained a total of 2.9 million reads, representing 4,492 bacterial OTUs. These OTUs represented 435 unique taxa classified at the genus level or above. Five samples yielded fewer than 1,000 reads and were excluded from downstream analysis. The remainder yielded between 2,600 and 31,200 reads per sample, with most fecal samples yielding greater than 10,000 (Supplementary Figure 1A).

After quality filtering, we retained a total of 2.5 million reads representing 1,772 fungal OTUs, representing 375 unique taxa classified at the genus level or above. Fifty-nine samples contained fewer than 1,000 reads and were excluded from downstream analysis. The remainder contained between 1,200 and 96,500 reads per sample (Supplementary Figure 1B). Samples with no detectable fungi over our count threshold were found in both infant and adult stool samples alike (Supplementary Figure 1C). The proportion of samples in each age stratification with no detectable fungi was highly variable but usually below 50%.



Bacterial and Fungal Alpha Diversity Across the Age Spectrum

To measure alpha diversity (the microbial diversity in any single sample), we used both observed richness, the number of distinct OTUs present, and the Shannon Diversity Index, which reflects both richness and evenness. We compared diversity of fecal communities in each age bin to that of the 1-month postpartum mothers, representing an adult microbiota. Alpha diversity of fecal bacterial communities increased with age. Observed bacterial richness was lower than that of adults until 3 years and Shannon diversity until 2 years (Figure 1A). Fungal fecal microbiota diversity of only a few age bins differed from adult diversity; otherwise, there was no clear trend for fungal diversity vs. age, except that it was lower during the first week of life (Figure 1B). Interestingly, the mothers of those newborns also had lower fungal richness than 1-month postpartum mothers. Most samples, especially from after 2 years of age, contained fewer fungal OTUs (less than 60 OTUs in most samples), while between 100 and 300 bacterial OTUs were detected during this time.
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FIGURE 1. Alpha diversity across the age spectrum for bacterial fecal communities (A) and fungal fecal communities (B). Coding indicates values significantly different from those of adult communities (Mothers of 26–35-day-old newborns): ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; Wilcoxon rank-sum test adjusted using the Bonferroni correction. Boxplots indicate medians with first and third quartiles (25–75%). Whiskers extend no farther than 1.5*IQR from the hinge.




Bacterial and Fungal Communities Across the Age Spectrum

Beta diversity (community composition) of fecal bacterial communities differed across the age spectrum and, expectedly, was distinct from breast milk bacterial communities (Figures 2A,B). There was no such trend for fungal fecal communities. While child age contributed to 18% of the variance of fecal bacterial communities (PERMANOVA p = 0.001), it accounted for only 2% of variance in fecal fungal communities (PERMANOVA p = 0.015). We did not identify one NMDS axis that drove an age gradient for either community. To further assess community composition across the age spectrum, we determined the similarity of communities in each age bin to those at 5 years. Fecal bacterial communities from all age bins, except 3 years, differed from those at 5 years (Figure 2C). Expectedly, fecal fungal communities did not follow this trend.
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FIGURE 2. Bacterial and fungal communities across the age spectrum. (A,B) Ordinations of community composition based on Bray–Curtis distance for bacterial (A) and fungal (B) fecal communities. (C) Bray–Curtis distance between each age bin and 5 years. ****p < 0.0001, ***p < 0.001, *p < 0.05, Wilcoxon rank-sum test, adjusted using the Bonferroni correction.


Relative abundances of the 25 most abundant genera clearly revealed bacterial taxonomic shifts over the age spectrum (Figure 3A). In keeping with the literature on bacteria (Koenig et al., 2011; Stewart et al., 2018), newborns were dominated by Escherichia coli in the first week of life, and it remained abundant up to 6 months. Then, Bifidobacteria were dominant from 1 month to 1 year. Subsequently, the diversity of genera increased, and Prevotella became dominant, similar to the adult microbiota. Bacteroides was abundant during the first year, until the increase in Prevotella. Children were dominated by either Bacteroides or Prevotella at any given time (Supplementary Figure 2). Faecalibacterium was abundant after the first year. The fecal fungal microbiota was dominated by Candida (primarily Candida albicans and Candida tropicalis) in children of all ages (Figure 3B). Malassezia featured prominently in the first 3 months of life, while Aspergillus was prominent after the first year.
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FIGURE 3. Relative abundance of the 25 most abundant genera. Bacterial (A) and fungal (B) community composition across the age spectrum.




Maternal Bacterial Microbiota

Our study revealed dramatic differences in bacterial stool microbiotas of mothers in the first postpartum week vs. 1 month postpartum (Figure 3A). We further explored this difference by measuring the Bray–Curtis distance between mothers’ microbiotas at both time points to their respective children at 1 week, finding that mothers in the first vs. fourth postpartum week harbored a bacterial microbiota significantly more similar to that of newborns (Figure 4A). We identified 68 OTUs differentially abundant between the two mother groups, representing 34 taxa at the genus level or above (Figure 4B). Abundances of some taxa obviously contributed to the similarity of microbiotas of mothers 1 week postpartum and their children at 1 week. Thus, in both mothers and infants from 1 to 4 weeks after birth, Prevotella had increasing abundance, while Escherichia had decreasing abundance (Figures 4C,D). Other taxa, such as Faecalibacterium and Blautia, were more abundant in mothers 1 week vs. 4 weeks postpartum, yet were virtually absent in their infants at 1 week (Figures 4E,F). We also found that, at 1 week, newborns shared more bacterial but not fungal OTUs with their mother vs. with unrelated mothers, but this was no longer the case at 1 month (Supplementary Figures 3A,B). OTUs most commonly shared by mother–infant pairs include members of Escherichia, Enterococcus, and Streptococcus, all of which are of higher relative abundance in newborns than in their mothers (Supplementary Figure 3C). Only two fungal OTUs were commonly shared between mother–infant pairs (Supplementary Figure 3D).
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FIGURE 4. Comparison of fecal bacterial microbiotas of mothers 1 and 4 weeks postpartum and children at 1 week. (A) Average pairwise similarity of the microbiotas of mothers vs. those of their children. (B) Operational taxonomic units (OTUs) identified by DESeq2 differentially abundant between mothers 1 week vs. 4 weeks postpartum. Negative fold-difference indicates greater abundance 1 week postpartum. (C–F) Relative abundance of selected taxa that were differentially abundant between mothers 1 week vs. 4 weeks postpartum. ****p < 0.0001, **p < 0.01, *p < 0.05, Wilcoxon rank-sum test, adjusted using the Bonferroni correction.




Bacterial and Fungal Communities in Mother’s Breast Milk

Breast Milk is a well-recognized modulator of the infant gut microbiota, serving both as a source of colonizing bacteria and bacterial growth substrates. The relationship of breast milk and the fungal microbiota has not been well described. Thus, we compared the bacterial and fungal community composition of both breast milk and fecal microbiotas. Breast milk microbiotas were typically dominated by skin taxa of both bacteria (Streptococcus, Staphylococcus, or Corynebacterium; Figure 5A) and fungi (Malassezia, including Malassezia restricta, Malassezia globosa, and Malassezia furfur; Figure 5B). Alpha diversity did not differ between breast milk samples collected in the first or fourth postpartum week for either bacteria or fungi. Only minor differences in community composition were found between the first and fourth postpartum week, including only eight differentially abundant bacterial OTUs (Figure 5C) and no differentially abundant fungal OTUs. For bacterial communities, mother–infant pairs shared significantly more OTUs than unrelated pairs at both postpartum time points (Figure 5D). While fungal data were available for fewer pairs, we found a significant difference between related and unrelated pair sharing 4 weeks postpartum (Figure 5E). The most commonly shared bacterial OTUs belonged to typical skin commensal genera, Streptococcus and Staphylococcus, which had higher relative abundance in the breast milk than in the newborn stool. Shared OTUs between mother and infant pairs also included gut commensals Bifidobacterium and Bacteroides, both of which were of higher relative abundance in the newborn’s stool than in his or her mother’s milk (Supplementary Figure 4A). Shared fungal OTUs were much more limited and did not have a clear pattern of differing abundance between mother and child (Supplementary Figure 4B).
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FIGURE 5. Breast milk bacterial and fungal community composition. (A,B) Top 25 most abundant bacterial (A) and fungal (B) genera across all samples reveal that both communities are dominated by common skin taxa but also contain a diverse repertoire of microbes at lower abundances. (C) Differentially abundant taxa between mothers in the first compared to the fourth postpartum week. (D,E) Number of shared bacterial (D) and fungal (E) operational taxonomic units (OTUs) between mother–infant pairs in the first and fourth postpartum weeks. Statistics: ***p < 0.001, *p < 0.05, Wilcoxon rank-sum test, adjusted using the Bonferroni correction.





DISCUSSION

Here, we report for the first time the bacterial and fungal microbiota dynamics during early childhood in a rural Ghanaian setting. In conducting a direct comparison between bacterial and fungal gut communities, we demonstrated how the two follow very distinct developmental patterns, having contrasting associations with the mother’s microbiota. We also found a previously unreported and surprising compositional difference in maternal stool microbiotas during the postpartum period.

We found undetectable levels of fungi in a large subset of stool samples from children and mothers in a rural African setting. This finding is consistent with a previous study in Norway, an urban high-resource setting (Schei et al., 2017). We additionally confirmed that the samples with undetectable fungi, including those from the youngest age groups, contained readily amplifiable bacterial genes, providing further evidence that the lack of detectable fungi in these samples reflected their absence or extremely low abundance, rather than sample processing artifacts. However, extraction protocols optimal for bacteria may have failed to lyse fungal cells. Interestingly, most breast milk samples were positive for fungi, especially those from 4 weeks postpartum, while we did not detect fungi in half of the corresponding breastfeeding infants.

As in our study, increasing bacterial (Bokulich et al., 2016; Stewart et al., 2018) and unchanging fungal (Strati et al., 2016; Wampach et al., 2017) richness and diversity during infancy were previously reported, but never together in the same study. However, the timing of increases in bacterial richness and diversity in our study differed from those in other studies in both high- and low-resource regions. In our Ghanaian cohort, richness and diversity remained stable over the first year of life and dramatically increased thereafter. In studies of American and European cohorts, alpha diversity steadily increased from birth to 2 years (Bokulich et al., 2016) or 3 months to 5 years (Stewart et al., 2018), respectively. Numbers of observed OTUs increased steadily from birth to 3 years among Amerindian and Malawian infants (Yatsunenko et al., 2012) and from birth to 2 years in an Indian setting (Chandel et al., 2017). The distinct timing in our study may reflect lifestyles, diet, or an environment unique to this study cohort in Ghana.

The bacterial succession we observed, with sequential dominance by E. coli in the first 5 days of life, Bifidobacterium and Bacteroides in early infancy, and Prevotella after the first year, was consistent with previous studies of newborn and adult microbiotas (Koenig et al., 2011; Stewart et al., 2018). The Bacteroidetes phylum in older children and adults is typically dominated by either Bacteroides or Prevotella (De Filippo et al., 2010; Yatsunenko et al., 2012; Lin et al., 2013). Prevotella was dominant in adults in rural Ghana, as demonstrated among the 1-month postpartum women in our study. We found that Bacteroides was abundant in the Ghanaian infants prior to 1 year, after which Prevotella became dominant. The ability of Bacteroides species to utilize human milk oligosaccharides (HMOs) (Marcobal et al., 2011) as well as diet-derived polysaccharides (Flint et al., 2015) as an energy source is thought to contribute to their unique ability to persist in both infant and adult guts. However, Prevotella appears to outcompete Bacteroides in adults with a fiber-rich diet (Wu et al., 2011). This difference occurs early in life in this Ghanaian population, probably associated with differences in children’s diets at this time.

We found dominance of the gut fungal microbiota of some children by Candida sp., as has been found in some (Wampach et al., 2017; Ward et al., 2018) but not other (Strati et al., 2016; Arrieta et al., 2018) studies. We also detected an early increase in the relative abundance of Malassezia that was not seen in other studies of newborns (Schei et al., 2017; Ward et al., 2018). Given the high relative abundance of this taxon in breast milk in our study and another (Boix-Amoros et al., 2019) and evidence of its transmission from mother to newborn (Nagata et al., 2012), absence of this taxon in other studies is puzzling but may reflect regional differences in maternal breast milk fungal microbiotas or methodologies.

We were surprised to find substantial differences between the gut bacterial microbiotas of mothers 1 week vs. 4 weeks postpartum. These dramatic differences were not due to cross-contamination between maternal and infant samples, as mothers in both groups were sampled using the same protocol, and samples from both groups were processed simultaneously. Given the cross-sectional study design, we cannot definitively conclude that the microbiota changed in these women over this time. However, both the 3-month recruitment window and the greater microbiota similarity of mothers and their infants 1 week postpartum imply that such a change is the most likely interpretation of the data. Studies of the stool microbiota during pregnancy have yielded mixed results, with some studies showing no change in community composition during pregnancy (Bisanz et al., 2015; DiGiulio et al., 2015) and others showing substantial shifts (Koren et al., 2012; Ferrocino et al., 2018). The latter two studies showed an increase in Proteobacteria during pregnancy, which is consistent dominance of Proteobacteria that we observed 1 week postpartum. However, our finding of a low relative abundance of Prevotella 1 week postpartum is novel and was one of the greatest differences we observed in the postpartum period. We also observed a high relative abundance of Faecalibacterium 1 week postpartum, associated with decreased inflammation and protection from inflammatory bowel diseases (Sokol et al., 2008), and Blautia, negatively associated with type 1 diabetes (Murri et al., 2013) and gestational diabetes mellitus (GDM) without prescribed dietary intervention (Ferrocino et al., 2018). Together, our findings suggest that differences in maternal microbiota around the time of birth reflect both increases in taxa common to newborns (Escherichia) and decreases in taxa absent in newborns (Prevotella), as well as increases in abundance of taxa not abundant in infants but with potential health benefits to the mother (Faecaibacterim and Blautia).

We did not identify fungal taxa that were differentially abundant in the gut microbiota 1 week vs. 4 weeks postpartum. We also did not identify many commonly shared fungal OTUs between pairs. In contrast to the bacterial gut microbiota, the fungal gut microbiota of mothers does not appear to be substantially affected by postpartum time and does not appear to strongly influence colonization of the infant’s gut using the methods we applied.

We found that common skin taxa dominated breast milk bacterial (Streptococcus, Staphylococcus) and fungal (Malassezia) communities, as previously shown (Murphy et al., 2017; Williams et al., 2017; Boix-Amoros et al., 2019; Moossavi et al., 2019). When dominant in a mother’s breast milk, OTUs of these taxa tended to be present at lower relative abundance in her infant’s gut microbiota, consistent with the breast milk being a source for these organisms colonizing the infant gut. However, it is important to note that detection of their DNA in breast milk and feces does not demonstrate that these OTUs colonize, or even survive, these two environments. Further investigation is required to determine if these skin taxa have any function in breast milk or the gut. OTUs of common gut taxa (Bifidobacterium, Bacteroides, Lactobacillus, and Rothia) were also frequently shared between a mother’s breast milk and her infant’s gut microbiota, as previously reported (Murphy et al., 2017). However, the gut commensals tended to have higher relative abundance in the gut than the breast milk, suggesting that the infant’s (or mother’s) gut was a source for these organisms colonizing the breast milk. Overall, our study identifies strong and novel associations between the microbiotas of breast milk and the infant gut, particularly in the case of bacteria vs. fungi.

There are limitations in the study worth noting. Amplicon Sequence Variants (ASVs) are becoming an increasingly popular approach as an alternative to the OTU clustering performed in our study. However, we submit that ASV analysis would only have a minor impact on our conclusions based on a recent study demonstrating that both ASV and OTU approaches reveal biologically meaningful and comparable results (Glassman and Martiny, 2018). With this, others have cautioned against abandoning OTU approaches for sequencing applications targeting a single variable region (Johnson et al., 2019). Independent of sequencing approach and given the cross-sectional design, this study cannot definitively prove that differences among age groups represent microbiota changes over time, although such changes are the most compelling interpretation of the results. Sample size and a lack of data on infant and mother health and on mode of delivery limited the analysis to effects of age but did not include other host factors that also may have influenced the microbiotas.



CONCLUSION

The goal of this study was to assess, for the first time, the bacterial and fungal gut microbiota composition of children in Ghana to help identify microbial signatures relevant to the health of women and their children. In doing so, we not only identified bacterial and fungal community dynamics shared with other study cohorts but also identified characteristics not previously reported. Unique to the Ghanaian cohort, alpha diversity was low and stable during the first year of life, and Prevotella became the dominant bacterial genus between the first and second year. Also, the mother’s bacterial microbiota differed drastically between 1 and 4 weeks postpartum. While mothers are a major source of bacteria colonizing newborns, the sources of colonizing fungi are less apparent.



FUTURE DIRECTIONS

This small cross-sectional study broadly assessed ecology mother–newborn bacterial and fungal microbiotas, together with the microbiota in children over the first 5 years in rural Ghana. Crucial insights from this study inform future approaches to identify microbial signatures relevant to the health of women and their children. Based on our findings, longitudinal studies will address the following questions:


1.What demographic or environmental factors explain differences in maternal microbiotas after childbirth? And are these changes associated with maternal health or disease?

2.Are there host microbiota (bacterial and fungal) signatures associated with increased risk for, or protection from, severe disease, especially in the newborn period?

3.Are commensal fungi identified in mother–infant pairs transient or do they represent a stable community of commensal microbes coinhabiting the gut with bacteria?



These studies will inform novel interventions targeting the microbiota to improve the health of mothers and their children.
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Polysaccharides from Panax ginseng C. A. Meyer (P. ginseng) are the main active component of P. ginseng and exhibit significant intestinal anti-inflammatory activity. However, the therapeutic mechanism of the ginseng polysaccharide is unclear, and this hinders the application for medicine or functional food. In this study, a polysaccharide was isolated from P. ginseng (GP). The primary structure and morphology of the GP were studied by HPLC, FT-IR spectroscopy, and scanning electron microscopy (SEM). Further, its intestinal anti-inflammatory activity and its mechanism of function were evaluated in experimental systems using DSS-induced rats, fecal microbiota transplantation (FMT), and LPS-stimulated HT-29 cells. Results showed that GP modulated the structure of gut microbiota and restored mTOR-dependent autophagic dysfunction. Consequently, active autophagy suppressed inflammation through the inhibition of NF-κB, oxidative stress, and the release of cytokines. Therefore, our research provides a rationale for future investigations into the relationship between microbiota and autophagy and revealed the therapeutic potential of GP for inflammatory bowel disease.
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Introduction

Inflammatory bowel disease (IBD) consists of a group of disorders including Crohn’s disease (CD) and ulcerative colitis (UC) and is a kind of recurrent, refractory gastrointestinal disease (1). At present, the incidence of IBD increases yearly. Inflammatory infiltration, redox imbalance, and gut microbiota dysbiosis are involved in the initiation, development, and exacerbation of intestinal inflammatory diseases. Intestinal epithelium plays an important role in maintaining gut homeostasis and is the main defense against pathogen invasion (2). It has been reported that the regulation of gut microbiota can alleviate the inflammatory response induced by dextran sodium sulphate (DSS) in mice. Lipopolysaccharide (LPS) is the main component of the cell walls of many Gram-negative bacteria. The inseparable relationship between microbiota dysbiosis, LPS content, and abnormal immune response has been reported previously (3, 4). Toll-like receptor 4 (TLR4), which is abundantly expressed in intestinal epithelial cells, is a gene coding receptor for bacterial LPS (5, 6). An abnormal microbiome, especially with microbes that produce LPS, triggers intestinal inflammation, and TLR4 might be the initial point of microbial interaction. Activated TLR4 recruits the downstream molecule MyD88 to trigger the phosphorylation of MAPKs (7), and it is indispensable in orchestrating the secretion of inflammatory cytokines and oxidative stress response throughout the initiation, development, and exacerbation of IBD (8–10).

Autophagy, a highly conserved process that evolved in eukaryotes, is involved in maintaining organism homeostasis via lysosome-mediated self-digestion and recycling of organelles and proteins (11, 12). Cells trigger autophagy under various stress, such as exposure to toxic environments, starvation, and ischemiareperfusion (13). It has been reported that autophagy dysfunction increased susceptibility to inflammatory intestinal diseases (14–17). Repairing hampered autophagy normalized redox imbalance, increased the clearance of intracellular bacteria, and alleviated inflammation in intestinal mucosa (18); thus, it has become a new target of clinical drug development for IBD. Mounting evidence suggests the inseparable association between autophagy impairment and inflammation injury (19–21). mTOR, a highly conserved serine/threonine protein kinase, negatively regulates autophagy upstream, and it has demonstrated great autophagy activating and inflammation attenuating efficacy in silencing mTOR (22). Interestingly, TLR4-MyD88-MAPK is one of the important pathways in mTOR regulation, and recent research clearly revealed the relationship between them (19). Accumulating evidence indicates that autophagy and inflammation are linked by reciprocal regulation through the microflora-TLR4-mTOR axis. Mechanistically, microbiota dysbiosis activates the TLR4-MyD88-MAPK pathway, which is followed by the phosphorylation of mTOR to inhibit autophagy, thereby aggravating inflammatory injury and oxidative stress (19). Although the roles of microflora in modulating inflammation and autophagy have had increased attention in regard to IBD, the development of related drugs is still in its infancy.

Panax ginseng C. A. Meyer (P. ginseng) has been widely used as an herb and functional food in the world (23). It has been reported that the active components of Panax ginseng have anti-inflammatory and immunomodulatory effects on IBD (24). The polysaccharide of P. ginseng has obvious beneficial effects, including gut microbiota regulation, intestinal mucosal barrier protection, autophagy promotion, and alleviation of inflammation and oxidative stress (24). However, the exact target and mechanism of the P. ginseng polysaccharide in gut microbiota and autophagy modulation is not well understood. Fecal microbiota transplantation (FMT) is one of the most effective ways to regulate the gut microbiota and can potentially reveal the function of microbiota and establish the causal relationship between flora and disease (25). At present, the use of FMT with P. ginseng polysaccharide to treat diseases through intestinal flora is still unknown. Therefore, the present study aims to purify crude polysaccharides from P. ginseng and to evaluate its gut microbiota and intestinal anti-inflammatory activity in dextran sulfate sodium (DSS)-induced rats with FMT. The mechanism of reciprocal regulation between inflammation and autophagy was estimated by LPS-induced inflammatory intestinal mucosal cells (HT-29 cells). Additionally, the changes in cytokines, reactive oxygen species (ROS), and autophagic proteins were detected in order to investigate the protective mechanism of the microbiota-autophagy relationship. Our study provides a reliable theoretical basis for the application of ginseng polysaccharide as a functional food material in the treatment of intestinal diseases.



Materials and Methods


Reagents

P. ginseng was purchased from Wudu County (Gansu Province, China). The roots of P. ginseng were dried in the shade and ground into powder. Standard monosaccharides, including rhamnose, arabinose, xylose, mannose, glucose, galactose, glucuronic acid, and galacturonic acid were all obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). All chemicals used were of analytical grade unless otherwise specified.



Isolation and Purification of Polysaccharide

Briefly, the dry three-year roots of Radix ginseng (2,000 g) were smashed into crude powder (60-80 mesh) and extracted three times with water (20 L) by continuously stirring at 80°C for two hours each time. The combined aqueous extracts were filtered through a cotton cloth bag and centrifuged (1,500 g for 15 min) and were subsequently concentrated in a rotary evaporator at 60°C. Then, the ethanol solution was brought to a final concentration of 80%. The sediment was dissolved in water, continuously stirred at 4°C for 12 hours, and the precipitate was removed by centrifugation (1,500 g for 15 min). The aqueous extract was then filtered and concentrated, followed by the addition of Sevage reagent (butanol and chloroform at a 1:4 ratio) to deproteinate the sample (26). Then, the supernatant was concentrated to a proper volume under reduced pressure and lyophilized to get the ginseng polysaccharide (GP).



Analysis of the Primary Structure and Morphological Properties of GP


Analysis of Chemical and Physical Properties

The total carbohydrate, uronic acid, and protein contents were quantified by the phenol–sulfuric acid method (27), m-hydroxydiphenyl (28), and Bradford method (29) using glucose, glucuronic acid, and bovine serum albumin as standards, respectively.



Monosaccharide Composition Analysis

The monosaccharide components were analyzed by converting the sugars into PMP derivatives (30), which were then detected by HPLC (Shimadzu 2010, Japan) and C18 column (Shimadzu, Japan) and controlled by a Uniport HP N-2000 data station.



FT-IR Analysis

The vibrations of molecules and polar bonds among different atoms were studied by FT-IR spectroscopy (iD1 Transmission Nicolet iS5, Thermo Fisher, USA), with recorded frequencies ranging from 4,000 to 500 cm-1 (31). FT-IR measurements were performed for each sample, which were mixed with dried KBr powder and then compressed into salt discs.



Molecular Weight Analysis

The molecular weight of the GP was determined by a gel-permeation chromatography (GPC) system (ELEOS System, Wyatt Technology, USA) equipped with a Waters 515 pump and DRI detector. The columns were a Shodex OHpak SB-806 in sequence with 803 columns, which were eluted with 0.02% NaNO3 at a flow rate of one mL/min. The temperatures of the column and RI detector were maintained at 40°C. Dextran standards (Mw = 180, 2,700, 9,750, 36,800, and 135,350 Da) were used to establish a standard curve. Empower GPC software (ASTRA5.3.4, Wyatt Technology, USA) was used for data processing (32).



Scanning Electron Microscopy (SEM) Analysis of Morphological Properties

The micro-structures and surface morphologies of GP were characterized by scanning electron microscopy (SEM). A proper amount of polysaccharide sample powder was glued to the conductive adhesive of the experimental bench. The floating sample was blown off with a rubber suction bulb and placed in a gold conductive layer of 10 nm thickness in a vacuum. The accelerating voltage of the electron gun was 20 KV, and the sample was observed by the SEM.




Animals

The animal experiment protocol (No. 20200128006) was approved by the Changchun University of Chinese Medicine. SD rats weighing 200-250 g (half of which were male) were purchased from the School of Pharmacy, Jilin University (SCXK 2016-0001). All rats were given standard food and water for seven days prior to experimentation and were randomly divided into the blank group (control), intestinal inflammation group (DSS) (19, 22), low-dose GP treatment group (DSS + GP-L, 50mg/kg), middle-dose GP treatment group (DSS + GP-M, 100mg/kg), and high-dose GP treatment group (DSS + GP-H, 200mg/kg); each group consisted of 10 rats. Experimental procedures used for the animals and administration methods were based on previously reported experimental protocols (33). The rats fasted for 12 hours on the last day, and each rat was anesthetized and euthanized. The blood from each rat was collected from the common carotid artery. Ten grams of fresh feces from the rats in each group were collected and weighed in a sterilized beaker, and 50 ml of 37°C sterile normal saline was added, stirred, and filtered with double-layer sterile gauze. The filtrate was then centrifugated at 6,000 g/min for 15 min (centrifugation radius: 10 cm), and then the sediment was suspended in 100 ml of normal saline to obtain the fecal bacteria solution. FMT (5 ml/kg) was administered by gavage once a day for 14 days. The distal parts of the colon tissues were stored in a -80°C refrigerator for section or Western blot analysis. Feces were collected for further metabolite analysis. Blood was centrifuged, and the supernatant was stored at -20°C for later testing. The relative serum levels of IL-1β, IL-6, and TNF-α were determined using ELISA kits (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer’s instructions.



Immunohistochemistry Analysis of Intestinal Tissues

Immunohistochemistry analysis was conducted to evaluate the expression of relative proteins. The paraffin-embedded tissue sections were deparaffinized and treated with hydrogen peroxide (3 m/v) for 15 min to remove endogenous peroxidase. Antigen retrieval was performed by blocking the samples in goat serum for 10 min at 22°C. The following antibodies were added and incubated for 12 hours at 4°C: anti-TLR4 antibody (Servicebio, GB11519, 1:500), anti-LC3B antibody (Abcam, ab86714, 1:500), and anti-NF-κB p65 antibody (Servicebio, GB13025-1, 1:500). Cy3 (Servicebio, GB21303) and FITC (Servicebio, GB22303) secondary antibodies (1:250) were used for visualization. Tissue sections were mounted and analyzed using an inverted fluorescence microscope (Nikon Eclipse TI-SR) and imaging system (Nikon DS-U3).



The Measurement of Endotoxin

Colon contents endotoxins were extracted in with 0.05% Tween-20 in pyrogen-free water (34). Fecal endotoxins were determined using Limulus amaebocyte lysate (LAL) kit (ThermoFisher, USA) as described previously (35).



Gut Microbiota Analysis

Gut microbiota was examined as before by 16S ribosomal RNA analysis on the Illumina MiSeq platform (Illumina, San Diego, USA) according to standard protocols (36). DNA was extracted from the colon using an Omega Biotek Mag-Bind Soil DNA Kit (Omega Bio-Tek, USA). Purified PCR products were prepared using Q5® High-Fidelity DNA Polymerase (NEB, USA); products were then quantified, and each PCR sample was diluted five times to 20 ng/μL. The PCR amplification system consisted of the following: PCR mixed product sample (2 µL), 5× reaction buffer (5 μL), 5× GC buffer (5 μL), dNTP (2.5 mM 2 μL), forward primer (10 µM, 1 μL), reverse primer (10 µM, 1 μL), Q5 DNA Polymerase (0.25 μL), DNA template (2 μL), and 8.75 μL ddH2O. PCR amplification of the 16S rRNA genes of the V3–V4 region was performed using the forward primer 338F 5’-ACTCCTACGGGAGGCAGCA-3’ and the reverse primer 806R 5’-GGACTACHVGGGTWTCTAAT-3’. Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μl of Q5 reaction buffer (5×), 5 μl of Q5 High-Fidelity GC buffer (5×), 0.25 μl of Q5 High-Fidelity DNA Polymerase (5 U/μl), 2 μl (2.5 mM) of dNTPs, 1 μl (10 uM) of each forward and reverse primer, 2 μl of DNA template, and 8.75 μl of ddH2O. Thermal cycling consisted of initial denaturation at 98°C for 2 min, followed by 25 cycles of denaturation at 98°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final extension of 5 min at 72°C. The amplicon library was then used for paired-end sequencing (2 × 250 bp) on an Illumina MiSeq platform (Illumina, San Diego, USA) according to standard protocols.



Cell Culture and Treatment

The human epithelial colorectal adenocarcinoma HT-29 cell line was obtained from the Procell Life Science and Technology Company and was maintained in DMEM with 10% FBS, 1% nonessential amino acids, and gentamicin (50 μg/mL) at 37°C and 5% CO2; the medium was replaced every two days. For parameter measurements, the culture medium was seeded onto 6-well plates at a density of 5 × 105 cells/well (Corning Inc., Corning, NY, USA). The cells were incubated with 1 mM 3-MA or 10 μM rapamycin for 1 hour. To induce inflammatory damage, the cells were exposed to LPS (1 μg/ml) at 37°C for 6 hours. HT-29 cells were transfected with 10 pmol of siRNA for TLR4 using Lipofectamine RNAiMAX according to the manufacturer’s instructions. The cellular proteins were obtained for western blot analysis as previously described (37).



Western Blotting

For Western blot analysis, the total proteins from the colon cells were collected in RIPA lysis buffer (Beyotime, Beijing, China). Samples (40 μg each) were separated onto 12% SDS-PAGE gels and transferred to a PVDF membrane (Millipore Corp., Billerica, MA, USA). Membranes were incubated overnight with related primary antibodies at a 1:1000 dilution.



Statistical Analysis

Experiments were performed in triplicate, and results are presented as the mean ± standard deviation (SD). The Student’s t-test was utilized for statistical evaluation using the SPSS 16.0 statistical software package (SPSS Inc., USA), and a P < 0.05 was considered statistically significant.




Results


Characterization of Polysaccharide


Isolation and Determination of GP

GP were extracted by using the classical method of hot water extraction followed by ethanol precipitation. Then, Sevage reagent was used to deproteinate the aqueous extracts. The crude polysaccharide yield devoid of proteins was found to be 7.5% of the total dry weight. In addition, the polysaccharides were dissolved in water after alcohol precipitation, and the water solubility of the polysaccharides could be greatly increased. The extraction procedure is shown in Figure 1A.




Figure 1 | Description and analysis of GP (A) Summarized extraction procedure. (B) HPLC of monosaccharide PMP derivatization. 1. PMP. 2. Mannose. 3. Rhamnose. 4. Glucuronic acid. 5. Galacturonic acid. 6. Glucose. 7. Galactose. 8. Arabinose. 9. Fucose. (C) Infrared spectroscopy. (D) Morphology by SEM. (E) Molecular weight distribution.





Physicochemistry Analysis

The total carbohydrate and uronic acid contents of GP were 82.3% and 10.2%, respectively. After Sevage reagent treatment, the protein content of GP decreased from 23.1 to 7.1%. The sugar components were analyzed by converting the sugars into PMP derivatives. HPLC results showed that GP was composed of galacturonic acid (GalA), glucose (Glc), galactose (Gal), and arabinose (Ara) in a molar ratio of 1.6 to 5.1 to 1.0 to 1.6, respectively (Figure 1B).



FT-IR Analysis

The GP was analyzed by FT-IR spectroscopy with recorded frequencies ranging from 4,000 to 500 cm-1 (Figure 1C). A wide absorption peak at 3,446 cm-1 in the region of 3,500-3,200 cm−1 showed stretching vibrations of O-H and N-H, indicating intramolecular hydrogen bonds. Two peaks in the 3,000-2,800 cm-1 region and the 1,400-1,200 cm-1 region were angular vibrations of C-H, which indicated that the GP is a polysaccharide compound. The peak at 1,633 cm-1 indicates the stretching vibration of the C = O in the acetyl group. The absorption peak at 789 cm-1 is the flat pyranose α-type C-H bond in the sugar units.



Morphology Analysis

Scanning electron microscopy (100x and 3,000x) showed that the surface of the GP is rough and irregular (Figure 1D). It is speculated that this phenomenon may be due to cross-linking and aggregation between molecular chains. It is suggested that there is a strong interaction between the molecules of the samples, and all of them are amorphous. In addition, the GP contained a porous honeycomb structure, which may be formed by the sublimation of ice crystals during freeze-drying or may be related to the side chain of the polysaccharide.



Molecular Weight Distribution Analysis

The average weight molecular weight (Mw) of the GP mainly distributed in the range of 10-320 kDa by HPGPC and special GPC software (Figure 1E). It was revealed that the polysaccharides have four main peaks with molecular weights of 26, 56, 152, and 275 kDa and distribution percentages of 26.6%, 55%, 13.7%, and 4.8%, respectively. In addition, the average difference in Mw between the peaks was 63 kDa, indicating that the GP is a mixture of a series of hetero-polysaccharides.




GP Alleviates Intestinal Injury in Rats With DSS-Induced Colitis

DSS was used to establish an experimental model of rats with intestinal inflammation as described previously (19, 22). HE stains clearly revealed that GP alleviated severe lesions in colon tissue, such as those that had histopathological characteristics of mucosal damage, necrosis, and inflammatory infiltration in DSS rats (Figure 2A). Compared to the control group, the histological observation of the colon of the rats in the DSS model group demonstrated that the inflammatory cell infiltration occurred in the mucosa. The loss of goblet cells and epithelium, distorted crypts, and edema were also found in the DSS model group. After treatment with different doses of GP, the results showed notable histologic improvements in the crypt architecture as well as reductions in edema, mucosal injury, and inflammatory infiltration. In the GP-H group, the histopathological properties of the colon of the rats were the most obviously improved, and ulcer healing lines appeared in some tissues (Figure 2B). Furthermore, DSS-treated rats showed profound body weight loss; the change in body weight declined 86.96% when compared to the initial weight. Notably, GP treatment significantly attenuated the loss of body weight. Especially in the high-dose GP group (DSS + GP-H), the change in body weight recovered to 151.05% after 14 days of treatment (Figure 2C). Rats in the DSS + GP-L and DSS + GP-M groups also exhibited body weight recovery to certain extents. These results demonstrated that DSS can successfully induce inflammatory intestinal injury in rats, and high-dose GP treatment achieved the best curative effect in vivo. Therefore, the high-dose GP group can be used for further studies to obtain more biological information. Additionally, GP treatment also reversed the DSS-induced inflammatory response, as evidenced by the spleen weight and the serum levels of IL-1β, IL-8, and TNF-α (Figures 2D–G). (From here forward, the DSS + GP group refers to the DSS + GP-H group if not otherwise mentioned).




Figure 2 | GP alleviated the intestinal inflammation in rats with DSS induced colitis. (A) Experimental operation process. (B) H&E stained sections of the differently treated rats as described above. (C, D) The effects of GP on Rats’ basal body weight and Spleen weight. (E–G) Changes of cytokines in different groups in vivo. All data shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, #P < 0.05, ##P < 0.01 VS Control group; *P < 0.05, **P < 0.01 VS DSS group.





GP Improved the Structure of Gut Microbiota in DSS-Induced Rats


Effect of GP on the Diversity of Gut Microbiota

The Shannon index is a key index used to evaluate microbial community diversity. Compared with the control group, the Shannon index in the model group decreased significantly (P < 0.01). The Shannon index of the GP group was significantly higher than that of the model group (P < 0.05; Figure 3A). The results showed that the microbiota diversity of the model group was lower than that of the normal rats, but GP could restore the microbiota diversity.




Figure 3 | Effects of GP on gut microbiota. (A) Rarefaction curves of OTU quantity. (B) Heatmap at the level of phylumgenus. (C) Heatmap at the level of genus. (D) A phylogenetictree of OTUs by GraPhlAn visualization. (E) PCA analysis. (F) LPS in colon contents. Bars in graphs represent mean ± SD, ##P < 0.01 VS Control group; **P < 0.01 VS DSS group.





Effect of GP on Bacterial Community Structure

We analyzed the differences in bacterial abundance in rats before and after GP administration at the phylum and genus levels, and the heatmaps are shown in Figures 3B, C. Compared with the blank group, the abundance of Gram-positive Firmicutes bacteria in the model group decreased significantly, while the abundance of Gram-negative Bacteroidetes, Verrucomicrobia, Proteobacteria, Tenericutes, Cyanobacteria, and Deferribacteres increased significantly (38). The abundance of Gram-negative bacteria decreased significantly after GP administration. Next, Grapeland was used to construct a hierarchical tree of the composition of the sample population at each classification level to explore the dominant microbial groups (Figure 3D). The results showed that the dominant species at the phylum level were Firmicutes, Bacteroidetes, Verrucomicrobia and Proteobacteria, and the dominant species at the genus level were Akkermansia, Allobaculum, and Oscillospira. It is suggested that the above bacteria can be used as a characteristic index for future fecal microbiota transplantation. Community composition analyses at the taxonomic levels of phylum and genus have preliminarily proved that the bacterial community structure before and after GP treatment is significantly different. We further used principal component analysis (PCA) to analyze the overall structure of the flora before and after the occurrence of intestinal inflammation and under the intervention of GP, which also proved that there were significant differences between the three groups (Figure 3E).



Effect of GP on LPS in Colon Contents

It should be noted that lipopolysaccharide (LPS), one of the components of the cell walls of Gram-negative bacteria in intestinal flora, can cause chronic intestinal inflammation. We determined the endotoxin levels in colon cells (LPS), and they increased 1.45-fold after DSS stimulation. GP treatment reversed the LPS to near the normal level (Figure 3F).

Corroborating the above data and the previous reports (32, 39), we demonstrated that the increased levels of LPS were associated with the rising abundance of Gram-negative bacteria in the intestines of the DSS-induced model rats and that GP could regulate the structure of gut microbiota and reduce the abundance of Gram-negative bacteria that produce LPS.




GP Quenched Intestinal Injury and Restored DSS-Decreased Levels of Autophagy in DSS-Induced Rats

When the abundance of Gram-negative bacteria increases, the content of LPS increased consequently and is then recognized by Toll-like receptor 4 (TLR4) on the intestinal cell membrane. This directs a subsequent intracellular reaction and finally leads to an inflammatory response and autophagy inhibition (40). The expression levels of TLR4, IκBα, and NF-κB p65 protein from the rat colon are associated with the inflammatory response and were analyzed by immunofluorescence and Western blot, as shown in Figure 4. Compared with the control group, the fluorescence of TLR4 in the model group was significantly enhanced, which indicated that the protein expression level was increased. Notably, GP significantly reversed the DSS-increased expression of TLR4. In addition, the phosphorylation of IκBα was significantly decreased after GP treatment, which suggested that the nuclear translocation of NF-κB was inhibited. As a consequence, GP also reduced the DSS-induced NF-κB activation. In conclusion, GP treatment markedly suppressed DSS-induced intestinal inflammation through the downregulation of TLR4 and the NF-κB pathway.




Figure 4 | GP inhibits inflammation via TLR4 pathway and activates mTOR dependent autophagy in DSS-induced colitis in vivo. (A, C) Immunofluorescence for TLR4 and p62 was performed on colon sections. (B, D) The expressions of TLR4 and p62 were calculated relative to DAPI staining from three independent experiments. (E) The expression of autophagy-related and inflammation-related proteins measured by western blot. (F–K) The expressions of proteins were quantified by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data shown are representative of 3 independent experiments. Bars in graphs repr Activated TLR4 directly triggers the phosphorylation of mTOR. With the increase of TLR4 in the DSS group, the phosphorylated mTOR was upregulated followed by the dysfunction of autophagy. To investigate whether autophagy was impaired in DSS-induced intestinal inflammation, the expression of autophagy-related proteins (including LC3B, p62, and phosphorylated mTOR) were evaluated by immunofluorescence and Western blot. Compared with the control group, the expression of p62, a cargo protein degraded inside autolysosomes, was upregulated after DSS stimulation, indicating the inhibition of autophagy. Defective autophagy was further confirmed by the decrease in LC3BII/LC3BI when compared with the control group. Autophagy was recovered to a normal level after treatment with GP, indicated by decreased p62 and increased LC3BII/LC3BI levels. These results demonstrated that GP relieved intestinal inflammation by promoting mTOR-dependent autophagy and blocking the inflammatory cascade. Bars in graphs represent mean ± SD, #P < 0.05, ##P < 0.01 VS Control group; *P < 0.05 VS DSS group.





Spearman Correlation Analysis of the Bacterial Genera With Highest Abundance and Their Phenotypes

To assess potential association between gut microbiota changes and host autophagy-related phenotypes, we conducted a Spearman correlation analysis of the bacterial genera with the highest abundance and their autophagy-related phenotypes in rats. p:Akkermansia from the phylum Verrucomicrobia−g:Akkermansia showed significant negative correlation with serum endotoxin, while exhibiting significant positive correlation with LC3BII/LC3BI. On the other hand, there was a highly significant positive correlation between p_Firmicutes−g_Lactobacillus and serum endotoxin. p_Firmicutes−g_Oscillospira, p_Firmicutes−g:Lactobacillus, p_Actinobacteria−g_Corynebacterium,and p_Actinobacteria−g_Adlercreutzia showed significant positive correlation with TLR4 (Figure 5). Taken together, these findings indicate that GP treatment inhibited levels of Gram-negative bacteria, inflammation in the intestinal system and enhanced autophagy via TLR4.




Figure 5 | Spearman correlation analysis of the bacterial genera with highest abundance and phenotypes. *P < 0.05, **P < wfi 20.01.





Fecal Microbiome Transplantation Supplemented With GP Suppressed Intestinal Inflammation and Improved Autophagy

To validate the potential impact of GP on alleviating intestinal inflammation and on microbe-autophagy interactions, we performed FMT experiments by using oral gavage in rats (Figure 6A). 20 rats were randomly divided into four groups: DSS (FMT), DSS + GP (FMT), blank (FMT), and blank (normal rats). The body weight changes of rats in the DSS (FMT), DSS + GP (FMT), blank (FMT), and blank groups are shown in Figure 6B. Blank (FMT) and blank groups showed similar body weight changes, which indicated that the FMT operation had little effect on the mice. The body weight of the rats transplanted with DSS-treated microbiota decreased significantly, while the rats transplanted with DSS+GP (FMT)-treated microbiota recovery the body weight. HE staining of pathological sections showed that the colon epitheliums of the blank (FMT) and blank group were intact without hyperemia, edema, hemorrhage, or inflammatory cell infiltration. In the DSS (FMT) group, the intestinal epithelial structure was incomplete, and crypt abscesses, a reduction in goblet cells, and large number of neutrophil infiltrations were observed. Compared with the DSS (FMT) group, the colon epithelial cells in the DSS + GP (FMT) group were less damaged, and the crypt abscesses and inflammatory infiltrations were relieved (Figure 6C).




Figure 6 | Transplanting of fecal microbiome intervened by GP improves intestinal inflammation. (A) The experimental protocol for FMT. (B) Changes of body weight (n=10). (C) Histopathological changes after HE staining. (D) Rarefaction curves of OUT quantity. (E) PCA analysis. (F) The gut microbiota composition among experimental groups at phylum/genus level.



The bacterial profiles of the donor mice were measured using 16S rRNA sequencing to investigate the effects of GP on the fecal microbiome of mice. The Simpson Diversity Index of the operational taxonomic unit level in the DSS + GP (FMT) group was significantly higher than that of the DSS (FMT) group, indicating that GP alters the richness and diversity of the microbial community. Significant separations were observed among the four groups during PCA (Figure 6D), which is similar to the result of hierarchical clustering. Further PCA showed that the overall structure of the microbiota had significant differences in the four groups (Figure 6E). The comparison of gut microflora with high abundance at the phylum and genus levels in each group is shown in Figure 6F. Compared with blank group, there was no significant change in the phylum and genus levels of blank (FMT) bacteria. Compared with blank and blank (FMT) groups, the abundance of p_ Firmicutes and p_Verrucomicrobia-g_Akkermansia in the DSS (FMT) group was significantly lower, while the abundance of p_Verrucomicrobia, p_Bacteroidetes, p_Proteobacteria, and p_Firmicutes-g_Allobaculum were significantly higher. The abundances of the above bacteria in the DSS + GP (FMT) group and the DSS (FMT) group showed the opposite trend of change except p_Firmicutes-g _Oscillospira.

To validate the protective effect of GP on intestinal inflammation associated with the microbe-TLR4-autophagy axis, we detected the levels of several key proteins using Western blot analysis. FMT had almost no effects on the TLR4 pathway and mTOR-dependent autophagy, as shown in Figure 7. Meanwhile, the rats transplanted with DSS-treated microbiota showed a marked activation of the classic TLR4-p38 MAPK-NF-κB inflammatory pathway (Figures 7A, B) as well as the phosphorylation of mTOR. Subsequently, the accumulation of p62 and the decrease of LCBII/LC3BI suggested defective autophagy. Notably, there was significant attenuation of TLR4 and degradation of p62 after FMT with GP-treated microbiota, which achieved similar therapeutic effects compared to GP lavage. In summary, the potential mechanism of GP on ameliorating intestinal inflammation via regulation of the gut microbiota and which was associated with TLR4-autophagy.




Figure 7 | Transplanting of fecal microbiome intervened by GP improves intestinal inflammation. (A) Immunofluorescence for p-NF-κB was performed on colon sections. (B) The expression of autophagy-related and inflammation-related proteins measured by western blot. (C, D) The expressions of proteins were quantified by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, #P < 0.05, ##P < 0.01 VS Control group; *P < 0.05, **P < 0.01 VS DSS group, n.s., no significant differences.





Blocking TLR4-mTOR Ameliorates Inflammation via Promoting Autophagy in LPS-Induced HT-29 Cell

The relationship between intestinal flora disturbance and TLR4-autophagy axis has been widely accepted (41, 42), and gut-derived lipopolysaccharides (LPSs) seem to be the linkage between them. According to the in vivo results, related mechanisms of gut microbiota-TLR4-autophagy regulation were subsequently explored in LPS-induced HT-29 cells. To explore whether the release of NF-κB-induced cytokines and oxidative stress were associated with autophagy, we chose 3-MA and rapamycin as the inhibitor and activator of autophagy, respectively. Firstly, pro-inflammatory cytokines were determined as shown in Figure 8A. When cells were treated with one μg/mL LPS for six hours, IL-8 and IL-1β levels increased by nearly three-fold; these levels ameliorated to a certain extent after rapamycin treatment (an autophagy activator). When autophagy was inhibited by 3-MA, the release of LPS-induced inflammatory cytokines dramatically increased even higher than that of the LPS-induced group. Secondly, the expressions of p62, LC3B, and Beclin-1 were determined by Western blot analysis (Figure 8B). In the second lane of Figure 8, it can be seen that LPS blocked autophagy via the activation of mTOR and activated an inflammatory transcription factor, which is consistent with previous reports (19, 22). While the expression of Beclin-1, degradation of p62, and conversion of LC3B were increased significantly in the rapamycin groups, this was also accompanied with the inhibition of NF-κB p65. As expected, suppression of autophagy by 3-MA significantly inhibited the level of autophagy and dramatically deteriorated the inflammation. The results above indicated that impaired autophagy was involved in LPS-induced inflammation in HT-29 cells.




Figure 8 | Blocking upstream TLR4-MAPK pathway activated autophagy and quenched inflammation. (A) Changes of cytokines contents in different groups in LPS-induced HT-29 cells. (B) The changes of autophagy-related and inflammation-related proteins measured by western blot. (C–H) The expressions of proteins were quantified by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, *P < 0.05, **P < 0.01.  #P < 0.05, ##P < 0.01 VS Control group.



Recent research has focused on Toll-like receptors (TLRs), which might be involved in orchestrating LPS-induced autophagy inhibition and inflammation aggravation via mTOR (19). Thus, we next sought to investigate whether TLR4 is a potential target of governance of the activation of autophagy. As shown in Figure 8, LPS significantly upregulated the expression of TLR4 and its downstream signaling molecules MyD88 and p38 MAPK in HT-29 cells, which coincided with high phosphorylation levels of mTOR and inhibition of autophagy. Autophagy-related proteins in TLR4 siRNA transfected cells further confirmed the regulation role of TLR4. TLR4 siRNA attenuated the autophagy impairment and inflammation activation induced by LPS, while 3-MA and rapamycin exhibited almost no effect on TLR4-MyD88. Corroborating the data above, we demonstrated that LPS-decreased autophagy was governed by the upstream TLR4-mTOR pathway. Additionally, autophagy was involved in inhibiting cytokine secretion and protecting cells from oxidative stress.




Discussion

Inflammatory bowel disease (IBD) is a kind of chronic, nonspecific intestinal inflammation, which includes ulcerative colitis and Crohn’s disease. Acetaminophen and non-steroidal anti-inflammatory drugs are the primary clinical treatment, but long-term usage of these can cause kidney and digestive system damage. It is urgent to develop effective treatment strategies, including therapeutics and functional foods.

P. ginseng is a perennial herb. It has been used for thousands of years in China, Japan, and Korea as a traditional medicine. Its chemical properties and pharmacological activities have drawn attention from across the world. Ginseng is available in liquid or solid forms for consumption, and its anti-inflammatory effects have been reported in many studies. Modern pharmacological studies have shown that P. ginseng has therapeutic effects on intestinal system diseases, such as ulcerative colitis, Crohn’s bowel disease, and intestinal cancer (43). The polysaccharide is an important active component of P. ginseng in mediating the inflammatory response and immune function and has obvious inhibitory effects on many pathogenic bacteria (44). In this study, polysaccharide from P. ginseng was isolated and simi-purified, and its basic physicochemical properties were studied by HPLC, FT-IR, and GPC. The morphology of the polysaccharide was also characterized by SEM analysis. Further, the activity of GP on intestinal inflammation was evaluated by a model of DSS-induced intestinal inflammation in rats. Our results showed that the weight loss of rats in the GP treatment group was inhibited, and the intestinal mucosa loss as well as the infiltration of inflammatory cells in the lamina propria was reduced in the treatment group after the administration of GP. This indicates that GP has a therapeutic effect on DSS-induced colitis in rats, but the specific mechanism is still unclear.

There are at least 1014 microorganisms that reside in human intestines which are involved in the host’s immune response, metabolism, and homeostasis maintenance (45). A large number of clinical and experimental studies have shown that many natural plant polysaccharides can play a therapeutic role in intestinal inflammation by regulating the imbalance of gut microbiota (46). Similar results were found in this study: compared with the normal group, the model group of rats had obvious intestinal flora imbalances, while the administration of GP caused a recovery effect on the gut microbiota in model rats. Compared with the model group, the abundance of Gram-negative bacteria decreased significantly after GP administration. It is clear that inflammatory bowel disease is closely related to the regulation of the structure and composition of the intestinal microbiota; however, the pathways involved in the regulation and how to remedy the change in intestinal flora still required elucidation. At present, although there are reports that polysaccharides from P. ginseng can regulate intestinal flora and play a therapeutic role in inflammatory bowel disorders such as IBD and UC, this conclusion overemphasizes the role of intestinal flora and fails to describe the causal mechanism of intestinal flora in the process of disease treatment.

Gut microbiome disorder is closely related to the incidence of a variety of intestinal diseases. In the pathological state of inflammatory bowel disease, the chronic accumulation of activated neutrophils, macrophages, and dendritic cells leads to a change in intestinal flora structure, especially the proliferation of many Gram-negative opportunistic pathogens. Lipopolysaccharide (LPS) is an essential component of the cell wall of Gram-negative bacteria that is involved in triggering the inflammatory cascade (2). Gut microbiota-derived Lipopolysaccharides is closely related to the intestinal flora and abnormally activates the host immune response through TLR4. TLR4 is the receptor for LPS and is of great importance to the self-repair of intestinal epithelial cells (47). Activated TLR4-induced phosphorylation of IκBα via the downstream signaling molecule MyD88 eventually leads to the translocation of NF-κB and the release of cytokines including IL-lβ, IL-8 and TNF-α. TNF-α is an important initiator of inflammation, which can cause a microcirculatory disturbance of colonic mucosa and weaken the mucosal barrier, leading to mucosal damage and inflammatory cell infiltration (48). Clinical studies also confirm that the level of TNF-α in serum is positively correlated with the severity of IBD (49). IL-1β increases the cytokines produced by macrophages, such as IL-6, TNF-α, and IL-8, which can promote the aggregation of neutrophils to inflammatory sites and then cause intestinal mucosal tissue damage as well as an intestinal inflammatory response (50). Thus, blocking the TLR4 pathway is an alternative strategy for the development of anti-intestinal inflammation drugs or functional foods (51). In our study, GP markedly suppressed DSS-increased expression of TLR4 and reduced the recruitment of downstream proteins, which was accompanied by decreased cytokines and also the repairment of intestinal mucosa. Our data confirmed that the therapeutic effect of GP on intestinal inflammation is associated with the downregulation of TLR4 expression (Figure 9).




Figure 9 | Schematic representation of the proposed mechanism of GP on ameliorating intestinal inflammation.



Autophagy, a highly conserved process that evolved in eukaryotes, is involved in maintaining organism homeostasis via lysosome-mediated self-digestion and recycling of organelles and proteins. Although the pathogenesis of IBD is ambiguous, studies have pointed out that autophagic dysfunction is a key factor in the persistence of intestinal inflammation (19). Pioneer evidence from genome-wide association studies suggested that defective autophagy is associated with an increased risk of IBD (52, 53). Several roles of autophagy in gut inflammation have been summarized: elimination of pathogens, regulation of antigen presentation, governance of the secretion of cytokines, and maintenance of lymphocyte homeostasis. Notably, the accumulation of p62 in DSS-induced rats confirms the dysfunction of autophagy in the pathologicalprocess of intestinal inflammation. After treatment with GP, both groups of rats with intestinal inflammation presented diminished levels of phosphorylated mTOR, LC3B, and Beclin-1, which paralleled with a decrease of p62.

On the basis above, we further discussed the interaction between gut microbiome, TLR4 and autophagy, aiming to reveal the potential mechanism of the impact of GP on intestinal inflammation. In this study, 16S rRNA sequencing was used to evaluate the changes in intestinal flora before and after GP administration. The Spearman correlation coefficient was used to evaluate the correlation between high abundances of bacteria at the genus level and important characteristics of intestinal inflammation in order to explore the correlation between intestinal flora and autophagy, inflammation and oxidative stress. The results showed that the expression of TLR4 was positively correlated with four of the bacteria with high abundance in intestinal flora. p:Verrucomicrobia−g:Akkermansia showed significant negative correlation with serum endotoxin, while displaying significant positive correlation with LC3BII/I. It can be seen that changes in intestinal flora, TLR4 pathway activation, and autophagy disorder are connected together in the occurrence and development of intestinal inflammation.

In recent years, the focus of research on intestinal flora has changed from association to modulation (54). The most convincing experimental evidence of the role of intestinal microbiota in human diseases can be obtained from relevant experiments of intestinal flora transplantation (FMT) (55). However, there are few studies on the treatment of inflammatory bowel disease by FMT with the addition of GP. Therefore, indirect experimental animal models are needed to establish causal relationships between altered microbiomes and disease pathogenesis. In this study, FMT-related experiments showed that GP could improve the symptoms of DSS-induced intestinal inflammation by inhibiting the TLR4-NF-κB pathway and activating mTOR-dependent autophagy.

Recently, emerging research has focused on the connection between inflammation and autophagy (21). Accumulating evidence indicates that inflammation and autophagy are linked by reciprocal regulation, and they are orchestrated by the upstream TLR4-mTOR pathway. It has been reported that inhibiting autophagy is a novel role of the TLR4-MyD88 in intestinal epithelial dysfunction. Subsequently, the release of NF-κB-induced cytokines was orchestrated by autophagy. In addition to previous research, our data also demonstrated that TLR4-MyD88 is involved in the regulation of mTOR phosphorylation, and that mTOR is a newfound intersection between inflammation and autophagy. Blocking the TLR4 pathway not only promotes the repair of autophagy, but also suppresses the disaggregation of IκBα-NF-κB complex through inhibiting the phosphorylation of IκBα. The transcription factor NF-κB is present an inactive state complex with the inhibitory IκB proteins (56). Phosphorylation of IκBα results in the release and nuclear translocation of active NF-κB (57). Consequently, diverse group of extracellular signals are activated including inflammatory cytokines, growth factors, and chemokines. Importantly, autophagy also participates in reducing the degradation of the IκBα-NF-κB complex (58). Treatment with 3-MA deteriorated the LPS-induced inflammatory response in HT-29 cells. Meanwhile, rapamycin, an autophagy activator, ameliorated inflammation to a great extent, which further indicates that autophagy is involved in suppressing NF-κB activation.

Therefore, for the first time, this study elucidated that polysaccharide purified from P. ginseng ameliorates intestinal inflammation through regulating gut microbiota by experiments with FMT and repaired the defective autophagy. Our research revealed the mechanism concerning the intestinal anti-inflammatory effect of GP and provided a promising therapy for IBD.



Conclusion

The present results highlighted that the purified polysaccharides from P. ginseng showed intestinal anti-inflammatory effects in DSS-induced rats by regulating gut microbiota and mTOR-dependent autophagy. It was suggested that GP-treated intestinal flora transplantation elevated autophagy and suppressed inflammatory response that was associated with the downregulation of LPS-producing bacteria. Consequently, NF-κB-induced inflammation was attenuated via the activation of mTOR-dependent autophagy. The results suggested the view that LPS maybe the potential linker between microbiota and autophagy, and GP may have potential in intestinal inflammation disease therapies, providing a foundation for the potential utilization of polysaccharide from P. ginseng for functional foods and complementary medicines.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



Ethics Statement

The animal experiment protocol (No. 20200128006) was approved by the Changchun University of Chinese Medicine. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author Contributions

DW is the first authors. MW obtained funding. MW, DW, and SS designed the study. YZ and DZ collected the data. MW and DW drafted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Key Research and Development Program of China [2017YFC1702100], the National Natural Science Foundation of China [81603276, U19A2013 and 82004099], the Department of Science and Technology of Jilin Province [20190101010JH, 20200201419JC and 202002053JC], and the Science and Technology Projects in Jilin Province Department of Education [JJKH20200903KJ].



References

1. Rooks, MG, and Garrett, WS. Gut Microbiota, Metabolites and Host Immunity. Nat Rev Immunol (2016) 16(6):341–52. doi: 10.1038/nri.2016.42

2. Barker, N. Adult Intestinal Stem Cells: Critical Drivers of Epithelial Homeostasis and Regeneration. Nat Rev Mol Cell Biol (2014) 15(1):19–33. doi: 10.1038/nrm3721

3. Miller, YI, Choi, SH, Wiesner, P, and Bae, YS. The SYK Side of TLR4: Signalling Mechanisms in Response to LPS and Minimally Oxidized LDL. Br J Pharmacol (2012) 167(5):990–9. doi: 10.1111/j.1476-5381.2012.02097.x

4. Rogers, M, Moore, R, and Cohen, J. The Relationship Between Faecal Endotoxin and Faecal Microflora of the C57BL Mouse. J Hygiene (1985) 95(2):397–402. doi: 10.1017/S0022172400062823

5. Di Lorenzo, F, Kubik, Ł., Oblak, A, Lorè, NI, Cigana, C, Lanzetta, R, et al. Activation of Human Toll-Like Receptor 4 (TLR4)·Myeloid Differentiation Factor 2 (MD-2) by Hypoacylated Lipopolysaccharide From a Clinical Isolate of Burkholderia Cenocepacia. J Biol Chem (2015) 290(35):21305–19. doi: 10.1074/jbc.M115.649087

6. Medzhitov, R, Preston-Hurlburt, P, and Janeway, CA Jr. A Human Homologue of the Drosophila Toll Protein Signals Activation of Adaptive Immunity. Nature (1997) 388(6640):394–7. doi: 10.1038/41131

7. Wang, Q, Dziarski, R, Kirschning, CJ, Muzio, M, and Gupta, D. Micrococci and Peptidoglycan Activate TLR2–>MyD88–>IRAK–>TRAF–>NIK–>IKK–>NF-kappaB Signal Transduction Pathway That Induces Transcription of Interleukin-8. Infect Immun (2001) 69(4):2270–6. doi: 10.1128/IAI.69.4.2270-2276.2001

8. Tan, CQ, Gao, X, Guo, L, and Huang, H. Exogenous IL-4-Expressing Bone Marrow Mesenchymal Stem Cells for the Treatment of Autoimmune Sensorineural Hearing Loss in a Guinea Pig Model. BioMed Res Int (2014) 2014:856019. doi: 10.1155/2014/856019

9. Russell, SE, Horan, RM, Stefanska, AM, Carey, A, Leon, G, Aguilera, M, et al. IL-36α Expression is Elevated in Ulcerative Colitis and Promotes Colonic Inflammation. Mucosal Immunol (2016) 9(5):1193–204. doi: 10.1038/mi.2015.134

10. Verkade, HJ, Bezerra, JA, Davenport, M, Schreiber, RA, Mieli-Vergani, G, Hulscher, JB, et al. Biliary Atresia and Other Cholestatic Childhood Diseases: Advances and Future Challenges. J Hepatol (2016) 65(3):631–42. doi: 10.1016/j.jhep.2016.04.032

11. Dikic, I, and Elazar, Z. Mechanism and Medical Implications of Mammalian Autophagy. Nat Rev Mol Cell Biol (2018) 19(6):349–64. doi: 10.1038/s41580-018-0003-4

12. Mizushima, N. A Brief History of Autophagy From Cell Biology to Physiology and Disease. Nat Cell Biol (2018) 20(5):521–7. doi: 10.1038/s41556-018-0092-5

13. Netea-Maier, RT, Plantinga, TS, van de Veerdonk, FL, Smit, JW, and Netea, MG. Modulation of inflammation by autophagy: Consequences for human disease. Autophagy (2016) 12(2):245–60. doi: 10.1080/15548627.2015.1071759

14. François, A, Terro, F, Janet, T, Rioux Bilan, A, Paccalin, M, and Page, G. Involvement of Interleukin-1β in the Autophagic Process of Microglia: Relevance to Alzheimer’s Disease. J Neuroinflamm (2013) 10:151. doi: 10.1186/1742-2094-10-151

15. Hang, TTN, Lapaquette, P, Bringer, MA, and Darfeuille-Michaud, A. Autophagy and Crohn’s Disease. J Innate Immun (2013) 5(5):434–43. doi: 10.1159/000345129

16. Kuenzig, ME, Yim, J, Coward, S, Eksteen, B, Seow, CH, Barnabe, C, et al. The NOD2-Smoking Interaction in Crohn’s Disease is Likely Specific to the 1007fs Mutation and may be Explained by Age at Diagnosis: A Meta-Analysis and Case-Only Study. EBioMedicine (2017) 21:188–96. doi: 10.1016/j.ebiom.2017.06.012

17. Strisciuglio, C, Duijvestein, M, Verhaar, AP, Vos, AC, van den Brink, GR, Hommes, DW, et al. Impaired Autophagy Leads to Abnormal Dendritic Cell-Epithelial Cell Interactions. J Crohns Colitis (2013) 7(7):534–41. doi: 10.1016/j.crohns.2012.08.009

18. Schwerd, T, Frivolt, K, Clavel, T, Lagkouvardos, I, Katona, G, Mayr, D, et al. Exclusive Enteral Nutrition in Active Pediatric Crohn Disease: Effects on Intestinal Microbiota and Immune Regulation. J Allergy Clin Immunol (2016) 138(2):592–6. doi: 10.1016/j.jaci.2015.12.1331

19. Zhou, M, Xu, W, Wang, J, Yan, J, Shi, Y, Zhang, C, et al. Boosting mTOR-Dependent Autophagy via Upstream TLR4-MyD88-MAPK Signalling and Downstream NF-κb Pathway Quenches Intestinal Inflammation and Oxidative Stress Injury. EBioMedicine (2018) 35:345–60. doi: 10.1016/j.ebiom.2018.08.035

20. Santeford, A, Wiley, LA, Park, S, Bamba, S, Nakamura, R, Gdoura, A, et al. Impaired Autophagy in Macrophages Promotes Inflammatory Eye Disease. Autophagy (2016) 12(10):1876–85. doi: 10.1080/15548627.2016.1207857

21. Deretic, V, Saitoh, T, and Akira, S. Autophagy in Infection, inflammation and immunity. Nat Rev Immunol (2013) 13(10):722–37. doi: 10.1038/nri3532

22. Cosin-Roger, J, Simmen, S, Melhem, H, Atrott, K, Frey-Wagner, I, Hausmann, M, et al. Hypoxia Ameliorates Intestinal Inflammation Through NLRP3/mTOR Downregulation and Autophagy Activation. Nat Commun (2017) 8(1):98. doi: 10.1038/s41467-017-00213-3

23. Li, Z, and Ji, GE. Ginseng and Obesity. J Ginseng Res (2018) 42(1):1–8. doi: 10.1016/j.jgr.2016.12.005

24. Kim, EN, Kim, TY, and Park, EK. Panax ginseng Fruit Has Anti-Inflammatory Effect and Induces Osteogenic Differentiation by Regulating Nrf2/HO-1 Signaling Pathway in In Vitro and In Vivo Models of Periodontitis. Antioxidants (2020) 9(12):1121. doi: 10.3390/antiox9121221

25. Khoruts, A. Targeting the Microbiome: From Probiotics to Fecal Microbiota Transplantation. Genome Med (2018) 10(1):80. doi: 10.1186/s13073-018-0592-8

26. Huang, Y, Li, N, Wan, JB, Zhang, D, and Yan, C. Structural Characterization and Antioxidant Activity of a Novel Heteropolysaccharide From the Submerged Fermentation Mycelia of Ganoderma Capense. Carbohydr Polym (2015) 134:752–60. doi: 10.1016/j.carbpol.2015.08.067

27. Dubois, M, Gilles, KA, Hamilton, JK, Rebers, PA, and Smith, F. Colorimetric Method for Determination of Sugars and Related Substances - Analytical Chemistry (ACS Publications). Springerplus (1980) 89(5):449–54. doi: 10.1038/168167a0

28. Murado, MA, Vázquez, JA, Montemayor, MI, Cabo, ML, and del Pilar González, M. Two Mathematical Models for the Correction of Carbohydrate and Protein Interference in the Determination of Uronic Acids by the M-Hydroxydiphenyl Method. Biotechnol Appl Biochem (2005) 41(Pt 3):209–16. doi: 10.1042/BA20040127

29. Bradford, MM. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal Biochem (1976) 72:248–54. doi: 10.1016/0003-2697(76)90527-3

30. Wang, J, Li, S, Fan, Y, Chen, Y, Liu, D, Cheng, H, et al. Anti-Fatigue Activity of the Water-Soluble Polysaccharides Isolated From Panax Ginseng C. A. Meyer J Ethnopharmacol (2010) 130(2):421–3. doi: 10.1016/j.jep.2010.05.027

31. Yu, C, and Irudayaraj, J. Spectroscopic Characterization of Microorganisms by Fourier Transform Infrared Microspectroscopy. Biopolymers (2005) 77(6):368–77. doi: 10.1002/bip.20247

32. Zhang, C, Li, Z, Zhang, CY, and Li, M. Extract Methods, Molecular Characteristics, and Bioactivities of Polysaccharide From Alfalfa (Medicago sativa L.). Nutrients (2019) 11(5). doi: 10.3390/nu11051181

33. Wang, M, Gao, Y, Xu, D, and Gao, Q. A Polysaccharide From Cultured Mycelium of Hericium Erinaceus and its Anti-Chronic Atrophic Gastritis Activity. Int J Biol Macromol (2015) 81:656–61. doi: 10.1016/j.ijbiomac.2015.08.043

34. Lai, KM. Are Cockroaches an Important Source of Indoor Endotoxins? Int J Environ Res Public Health (2017) 14(1):91. doi: 10.3390/ijerph14010091

35. Wu, TR, Lin, CS, Chang, CJ, Lin, TL, Martel, J, Ko, YF, et al. Gut Commensal Parabacteroides Goldsteinii Plays a Predominant Role in the Anti-Obesity Effects of Polysaccharides Isolated From Hirsutella Sinensis. Gut (2019) 68(2):248–62. doi: 10.1136/gutjnl-2017-315458

36. Shao, S, Wang, D, Zheng, W, Li, X, Zhang, H, Zhao, D, et al. A Unique Polysaccharide From Hericium Erinaceus Mycelium Ameliorates Acetic Acid-Induced Ulcerative Colitis Rats by Modulating the Composition of the Gut Microbiota, short chain fatty acids levels and GPR41/43 respectors. Int Immunopharmacol (2019) 71:411–22. doi: 10.1016/j.intimp.2019.02.038

37. Wang, M, Kanako, N, Zhang, Y, Xiao, X, Gao, Q, and Tetsuya, K. A Unique Polysaccharide Purified From Hericium Erinaceus Mycelium Prevents Oxidative Stress Induced by H2O2 in Human Gastric Mucosa Epithelium Cell. PloS One (2017) 12(7):e0181546. doi: 10.1371/journal.pone.0181546

38. Qin, J, Li, R, Raes, J, Arumugam, M, Burgdorf, KS, Manichanh, C, et al. A Human Gut Microbial Gene Catalogue Established by Metagenomic Sequencing. Nature (2010) 464(7285):59–65. doi: 10.1038/nature08821

39. Goris, H, de Boer, F, and van der Waaij, D. Kinetics of Endotoxin Release by Gram-Negative Bacteria in the Intestinal Tract of Mice During Oral Administration of Bacitracin and During In Vitro Growth. Scand J Infect Dis (1988) 20(2):213–9. doi: 10.3109/00365548809032440

40. Chassaing, B, Koren, O, Carvalho, FA, Ley, RE, and Gewirtz, AT. AIEC Pathobiont Instigates Chronic Colitis in Susceptible Hosts by Altering Microbiota Composition. Gut (2014) 63(7):1069–80. doi: 10.1136/gutjnl-2013-304909

41. Sacks, D, Baxter, B, Campbell, BCV, Carpenter, JS, Cognard, C, Dippel, D, et al. Multisociety Consensus Quality Improvement Revised Consensus Statement for Endovascular Therapy of Acute Ischemic Stroke. Int J stroke: Off J Int Stroke Soc (2018) 13(6):612–32. doi: 10.1177/1747493018778713

42. Han, JX, Tao, ZH, Qian, Y, Yu, CY, Li, J, Kang, ZR, et al. ZFP90 Drives the Initiation of Colitis-Associated Colorectal Cancer via a Microbiota-Dependent Strategy. Gut Microbes (2021) 13(1):1–20. doi: 10.1080/19490976.2021.1917269

43. Luo, Z, Xu, W, Zhang, Y, Di, L, and Shan, J. A Review of Saponin Intervention in Metabolic Syndrome Suggests Further Study on Intestinal Microbiota. Pharmacol Res (2020) 160:105088. doi: 10.1016/j.phrs.2020.105088

44. Guo, M, Shao, S, Wang, D, Zhao, D, and Wang, M. Recent Progress in Polysaccharides From Panax Ginseng C. A. Meyer. Food Function (2021) 12(2):494–518. doi: 10.1039/D0FO01896A

45. Michielan, A, and D’Incà, R. Host-Microbiome Interaction in Crohn’s Disease: A Familiar or Familial Issue? World J Gastrointest Pathophysiol (2015) 6(4):159–68. doi: 10.4291/wjgp.v6.i4.159

46. Sun, Q, Cheng, L, Zeng, X, Zhang, X, Wu, Z, and Weng, P. The Modulatory Effect of Plant Polysaccharides on Gut Flora and the Implication for Neurodegenerative Diseases From the Perspective of the Microbiota-Gut-Brain Axis. Int J Biol Macromol (2020) 164:1484–92. doi: 10.1016/j.ijbiomac.2020.07.208

47. Jun, YK, Kwon, SH, Yoon, HT, Park, H, Soh, H, Lee, HJ, et al. Toll-Like Receptor 4 Regulates Intestinal Fibrosis via Cytokine Expression and Epithelial-Mesenchymal Transition. Sci Rep (2020) 10(1):19867. doi: 10.1038/s41598-020-76880-y

48. Sands, BE, and Kaplan, GG. The Role of TNFalpha in Ulcerative Colitis. J Clin Pharmacol (2007) 47(8):930–41. doi: 10.1177/0091270007301623

49. Pezelj-Ribarić, S, Magasić, K, Prpić, J, Miletić, I, and Karlović, Z. Tumor Necrosis Factor-Alpha in Peripical Tissue Exudates of Teeth With Apical Periodontitis. Mediators Inflamm (2007) 2007:69416. doi: 10.1155/2007/69416

50. Wu, P, Guo, Y, Jia, F, and Wang, X. The Effects of Armillarisin A on Serum IL-1β and IL-4 and in Treating Ulcerative Colitis. Cell Biochem Biophys (2015) 72(1):103–6. doi: 10.1007/s12013-014-0413-7

51. De Jager, PL, Franchimont, D, Waliszewska, A, Bitton, A, Cohen, A, Langelier, D, et al. The Role of the Toll Receptor Pathway in Susceptibility to Inflammatory Bowel Diseases. Genes Immun (2007) 8(5):387–97. doi: 10.1038/sj.gene.6364398

52. Retnakumar, SV, and Muller, S. Pharmacological Autophagy Regulators as Therapeutic Agents for Inflammatory Bowel Diseases. Trends Mol Med (2019) 25(6):516–37. doi: 10.1016/j.molmed.2019.03.002

53. Voinchet, H, Etienne, G, Ghiringelli, CB, Pellegrin, JL, Viallard, JF, Parrens, M, et al. [Splenic Marginal Zone Lymphoma and Autoimmunity: Report of Six Cases]. Rev Med Interne (2010) 31(1):4–11. doi: 10.1016/j.revmed.2009.05.003

54. Schmidt, TSB, Raes, J, and Bork, P. The Human Gut Microbiome: From Association to Modulation. Cell (2018) 172(6):1198–215. doi: 10.1016/j.cell.2018.02.044

55. Liu, Y, Fan, L, Cheng, Z, Yu, L, Cong, S, Hu, Y, et al. Fecal Transplantation Alleviates Acute Liver Injury in Mice Through Regulating Treg/Th17 Cytokines Balance. Sci Rep (2021) 11(1):1611. doi: 10.1038/s41598-021-81263-y

56. Baeuerle, PA, and Baltimore, D. I Kappa B: A Specific Inhibitor of the NF-Kappa B Transcription Factor. Sci (New York N.Y.) (1988) 242(4878):540–6. doi: 10.1126/science.3140380

57. Shi, X, Zhu, S, Jin, H, Fang, J, Xing, X, Wang, Y, et al. The Anti-Inflammatory Effect of KS23, A Novel Peptide Derived From Globular Adiponectin, on Endotoxin-Induced Uveitis in Rats. Front Pharmacol (2020) 11:585446. doi: 10.3389/fphar.2020.585446

58. Zhou, R, Yazdi, AS, Menu, P, and Tschopp, J. A Role for Mitochondria in NLRP3 Inflammasome Activation. Nature (2011) 469(7329):221–5. doi: 10.1038/nature09663




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


Copyright © 2021 Wang, Shao, Zhang, Zhao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 22 July 2021

doi: 10.3389/fimmu.2021.668219

[image: image2]


Fecal Bacteria Implicated in Biofilm Production Are Enriched and Associate to Gastrointestinal Symptoms in Patients With APECED – A Pilot Study


Iivo Hetemäki 1*, Ching Jian 2, Saila Laakso 3,4,5, Outi Mäkitie 3,4,5,6, Anne-Maria Pajari 7, Willem M. de Vos 2,8, T. Petteri Arstila 1 and Anne Salonen 2


1 Translational Immunology Research Program, University of Helsinki and Helsinki University Hospital, Helsinki, Finland, 2 Human Microbiome Research Program, Faculty of Medicine, University of Helsinki, Helsinki, Finland, 3Institute of Genetics, Folkhälsan Research Center, Helsinki, Finland, 4 Children’s Hospital, University of Helsinki and Helsinki University Hospital, Helsinki, Finland, 5 Clinical and Molecular Metabolism Research Program, Faculty of Medicine, University of Helsinki, Helsinki, Finland, 6 Department of Molecular Medicine, Karolinska Institutet, and Clinical Genetics, Karolinska University Hospital, Stockholm, Sweden, 7 Department of Food and Nutrition, University of Helsinki, Helsinki, Finland, 8 Laboratory of Microbiology, Wageningen University, Wageningen, Netherlands




Edited by: 

Oscar Gilberto Gomez-Duarte, University at Buffalo, United States

Reviewed by: 

Gislane Lelis Vilela de Oliveira, São Paulo State University, Brazil

Ping Li, Zhejiang Gongshang University, China

*Correspondence: 
Iivo Hetemäki, iivo.hetemaki@helsinki.fi

Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 15 February 2021

Accepted: 08 July 2021

Published: 22 July 2021

Citation:
Hetemäki I, Jian C, Laakso S, Mäkitie O, Pajari A-M, de Vos WM, Arstila TP and Salonen A (2021) Fecal Bacteria Implicated in Biofilm Production Are Enriched and Associate to Gastrointestinal Symptoms in Patients With APECED – A Pilot Study. Front. Immunol. 12:668219. doi: 10.3389/fimmu.2021.668219




Backgrounds and Aims

APECED is a rare autoimmune disease caused by mutations in the Autoimmune Regulator gene. A significant proportion of patients also have gastrointestinal symptoms, including malabsorption, chronic diarrhea, and obstipation. The pathological background of the gastrointestinal symptoms remains incompletely understood and involves multiple factors, with autoimmunity being the most common underlying cause. Patients with APECED have increased immune responses against gut commensals. Our objective was to evaluate whether the intestinal microbiota composition, predicted functions or fungal abundance differ between Finnish patients with APECED and healthy controls, and whether these associate to the patients’ clinical phenotype and gastrointestinal symptoms.



Methods

DNA was isolated from fecal samples from 15 patients with APECED (median age 46.4 years) together with 15 samples from body mass index matched healthy controls. DNA samples were subjected to analysis of the gut microbiota using 16S rRNA gene amplicon sequencing, imputed metagenomics using the PICRUSt2 algorithm, and quantitative PCR for fungi. Extensive correlations of the microbiota with patient characteristics were determined.



Results

Analysis of gut microbiota indicated that both alpha- and beta-diversity were altered in patients with APECED compared to healthy controls. The fraction of Faecalibacterium was reduced in patients with APECED while that of Atopobium spp. and several gram-negative genera previously implicated in biofilm formation, e.g. Veillonella, Prevotella, Megasphaera and Heamophilus, were increased in parallel to lipopolysaccharide (LPS) synthesis in imputed metagenomics. The differences in gut microbiota were linked to patient characteristics, especially the presence of anti-Saccharomyces cerevisiae antibodies (ASCA) and severity of gastrointestinal symptoms.



Conclusions

Gut microbiota of patients with APECED is altered and enriched with predominantly gram-negative bacterial taxa that may promote biofilm formation and lead to increased exposure to LPS in the patients. The most pronounced alterations in the microbiota were associated with more severe gastrointestinal symptoms.
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Highlights

APECED is a rare autoimmune disease caused by mutations in the Autoimmune Regulator gene. A significant proportion of patients have gastrointestinal symptoms, including malabsorption, chronic diarrhea, and obstipation that lead to decrease in the quality of life. The pathological background of the gastrointestinal symptoms remains incompletely understood. We have previously found that patients with APECED have increased immune responses against gut commensals, but previous smaller studies have found only small alterations in the microbiota of the gut of the patients. Our objective was to evaluate whether the intestinal microbiota composition differs between patients with APECED (N=15) and healthy controls, and whether these are associated with the patients’ clinical phenotype and gastrointestinal symptoms. We found both alpha- and beta-diversity to be altered in patients with APECED compared to healthy controls. Several gram-negative genera previously implicated in biofilm formation were increased in patients, in parallel with lipopolysaccharide (LPS) synthesis in imputed metagenomics. Interestingly, the most pronounced changes in the microbiota were associated with more severe gastrointestinal symptoms in patients with APECED, suggesting that gut microbiota is a factor to consider when contemplating therapy.



Introduction

APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, OMIM #240300) is a rare autoimmune disease caused by autosomal recessive mutations in the gene encoding the Autoimmune Regulator (AIRE) (1). AIRE is expressed in medullary thymic epithelial cells where it regulates the expression of tissue-restricted antigens, most likely contributing to thymic negative selection. The lack of a fully functioning AIRE leads to autoimmunity against multiple endocrine organs, resulting in hormonal deficiencies of which hypoparathyroidism and primary adrenal insufficiency are the most common manifestations (1). Practically all patients with APECED have neutralizing anti-cytokine antibodies some of which have been linked susceptibility to Candida albicans infections (2).

A significant proportion of patients with APECED present with gastrointestinal (GI) symptoms, such as malabsorption, chronic diarrhea, obstipation, and gastritis (3). The pathological background of the GI symptoms remains incompletely understood, but they have been attributed to multiple factors with autoimmunity being the most common underlying cause. About half of patients with APECED have autoimmunity against gut neuroendocrine cells associated with antibodies against tryptophan hydroxylase (TPH) (4). The loss of neuroendocrine cells leads to decreased serum serotonin levels, which in turn is associated with symptoms of obstipation (5). In addition, around a quarter of the patients exhibit autoimmunity against defensins, culminating in a loss of Paneth cells (6). Anti-defensin antibodies are linked to gut microbiota dysbiosis in Aire -/- mice and diarrhea in humans (6). Autoimmune hepatitis, gastritis, and exocrine pancreatic malfunction also affect patients’ GI health.

We have previously detected anti-Saccharomyces cerevisiae antibodies (ASCA) and other anti-commensal antibodies in patients with APECED, in a pattern reminiscent of the one seen in Crohn’s disease (7). It has been suggested that an overt inflammatory response against normal gut microbiota plays a vital role in the pathogenesis of Crohn’s disease, and a deviating gut microbiota, characterized by a decrease of butyrate producers and an increase of pro-inflammatory Proteobacteria, has been observed in a significant number of patients with Crohn’s disease (8–11). Previous reports on small numbers of patients (10 and 11 patients) offer some indication that deviations in the gut microbiota might also be a feature of APECED, but the differences between patients and controls have been modest (5, 6). Here we present a characterization of the gut microbiota in, to our knowledge, the largest cohort of APECED patients described so far, showing clear aberrations of the gut microbiota. These changes are similar to the ones observed in Crohn’s disease, more pronounced in patients with anti-Saccharomyces cerevisiae antibodies, and are associated with chronic diarrhea.



Materials and Methods

We invited all patients who have taken part in previous large Finnish clinical studies on APECED (1) to participate in the current study. Additional patients were recruited from all Finnish university hospitals and central hospitals by contacting the respective endocrine units. Out of the 91 Finnish patients enrolled in previous studies (6), 61 were alive at the time of recruitment. Altogether 37 (68%) adult patients consented and were included in the study during the years of 2015-2016 (12). Fifteen patients (seven females), in the age range of 19 to 70 years (mean, 45.9 years) with a body mass index (BMI) range of 17.7 to 40.7 kg/m2 (mean, 23.2 kg/m2) were willing to donate frozen fecal sample and form the study patient group. Fifteen control fecal samples, from healthy individuals (ten females) aged between 20 to 67 years (mean, 34.9 years) with a BMI between 18.1 to 33.0 (mean, 23.9), were selected from an inhouse database to be used as controls. The controls were selected to match patients as closely as possible in relation to age, BMI and sex. Exclusion criteria in the control group were medication for hypercholesterolemia or hypertension, regular or recent (within the past three months) use of antibiotics, extreme sport, smoking, pregnancy, or lactation. Sample processing methodology from sampling to DNA extraction and sequencing was identical between the patient and control samples.

The Ethics committee of the Helsinki University Hospital approved the study protocol, and subjects gave their signed informed consent prior to enrollment. The study was performed according to the principles of the Declaration of Helsinki.


Clinical Data

Clinical details for APECED patients were collected from medical records, through a questionnaire and patient interviews, which included questions on medical history, prior infections, medications, and other relevant parameters. All patients were clinically examined by a medical doctor (S.L.). The grading of the severity of GI symptoms experienced by the patients was done based on discussion and a unanimous decision by two physicians (I.H. and S.L.). The severity of diarrhea was classified according to the degree of symptoms experienced: 1) no symptoms, 2) intermittent diarrhea, episodes of diarrhea separated by obstipation or symptom-free periods, 3) chronic difficult diarrhea.



Sample Collection and Processing of Fecal Samples

Fecal samples for the patients and controls were collected at home and immediately stored at -20°C. They were transported to a study center within 1 week. An uninterrupted frozen cold chain was ensured in the provision and handling of the fecal samples. Bacterial DNA was extracted from ca. 250 mg of fecal matter using the Repeated Bead Beating (RBB) method (13) with the following modifications for automated DNA purification: 340 μl and 145 μl of lysis buffer was added to first and second round of bead beating, respectively. 200 µl of the clarified supernatant collected from the two bead beating rounds was used for DNA extraction with the Ambion Magmax™ -96 DNA Multi-Sample Kit (Thermo Fisher Scientific, USA) using the KingFisherTM Flex automated purification system (Thermo Fisher Scientific, USA). DNA was quantified using Quanti-iT™ Pico Green dsDNA Assay (Invitrogen, San Diego, CA, USA).

Blood samples were collected in the morning between 7 and 10 am after an 8- to 12-hour fast before taking morning medications. Sera were isolated with a standard protocol and stored at -80°C until analyses.



Quantification of Anti-Saccharomyces cerevisiae Antibodies

The ASCA were quantified from patient sera with the Anti-Saccharomyces cerevisiae Antibodies IgG test kit (Bio-Rad, USA) as instructed by the manufacturer. Values over 15 U/mL were considered positive.



Anti-Tryptophan Hydroxylase Antibodies

Immunoprecipitation of radiolabeled antigens was used to screen sera for autoantibodies against tryptophan hydroxylase-1. Human complementary DNA from the antigen in expression vector was used to perform the assay. In vitro transcription and translation were performed in the presence of 35S-methionine, according to the manufacturer’s protocol (Promega TNT Systems). Immunoprecipitation was performed in 96-well plates overnight at 4°C at 300 rpm with serum samples (2.5 µl) and 30,000 cpm of radiolabeled protein. A positive control (positive patient serum to each antigen) and a negative control, 4% bovine serum albumin, were included in each plate. All samples were analyzed in duplicates. The immune reaction was transferred to filter plates (Millipore) and immune complexes were captured to Protein A sepharose (nProtein A Sepharose 4 fast flow, GE Healthcare) during a 45 min incubation at 4°C at 300 rpm. After ten washing steps with wash buffer (150mM NaCl, 20 mM TrisHCl pH 8, 0.15% Tween 20, and 0.1% BSA), plates were dried and scintillation fluid (Optiphase, HiSafe 3, PerkinElmer) was added. Radioactivity was then measured in a beta counter (1450 Microbeta Trilux, Wallac). Autoantibody index values were calculated according to the following: (sample value – negative control value)/(positive control value – negative control value) x 100.



Quantitative PCR for Fungi

For qPCR targeting fungal ITS1-region, 5 ng of DNA was mixed with 2 μM of ITS1F and ITS2 primers (14) and 2X Power SYBR green PCR Master Mix (Thermo Fisher, USA) in a total volume of 20 μl. The PCR reaction was performed in the C1000 Touch Thermal Cycler (Bio-Rad, USA) as follows: 95°C for 15 min, followed by 40 cycles of 95°C 15 sec, 55°C 30 sec and 72°C 30 sec and ending in 95°C 1 min and 60°C 1 min. Results were analyzed using the comparative Ct method (15).



Microbiota Analysis

Library preparation and Illumina MiSeq sequencing of the hypervariable V3-V4 regions of the 16S rRNA gene and sequencing data preprocessing for the patient and control samples as well as negative controls were performed as previously described (16).



Sequencing Data Preprocessing Analysis and Statistics

The pre-processing of the sequencing reads, their taxonomic annotation, and statistical analysis were performed using R package mare (Microbiota Analysis in R Easily) (17) as previously described (16, 18). Samples from cases and controls were sequenced in two different MiSeq runs with non-template negative controls. The lowest number of reads per sample was 28175 and the mean number of reads was 72610 for patients and 73661 for controls. The three negative control samples in the run with APECED samples contained 139, 259, and 728 reads assigned to two uncultured lactobacilli. As the reads assigned to Lactobacillus in the APECED samples were also mostly assigned to the two uncultured lactobacilli in negative controls, we excluded Lactobacillus from all data analyses. To account for the varying sequencing depth, the number of reads per sample was used as an offset in all statistical models. The β-diversity was estimated using Bray-Curtis dissimilarity as the distance measure and the contribution of different variables to microbiota variation was calculated using permutational ANOVA (PERMANOVA) adonis function in vegan (19) on genus, family and phylum levels. The BMI or gender were not associated with microbiota variation (permutational ANOVA 4% and 3%, respectively, FDR-P > 0.3 for both) and were not used as confounding factors. Also, age did not have a statistically significant effect on permutational ANOVA, but it correlated with the relative abundance of some of bacteria of interest in patients (Faecalibacterium, Megasphaera and Prevotella) so it was used as a confounder in all models. The differences in the microbiota between patients and controls or between patients with different clinical characteristics were analyzed using generalized linear models with negative binomial distribution implemented in the mare package for prevalent bacteria i.e. bacterial genera detected in > 60% of the samples. P-values were adjusted by the Benjamini-Hochberg method for multiple testing and reported as FDR-P. All significant findings from differential abundance testing underwent visual inspection when applicable to eliminate statistically significant findings driven by few extreme values. Only statistically significant and visually validated results are reported. In the univariate data, a statistical difference was evaluated using the Independent-Samples Mann-Whitney U test in SPSS 25 (IBM). For all tests, P-values < 0.05 were considered as statistically significant.



Imputed Metagenomic Analysis

Bacterial metagenome content was predicted from the 16S rRNA gene-based microbial compositions. Functional inferences were made from the Kyoto Encyclopedia of Gene and Genomes (KEGG) catalog (20) using PICRUSt2 (21). The “DESeq” function in DESeq2 (22) was used to test for differentially abundant KEGG pathways between the groups.



Random Forest Classification

Random forest model was used to evaluate the predictive performance of all identified genera (N = 65) or predicted functions (N = 222) based on leave-one-out cross-validation. The random forest analysis was performed using the default settings of the “randomForest” function implemented in the randomForest R package. We then used the receiver operating characteristic (ROC) curve and calculated the area under the ROC curve (AUC), implemented in the pROC package, as the measure of performance. The importance of input features was evaluated by mean decrease Gini values.




Results


Wide Spectrum of Intestinal Manifestations in the Patients With APECED

The microbiome samples of altogether 15 patients (7 females) with APECED were investigated. The patients were examined at the median age of 46.4 years (range, 19.3 – 70.1). Characteristics of the patients are presented in Table 1 in comparison to 22 patients with APECED from whom we were unable to acquire stool samples. The patient characteristics differ little between the two groups suggesting that the sample of patients participating in the study represents well the overall APECED population.


Table 1 | Clinical characteristics of the 15 adult patients with APECED included in the present study.



All patients harbored at least one copy of the Finnish founder mutation c.769C>T, p.(Arg257Ter) in the AIRE gene (NM_000383.4). Altogether 13/15 of patients had primary adrenal insufficiency, and 12/15 had hypoparathyroidism. The patients had median of 7 (range 4-11) disease components of APECED. Additional symptoms, each present in one individual, included high blood pressure, asthma, depression, migraine, APC resistance, hypercholesterolemia and mild hypertrophic cardiomyopathy. All 15 patients had experienced mucocutaneus candidiasis. One patient was using anti-fungal medication with treatment dose and three patients with prophylaxis dose. Either periodic or chronic diarrhea was evident in 60% of the patients. None of the patients had used antibiotics within 1 month prior to the sampling. Four patients were using probiotics at the time of sampling, but these patients did not significantly differ from other patients in their microbial composition (data not shown). None of the controls had used antibiotics within 3 months prior to the sampling and none of them used probiotics.



Microbial Composition of Patients With APECED Is Altered Compared to Healthy Controls

We performed 16S rRNA gene amplicon sequencing to investigate the microbial composition of the stool samples. After processing we had on average 73135 (28175-164233) high quality reads representing overall of 395 operational taxonomic units (OTUs) distributed to 78 bacterial genera, 33 families, 19 orders, 13 classes, and 5 phyla. The microbiota richness ranged from 94 to 220 (mean, 168 vs. 152 in patients and controls, respectively; not significant; Mann-Whitney U test). Alpha diversity was significantly higher in patients compared to healthy controls [mean 13.0 (range, 4.2-18.4) vs. 6.8 (4.3-10.5); P < 0.001; Mann Whitney U test].

We compared the difference between patients and controls in the overall gut microbiota using PERMANOVA based on Bray-Curtis dissimilarity. Patients differed from controls already on the phylum level (14% of variation explained, P = 0.006, Figure 1A). Bacteroidetes and Proteobacteria were expanded in patients’ gut microbiota, while a lower proportion of Firmicutes was found (Figure 1B) compared to the controls. On the family level, PERMANOVA indicated a 10% variation in the gut microbiota between the patients and controls (P = 0.003). Two patients distinctly differed from others with markedly expanded relative abundance of Veillonellaceae and diminished Ruminococcaceae (Figure 1C). Interestingly, these subjects were two of the three patients reporting the most severe diarrhea.




Figure 1 | (A) Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the phylum-level data showing differences in the gut microbiota compositions between patients with APECED (black) and healthy controls (red). (B) The relative abundances of Firmicutes, Bacteroidetes and Proteobacteria in patients with APECED (open circles) compared to healthy controls (black circles). * indicates FDR-P-value < 0.05 (C) Composition of the gut microbiota at the family level of patients with APECED and healthy controls. For readability, the composition of the controls is shown as mean relative abundance. Anti-Saccharomyces cerevisiae antibodies (ASCA), antibodies against tryptophan hydroxylase (TPH), gastrointestinal symptoms and results of stool yeast analysis are shown for each patient. – negative/low, + positive, ++ markedly positive i.e. severe symptoms, ~ average.



Beta-diversity between the patients and controls was significantly different also on genus level (10% variation in PERMANOVA, P = 0.001). In comparison to healthy controls, the proportion of Faecalibacterium was significantly reduced in patients [fold change (fc) = 0.45, FDR-P = 0.05, Table 2, Figure 2]. Multiple genera were significantly overrepresented in the patients. The largest 15-20 fold increase was found in the fraction of Butyrivibrio, Atopobium, and Haemophilus (fc = 15.1, FDR-P = 7x10-5; fc = 18.8, FDR-P = 7x10-5; fc = 17.3, FDR-P = 0.0003 respectively, Table 2 and Figure 2). Atopobium was almost undetectable in the majority of the controls while it was observed in all patients accounting up to 20.3% of the total microbiota in one patient. The relative abundance of other gram-negative bacteria, Veillonella and Prevotella, was significantly increased in patients (fc = 5.4, FDR-P = 0.02; fc = 2.0, FDR-P = 0.04; respectively, Table 2 and Figure 2). Of interest, the reads derived from Megasphaera spp. within the Veillonnellaceae family accounted for up to 37.1% and 0.8% of reads in two patients, respectively, but was otherwise virtually undetectable in the majority of patients and controls (Figure 2). All genera with relative abundances that are significantly different between the patients and controls are summarized in Table 2.


Table 2 | Bacterial genera that differed significantly between patients with APECED and controls.






Figure 2 | The relative abundance of all the bacterial genera that significantly altered in APECED patients’ stool (open circles) compared to healthy controls (black circles) based on the age-adjusted negative binomial models. The results of statistical analysis are summarized in Table 2.





Imputed Metagenomic Analysis Reveals Upregulation of Modules Related to Lipopolysaccharide Synthesis

To understand functional implications of the observed taxonomic difference between patients with APECED and controls, we inferred metagenomes using the PICRUSt2 algorithm. This is a computational approach that reconstructs functional composition of a metagenome connecting the sequenced genes to reference genomes. The imputed functions of patients’ microbiota differed significantly from those of healthy controls, explaining 9% of the variation in the gut microbiota (P = 0.02, Figure 3A), which was attributable to the functional modules associated with LPS synthesis that were enriched in patients (Figure 3B).




Figure 3 | (A) Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the predicted functional modules showing differences in the gut microbiota compositions between patients with APECED (black) and healthy controls (red). (B) Predicted functional modules significantly overrepresented in patients with APECED (black) and controls (red). (C) Receiver operating characteristic (ROC) curves of the cross-validated random forest models constructed using the imputed functions (red) and relative abundances of genera (green).



Random forest (RF) classification models were subsequently trained by 5-fold cross-validation using the relative abundances of all genera (N = 65) or imputed functional modules (N = 211). Both RF models including bacterial taxa or predicted functions classified patients with APECED with a comparably robust accuracy, achieving an area under the curve (AUC) of 0.83 and 0.87, respectively (Figure 3C). The most important genera selected by the model included Faecalibacterium and Atopobium (Supplementary Figure 1A). The functional modules related to LPS synthesis were among the most important features selected by the random forest model (Supplementary Figure 1B).



Dysbiosis in Patients With APECED Is Linked to ASCA Antibodies and Yeast Abundance in the Stool

Having established the differences in the gut microbiota between patients and controls at the level of the entire bacterial community and individual taxa, we next examined whether patient characteristics were linked to gut microbiota deviations. We used the ASCA quantification that was available for all but one of the patients with APECED, and 8/14 (57.1%) were positive, indicating a systemic immune response to fungal products or fungi. Five of the ASCA positive patients had diarrhea including the three patients with most severe symptoms. The ASCA positivity explained 10% of variation in the gut microbiota on the phylum level (P = 0.05, Figure 4A). As mentioned previously, a lower proportion of Firmicutes was characteristic to patients compared with healthy controls, which was more pronounced in ASCA positive patients (FDR-P = 1.1x10-6 between ASCA+ and ASCA- patients, Figure 4B).




Figure 4 | (A) Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the phylum-level data showing differences in the gut microbiota compositions between ASCA-positive and ASCA-negative patients with APECED. (B) The relative abundance of Firmicutes in patients with or without ASCA. (C)Principal coordinate analysis (PCoA) based on Bray–Curtis distances using the genus-level data showing differences in the gut microbiota compositions between patients with APECED ranked according to abundance of yeast in stool and the severity of patient’s gastrointestinal symptoms, respectively. *** denotes p-value < 0.001; –, negative/low; +, positive; ++, markedly positive ie. severe symptoms; ~, average.



Interestingly, the antigen for ASCA antibodies can also be produced by C. albicans and infection by this pathogenic yeast has been shown to be able to induce ASCA (23). Patients with APECED are susceptible to chronic candidiasis (1, 2) and all of our patients had suffered from chronic candidiasis at some site of the body with varying severity. We used ITS1 primers to quantify fungi in patient stool microbiota by qPCR. Fungal DNA was amplified in all patient samples and based on the amplification results, the patients were grouped into three categories using a comparative Ct method (median Cq of patients +/- 1 cycles, respectively). Three of the patients had a markedly higher level of fungi in their stool, while two patients had a significantly lower level than other patients. Bacterial composition of these groups differed significantly (21% variation explained in PERMANOVA, P = 0.04, Figure 4C). Four patients were receiving anti-fungal medication at the time of sampling (one in the low group, the rest in the median group).

Autoimmunity against neuroendocrine cells as measured by TPH antibodies was detected in 60% of the patients (9/15) and was associated with a higher abundance of Haemophilus (FDR-P = 0.001, fc = 65 to patients without anti-TPH antibodies).



Changes in Microbiota Are More Pronounced in Patients With Most Severe Gastrointestinal Symptoms

We examined the associations between the intestinal microbiota and GI symptoms of the patients. Four out of the fifteen patients (26.7%) suffered from intermitting obstipation episodes, but their stool microbiota did not differ from the other patients. The opposite was, however, true for patients reporting symptoms of diarrhea. We divided patients into three groups according to the severity of their symptoms of diarrhea (no symptoms, N = 6; intermittent diarrhea, N = 6; chronic difficult diarrhea, N = 3) and found the fecal microbiota composition to significantly differ among the groups (24% of variation explained in PERMANOVA on the family level, P = 0.02; 15% variation explained in PERMANOVA on the genus level, P = 0.02, Figure 4C). Atopobium spp. were overrepresented in patients with intermitted diarrhea and chronic difficult diarrhea (fc = 6.3, FDR-P = 2x10-35; fc = 117, FDR-P = 6x10-305, respectively, compared to patients without symptoms) while Faecalibacterium spp. were less common if a patient had chronic difficult diarrhea (fc = 0.3, FDR-P = 0.05 compared to patients without symptoms).

The microbial composition of patients without any GI symptoms (N = 5), also differed from the healthy controls (11% of variation explained in PERMANOVA on the genus level, P = 0.04).




Discussion

Our gut microbiota analysis in patients with APECED revealed significant differences in the gut microbiota both at the level of the entire community and individual taxa compared to healthy controls. At the phylum level, we saw a reduction in gram-positive Firmicutes and increases in gram-negative Bacteroidetes and Proteobacteria in patients with APECED compared to the healthy controls. On the genus level, a reduction in the butyrate producing Faecalibacterium represented one of the most apparent features in the gut microbiota of patients with APECED. Faecalibacterium prausnitzii is known for its anti-inflammatory properties and it is shown to protect mice from effects of chemically induced colitis (24). Interestingly, a decrease in Faecalibacterium spp. has been consistently associated with disrupted gut homeostasis in inflammatory bowel disease (IBD) (9–11).

We detected Atopobium spp. in the stool samples from all patients with APECED, and in one patient it accounted up to 20.3% of bacteria. The relative abundance of Atopobium ssp. was especially high in patients with severe GI symptoms. Atopobium belongs to the Actinobacteria and is capable of producing H2S from sulphur containing amino acids and hence has been implicated in halitosis in the oral cavity (25). Atopobium is key to a network of H2S producing bacteria and correlates with the severity of Crohn’s disease (10). Atopobium has been linked to mitochondrial dysfunction, and the transfer of Atopobium triggers colitis in IL10-/- mice (10). Interestingly, Atopobium and Megashaera spp., enriched in the microbiota of patients with APECED compared to healthy controls, are known to grow in biofilms e.g. in the vaginal (26) and oral (27) ecosystems. Bacterial biofilms, mucosa-associated dense and resistant polymicrobial communities encased in extracellular matrix are very common in IBD patients and typically contain bacteria that can invade intestinal epithelia, potentiate pro-inflammatory signals and communicate via quorum sensing (28). It has been proposed that microbial biofilms are virtually absent in the gut of healthy subjects but their presence in patients’ intestine could represent an indicator of emerging disease (29). Also Butyrivibrio and Prevotella, enriched in the patients, may engage in biofilms based on their high genomic content for quorum sensing proteins (30).

In the study showing the pathogenic role of Atopobium in Crohn’s disease (10), the microbiome analysis was based on samples acquired by mucosal lavage during colonoscopy. It has been shown that samples obtained with endoscopy provide a more sensitive indication of differences between patients with GI disease and controls, whereas much of this difference is lost or blurred in stool samples (8). Thus, the significant increase of biofilm-producing bacteria in the stool samples from patients with APECED likely reflect a marked dysbiosis of the gut. Moreover, we found that the predicted function of LPS biosynthesis in the gut microbiota was significantly elevated in patients with APECED compared to controls, in line with the enrichment of several gram-negative bacterial genera. LPS is a pro-inflammatory molecule of the cell wall of gram-negative bacteria, which can contribute substantially to continued inflammatory response towards commensals, especially in an immunocompromised host and in the presence of disrupted barrier integrity.

A previous study using a smaller cohort of Finnish APECED patients identified an increase in Haemophilus genus in ten APECED patients compared to eight controls (5). Our data confirms this feature, but the differences in the gut microbiota between the patients and controls were more substantial and phylogenetically diverse in our study. The increase in strains of Enterobacteriaceae family belonging to either Escherichia or Shigella spp. reported in the previous study was not observed in our data, nor did we observe any differences in other genera belonging to the Enterobacteriaceae family. This difference is most likely explained by the fact that our study has a larger sample size, BMI-matched healthy controls from the same age range as the patients, and a fecal DNA extraction method that efficiently captures both gram-positive and gram-negative gut commensals (13). Moreover, two small studies on the salivary microbiota from six and seven APECED patients with age-matched controls found altered bacterial compositions in APECED patients’ oral cavity, but their results are mixed and in part discrepant (31, 32).

What, then, triggers the intestinal dysbiosis in APECED patients? Despite its monogenic background, the immunological phenotype of APECED is highly complex, and several factors may be linked to the alterations in intestinal microbiota. We have previously reported that patients with APECED have increased antibody responses against gut commensals (7). In the current study, ASCA antibodies were associated with decreased Firmicutes in patients with APECED. ASCA against oligomannose of the yeast were detected in Crohn’s disease where it was associated with more severe outcome and could be used as a serological marker of the disease (33, 34), but the clinical significance of these antibodies is unclear. The antibodies likely reflect the pathological process and are not pathogenic per se. Patients with APECED also have autoantibodies against Th17-cytokines, such as IL-22 and IL-17 (2). IL-22 contributes to the maintenance of barrier defense and integrity in the gut. Neutralizing antibodies against IL-17 have been linked to defective antifungal defense (2). Interestingly, in a small French study the GI symptoms of patients with APECED were alleviated with antifungal therapy, suggesting possible involvement of intestinal fungi (35). In Crohn’s disease, C. albicans colonization is more common compared to healthy controls and it is capable of initiating ASCA formation (23, 36). Indeed, C. albicans has been suggested to have a causative role in the initial GI inflammation (37). We found the abundance of yeasts in the fecal microbiota to be linked to bacterial alterations, but not to the severity of the GI symptoms experienced by the patients. However, as our samples were taken at the time of established disease, they may not reflect the situation during the initial disruption of gut homeostasis. Anti-cytokine antibodies have also been proposed to account for the bacterial alterations seen in APECED patients’ mouth (32).

Another hypothesis explaining the aberrant gut microbiota of patients with APECED is that autoimmunity against neuroendocrine cells or other components of the gut might lead to a disrupted intestinal barrier and subsequent pro-inflammatory intestinal conditions. Haemophilus, a well-known Gram-negative genus with members with pathogenic properties was associated with IBD in previous studies (8, 10). Of interest, the relative abundance of members of this genus appears to be very high in patients with anti-TPH antibodies. Finally, the failure of immunoregulatory mechanisms may also have a negative effect on gut homeostasis. Patients with APECED have a defect in regulatory T cells and we have previously shown that at least in some patients, regulatory T cells are decreased in the gut (7). Alterations in the adaptive immunity of patients can thus also contribute to the emergence of disturbances in the gut microbiota.

In summary, our data indicate that several gram-negative bacterial genera were enriched in the gut microbiota of patients with APECED, which may promote dysbiosis and the inflammatory phenotype via biofilm production and increased exposure to LPS. This microbiota profile in the patients was associated with more severe GI symptoms. Gastrointestinal manifestations of APECED were initially overlooked amidst severe autoimmune components of the disease, but a significant proportion of patients suffer from various disease manifestations of the GI tract, which can decrease the quality of life (3). Therefore, at least in patients with severe GI symptoms, the gut microbiota is a factor to take into consideration when contemplating therapy.
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Intestinal ischemia/reperfusion (I/R) injury is a grave condition with high morbidity and mortality. We previously confirmed that intestinal I/R induces intestinal flora disorders and changes in metabolites, but the role of different metabolites in intestinal I/R injury is currently unclear. Based on targeted metabolic sequencing, pravastatin (PA) was determined to be a metabolite of the gut microbiota. Further, intestinal I/R model mice were established through superior mesenteric artery obstruction. In addition, a co-culture model of small intestinal organoids and type II innate lymphoid cells (ILC2s) was subjected to hypoxia/reoxygenation (H/R) to simulate an intestinal I/R model. Moreover, correlation analysis between the PA level in preoperative feces of patients undergoing cardiopulmonary bypass and the indices of postoperative intestinal I/R injury was carried out. IL-33-deficient mice, ILC2-deleted mice, and anti-IL-13 neutralizing antibodies were also used to explore the potential mechanism through which PA attenuates intestinal I/R injury. We demonstrated that PA levels in the preoperative stool of patients undergoing cardiopulmonary bypass were negatively correlated with the indices of postoperative intestinal I/R injury. Furthermore, PA alleviated intestinal I/R injury and improved the survival of mice. We further showed that PA promotes IL-13 release from ILC2s by activating IL-33/ST2 signaling to attenuate intestinal I/R injury. In addition, IL-13 promoted the self-renewal of intestinal stem cells by activating Notch1 and Wnt signals. Overall, results indicated that the gut microbial metabolite PA can attenuate intestinal I/R injury by promoting the release of IL-13 from ILC2s via IL-33/ST2 signaling, revealing a novel mechanism of and therapeutic strategy for intestinal I/R injury.
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Introduction

Intestinal ischemia/reperfusion (I/R) injury is a severe condition in some critical clinical settings that is commonly associated with serious infection, shock, and some surgical procedures, including cardiopulmonary bypass (CPB), strangulated ileus, and small bowel transplantation, among others (1). Intestinal I/R not only leads to intestinal injury but also causes damage to multiple extraintestinal organs and even death (2, 3). Currently, the potential mechanisms of intestinal I/R injury have not been fully elucidated, and effective therapeutic strategies need to be further explored.

The human intestinal commensal flora and related metabolites have always been considered factors related to the health of the host (4, 5). We previously confirmed that intestinal I/R induces significant intestinal flora disorders and changes in metabolites and showed that intestinal flora metabolites play an important regulatory role in intestinal I/R injury (6). In this study, we found that pravastatin (PA) is a metabolite of intestinal flora through metabolomic analysis. Statins are mainly derived from secondary metabolites of microbial fermentation and chemical synthesis. One study of various microorganisms revealed some fungi and bacteria that can convert compactin to pravastatin, in addition to strain improvement of Streptomyces xanthochromogenes RIA 1098 for enhanced pravastatin production (7). Pravastatin is mainly used to reduce cholesterol levels in patients, and it has been confirmed to promote angiogenesis and resistance to oxidative stress (8, 9), but its role in intestinal I/R injury has not been elucidated.

Interleukin-33 is secreted mainly by non-hematopoietic fibroblast, epithelial, and endothelial cells (10). Interleukin-33 released by epithelial cells activates type II innate lymphoid cells (ILC2s) to mount an immune response through the IL-33 receptor ST2 (11). The widely distributed IL−33 receptor ST2 plays a key role in inflammation and homeostasis by mediating IL-33/ST2 signaling (12). Some statins can promote IL-33 release from myocardial tissue (13). However, whether PA facilitates IL-33 release from intestinal tissue and the role of IL-33/ST2 signaling in intestinal I/R injury remains unclear.

ILC2s are required for the regulation of natural immunity and tissue homeostasis (14). ST2 receptors bind IL-33 on the surface of ILC2s, thereby activating these cells to release IL−13 (15–17). However, the role of ILC2s in intestinal I/R injury is unknown. Interleukin-13 plays an important role in regulating the homeostasis of the intestinal barrier (18). When secreted by ILC2s, IL-13 promotes the self-renewal of intestinal stem cells (ISCs) (19). Intestinal barrier homeostasis and ISC self-renewal are essential for repairing the intestinal mucosa after intestinal I/R damage. However, the role of IL-13 secreted by ILC2s during intestinal I/R injury is unclear.

Based on the aforementioned results, we hypothesized that gut microbial metabolite PA could attenuate intestinal I/R injury by promoting IL-13 release from ILC2s via IL−33/ST2 signaling. The present study thus aimed to investigate the effect of PA on intestinal I/R injury and elucidate the mechanism via which ILC2s are activated to release IL-13 through IL-33/ST2 signaling and through which IL-13 promotes ISC self-renewal. This study will help to elucidate a novel mechanism of intestinal I/R injury and reveal a new therapeutic strategy for clinical practice.



Materials and Methods


Animals

Six-to-eight-week-old specific pathogen-free male C57BL/6 mice were purchased from the animal center of Nanfang Hospital of Southern Medical University (Guangzhou, China). IL-33−/− mice and Rag1−/− mice were purchased from Shanghai Model Organisms Center, Inc, and sterile C57BL/6 mice were purchased from Cyagen Biosciences Company (Suzhou, China). All experimental procedures were carried out in accordance with the National Institutes of Health guidelines and were approved by the local Animal Care and Use Committee of the Nanfang Hospital of Southern Medical University.



Patient Samples

Patients who need cardiopulmonary bypass (CPB) surgery were used as cases for collecting intestinal I/R samples as previously described (20, 21). The enrollment requirements of all patients were carried out in accordance with the standards we established before (6). The study protocol was approved by the Ethical Committee of Nanfang hospital, Southern Medical University (approval number NFEC-202009-k2-01). All individuals gave informed consent to participate. Finally, a total of 20 patients were enrolled. Blood and fecal samples were collected from the 20 patients before surgery.

Blood samples were collected preoperatively (T0) and at 6 h (T1) and 12 h (T2) after surgery for analyses of intestinal fatty-acid binding protein (IFABP) and citrulline, respectively. The level of IFABP in plasma is a confirmed positive marker (22), while citrulline is a reliable negative biomarker for predicting and diagnosing intestinal I/R injury (23). Fecal samples were collected preoperatively, and the levels of PA were quantified by liquid chromatograph-tandem mass spectrometry (LC-MS/MS). IFABP and citrulline in the plasma samples were measured using a human IFABP ELISA Kit (Bio-Swamp, Wuhan, China) and citrulline ELISA Kit (USCN, Wuhan, China), respectively, at multiple time points (T2-T0) to determine concentration differences. The gastrointestinal complication score of the patient on the second day after surgery was performed according to the acute gastrointestinal injury (AGI) standard described previously (24). The detection of PA, IFABP, citrulline and AGI scores were performed by researchers blinded to the group allocation.



Intestinal I/R Mouse Model

The mouse model for intestinal I/R injury was established as in our previous study (1, 6). Briefly, the mice were anesthetized with isoflurane. A non-invasive microvascular artery clip was placed on the superior mesenteric artery for 60 min, and the clip was removed for reperfusion for 2 h.



Extraction and Culture of Organoids and the Establishment of Hypoxia-Reoxygenation (H/R) Models In Vitro

The extraction and culture of small intestinal organoids was performed as previously described (6, 25, 26). For the establishment of the organoid H/R model, the organoids were placed in a humid, anaerobic environment at 37°C for 12 h and then placed in an aerobic environment containing 5% CO2 in a 37°C incubator for 4 h (6).



Experimental Design

To explore the protective effect of PA on intestinal I/R injury in vivo, the mice were randomly assigned to a sham group that was manipulated in the same manner as the I/R group but without undergoing I/R surgery, an I/R group, or an I/R + PA group that was injected intraperitoneally (i.p.) with 2 mg/kg PA (MedChemExpress) 1 h before inducing intestinal I/R. Organoids were cultured alone or with ILC2s (H/R co-culture model) (Supplementary Figure S1A). To explore the protective effect of PA on the H/R injury in vitro, the monocultured organoids and the cocultured organoid and ILC2 group were randomly assigned to a normal control (NC that was manipulated in the same manner as the H/R group but without undergoing H/R surgery, an H/R group, and an H/R + PA group in which the organoids were incubated with 10 μmol/L PA 1 h before H/R (Supplementary Figure S1G).

To explore the role of IL-33/ST2 signaling in the protective effect of PA against intestinal I/R injury, wild type (WT) mice were randomly divided into the following groups (Supplementary Figure S2A): I/R; (2) I/R + PA; (3) I/R + Anti-IL-33, in which WT mice were injected i.p. with 60 μg/kg Anti-IL-33 neutralizing antibody (R&D Systems, Inc., Minneapolis, USA) 2 h before establishing the intestinal I/R model; (4) I/R + PA + Anti-IL-33, in which WT mice were injected i.p. with 60 μg/kg Anti-IL-33 neutralizing antibody 2 h before intestinal I/R and 2 mg/kg PA 1 h before intestinal I/R in mice; (5) I/R + PA + Anti-ST2, in which WT mice were injected i.p. with 2 mg/kg PA and 1.5 mg/kg Anti-ST2 neutralizing antibody (R&D Systems, Inc.) 1 and 2 h, respectively, before establishing the intestinal I/R model in mice. The IL-33−/− mice (IL-33−/−) were randomly assigned to I/R and I/R + PA groups.

To explore the role of the IL-33/ST2 axis in the protective effect of PA against H/R injury, the organoids and ILC2s extracted from WT mice were randomly assigned to H/R, H/R + PA, H/R + Anti-IL-33, H/R + PA + Anti-IL-33, and H/R + PA + Anti-ST2 groups. Each co-culture was incubated with 10 μmol/L PA and 10 mg/mL Anti-ST2 neutralizing antibody 1 and 2 h before H/R, respectively. Meanwhile, co-cultured organoids from IL-33−/− mice and ILC2s from WT mice were randomly assigned to H/R and H/R + PA groups (Supplementary Figure S3A).

The role that IL-33 plays in the protective effect of ILC2s against intestinal I/R injury was investigated by randomly dividing Rag1−/− mice into an I/R group (Rag1−/− mice were injected i.p. with control rat IgG2b on days −5 and −2 before I/R), an I/R + rmIL-33 group (Rag1−/− mice were injected i.p. with control rat IgG2b on days −5 and −2 before I/R, and 50 μg/kg rmIL-33 (PeproTech, Minneapolis, MN, USA) 2 h before intestinal I/R), an I/R + ILC2−/− group (Rag1−/− mice were injected i.p. with anti-CD90.2 antibody (30-H12; 250 mg per mouse; Biolegend) on days −5 and −2 before I/R surgery), and an I/R + rmIL-33 + ILC2−/− group (Rag1−/− mice were injected i.p. with anti-CD90.2 antibody on days −5 and −2 before I/R surgery and 50 μg/kg rmIL−33, 2 h before I/R; Supplementary Figure 4A). To explore the role of IL-33 in the protective effect of ILC2s against organoid H/R injury, organoids extracted from WT mice without ILC2s were randomly assigned to an H/R group and an H/R + rmIL-33 group, in which the organoids were incubated with 10 ng/mL rmIL-33, 2 h before H/R. Meanwhile, co-culture system of organoids and ILC2s extracted from the WT mice were divided into two groups, an H/R or H/R + rmIL-33 group (Supplementary Figure 5A). To explore the role of IL-13 in the protective effect of PA or IL-33 against intestinal I/R injury, WT mice were randomly divided into six groups as follows (Supplementary Figure 6A): (1) I/R group; (2) I/R + PA group; (3) I/R + rmIL-33 group; (4) I/R + anti-IL-13 group (WT mice were injected i.p. with 400 μg/kg anti-IL-13 neutralizing antibody (R&D Systems, Inc.) 2 h before I/R; (5) I/R + PA + anti-IL-13 group; (6) I/R + rmIL-33 + anti-IL-13 group. To explore the role of IL-13 in the protective effect of PA or IL-33 against organoid H/R injury, the co-cultured organoids and ILC2s extracted from the WT mice were randomly assigned to the following groups: H/R, H/R + PA, H/R + rmIL-33, H/R + anti-IL-13 (co-cultures were incubated with 400 μg/kg anti-IL-13 neutralizing antibody 2 h before H/R), H/R + PA + anti-IL-13, and H/R + rmIL-33 + anti-IL-13 (Supplementary Figure 7A).



Isolation of Cells From Small Intestine Lamina Propria (LP)

Mouse small intestine LP single cells were harvested as described (27). Small intestines of 6–8-week-old male C57BL/6J mice were gently removed from the peritoneal cavity and placed in ice-cold PBS to remove the mesentery, fat, blood vessels, and the Peyer patches. The intestinal lumen was cut along the longitudinal axis and feces and mucus were removed with PBS until the lumen was clear. The intestinal tissues were chopped into 1–2 mm pieces and transferred to cell dissociation medium to remove IEC and intraepithelial lymphocytes. The remaining tissue was transferred to digestion solution and LP single cell suspension was purified with 40% and 80% Percoll solution (Solarbio).



Flow Cytometric Analysis and Cell Sorting

Mouse small intestine lamina propria (LP) single cells were harvested as described (27). For intracellular cytokine staining, single cell suspensions of LP were stimulated with PMA (25 ng/mL; Sigma-Aldrich, St. Louis, MO, USA) then ionomycin (1 μg/mL; Sigma-Aldrich) for 5 h at 37°C. Brefeldin A (10 μg/mL; Sigma-Aldrich) was added after the first hour of incubation. The cells were sedimented by centrifugation at 600 × g at 4°C, washed with MACS buffer, then nonspecific antibody binding was blocked by incubation with CD16/CD32 antibody (Cat# 14-0161-86, eBioscience, Shanghai, China) for 15 min on ice. The cell surface was stained using APC-Cyanine7-conjugated CD45 Antibody (Cat# A15395, eBioscience), FITC-conjugated mouse Hematopoietic Lineage Antibody Cocktail (Cat# 22-7770-72, eBioscience), and BV421-conjugated Rat Anti-Mouse IL-33R (ST2) antibody (Cat# 566309, BD Biosciences, San Jose, CA, USA). Cells were fixed and permeabilized for intracellular staining using the Foxp3 transcription factor staining buffer set (Cat# 00-5523-00, eBioscience), followed by staining with PE-CF594-conjugated Mouse Anti-GATA3 antibody (Cat# 563510, BD Biosciences), BV786-conjugated Mouse Anti-Mouse RORγt antibody (Cat# 564723, BD Biosciences), and PE-Cyanine7-conjugated IL-13 Monoclonal antibody (Cat# 25-7133-82, eBioscience). Dead cells were excluded by labeling with eFluor 780-conjugated Fixable Viability Dye (Cat# 65-0865-14, eBioscience). Cells were assessed using an LSRFortessa X-20Multidimensional HD Flow Cytometer (BD Biosciences) and the data were analyzed with FlowJo 10 software (BD Biosciences).

We sorted ILC2 in LP single cell suspensions using the MoFlo XDP Ultra-speed flow cell sorting system (Beckman Coulter Inc., Brea, CA, USA). The cell surface was stained using APC-conjugated Rat Anti-Mouse Ly-6A/E (Sca-1; Cat# 17-5981-82, eBioscience), PE-conjugated Anti-Mouse KLRG1 Antibody (Cat# 561621, BD Biosciences), and FITC-conjugated mouse Hematopoietic Lineage Antibody Cocktail (Cat# 22-7770-72, eBioscience). ILC2 were identified as Lin-Sca-1+KLRG1+ (27).



Culture and Expansion of ILC2, Establishment of Co-Cultured Organoids and ILC2 In Vitro

We cultured and expanded ILC2 as described (28). Briefly, inoculate 5,000 cells per well in a round bottom 96-well plate, and add 10% (vol/vol) FBS RPMI complete medium containing 10 ng/ml IL-2 to culture and expand. We use 10 ng/ml IL-2 + 10 ng/ml IL-25 in 10% (vol/vol) FBS RPMI complete medium to induce ILC2 cell activation and rapid growth. For cell maintenance, we add 10 ng/ml IL-7 to 10% (vol/vol) FBS RPMI complete medium. Change half of the medium every 2 days. The ILC2 and organoids were co-cultured at a ratio of 25:1 in Matrigel.



Depletion of ILC2s In Vivo

For ILC2 depletion, Rag1−/− mice were administered an anti-CD90.2 antibody (30-H12; 250 mg per mouse; Biolegend) or control rat IgG2b on days −5 and −2 before I/R surgery as described (29–32).



Targeted Metabolomics

Targeted metabolomics (PA measurement) was performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described previously (33). Briefly, cecum samples (100 mg) were dissolved in 900 μL of ice-cold water and extracted via sonication in water for 10 min. After ethyl acetate was added and the samples were shaken for 3 min, they were centrifuged at 13000 rpm at 4°C for 10 min. The supernatant was collected and dried with nitrogen and then reconstituted with methanol/ammonium acetate pH4.5 (60:40 v/v) for further computer analysis. The chromatographic separation was performed on the Thermo Scientific Prelude SPLC system, and detection was performed using a Thermo TSQ Vantage triple quadrupole mass spectrometer. Data collection and processing were performed with TraceFinderTM software version 3.3 sp1 (Thermo Fisher Scientific Corp., USA).



Detection of Organoid Injury by CCK-8 and Lactate Dehydrogenase (LDH) Assays

The levels of organoid injury were assessed with a CCK-8 kit (Dojindo, Shanghai, China) and LDH kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The detection of CCK-8 and LDH was carried out based on the manufacturers’ protocols.



Hematoxylin-Eosin Staining

Hematoxylin-eosin (HE) was used to evaluate local pathological damage of the small intestine, all procedures were carried out as our previous (6). The pathological scores of intestinal mucosal injury were evaluated by blinded technicians, and were grouped according to the Chiu scoring system (34).



Immunofluorescence and Immunohistochemistry

Immunofluorescence and immunohistochemistry were performed as previously described (1). Anti-zona occludens 1 (ZO-1) antibody (ab216880, Abcam, Cambridge, MA, USA), anti-Occludin antibody (ab216327, Abcam), anti-IL-33 antibody (ab187060, Abcam), anti-IL-13 antibody (ab106732, Abcam), and anti-Ki67 antibody (ab16667, Abcam) were used to detect protein expression in the intestinal tissue and organoids. Images were captured at 200× with an Olympus immunofluorescence microscope. Quantification of the relative intensity of protein staining was performed by automated image analysis in five randomly chosen 200× fields for each sample.



RNA Extraction and RT-PCR

RNA was extracted with the TRIzol reagent (Invitrogen, New York, USA). Real-time PCR was performed using the ABI Q5 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), with the SYBR Green detection protocol (TOYOBO, Tokyo, Japan). The expression of target genes in mice was normalized against that of the housekeeping gene 18S using the 2-ΔΔCT method. The target gene primers are shown in Supplemental Table 1.



Statistical Analysis

Data were analyzed and performed using GraphPad Prism software (version 7.0) by investigators blinded to the group allocation. The results are expressed as the mean ± SEM. Statistical analyses were performed using two-sided Student’s t tests, one-way ANOVA as indicated in the figure legends. P values were corrected for Tukey’s test (for comparisons between multiple treatment groups). In addition, the Spearman method was used for correlation statistical analysis. A value of p < 0.05 was considered significant.




Results


Pravastatin Is a Metabolite of the Intestinal Flora That Is Negatively Correlated With the Degree of Patient Intestinal I/R Injury

Differential metabolites represented by PA were screened using t-tests based on a significance level of p < 0.05 and a variable importance in projection > 1. Untargeted metabolomic results showed that intestinal I/R caused a significant decrease in PA content in the mouse cecum (Figure 1A), and PA had the potential to reduce intestinal I/R damage. Accordingly, whether the gut microbiota contributed to the PA levels was also determined using targeted metabolomic analysis. PA levels in the ceca of normal or germ-free (GF) mice were determined by the external standard method using LC-MS/MS. Levels of PA were significantly decreased in the ceca of GF mice, compared with those in control mice (Figure 1B). Levels of PA were significantly reduced in I/R mice, compared with those in sham mice, but PA injected i.p. significantly reversed this trend (Figure 1C). These findings showed that the gut microbiota produce PA.




Figure 1 | Pravastatin is a metabolite of the intestinal flora and negatively correlated with the degree of patient intestinal I/R injury. (A) PA levels in cecum from sham and I/R mice were determined by nontargeted metabolomics (n = 8). (B) PA levels in cecum were determined by LC-MS/MS in normal mice and GF mice (n = 6-8). (C) PA levels in cecum were determined by LC-MS/MS from sham, I/R and I/R + PA mice (n = 8). (D–F) Spearman correlation between the levels of PA in the patients’ preoperative stools and the levels of IFABP and citrulline in the plasma at preoperative (T0), 6 h (T1), or 12 h (T2) after surgery. (G) Correlation analysis between the levels of PA in the patients’ preoperative stools and AGI scores of gastrointestinal complications in patients 2 d after surgery.The results are expressed as the mean ± SEM.*p < 0.05, **p < 0.01 by two-tailed Student’s t test (A–C). PA, pravastatin; I/R, ischemia/reperfusion; LC-MS, liquid chromatograph-mass spectrometer; IFABP, intestinal fatty-acid binding protein; AGI, acute gastrointestinal injury.



We then collected stool and plasma samples from patients before (T0) CPB surgery and collected plasma samples from patients at 6 (T1) and 12 h (T2) after CPB surgery, determined acute gastrointestinal injury (AGI) scores at 2 d after surgery, and examined the relationships between PA levels and citrulline, intestinal fatty-acid binding protein (IFABP) concentrations, or AGI scores. Results of correlation analysis did not reveal significant relationships between the PA content in stool and plasma levels of citrulline (r = 0.216, p = 0.358) or IFABP (r = 0.048, p = 0.837) at T0 (Figure 1D). In contrast, the PA content in the preoperative stool samples was positively correlated with plasma levels of citrulline, which is a negative marker of intestinal I/R injury, at T1 (r = 0.514, p = 0.029) and T2 (r = 0.535, p = 0.042) but was negatively correlated with the plasma content of IFABP, a positive marker of intestinal I/R injury, at T1 (r = −0.540, p = 0.026) and T2 (r = −0.597, p = 0.006), and the AGI score at 2 d (r = −0.506, p = 0.045) after surgery (Figures 1E–G).



Pravastatin Reduces Mouse Intestinal I/R Injury and Organoid H/R Injury in Co-Cultured Organoids and ILC2s

We found that PA reduced hematoxylin-eosin staining (HE)-based morphological damage and scores (Figures 2A, B). Pravastatin also downregulated the mRNA expression of the inflammatory markers IL-6 and IL-1β (Supplementary Figures 1B, C), upregulated mRNA and protein levels of the intestinal mucosal barrier markers ZO-1 and Occludin (Figures 2C, D and Supplementary Figures S1D, E), and upregulated mRNA and protein levels of proliferation marker Ki67 (Figures 2C, E and Supplementary Figure S1F) and the mRNA expression of the ISC marker Lgr5 (Figure 2F). Then, we investigated whether PA exerts protective effects in organoids against H/R injury in vitro. Intestinal organoids are 3D systems comprising ISCs, Paneth and enteroendocrine cells, and other intestinal cell types (26). However, unlike the protective effect of PA against intestinal I/R injury in vivo, PA did not increase organoid viability and did not reduce LDH release after H/R injury in organoids cultured alone (Figures 2G, H). These results implied that the protective effect of PA on intestinal I/R injury is mediated by the interaction between IECs and other immune cells rather than by IECs alone. Considering that type 2 immune cells have an important role in PA effects (35) and that ILC2s with various important functions are abundant in small intestine tissues (27), we investigated whether the protective effect of PA on H/R damage to organoids could be restored in co-cultured ILC2s and organoids (Figure 2I and Supplementary Figure S1G). The number of co-cultured organoids and the budding ratio were higher and the surface area was larger than those in monocultured organoids (Figures 2J, K). Furthermore, PA reduced HE-based morphological damage and levels of LDH released and increased organoid vitality after H/R in the co-culture system (Figures 2L, M). Meanwhile, PA upregulated the mRNA and protein levels of ZO-1 and Occludin (Figures 2L, O and Supplementary Figures 1H, I), the mRNA and protein levels of Ki67 (Figures 2L, P and Supplementary Figure S1J), and the mRNA level of Lgr5 (Figure 2Q) in the co-cultures.




Figure 2 | Pravastatin reduced mouse intestinal I/R injury and organoids hypoxia/reoxygenation (H/R) injury in co-cultured organoids and ILC2. (A, B) HE staining and pathological damage score of small intestine tissue in sham, I/R and I/R + PA mice, scale bar is 100 μm (n = 8). (C–E) The relative protein levels of intestinal tight junction protein ZO-1 and Occludin and cell proliferation marker Ki67 in the ileum were measured by immunofluorescent staining and the relative fluorescence intensity quantification analysis, scale bar is 100 μm (n = 8). (F) Relative mRNA level of ISCs self-renewal indicator Lgr5 was determined by quantitative PCR (n = 8). (G, H) Relative organoids viability and LDH levels were detected in organoids cultured alone after H/R (n = 6). (I) Schematic representation of co-culture system of organoids and ILC2. (J) Brightfield images of organoids without or with group ILC2 at day 1 (scale bar is 400 μm) and day 5 (scale bar is 50 μm), (n = 6). (K) Microscopic tracing of organoids to measure surface area, organoids numbers and the percentage of budding organoids at day 5 (n = 6). (L, M) HE staining, relative organoids viability and LDH levels were detected in a co-culture system of organoids and ILC2 after H/R, scale bar is 20 μm (n = 6). (N–P) The relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67  in the organoids, scale bar is 20 μm (n = 6). (Q) Relative mRNA level of Lgr5 in the organoids was measured by quantitative PCR (n = 6). The results are expressed as the mean ± SEM (B, D, E–H, K, M–Q). *p < 0.05, **p < 0.01, ***p < 0.001, NS means No statistically significant difference by one-way ANOVA (Tukey’s test). PA, pravastatin; I/R, ischemia/reperfusion; ISCs, intestinal stem cells; LDH, lactate dehydrogenase; H/R, hypoxia/reoxygenation; ILC2, type II innate lymphoid cells.





Pravastatin Protects Against Intestinal I/R Injury via IL-33/ST2 Signaling

Although we confirmed that the protective effect of PA against intestinal I/R injury required the participation of ILC2s, the connection between PA and ILC2s remained unknown. Intestinal I/R damage decreased IL-33 mRNA and protein levels and ST2 mRNA levels, effects that were countered by PA (Figures 3A–C). These results indicated that IL-33/ST2 signaling might play important role in PA-treated intestinal I/R injury.




Figure 3 | PA protected against intestinal I/R injury via an IL-33/ST2 signal. (A) IL-33 immunohistochemical staining in the ileum from sham, I/R and I/R + PA mice, scale bar is 100 μm (n = 8). (B, C) Relative mRNA levels of IL-33 and IL-33 receptor (ST2) (n = 8). (D) HE staining, ZO-1, Occludin and Ki67 immunofluorescent staining and IL-33 immunohistochemical staining in WT mice and IL-33-/- mice, scale bar is 100 μm (n = 8). (E) Pathological damage score in the ileum. (F–H) The relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67 in the ileum. (I) The relative mRNA level of Lgr5 in the ileum was measured by quantitative PCR (n = 8). (J) The relative IL-33 intensity quantification analysis in the ileum. (K, L) Intestinal lamina propria cells were analyzed by flow cytometry for the ratio of ILC2/ILCs and IL-13+ILC2/ILC2 in WT mice (n = 3-4). (M, N) IL-13 immunohistochemical staining and intensity quantification analysis in the ileum, scale bar is 100 μm (n = 8). The results are expressed as the mean ± SEM (B, C, E–J, N). *p < 0.05, **p < 0.01, ***p < 0.001, NS means No statistically significant difference by one-way ANOVA (Tukey’s test). PA, pravastatin; I/R, ischemia/reperfusion; ILC2, type II innate lymphoid cells.



Then, neutralizing antibodies against IL-33 (anti-IL-33) or ST2 (anti-ST2) and IL-33−/− mice were used to block IL-33/ST2 signaling (Supplementary Figure S2A). The amount of HE-based pathological damage decreased in WT mice administered PA before I/R but not in anti-IL-33- or anti-ST2-treated WT or IL-33−/− mice administered PA (Figures 3D, E). The mRNA and protein expression of ZO-1 and Occludin (Figures 3D, F, G and Supplementary Figures S2B, C), the mRNA and protein expression of Ki67 (Figures 3D, H and Supplementary Figure S2D), and the mRNA level of Lgr5 (Figure 3I) were upregulated, whereas the mRNA expression of IL-6 and IL-1β (Supplementary Figures S2E, F) was downregulated in PA-treated WT mice but not in anti-IL-33- or anti-ST2-treated WT or IL-33−/− mice administered PA. Meanwhile, the protein expression of IL-33 was upregulated in PA-treated WT mice but not in anti-IL-33-treated WT or IL-33−/− mice administered PA (Figures 3D, J). PA also inhibited the reduction in the IL-13+ILC2/ILC2 ratio induced by intestinal I/R, but this did not occur in anti-IL-33- or anti-ST2-treated WT mice administered PA (Figures 3K, L). Consistent with the results of flow cytometry, the total protein expression of IL-13 in intestinal tissue was upregulated in PA-treated WT mice but not in anti-IL-33- or Anti-ST2-treated WT or IL-33−/− mice administered PA (Figures 3M, N).



Pravastatin Protects Against Organoid H/R Injury via IL-33/ST2 Signaling

H/R decreased the expression of IL-33 in the medium in co-cultured organoids and ILC2s, but these changes were counteracted by PA (Figure 4A). To further explore the protective mechanism of PA against H/R injury, we added anti-IL-33 or anti-ST2 to the co-cultured ILC2s extracted from WT mice (WT-ILC2s) with organoids from WT mice (WT-organoids) and established co-cultured WT-ILC2 and organoids from IL-33−/− mice (IL-33−/− organoids) to block interactions between IL-33 and ILC2, as well as the subsequent activation of ILC2s (Supplementary Figure S3A). Pravastatin inhibited H/R-induced organoid HE-based pathological damage (Figure 4B), decreased organoid vitality (Figure 4C), and increased LDH release (Figure 4D) in co-cultured WT-organoids and WT-ILC2s, but these effects were eliminated by anti-IL-33 or anti-ST2, and no effects were found in co-cultured IL-33−/− organoids and WT-ILC2s. Pravastatin also suppressed the decrease in the mRNA and protein levels of ZO-1 and Occludin (Figure 4B, E and Supplementary Figures S3B, C), the mRNA and protein levels of Ki67 (Figures 4B, F and Supplementary Figure S3D), and the mRNA level of Lgr5 (Figure 4G) caused by H/R in co-cultured WT-organoids and WT-ILC2s, but these effects were eliminated by anti-IL-33 or anti-ST2, and no effects were found in co-cultured IL-33−/− organoids and WT-ILC2s. In addition, PA suppressed the decrease in the protein levels of IL-13 caused by H/R in co-cultured WT-organoids and WT-ILC2s, but these effects were eliminated by anti-IL-33 or anti-ST2, and no effects were found in co-cultured IL-33−/− organoids and WT-ILC2s (Figure 4H).




Figure 4 | PA protected organoids H/R injury via an IL-33/ST2 signal. (A) The relative mRNA and protein level of IL-33 in the organoid from WT-Organoids + ILC2. (B) HE staining, ZO-1, Occludin and Ki67 immunofluorescent staining in the organoid from WT-Organoids + ILC2, scale bar is 20 μm (n = 6). (C, D) Relative organoids viability and LDH levels were detected in a co-culture system of organoids and ILC2 after H/R (n = 6). (E, F) The relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67 in the organoids (n = 6). (G) Relative mRNA level of Lgr5 in the organoids was measured by quantitative PCR (n = 6). (H) The relative protein level of IL-13 in the organoid supernatant determined by ELISA (n = 6). The results are expressed as the mean ± SEM (A, C–H). *p < 0.05, **p < 0.01, ***p < 0.001, NS means No statistically significant difference by one-way ANOVA (Tukey’s test). PA, pravastatin; H/R, hypoxia/reoxygenation; ILC2, type II innate lymphoid cells; LDH, lactate dehydrogenase; WT-Organoids + ILC2, co-cultured WT-organoids and WT-ILC2; IL-33-/–Organoids + ILC2, co-cultured IL-33-/- organoids and WT-ILC2.





Depletion of ILC2s Abolishes the Protective Effect of IL-33 on Intestinal I/R Injury and Organoid H/R Injury

Interleukin-33 is an important ILC2 activator, but the modulation of ILC2s under intestinal I/R injury and the role of ILC2s in the protective effect of IL-33 on intestinal I/R injury remain unclear. We depleted ILC2s using a previously described antibody depletion method to confirm the role of ILC2s in IL-33-mediated protection against intestinal I/R injury (Supplementary Figure S4A) (29–32). Recombinant murine IL-33 (rmIL-33) increased the ratio (%) of ILC2/ILCs and IL-13+ILC2/ILC2 but not in ILC2-deleted mice (Figures 5A–C). Compared with that in the I/R group, rmIL-33 decreased the HE-based morphological damage but not in ILC2-deleted mice (Figures 5D, E). Furthermore, the mRNA and protein expression of ZO-1 and Occludin was upregulated (Figures 5D, F and Supplementary Figures S4B, C), the mRNA and protein levels of Ki67 (Figures 5D, G and Supplementary Figure S4D) and the mRNA level of Lgr5 were elevated (Figure 5H), and mRNA levels of IL-6 and IL-1β (Supplementary Figures S4E, F) were downregulated in mice administered rmIL-33, but the deletion of ILC2s abolished all of these changes.




Figure 5 | Depletion of ILC2 abolished the protective effect of IL-33 on intestinal I/R injury and organoids H/R injury. (A–C) Intestinal lamina propria cells were analyzed by flow cytometry for the ratio of ILC2/ILCs and IL-13+ILC2/ILC2 in Rag1-/- mice (n = 3-4). (D) HE staining, ZO-1, Occludin and Ki67 immunofluorescent staining in Rag1-/- mice, scale bar is 100 μm (n = 8). (E–G) Pathological damage score and the relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67 in the ileum (n = 8). (H) The relative mRNA level of Lgr5 in the ileum was measured by quantitative PCR (n = 8). (I) HE staining, ZO-1, Occludin and Ki67 immunofluorescent staining in WT-organoid cultured with and without ILC2, scale bar is 20 μm (n = 6). (J) Relative organoids viability and LDH levels were detected in WT-organoid cultured with and without ILC2 after H/R (n = 6). (K–M) The relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67 in the organoids (n = 6). (N) Relative mRNA level of Lgr5 in the organoids was measured by quantitative PCR (n = 6). The results are expressed as the mean ± SEM (E–H, J–N). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (Tukey’s test) (B–H). *p < 0.05, **p < 0.01, ***p < 0.001, NS means No statistically significant difference by two-tailed Student’s t test (J–N). PA, Pravastatin; I/R, ischemia/reperfusion; H/R, hypoxia/reoxygenation; ILC2, type II innate lymphoid cells; LDH, lactate dehydrogenase.



To explore the role of ILC2 in protection against H/R-induced organoid injury conferred by IL-33, we added rmIL-33 to organoids cultured with and without ILC2s (Supplementary Figure S5A). Recombinant murine IL-33 did not affect HE-based pathological damage (Figure 5I), organoid vitality (Figure 5J), or LDH release (Figure 5J) in WT-organoids cultured without ILC2s but increased organoid vitality and decreased HE-based pathological damage and LDH release in WT-organoids co-cultured with ILC2s (Figures 5I, J). Recombinant murine IL-33 upregulated the mRNA and protein expression of ZO-1 and Occludin (Figures 5I, K, L and Supplementary Figures S5B, C), the mRNA and protein expression of Ki67 (Figures 5I, M and Supplementary Figure S5D), and the mRNA level of Lgr5 (Figure 5N) in co-cultured WT-organoids and ILC2 systems but not in WT-organoids cultured without ILC2s. These results indicate that the protection of organoids by IL-33 during H/R injury requires ILC2 participation.



The Protective Effect of PA/IL-33 to Alleviate Intestinal I/R Injury Is Mediated by IL-13 Released From ILC2s

Studies have shown that activated ILC2s release large amounts of IL-13 (29, 36). Recombinant murine IL-33 increased the protein levels of IL-13 after I/R but not in ILC2-depleted mice (Figure 6A). Recombinant mIL-33 increased the protein levels of IL-13 in the WT-organoids co-cultured with ILC2s after H/R but not in WT-organoids cultured without ILC2s (Figure 6B). These results indicated that IL-33-activated ILC2s are an important source of IL-13 in the intestine during I/R.




Figure 6 | The protection of PA/IL-33 to alleviate intestinal I/R injury was mediated by IL-13 released from ILC2. (A) IL-13 immunohistochemical staining and intensity quantification analysis in the ileum, scale bar is 100 μm (n = 8). (B) The relative protein level of IL-13 in the organoid supernatant determined by ELISA in WT-organoid cultured with and without ILC2 (n = 6). (C) HE staining, ZO-1, Occludin and Ki67 immunofluorescent staining of ileum in WT mice, scale bar is 100 μm (n = 8). (D–F) Pathological damage score and the relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67 in the ileum (n = 8). (G) The relative mRNA level of Lgr5 in the ileum was measured by quantitative PCR (n = 8). (H) Changes in survival rate have been shown. Mice were submitted to ischemia of SMA for 60 min, and survival was monitored on day 7 after reperfusion (n = 20). (I) HE staining, ZO-1, Occludin and Ki67 immunofluorescent staining in a co-culture system of organoids and ILC2 after H/R, scale bar is 20 μm (n = 6). (J) Relative organoids viability and LDH levels were detected in a co-culture system of organoids and ILC2 after H/R (n = 6). (K–M) The relative fluorescence intensity quantification analysis of ZO-1, Occludin and Ki67 in the organoids (n = 6). (N) Relative mRNA level of Lgr5 in the organoids was measured by quantitative PCR (n = 6). The results are expressed as the mean ± SEM (B, D–G, J–N). *p < 0.05, **p < 0.01, ***p < 0.001, NS means No statistically significant difference by one-way ANOVA (Tukey’s test) and Log-Rank test (H). PA, pravastatin; I/R, ischemia/reperfusion; H/R, hypoxia/reoxygenation; ILC2, type II innate lymphoid cells; SMA, superior mesenteric artery; LDH, lactate dehydrogenase.



We next investigated the role of IL-13 in the protective effect of PA or IL-33 on intestinal I/R injury using an anti-IL-13 neutralizing antibody (anti-IL-13; Supplementary Figure S6A). Pravastatin or rmIL-33 decreased the HE-based pathological damage after I/R, and these effects were abolished by anti-IL-13 (Figures 6C, D). The mRNA and protein levels of ZO-1 and Occludin were upregulated (Figures 6C, E, F and Supplementary Figures S6B, C), the mRNA and protein levels of Ki67 (Figure 6C, F and Supplementary Figure S6D) and the mRNA level of Lgr5 (Figure 6G) were elevated, and the mRNA expression of IL-6 and IL-1β was downregulated (Supplementary Figures S6E, F) in PA- or rmIL-33-treated mice, but anti-IL-13 abrogated all of these changes induced by PA or rmIL-33. Pravastatin, rmIL-33, and rmIL-13 increased the survival rate of mice after I/R, but the effect of PA was abolished by anti-IL-13 (Figure 6H).

To further determine the role of IL-13 released by ILC2 in the protective effects of PA/IL-33 against H/R-induced organoid injury, we added the anti-IL-13 antibody to the co-cultured WT-organoids and WT-ILC2s in the presence of PA or rmIL-33 (Supplementary Figure S7A). The organoid vitality was higher and the amount of HE-based pathological damage and levels of released LDH were lower in the PA- or rmIL-33-treated cultures than in the untreated co-cultures during H/R (Figures 6I, J). Meanwhile, PA or rmIL-33 upregulated the mRNA and protein levels of ZO-1 and Occludin (Figures 6I, K, L and Supplementary Figures S7B, C), the mRNA and protein levels of Ki67 (Figures 6I, M and Supplementary Figure S7D), and the mRNA level of Lgr5 in the co-cultures (Figure 6N). However, the protective effects of PA or IL-33 against H/R-induced organoid injury in the co-culture systems were abolished by anti-IL-13.



Interleukin-13 Promotes ISC Self-Renewal by Activating the Wnt or Notch Signaling Pathway During Intestinal I/R Injury

The Wnt/β-catenin and Notch signaling pathways are critical for ISC maintenance and self-renewal. We investigated the mechanism through which IL-13 promoted ISC self-renewal using rmIL-13 or anti-IL-13 antibodies. The mRNA expression encoding the Notch ligands Jagged1, Dll1, and Hes1, as well as the mRNA and protein levels of the Notch receptor Notch1, was lower in the I/R group than in the sham group (Figures 7A, C, D). The mRNA expression of the Notch ligands Jagged1, Dll1, Dll4, and Hes1 and the mRNA and protein levels of the receptor Notch1 in the H/R group were lower than those in the NC group (Figures 7B–D). These effects were enhanced by an anti-IL-13 antibody and reversed by rmIL-13. The mRNA expression of Wnt3 (Figure 7E), Wnt receptor Lrp5 (Figure 7E), Wnt target genes C-myc and Axin2 (Figure 7E) and the protein expression of β-catenin were lower in the I/R group (Figures 7G, H), whereas levels of the Wnt antagonist Dkk1 (Figure 7E) were higher than those in the sham group. The mRNA expression of Wnt3 (Figure 7F), Wnt receptors Lrp5 and Lrp6 (Figure 7F), and the Wnt target genes C-myc and Axin2 (Figure 7F) and the protein expression of β-catenin (Figures 7G, H) were lower in the H/R group than in the NC group. These changes were strengthened by the anti-IL-13 antibody and reversed by rmIL-13.




Figure 7 | IL-13 promoted the self-renewal of ISCs by activating the Wnt or Notch signaling pathway during intestinal I/R injury in vivo and in vitro. (A) The mRNA levels of Notch1, Hes1, Jagged1 and Dll1 in the ileum were measured by quantitative PCR (n = 8). (B) The mRNA levels of Notch1, Hes1, Dll1, Dll4 and Jagged1 in the organoids were measured by quantitative PCR (n = 6). (C, D) Notch1 protein quantification analysis in the ileum (n = 8, scale bar is 100 μm) and organoids (n = 6, scale bar is 20 μm). (E) The mRNA levels of Wnt3, Axin2, C-myc, Lrp5 and Dkk1 in the ileum were measured by quantitative PCR (n = 8). (F) The mRNA levels of Wnt3, Axin2, C-myc, Lrp5 and Lrp6 in the organoids were measured by quantitative PCR (n=6). (G, H) Notch1 protein quantification analysis in the ileum (n = 8, scale bar is 100 μm) and organoids (n = 8, scale bar is 20 μm). The results are expressed as the mean ± SEM (A, B, D, E, F, H). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (Tukey’s test). PA, pravastatin; I/R, ischemia/reperfusion.






Discussion

In the present study, we demonstrated for the first time that PA, identified as a metabolite of intestinal flora, attenuates intestinal I/R injury and improves the survival of animals, accompanied by promoting the self-renewal and proliferation of ISCs. Further, we showed that the protective effects of PA against intestinal I/R injury depends on the activation of ILC2s, mediated by IL-33/ST2 signaling. Interestingly, the current findings also indicated that the protective effects of PA or IL-33 against intestinal I/R injury depend on IL-13 released by activated ILC2s. Moreover, we found that IL-13 promoted ISC self-renewal to maintain the barrier homeostasis during intestinal I/R by activating Notch1 and Wnt signaling. Clinical evidence showed that the levels of PA in preoperative stool of patients undergoing CPB are negatively correlated with the parameters of postoperative intestinal injury, further suggesting that PA can reduce intestinal I/R injury.

Another study by our group confirmed that intestinal I/R leads to significant intestinal flora disorders and changes in metabolites (including capsiate and PA). The gut microbiota metabolite capsiate enhances Gpx4 expression and inhibits ferroptosis by activating TRPV1 in intestinal I/R injury. Based on two independent studies using the same research methods, PA and capsiate were both confirmed to be metabolites of intestinal flora, significantly reduce intestinal and organoid H/R injury, and be related to the level of postoperative intestinal I/R injury in clinical patients. The difference is that capsiate directly reduces intestinal I/R injury, but the PA-mediated reduction in intestinal I/R injury requires the interaction among intestinal epithelial cells, intestinal flora/metabolites, and immune cells. Moreover, as different drugs reduce intestinal I/R injury, their protective mechanisms are also completely different.

Some statins have been reported to reduce organ I/R injury. Simvastatin reduces subsequent intestinal tissue damage by suppressing oxidative stress, inflammatory damage, and apoptosis (37, 38). Atorvastatin has tissue-specific protective activity against intestinal I/R-induced injury (39). However, the role of PA in intestinal I/R injury remained obscure. Here, we confirmed that PA reduced intestinal I/R injury, maintained the intestinal mucosal homeostasis, and promoted ISC self-renewal. We also showed that the protective effects of PA against intestinal I/R injury depend on ILC2 activation via IL-33/ST2 signaling. Furthermore, data from patients showed that the levels of PA in preoperative feces of patients undergoing CPB were negatively correlated with the degree of postoperative intestinal I/R injury. Taken together, PA might be effective for treating intestinal I/R injury.

Interleukin-33 plays an important role in tissue repair and is mainly secreted by non-hematopoietic fibroblasts and epithelial and endothelial cells (12). Fluvastatin, simvastatin, atorvastatin, and lovastatin, but not PA, increase IL-33 mRNA and intracellular IL-33 protein levels in both human adult cardiac myocytes and fibroblasts (13). In the current study, we showed that PA promoted the release of IL-33 by intestinal epithelial cells. Interleukin-33 might have therapeutic effects on ischemic stroke by promoting macrophage M2 polarization and cytokine production (40). The IL-33-ILC2 axis has a major protective role against renal I/R injury and thus could be a potential therapeutic strategy (29). However, others have also showed a harmful effect of IL-33 by promoting organ I/R injury. Promoting IL-33 transcription in endothelial cells might contribute to I/R-induced renal injury and fibrosis (41). Interleukin-33 promotes kidney I/R injury via iNKT cell recruitment and cytokine production, thus resulting in neutrophil infiltration and activation at injury sites (42). Interleukin-33 promotes the formation of neutrophil extracellular traps, thus exacerbating liver I/R injury (43). The various roles of IL-33 in organ I/R injury might be due to differences in established models that use different organs or because IL-33 acts on different cells, such as ILC2 or neutrophils, to release different cytokines. However, the role of IL-33 in intestinal I/R injury has not been elucidated. ILC2s are innate producers of type 2 cytokines and key regulators of intestinal homeostasis. Depleting ILC2s, but not Tregs, substantially abolishes the protective effect of IL-33 on renal I/R injury (29). Meanwhile, the adoptive transfer of ILC2s reduces kidney I/R injury in mice (36, 44). However, the absence of ILC2s does not change the severity of kidney I/R damage (45). The role of ILC2s in intestinal I/R remained unknown. Here, we showed that the protective effects of PA against intestinal I/R injury depend on IL-33/ST2 signaling to activate ILC2s. Thus, we revealed the key role of IL-33/ST2 signaling and ILC2s in intestinal I/R injury. However, we also found that the absence of ILC2s does not change the severity of intestinal I/R injury. The reason for this phenomenon might be due to redundancy and compensation by other immune cells, such as Treg, AAM, and TH2 cells, as well as the decrease in the abundance of ILC2s during intestinal I/R. Since intestinal I/R is a model of severe acute injury, we measured mouse tissue 2 h after reperfusion. At this time, we found that the endogenous IL-33 level in the intestinal tissue was significantly reduced. Consistent with our results, Maroua Ferhat et al. showed a significant decrease in IL-33 1 h after kidney I/R compared to that in sham-group kidneys (42). Nozomu Sakai et al. found that IL-33 protein expression was decreased at 1 h after liver reperfusion, increased within 4 h after reperfusion, and remained elevated for up to 24 h (46). However, some studies have found that the release of endogenous IL-33 is increased in the early stage of reperfusion. The expression of IL-33 in oligodendrocytes and astrocytes increases rapidly after 60 min of transient middle cerebral artery occlusion (47). Furthermore, acute myocardial infarction leads to a significant increase in the release of IL-33 (48). Therefore, the difference in the level of endogenous IL-33 is not only related to the I/R injury of different organs and tissues but also the time taken for detection after reperfusion.

Interleukin-13 is a multifunctional cytokine secreted by ILC2s (19). It protects against intestinal warm I/R injury and plays a critical role in the regulation of Stat6 and Toll-like receptor-4 signaling (49). Consistent with these findings, we also confirmed that IL-13 reduced intestinal I/R injury. Furthermore, we revealed that PA increased the number of ILC2s and the proportion of IL−13+ ILC2s through the IL-33/ST2 axis, emphasizing the important role of IL-13 released by ILC2s during intestinal I/R injury. Interleukin-13, produced by ILC2s, promotes ISC self-renewal via the circular RNA circPan3 (19). However, the effect of IL-13 on ISCs and its underlying mechanism during intestinal I/R remained unclear. Here, we showed that IL-13 promotes ISC self-renewal by activating the Wnt/β-catenin and Notch pathways during intestinal I/R injury.

There are some limitations in this study. Although we demonstrated that PA is a metabolite of the gut microbiota, which can be produced by specific strains, how the PA-producing flora change during intestinal I/R and whether specific strains reduce intestinal I/R injury need further investigation. Although statins have been proven to promote the expression of IL-33 through epigenetic changes and other means (13), this research did not demonstrate how PA regulates IL33 release and whether PA directly regulates IL-33 during intestinal I/R injury. In addition, helminths, allergens, and certain protists induce type 2 immune responses (14). IL-33-mediated ILC2 expansion promotes the rapid activation of mast cells and the intestinal excretion of parasites (50). Products secreted by the mouse parasite Heligmosomoides polygyrus suppress type 2 (allergic) immune responses by interfering with the IL-33 pathway (51). PA changed the levels of IL-33, ILC2, and IL-13, but in this study, we did not consider the effect of PA on parasites. In addition, we referred to many references for the dosage of the anti-IL-33 and anti-ST2 neutralizing antibodies to ensure the neutralization efficiency while avoiding the toxic effect as much as possible. However, this research did not directly assess the neutralizing efficiency and toxicity of anti-IL 33 and anti-ST2 in vivo.

The present study demonstrated the protective effects of the intestinal flora metabolite PA on intestinal I/R injury, showed that PA promotes IL-13 release from ILC2s through IL-33/ST2 signaling, and confirmed the mechanism through which IL-13 promotes the self-renewal of ISCs. This study sheds light on a novel mechanism of intestinal I/R injury and provides a new therapeutic strategy for preventing intestinal I/R injury in a clinical setting.
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Probiotics are increasingly recognized as capable of positively modulating several aspects of human health. There are numerous attributes that make an ideal probiotic. Lactiplantibacillus plantarum (Lp) exhibits an ecological and metabolic flexibility that allows it to thrive in a variety of environments. The present review will highlight the genetic and functional characteristics of Lp that make it an ideal probiotic and summarizes the current knowledge about its potential application as a prophylactic or therapeutic intervention.
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LACTOBACILLUS PLANTARUM–NOMAD AND IDEAL PROBIOTIC

Probiotics are defined as living organisms which, when administered in adequate amounts, confer a health benefit to the host (FAO/WHO 2006). While probiotics have been used in some capacity for centuries, the first report of their proposed health benefits was published more than 100 years ago by Elie Metchnikoff, suggesting that optimizing the composition of intestinal microbes would have a positive effect on health (Metchnikoff, 1907). This has remained precisely what the application of probiotics attempts to accomplish.

Humans are colonized by a diverse and dynamic consortium of microbes that in total outnumber the cells that comprise the human body itself. This consortium is comprised of bacteria viruses, archaea, and other eukaryotic organisms (Cho and Blaser, 2012). The total collection of microbes inhabiting the human body is referred to as the microbiota. The microbiota interacts with the host in a symbiotic relationship and has been shown to play a major role in human immunology, metabolism, and also in multiple disease pathologies (Ogunrinola et al., 2020). Establishment of the microbiota begins before birth, i.e., in utero and undergoes rapid sequential compositional changes from the time of birth onward to about 2 years of age when stabilization occurs and the microbiota, compositionally, begins to resemble that of a healthy adult (Greenhalgh et al., 2016; Kapourchali and Cresci, 2020). Thus, early life is the key period during which the microbiota is established (Tamburini et al., 2016; Du Toit, 2017). Of note, this early life period is also characterized by the rapid maturation of immune, metabolic, and neurological pathways (Brook et al., 2017; Harbeson et al., 2018). Given this parallel high-speed development, it should come as no surprise that the microbiota plays a significant role in shaping the maturation and eventual outcomes of many of these developmental pathways (and possibly vice versa). Together, changes across this period exert a profound impact on human health for years, decades - if not life (Zeissig and Blumberg, 2014; Stiemsma and Michels, 2018).

There are several factors that influence early-life microbiota composition and development, such as gestational age at birth, mode of delivery, post-natal feeding practices and environmental factors such as antibiotic exposure (Guo et al., 2021). When the normal patterns of development or the composition of the microbiota are altered in such a way that unfavorable or pathogenic bacteria become more dominant, the microbiota assumes a state of dysbiosis. Dysbiosis has been implicated in a number of disease pathologies including allergy, type-1 diabetes, auto-immune disorders, and metabolic disorders such as obesity (Tilg and Kaser, 2011; Azad et al., 2015; Kostic et al., 2015). The broad overall objective of probiotics is to prevent or ameliorate these extreme states of dysbiosis in order to establish a balanced microbiota that imparts positive benefits to the host (McFarland, 2014; Gagliardi et al., 2018).

Given this complex, interwoven system the successful application of probiotics must take into account several aspects. One such consideration is the timing of administration. As the microbiota from the time of birth to ~2 years of age is characterized as being highly dynamic, it has been theorized that this period of life represents an intervention window during which probiotic administration can have a meaningful and lasting impact (Du Toit, 2017). Vertical transmission of microbes from mother to infant before and during delivery and subsequently through breastfeeding establishes a situation where interventions could be administered to either the infant and/or the mother in order to achieve positive health benefits (Asnicar et al., 2017; Renelies-Hamilton et al., 2021). There has been several studies assessing the impact of probiotic administration to the pregnant mother, the newborn infant or the nursing mother. Indeed, several recent reviews and meta-analyses of published data indicate probiotic supplementation during this critical window is associated with many positive health benefits (Gritz and Bhandari, 2015; Reid, 2016; Zhang et al., 2016; Baldassarre et al., 2018; Liu et al., 2018; Tsai et al., 2019; Underwood, 2019).

In pregnant mothers, bacterial vaginosis and preeclampsia have been definitively linked to pre-term birth which is associated with numerous short and long-term health complications for the infant. Meta-analyses of published studies suggest that the administration of probiotics to pregnant mothers can reduce the incidence of both bacterial vaginosis and preeclampsia (Lindsay et al., 2013; Huang et al., 2014). A direct link between probiotic supplementation and pre-term birth outcomes has been harder to establish (Othman et al., 2007; Jarde et al., 2018). However, a recent study demonstrated that administration of a probiotic mixture containing S. faecalis, C. butyricum, and B. mesentericus to high-risk pregnant women was associated with a lower rate of spontaneous pre-term birth, increased gestational age at delivery and decreased intrauterine infections compared to a no probiotic control group (Kirihara et al., 2018). Most studies assessing the impact of probiotic administration to the newborn have been conducted in premature or low birth weight infants. Premature infants are at an increased risk for several adverse outcomes; the impact of probiotic administration on clinically relevant outcomes can therefore be more readily determined. Meta-analyses of these studies have demonstrated that the administration of probiotics significantly reduces the risk of necrotizing enterocolitis, late-onset neonatal sepsis and atopic dermatitis (Zago et al., 2011; Zhao M. et al., 2018; Underwood, 2019).

Another consideration for the successful application of probiotics is the species, strain and composition of the probiotic product that is utilized. There are several functional properties that are required for a bacterial species to be an effective probiotic. Primary characteristics that must be considered are resistance to gastric acid and bile salts, ability to adhere to the intestinal mucosa, and finally sensitivity to antibiotics. Specifically, potential probiotics are evaluated for their ability to persist in the host, favorably alter intestinal microflora, promote intestinal integrity and mobility, modulate host immune responses and finally for their antimicrobial or competitive activity against potentially pathogenic bacteria.

Lactic acid bacteria (LAB) have long been appreciated for their probiotic properties. The health benefits associated with certain fermented foods, which are generally considered rich sources of LAB, have been recognized for millennia. More definitively, even the original Metchnicoff essay identified LAB as potentially being capable of offsetting the effects of harmful bacteria and conferring health benefits on the host. It is therefore not entirely surprising that Lactobacillus and Bifidobacterium are the most extensively studied bacterial genera in probiotic research. Within these genera, several species and strains with positive health benefits have been identified. Of these, Lactiplantibacillus plantarum (formerly Lactobacillus plantarum) is an interesting probiotic candidate. It has been demonstrated to possess several fundamental probiotic characteristics, is highly versatile and is capable of successfully colonizing and inhabiting the human gastrointestinal system. This review will cover the characteristics of L. plantarum that make it an ideal probiotic candidate as well as highlight the current evidence that administration of L. plantarum can confer positive health benefits to humans.



LACTIPLANTIBACILLUS PLANTARUM

Lactiplantibacillus plantarum is a gram-positive lactic acid bacteria species. L. plantarum exhibits ecological and metabolic adaptability and is capable of inhabiting a range of ecological niches including fermented foods, meats, plants, and the mammalian gastro-intestinal tract (Filannino et al., 2018). Often, the ability of different bacterial strains to adapt to defined environments is thought to be accomplished by genome specialization that facilitates niche-specific phenotypic fitness. This typically occurs through a process of genome decay in unutilized genes and enrichment of those that impart habitat-specific fitness. This adaptive process generally ensures that individual bacterial strains isolated from the same ecological niche cluster genetically and carry similar niche specific genetic signatures. This has been demonstrated to be the case for L. gasseri and L. jensenii isolated from human vaginal environments and L. reuteri strains isolated from different vertebrate intestinal tracts (Kleerebezem et al., 2003; Mendes-Soares et al., 2014). However, a recent analysis assessing dozens of L. plantarum strains for genomic signatures that reflect specific environmental adaptations, demonstrated that this is not the case in L. plantarum. Thus, the evolutionary history of this bacterial species does not appear to be directly related to the features of the niches from which they were isolated. This suggests that, unlike most Lactobacillus species, L. plantarum may acquire and preserve functional characteristics that are not solely determined by a single habitat (Martino et al., 2016; Filannino et al., 2018). In this manner, L. plantarum maintains a diverse functional genome that facilitates a metabolic flexibility that allows it to colonize a variety of environments (Martino et al., 2016; Filannino et al., 2018; Inglin et al., 2018).



RESISTANCE TO THE CONDITIONS OF THE HUMAN GASTROINTESTINAL TRACT

A major hurdle for any probiotic is surviving the harsh conditions of the human gastrointestinal tract. To be effective, a probiotic must first be able to withstand the acidic conditions of the stomach, and then tolerate exposure to bile acids in the small intestine. The stomach is an inhospitable environment. Human gastric juice is primarily composed of pepsin and hydrocholoric acid. This composition results in a cycling pH in the stomach that ranges from about 1.5 during fasting to between 3 and 5 after food intake (Schubert, 1999). Acid resistance is thus considered a primary criterion for the selection of probiotic bacterial strains.

Lactobacillus species employ several strategies to facilitate acid tolerance. These include mechanisms to maintain intracellular pH homeostasis, rapid recycling of damaged proteins and induction of various stress response pathways (Chiang et al., 2014; Wu et al., 2014). Additionally, the acid tolerance of several Lactobacillus strains, including L. plantarum can be increased by previous exposure to non-lethal acidic conditions in a process known as the acid tolerance response (Foster and Hall, 1991). It is well-established that different strains of the same Lactobacillus species have highly variable acid tolerance. While this is also true for L. plantarum, numerous studies have demonstrated that the majority of tested L. plantarum strains exhibit acid tolerance, albeit to slightly different degrees, through a number of specific and distinct mechanisms (Kaushik et al., 2009; Guidone et al., 2013; Hamon et al., 2014).

Specifically, the acid tolerance mechanisms employed by L. plantarum include inducible alterations to the fatty acid composition of the plasma membrane such that the ratio of saturated to unsaturated fatty acids increases upon exposure to low pH conditions causing a significant reduction in membrane fluidity (Huang et al., 2016). Additionally, L. plantarum has also been shown to upregulate the expression of phosphofructokinase (pfk) and pyruvate-kinase (pyk) to facilitate higher rates of sugar metabolism, and in result, greater ATP production which provides energy to drive proton pumps that help maintain intracellular pH homeostasis (Huang et al., 2016). This increase in proton pump function is further facilitated by increased expression of ATP-synthase genes atpA and atpC (Heunis et al., 2014; Seme et al., 2015; Huang et al., 2016). Finally, L. plantarum has also been shown to alter its amino acid metabolism upon exposure to acidic environments. Amino acid metabolism has been shown to play a significant role in maintaining cellular homeostasis and promoting resistance to environmental stresses in multiple lactic acid bacteria species (Reveron et al., 2012; Heunis et al., 2014; Seme et al., 2015). It has been demonstrated that the intracellular concentration of alanine and arginine in particular increase in L. plantarum upon exposure to acid stress in a metabolic response that promoted low pH tolerance.

After enduring the low pH of the stomach, a probiotic must also be able to tolerate exposure to bile salts in the small intestine. Bile salts are synthesized in the liver from cholesterol that is conjugated to glycine or taurine residues. These compounds are then released into the small intestine and have a primary role in lipid metabolism. Through detergent disruption of cellular membranes, DNA damage and oxidative stress, bile salts pose a significant challenge for probiotic survival. Bile tolerance is thus another primary criterion for the selection of potential probiotics. While L. plantarum employs multiple strategies to withstand the stress of bile salt exposure, there are 4 that are considered critical: (i) induction of bile salt hydrolases (ii) altering membrane composition and fluidity (iii) protecting against oxidative injury and finally (iv) maintaining the proton motive force.

Bile salt hydrolase (bsh) is generally considered a major component of bacterial bile tolerance. It is responsible for catalyzing the de-conjugation of glycine and taurine residues from cholesterol. While the exact nature of how bile salt de-conjugation limits the negative impact on cellular homeostasis is unclear, bsh expression has been definitively linked to bile tolerance in a number of Lactobacillus species (Begley et al., 2006; Pfeiler et al., 2007; Pfeiler and Klaenhammer, 2009). L. plantarum carries four bsh genes that are upregulated upon exposure to bile salts (Bron et al., 2006; Duary et al., 2012; Gu et al., 2014). The products of these genes represent the first line of bacterial defense against the destructive effects of bile salts in the small intestine.

The commonly characterized L. plantarum WCSF1 demonstrates very good tolerance to bile salts in an in vitro artificial GI tract environment; this tolerance was accompanied by significant changes in cell morphology (Bron et al., 2004). The morphological change facilitating this tolerance was at least partially attributed to the upregulation of Cfa2, a cyclopropane-fatty-acyl-phospholipid synthase that has been shown to alter cell membrane composition and fluidity perhaps imparting resistance to bile salt-induced detergent disruption of cellular membranes (Hamon et al., 2011). To protect against oxidative insult, L. plantarum strains have been shown to upregulate the stress-induced glutathione reductase gene and the metC-cysK operon upon exposure to bile stress. Finally, by upregulating expression of the F0F1-ATPase, L. plantarum facilitates the expulsion of protons from the intracellular environment to help maintain pH homeostasis when exposed to alkaline bile salts (Bron et al., 2004, 2006; Hamon et al., 2011).



ADHERENCE TO INTESTINAL MUCOSA

To impart positive health benefits, a probiotic must be able to colonize and persist in the human gastrointestinal tract. Therefore, an important probiotic selection criterion is the ability to adhere to the human intestinal mucosa. The mucus layer coating the epithelial cells of the gastrointestinal tract serves as a physical barrier to protect against the invasion of pathogenic microbes; on the other hand, it also serves as an important colonization site for commensal bacteria. The intestinal mucus is comprised primarily of mucins and glycoproteins that assemble into a complex net-like structure that attaches to epithelial cells (Sicard et al., 2017). While the thickness of this mucus layer is variable throughout the digestive tract, in the colon, where microbe concentration is highest, the innermost and densest portion of the mucus layer is typically devoid of bacteria in healthy individuals. Bacterial persistence is therefore largely related to the ability to adhere to mucus or extra-cellular matrix (ECM) components rather than epithelial cells themselves which are typically only in direct contact with invasive pathogenic microbes in the context of certain disease pathologies.

It has been demonstrated that while trypsin treatment significantly reduced the adhesion capacity of L. plantarum, it did not eliminate adhesion entirely (Wang G. et al., 2018). This is consistent with other reports on the adhesion properties of Lactobacillus species and suggests that non-protein interactions contribute to the adhesion of L. plantarum (Deepika and Charalampopoulos, 2010; Jensen et al., 2014). In fact, the initial adhesion interaction is believed to involve non-specific mechanisms. Physical characteristics of the bacterial cell such as surface charge, hydrophobicity and electron donor-acceptor properties can influence bacterial adhesion properties. While the adhesion capacity of L. plantarum has been demonstrated to be strain dependent, a positive correlation was found between cell surface hydrophobicity and adhesion capacity (Yadav et al., 2013; Buntin et al., 2017).

In terms of specific interactions, a number of prototypical cell-surface bacterial adhesins contribute to the adhesion capacity of L. plantarum. Mannose-specific adhesion (Msa), has been identified as a “probiotic gene” and has been definitively linked to mannose-binding and adhesion capacity in L. plantarum (Gross et al., 2010; Buntin et al., 2017). As a result, inter-strain variation in the Msa gene, particularly in relation to the number of PxxP-repeats in the mucus-binding (MUB) domain, has been associated with inter-strain differences in the adhesive characteristics of L. plantarum (Gross et al., 2010). A number of additional adhesin proteins have been implicated in the capacity of L. plantarum to adhere to components of the intestinal mucosa. Mucus-binding protein (MucBP) and mucus-adhesion binding protein (MapA) have been shown to be central in the mucin binding capacity of L. plantarum. Finally, collagen binding protein (Cbp) and alfa-enolase-1 (EnoA1), a fibronectin binding protein facilitate the binding of L. plantarum to epithelial ECM component in in vitro models (Ramiah et al., 2007; Castaldo et al., 2009; Gross et al., 2010; Yadav et al., 2013; Buntin et al., 2017).

Recently, a number of unlikely proteins have also been shown to contribute to bacterial adhesion to the intestinal mucosa. These proteins have been termed “moonlighting proteins” in light of their function in several distinct cellular processes. These proteins are generally well-conserved across bacterial species, and often have central roles in key cellular functions such as metabolism and stress responses (Wang et al., 2014). While the mechanisms have not been completely resolved, two moonlighting proteins have been specifically associated with the adhesion capacity of L. plantarum. Elongation-factor-Tu (EF-Tu) (Dhanani and Bagchi, 2013) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Wang G. et al., 2018) have been demonstrated to contribute to the adhesion of L. plantarum. Antibodies targeting these surface proteins significantly reduced the ability of L. plantarum to adhere to both the HT-29 epithelial cell line and porcine mucin. Interestingly, addition of purified EF-Tu or GAPDH significantly increased the adhesion of strains that previously had poor adhesion ability suggesting that these proteins are capable of self-assembly and integration to facilitate bacterial adhesion. Further work will be required to uncover the mechanism underlying how these and other moonlighting proteins contribute to bacterial adhesion.

Most assessments of bacterial adhesion are conducted in vitro. These studies generally evaluate the adherence of bacterial strains to immobilized mucin (usually porcine), extra-cellular matrix components or epithelial cell cultures, which generally utilize the HT-29 or Caco-2 lines. Animal models can be used to further validate these in vitro findings. Administration of L. plantarum has been shown to achieve moderate or long-term colonization of the gastrointestinal tract of both mice and rats (Wang et al., 2009; Daniel et al., 2013). While these studies are informative, they fail to capture the complexities of adherence to the human intestinal mucosa. Human mucosal tissue is obviously more difficult to obtain, therefore probiotic persistence is most commonly evaluated by fecal recovery, that is the duration of time over which the probiotic can be found in fecal samples of subjects who had been administered the probiotic. The number of studies assessing L. plantarum persistence in humans is relatively limited. However, Panigrahi and colleagues demonstrated that 7-day administration of L. plantarum in combination with a fructooligosaccharide prebiotic to healthy newborns for 7 days resulted in long-term colonization, with a significant number of infants (32%) remaining colonized 6 months after treatment cessation (Panigrahi et al., 2008). These in vivo results further validate in vitro assessments and suggest that L. plantarum is capable of adhering to the human intestinal mucosa and persisting in the mammalian gastrointestinal tract.



PROMOTION OF INTESTINAL INTEGRITY OR MOTILITY

One mechanism by which probiotics may positively influence human health is through the promotion of intestinal integrity or motility. The intestinal epithelial layer is the major barrier that separates the body from the external environment and the consortium of microbes that colonize the gastrointestinal tract. The intestinal epithelial monolayer is comprised of different specialized epithelial cells such as enterocytes, Paneth cells and goblet cells, each of which has distinct functions (Chelakkot et al., 2018). The most abundant of these are enterocytes or intestinal epithelial cells. The primary function of enterocytes is maintenance of barrier integrity, which entails permitting the passage of water and nutrients but preventing the transit of pathogenic microbes or their associated toxins (Chelakkot et al., 2018). Epithelial tight-junction proteins equip the intestinal epithelial cells with this functional capacity by sealing the intercellular space between cells and restricting the transport of molecules across the epithelial barrier. These tight junctions are composed of several transmembrane and cytosolic proteins that cooperate to efficiently adapt to different environmental demands by sealing or opening to maintain paracellular transport under different physiological conditions. Disruptions to tight junction assembly of function, result in changes in epithelial permeability and can have serious effects on human health. For example, decreased expression of known tight junction proteins such as ZO-1 and occludin, have been shown to be associated with pathologies such as necrotizing enterocolitis (NEC) and inflammatory bowel disease (Hogberg et al., 2013).

L. plantarum has been shown to modulate epithelial barrier function both in vitro and in vivo through a number of mechanisms. Wang and colleagues demonstrated that administration of L. plantarum to piglets significantly counteracted or prevented increases in gut permeability induced by enterotoxigenic Escherichia coli (Wang J. et al., 2018). This protective benefit was shown to be conferred through multiple overlapping mechanisms that included maintaining expression of critical tight-function proteins, reducing expression of pro-inflammatory cytokines and modulating gut microbiota composition. This finding is further corroborated by a study in a rat model of NEC in which administration of L. plantarum significantly increased the expression of ZO-1 and improved intestinal barrier integrity (Blackwood et al., 2017). However, this beneficial outcome was only observed when L. plantarum was administered in combination with the likely pathogenic Cronobacter sakazakii. The integrity-protective responses induced by L. plantarum may be at least partially mediated through the engagement and activation of TLR-2 in the intestinal epithelium. Specifically, in a trial assessing the effect of L. plantarum administration on tight-junction physiology in healthy humans, Karczewski and colleagues demonstrated that L. plantarum induced increased expression and trafficking of ZO-1 and occludin tight junction sites through a mechanism that was mediated by TLR-2 signaling (Karczewski et al., 2010).

A recent study also highlighted a role for the L. plantarum cell surface protein known as micro integral membrane protein (MIMP) in improving intestinal barrier integrity in a murine DSS induced IBD model (Yin et al., 2018). By modulating lipopolysaccharide (LPS) responses, L. plantarum derived MIMP was shown to significantly reduce the production of inflammatory cytokines and in turn significantly reduce gut permeability and the associated IBD pathology (Chelakkot et al., 2018). While more evidence is needed, particularly in in vivo models, this evidence suggests that L. plantarum is capable of impacting intestinal barrier integrity, particularly when underlying pathologies are present.

Promoting intestinal motility is another possible mechanism through which probiotics can positively influence host health. While specific probiotic strains such as Bifidobacterium lactis have been definitively linked to improving intestinal motility, modulating gastrointestinal transit time and alleviating the symptoms associated with constipation, similar studies regarding L. plantarum are relatively sparse. Recently however, it has been demonstrated that administration of L. plantarum was able to prevent or significantly reduce the symptoms of charcoal induced constipation in mice (Zhao X. et al., 2018). Importantly, a randomized double-blind clinical trial in constipated adults in Malaysia demonstrated that a combination synbiotic preparation of L. plantarum, B. lactis, and inulin-oligofructose once daily for 12 weeks significantly improved defecation frequency and stool type score (Bristol Stool Form Scale) (Lim et al., 2018). The direct influence of L. plantarum in this context is difficult to assess since it was used in combination with B. lactis which has previously demonstrated to alleviate symptoms of constipation when administered as a stand-alone probiotic.



ABILITY TO ALTER INTESTINAL FLORA AND INHIBIT THE GROWTH OF POTENTIAL PATHOGENS

The capacity of LAB species to inhibit the growth of pathogenic bacteria has been recognized for centuries, hence the role they have played in preventing food spoilage. The ability to alter the composition of the intestinal flora and inhibit the colonization or growth of pathogenic microbes is a hallmark characteristic of probiotics. There are several mechanisms through which this biological activity can be accomplished, the principal of which include: competition for nutrients and adhesion sites, inducing changes in environmental conditions that are unfavorable to pathogenic bacteria, production of antimicrobial compounds and finally by modulating host immune responses (Corr et al., 2009; Hu et al., 2017).

Unraveling the individual contribution of each of these mechanisms to the overall capacity of specific probiotics to impact the growth of other microbes is remarkably difficult. In reality, these mechanisms likely act concurrently and cooperatively to influence the composition of the host microbiota and prevent the colonization or persistence of pathogenic bacteria. Comparative studies assessing the antimicrobial activity of various probiotic strains have demonstrated that L. plantarum frequently exhibits the broadest capacity to inhibit pathogen growth amongst Lactobacilli species (Davoodabadi et al., 2015; Ren et al., 2017; Ahn et al., 2018; Arena et al., 2018; Kim A. R. et al., 2019).

Antimicrobial substances produced by probiotics are often naturally occurring bacterial metabolites and can generally be classified into low and high molecular mass compounds (<1,000 and >1,000 Da). The low-molecular mass group, also referred to as the non-bacteriocin group, includes compounds from a wide range of chemical classes such as organic acids, hydrogen peroxide, acetyl-aldehyde, and carbon dioxide. The high-molecular mass group is comprised primarily of proteinaceous compounds referred to as bacteriocins (Arena et al., 2018). Bacteriocins are ribosomally synthesized peptides with antibacterial activity (Cavera et al., 2015; Dicks et al., 2018). Though classification practices are evolving, four classes have been proposed to characterize LAB derived bacteriocins. Class I bacteriocins are referred to as lantibiotics and are characterized primarily based on their post-translational modification. Class II bacteriocins are small, heat-stable non-lanthionine containing bacteriocins that can be sub-divided into 4 distinct subclasses based on their molecular characteristics. Class III bacteriocins are larger peptides of over 30 kDa that often act in protein-like complexes (Mokoena, 2017). Finally, Class 4 bacteriocins are large complexes that contain lipid or carbohydrate moieties (Wang Y. et al., 2018). The variety of bacteriocins produced by L. plantarum generally belong to Class II and are collectively referred to as plantaricins. Plantaricins may be either chromosomally or plasmid encoded and are usually organized within operon clusters that consist of a structural gene(s), an immunity gene, an ABC transporter and an accessory protein that facilitates export (Pal and Srivastava, 2015).

A number of plantaricin compounds have been identified. Broadly, the mechanism of action of these plantaricin compounds is disruption and/or perforation of target cell membranes. In regard to pathogenic bacteria, L. plantarum derived plantaricin compounds have shown to be exceptionally effective against gram-positive bacterial pathogens such as Micrococcus luteum (Jiang et al., 2018), Listeria monocytogenes (Chen et al., 2018), and Staphylococcus aureus (Song et al., 2014). Traditionally, plantaricin compounds have been thought to be less effective against gram-negative bacteria, likely due to the outer-membrane of these bacteria providing a protective barrier against plantaricin induced disruption or perforation of the cytoplasmic membrane (Pal and Srivastava, 2014). However, some specific plantaricin compounds such as plantaracin E/F and J/K dipeptides can effectively inhibit gram-negative bacteria like Escherichia coli in specific circumstances (Pal and Srivastava, 2014; Song et al., 2014). Interestingly, while also effective on their own, combinations of plantaricin EF and JK potentiated the effect of traditional antibiotics against Staphylococcus epidermis, including re-sensitizing the clinically derived antibiotic resistant S. epidermis 126 strain to gentamicin and tetracycline (Selegard et al., 2019). Select plantaricin species have also shown activity against viruses such as Influenza (Park et al., 2013; Jiang et al., 2017) and fungal species such as Candida albicans (Sharma and Srivastava, 2014), Aspergillus parasiticus and Penicillium expansum (Luz et al., 2018).

In addition to the production and release of antimicrobial compounds, probiotics can inhibit the growth or colonization with potential pathogens by competing for nutrients or adhesion sites. The antagonistic effects of probiotic strains on the adhesion of pathogenic microbes are generally evaluated using human colonic cell lines such as Caco-2 in vitro and often also incorporate variables such as low pH and bile-salt exposure in order to better simulate conditions of the human gastrointestinal tract. Lau and Chye demonstrated that L. plantarum 0612 was able to competitively inhibit and even displace both E. coli and L. monocytogenes from Caco-2 monolayers (Chye, 2018). Interestingly, this antagonistic potential was actually increased after L. plantarum was exposed to gastrointestinal transit simulation. As the ability to inhibit the adhesion of pathogens is, like many probiotic traits, strain specific, it is also important to note that L. plantarum strains derived from humans have been demonstrated to be capable of inhibiting the adhesion of a number of pathogenic microbes to Caco-2 cells by competition and displacement (Jiang et al., 2016).

The ability of L. plantarum to inhibit the growth or adhesion of pathogenic microbes has been well-studied in vitro, however, because assessing similar characteristics in vivo is more complicated, such evidence is substantially more limited. Treatment of C57BL/6J mice with L. plantarum has been shown to prevent gastric inflammation and accompanying changes in gastric microbiota composition that are induced by Helicobacter pylori infection and DSS treatment (Pan et al., 2016; Zhang et al., 2019). Similarly, mixed L. plantarum strains administered to mice prior to or as treatment for Staphylococcus aureus infection significantly reduced intestinal inflammation, increased sIgA levels and prevented S. aureus induced pathogenic shifts in intestinal microbiota composition (Ren et al., 2017). Finally, in both high-fat diet mouse and rat obesity models, administration of L. plantarum alone or in combination with L. fermentum not only reduced fat retention but caused a dramatic shift in intestinal microbiota composition via enrichment of Bifidobacterium and Lactobacillus species relative to controls (Xiuliang Li Xiuyan et al., 2018; Hussain et al., 2020).

In the absence of metabolic disruption or pathogenic challenge, the capacity of L. plantarum ZDY2013 to positively influence the composition of the microbiota in healthy mice has been assessed in two independent studies. Using qPCR, Huang and colleagues demonstrated that 2-week administration of L. plantarum enhanced the populations of Bifidobacterium and Lactobacillus species in the colon and cecum and reduced the abundance of potentially enteropathogenic Enterococcus and Clostridium species (Huang et al., 2015). A separate and more detailed analysis using 16s rDNA sequencing also demonstrated that short and long-term administration of L. plantarum significantly altered the microbial composition of the small-intestine of C57BL/6J mice. Although transient, administration of L. plantarum led to a significant increase in the richness and diversity of the microbial composition of the small intestine (Xie et al., 2016; Linninge et al., 2019). This change was accompanied by enrichment of numerous Proteobacteria species and a corresponding decrease in the abundance of Bacteriodetes. While these compositional changes only persisted for the duration of probiotic therapy, they indicate that L. plantarum is capable of inducing large scale compositional changes in the intestinal flora.



MODULATE HUMAN IMMUNE FUNCTION

Maintenance of intestinal immune homeostasis is strongly affected by the intestinal microbiota and its interaction with the mucosa. This influence is likely at least partially mediated through the interaction of bacterial cell-wall components or secreted bacterial products with host epithelial or immune effector cells in the intestinal mucosa (de Vos et al., 2017). The nature of these interactions, and their specific immune outcomes are dependent on the species and strain of the participating commensal bacteria, and even though some bacteria have been proven beneficial in certain contexts they may not be beneficial under all clinical circumstances (Gilliland, 1990; Blum and Schiffrin, 2003). Broadly, L. plantarum has been demonstrated to have an anti-inflammatory influence on human mucosal immunity. In line with this observation, administration of L. plantarum has been shown to reduce immune-mediated pathology in several experimental models of inflammatory diseases such as atopic dermatitis, colitis, and diabetes (Liu et al., 2011; Han et al., 2012; Jang et al., 2014; Kim I. S. et al., 2019; Toshimitsu et al., 2019).

It is important to note that while the immune-modulatory effect of L. plantarum in the context of inflammatory diseases is reasonably well-established, the influence it may have in a sub-clinical inflammatory, or healthy setting may differ significantly. A pair of large-scale in vitro screens assessed the capacity of a variety of different L. plantarum strains to stimulate cytokine production from either human PBMCs or purified human dendritic cells (Meijerink et al., 2010; van Hemert et al., 2010). Each of these studies assessed the capacity of over 40 different strains of L. plantarum to induce IL-12 and IL-10 and compared them to the WCSF-1 reference strain. These studies not only revealed significant inter-strain variability in the capacity to induce either IL-10 or IL-12 but also the ratio at which these cytokines were induced. To identify L. plantarum genes with a potential role in modulating human immune responses, inter-strain genetic diversity was correlated with specific capacity to induce cytokines from PBMCs or dendritic cells using comparative genome hybridization. Each of these studies identified a number of candidate genes, however both of them implicated genes involved in the production, transport and regulation of plantaricin compounds as having a significant influence on differential inter-strain cytokine induction capacity. Strains with variations in the plantaricin operon generally induced much higher IL-10/IL-12 ratios and more TNFα than those that did not, potentially making them more desirable probiotics (Meijerink et al., 2010; van Hemert et al., 2010).

On the immune sensory side of the interaction, recognition of L. plantarum and other lactic acid probiotics by the mucosal immune system is required for their capacity to confer regulatory benefits to the host. Glycolipids derived from L. plantarum have been shown to bind to and signal through the glycolipid pattern recognition receptor Mincle modulating host immune status (Shah et al., 2016). Toll-like receptors (TLRs) have a crucial role in innate defense against invading pathogens and serve as a first-line sensory arm of the immune system. Ren and colleagues demonstrated that TLR engagement and downstream signaling, particularly that of the TLR2/TLR6 heterodimer, is an essential element of the immunomodulatory capacity of L. plantarum (Ren et al., 2016) (Figure 1). Blocking TLR signaling or inhibiting specific formation of the TLR2/TLR6 heterodimer resulted in significant reduction in L. plantarum induced activation of NF-κB/AP-1 signaling, as well as IL-6 and IL-10 production from THP-1 derived macrophages. This is an interesting finding because of the pivotal nature of TLR-2 signaling in maintaining immune homeostasis. This balancing function of TLR-2 is related to its capacity to form heterodimers with both TLR-1 and TLR-6. The TLR1/TLR2 heterodimer has been shown to induce pro-inflammatory cytokines like IL-12 and IL-17, while the TLR2/TLR6 heterodimer has been shown to induce tolerogenic IL-10 based responses (Depaolo et al., 2008; Morita et al., 2017). Fittingly, TLR2/TLR6 signaling agonists have been utilized in the treatment or prevention of many inflammatory diseases such as IBD and mucositis (Depaolo et al., 2008; Sultani et al., 2012). Specifically, TLR2/TLR6 heterodimers promote regulatory T (Treg) cell responses (Ren et al., 2016). Perhaps in further support of the previously described findings, multiple in vivo murine studies have demonstrated that administration of L. plantarum increased the frequency of both Tregs and regulatory CD103+ dendritic cells. Smelt and colleagues demonstrated administration of L. plantarum WCFS1 via intra-gastric gavage every day for 5 days to healthy Balb/c mice induced an increase in the frequency of CD103+ dendritic cells and Tregs in the spleen of treated mice relative to controls (Smelt et al., 2012). In addition, L. plantarum administration reduced specific splenic Th2 cell cytokine responses after ex vivo re-stimulation.


[image: Figure 1]
FIGURE 1. The dual role of TLR-2 in maintaining immune homeostasis. TLR-2 has the capacity to form heterodimers with either TLR-1 or TLR-6. TLRl/2 heterodimers have been shown to bind triacylated lipoproteins frequently derived from gram-negative bacterial species and induce the production of pro-inflammatory cytokines. On the other hand, the TLR2/6 heterodimer binds diacylated lipoproteins derived from gram-positive bacteria (such as L. plantarum) and induces anti-inflammatory responses. In this way, TLR-2 signaling plays a major role in differential responses to commensal and potentially pathogenic bacteria.


This result was confirmed and expanded upon in a subsequent study which also observed that administration of L. plantarum WCSF1 to healthy mice increased splenic infiltration of regulatory dendritic cells and Tregs and attenuated T helper 2 type responses (Bermudez-Brito et al., 2018). This study expanded upon the previous report by demonstrating that host-microbe interaction at the Peyer's patches was enough to induce immunomodulation of host DCs and T cells. This is of interest as probiotics are hypothesized to modulate the immune system through two different pathways: (i) probiotics may be sampled by M cells in the Peyer's patches and passaged to modulate immune effector cells beneath the epithelium or (ii) specific intestinal DCs in the mucosal lamina propria sense probiotics via pattern-recognition receptors. This contact with DCs, via either pathway, influences the maturation of APCs and impacts their interaction with other immune effectors cells, thereby determining the polarization state of the subsequent immune response (Hardy et al., 2013; Bermudez-Brito et al., 2018). Using bioluminescently labeled L. plantarum, Bermudez-Brito and colleagues demonstrate that in healthy mice, M-cell sampling of Peyer's patches was a relatively rare occurrence, and that recognition of L. plantarum by resident dendritic cells in the Peyer's patches or isolated lymphoid follicles was sufficient to modulate systemic immune responsiveness.

Evidence of L. plantarum induced immune modulation in healthy humans remains limited but the existing studies lend further support to in vitro and murine model studies that suggest L. plantarum can skew toward a regulatory immune phenotype. In a recent study, administration of L. plantarum strains was found to prevent non-steroidal anti-inflammatory drug induced reductions in circulating Treg populations (de Vos et al., 2017). This study also assessed the impact of L. plantarum on memory responses against tetanus toxoid (TT) antigen and found that by inducing the expression of genes associated with the maintenance of T and B cell function and antigen presentation, L. plantarum enhanced responses against TT-antigen in T cell polarization studies. Finally, in the complete absence of any disease or inflammatory stress, a double-blind placebo controlled randomized clinical trial demonstrated that administration of L. plantarum significantly altered gene expression profiles in the intestinal mucosa of healthy adults. As determined by biopsies taken from the intestinal duodenal mucosa, living but not heat-killed L. plantarum significantly modulated NF-κB dependent pathways (van Baarlen et al., 2009). Strikingly, after consumption of L. plantarum, significant induction of genes associated with anti-inflammatory activities such as BCL3, ADM, and IκB was observed, potentially correlating with the establishment of a regulatory or tolerance skewed immune environment (van Baarlen et al., 2009). While administration of L. plantarum in different growth phases may have differential effects on the host, collectively, these studies demonstrate the profound capacity of L. plantarum to modulate the host immune activity, presumably by skewing toward an anti-inflammatory or regulatory state.



EVIDENCE OF CAPACITY TO TREAT OR IMPROVE HUMAN DISEASE

There is mounting evidence demonstrating that administration of L. plantarum can have a beneficial impact on human health, particularly in the context of managing or preventing inflammatory diseases. In a prospective single-arm open trial, Toshimitsu and colleagues assessed the impact of a 12-week treatment with heat-killed L. plantarum OLL2712 on glucose metabolism and chronic inflammation in pre-diabetic individuals (Toshimitsu et al., 2019). This study demonstrated that, compared to baseline values, treatment with L. plantarum significantly reduced fasting plasma glucose and serum glycoalbumin and resulted in a significant improvement in insulin resistance (HOMA-IR) and insulin sensitivity (QUICKI) indexes. Chronic inflammation is considered to be a primary cause of metabolic disorders and has previously been shown to cause insulin resistance and impair glucose and lipid metabolism (Fantuzzi et al., 2005). In addition to markers of glucose metabolism the above mentioned study also assessed how L. plantarum treatment affected the pro-inflammatory cytokine levels in patient serum. Relative to baseline measurement administration of L. plantarum significantly reduced serum MCP-1 and IL-6 levels (Toshimitsu et al., 2019). Stratification revealed that the observed reduction in fasting plasma glucose levels was most prominent in the participants that exhibited high baseline pro-inflammatory cytokine expression. In these participants, L. plantarum induced a significant reduction in fasting plasma glucose and improvement in insulin resistance indexes that was not observed in individuals with lower baseline pro-inflammatory cytokine expression.

There is also evidence that L. plantarum may have cholesterol lowering effects in hypercholesterolaemic adults, potentially lowering the incidence of coronary heart disease (CHD). In a double-blind randomized trial, Costabile and colleagues assessed the impact of twice-daily administered L. plantarum ECGC 13110402 for 12 weeks on several measures of blood lipid content (Costabile et al., 2017). This study demonstrated that administration of L. plantarum ECGC 13110402, selected primarily for its particularly high bile-salt hydrolase activity, resulted in statistically significant reductions in low density lipoproteins, total cholesterol, and triacylglycerides, while increasing high density lipoprotein levels. Interestingly, in the over 60-year-old population, L. plantarum also induced a significant reduction in systolic blood pressure (Costabile et al., 2017). As no significant side-effects or changes to gastrointestinal function were observed, this study suggests that supplementation of existing treatment strategies with administration of L. plantarum ECGC 13110402 may be used to reduce the risk of cardiovascular disease, particularly in high-risk subjects with hypercholesterolaemia.

The beneficial effect of L. plantarum in animal models of IBS and IBD is well-established (Liu et al., 2011; Jang et al., 2014; Chen et al., 2017). However, evidence of a similar benefit in humans remains relatively limited. In a randomized double-blind placebo-controlled study, the effect of 4-week treatment with L. plantarum 299v was assessed in irritable bowel syndrome patients fulfilling the Rome III diagnostic criteria. Ducrotté and his team observed that treatment with L. plantarum 299v was associated with significant reduction in patient pain severity and bloating (Ducrotte et al., 2012). In line with many previous IBS trials, a modest placebo response was observed. Despite this however, 78% of the patients on the L. plantarum arm scored the treatment efficacy as excellent or good vs. only 8% of patients on the placebo arm. This study supports the findings of a previous randomized double-blind study that also showed significant pain relief and amelioration of accompanying IBS symptoms in patients receiving 4-week L. plantarum 299v treatment in a 20-patient cohort (Niedzielin et al., 2001).

In a landmark study involving more than 4,500 full-term newborns in rural India, Panigrahi and colleagues assessed the efficacy of an orally administered synbiotic containing L. plantarum (ATCC-202195) and fructooligosaccharide in preventing infant sepsis. Strain selection and administration protocols for this trial were informed by two pilot studies previously conducted by the same group. The first of these pilot studies demonstrated that Lactobacillus GG was a poor colonizer in infants, especially those weighing <1,500 grams (Agarwal et al., 2003). Conversely, the authors subsequently demonstrated that a synbiotic preparation of L. plantarum and fructooligosaccharide persisted in infants for months after therapy ended (Panigrahi et al., 2008). In this pilot study, after 7 days of synbiotic treatment, initiated between 1 and 3 days after birth, L. plantarum was cultured from 84% of the treated infants after 3 days of treatment and from 95% of the infants on day 28 after birth (Panigrahi et al., 2008). Of the infants colonized at day 28, 100, 94, 88, 56, and 32% remained colonized at months 2, 3, 4, 5, and 6 suggesting that, unlike Lactobacillus GG, L. plantarum is capable of efficiently and durably colonizing the newborn gut.

Consequently, Panigrahi and colleagues designed their trial to assess the efficacy of L. plantarum and fructooligosaccharide administered to newborns for 7 days beginning on day 2–4 of life in preventing the primary outcome of neonatal sepsis and death (Panigrahi et al., 2017). Community volunteers identified 7,089 cases of suspect sepsis during a population-based screening of women delivering in the study area, of which 4,556 newborns were identified to have sign/symptoms of sepsis by trained pediatricians. They were randomized to receive either the synbiotic preparation (n = 2,278) or the placebo (n = 2,278), and treated after collection of blood for Bactec culture. A significant (42%) reduction in the primary outcome of neonatal sepsis and death was observed, from 9% in the placebo arm to 5.4% in the treatment arm, indicating that only 27 infants would need to be treated to prevent one primary outcome (Panigrahi 2017). Importantly, a significant reduction was observed in culture positive septicaemia with 27 cases in the control group and only 6 in the treatment group (risk ratio (RR) = 0.22). Synbiotic treatment was also associated with a significant reduction in lower respiratory tract infections (34%) potentially suggesting that probiotic administration not only enhanced gastrointestinal mucosa but also systemic immunity (Panigrahi et al., 2017). Of the evaluated secondary outcomes synbiotic treatment was also associated with a significant reduction in local infections and a greater increase in weight gained since birth at day 60 of life. The observed 42% reduction in sepsis was significantly greater than the anticipated reduction and facilitated early termination of the trial. The results of this trial stand in contrast to two other studies that used probiotics to target sepsis in very preterm infants (Jacobs et al., 2013; Costeloe et al., 2016) and a third, smaller trial, conducted in low birth weight infants in India (Sinha et al., 2015). These differences may be related to probiotic choice, administration schedule or the addition of a prebiotic supplement, but suggest that administration of L. plantarum may be capable of reducing the risk of sepsis/pSBI and lower respiratory infections for neonates in developing countries.



FUTURE DIRECTIONS

L. plantarum is capable of inhabiting a wide variety of ecological niches including the human gastrointestinal mucosa. Due to their unique evolutionary history, strains of this species possess a wide range of probiotic characteristics and have shown promise in numerous experimental disease models, as well as human trials. Increasing our understanding of strain specific variation, particularly in relation to probiotic characteristics and imparted health benefits, is now paramount. Characterizing L. plantarum strains in such a manner will facilitate standardization of research applications and allow for the more rapid and efficient validation of specific strains for defined health applications. Beyond L. plantarum, developing a more comprehensive understanding of the specific genetic and phenotypic characteristics that impart specific probiotic functionalities or health benefits may provide the key for identifying or perhaps engineering more effective probiotic strains. The inherent genetic flexibility that facilitates the nomadic lifestyle of L. planatrum may render it particularly amenable to such engineering and may facilitate the production of highly effective probiotic strains.
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National screening programs use dried blood specimens to detect metabolic disorders or aberrant protein functions that are not clinically evident in the neonatal period. Similarly, gut microbiota metabolites and immunological acute-phase proteins may reveal latent immune aberrations. Microbial metabolites interact with xenobiotic receptors (i.e., aryl hydrocarbon and pregnane-X) to maintain gastrointestinal tissue health, supported by acute-phase proteins, functioning as sensors of microbial immunomodulation and homeostasis. The delivery (vaginal or cesarean section) shapes the microbial colonization, which substantially modulates both the immune system’s response and mucosal homeostasis. This study profiled microbial metabolites of the kynurenine and tryptophan pathway and acute-phase proteins in 134 neonatal dried blood specimens. We newly established neonatal blood levels of microbial xenobiotic receptors ligands (i.e., indole-3-aldehyde, indole-3-butyric acid, and indole-3-acetamide) on the second day of life. Furthermore, we observed diverse microbial metabolic profiles in neonates born vaginally and via cesarean section, potentially due to microbial immunomodulatory influence. In summary, these findings suggest the supportive role of human gut microbiota in developing and maintaining immune system homeostasis.

Keywords: human gut microbiota, tryptophan and kynurenine metabolism, dried blood specimens, acute-phase proteins, immunomodulation


INTRODUCTION

Dried blood specimens (DBS) are used to quantify circulating levels of drugs (Kloosterboer et al., 2018), metabolites (Sain-van der Velden et al., 2017), and proteins. The advantages over a conventional blood draw include minimally invasive sampling, suitable for neonates and other vulnerable populations, fewer processing and handling steps, and facile storage. Neonatal DBS collected from a heel prick are widely used in nationwide neonatal screening programs for inherited endocrine and metabolic disorders (Mechtler et al., 2012).

The initial exposure to microbiota during and immediately after birth influences the lifelong colonization and modulates the innate and adaptive immune system (Neu and Rushing, 2011), potentially causing a decreased tolerance or an exorbitant antigen representation, inflammatory response, and damage to the mucosal barrier function (Francino, 2018). Natural vaginal delivery (VD) or cesarean delivery (CD) shapes the diversity of commensal, symbiotic, and pathogenic microorganisms colonizing the human body, collectively referred to as the microbiota (Penders et al., 2006; Palmer et al., 2007; Mitsou et al., 2008; Wall et al., 2009). The composition and timing of gut microbiota colonization vary in VD and CD neonates (Bennet and Nord, 1987; Grönlund et al., 1999; Penders et al., 2006; Palmer et al., 2007; Mitsou et al., 2008). Fecal and vaginal microbiota dominate the initial colonization in VD neonates (Mändar and Mikelsaar, 1996; Bezirtzoglou, 1997; Grönlund et al., 1999; Matsumiya et al., 2002; Wall et al., 2009). For instance, microaerophilic Lactobacillus species (ca. 25% of total microbiota) frequently colonizes VD infants (Matsumiya et al., 2002; Wall et al., 2009). On the other hand, CD neonates are primarily exposed to nosocomial bacteria or topical skin microbiota (Bezirtzoglou, 1997; Grönlund et al., 1999; Mackie et al., 1999; Wall et al., 2009). CD infants’ gut microbiota typically contain a smaller share of strict anaerobes such as Bacteriodetes fragilis and Bifidobacteria (Bennet and Nord, 1987; Grönlund et al., 1999; Torun et al., 2002; Penders et al., 2006; Wall et al., 2009). The initial microbial composition’s nuances can modulate the immune system’s development and affect the infant’s subsequent health (Francino, 2018; Wampach et al., 2018).

The circulating microbial metabolites reflect the diversity of human gut microbiota and endogenous inflammatory markers (i.e., acute-phase proteins—APP) the immune system’s reaction. The microbial community builds contact with intestinal epithelial immune cells’ receptors and stimulates signaling cascades leading to cell differentiation and inflammatory response control (Romagnani, 2006). Microbial catabolites of aromatic amino acids (e.g., tryptophan) act protectively in the host immune homeostasis, similar to short-chain fatty acids (i.e., acetate, butyrate, and propionate; Jin et al., 2017; Pavlova et al., 2017). Tryptophan catabolites, i.e., indole-3-acetic acid (IAA; Elsden et al., 1976; Smith and Macfarlane, 1996; Finegold et al., 2002; Russell et al., 2013; Roager and Licht, 2018), indole-3-lactic acid (ILA; Aragozzini et al., 1979; Smith and Macfarlane, 1996; Russell et al., 2013; Honoré et al., 2016; Cervantes-Barragan et al., 2017; Dodd et al., 2017; Roager and Licht, 2018), and indole-3-propionic acid (IPA; Elsden et al., 1976; Wikoff et al., 2009; Williams et al., 2014; Dodd et al., 2017; Wlodarska et al., 2017; Roager and Licht, 2018), interact with xenobiotic receptors (i.e., aryl hydrocarbon receptor, AHR, and pregnane X receptor, PXR; Roager and Licht, 2018). The AHR is a ligand-activated transcriptional factor widely expressed in immune cells that attenuates autoimmune responses and ensures gastrointestinal tissue health (Figure 1A). The ligand-specific activation of the AHR signaling pathway is immunomodulatory to the host. Microbial tryptophan catabolites regulate the production of pro-inflammatory cytokines (i.e., INF-γ and IL-2) in TH1 cells and anti-inflammatory cytokines (i.e., IL-10) in TH2 cells (Mangge et al., 2014; Alexeev et al., 2016; Lanis et al., 2017; Gao et al., 2018; Krishnan et al., 2018). Microbial AHR ligands modulate intestinal barrier function and the resistance against enteric pathogens (Liu et al., 2018). Indole-3-acetamide (IAM) and indole-3-butyric acid (IBA) are precursors of IAA (Figure 1B; Agus et al., 2018). Indole-3-aldehyde (IAld), IAA, IAM, and ILA activate ILC3 through AHR signaling, producing IL-22 to induce resistance against mucosal candidiasis (Zelante et al., 2013; Zhang et al., 2019). IBA, the metabolic product of Clostridia species (Lombard and Dowell, 1983), occurs in human urine (Tonelli et al., 1982) and plasma. IBA cooccurred with the incidence of inflammatory bowel syndrome (IBS) in schizophrenic patients (Cai et al., 2012). A potential mechanism to control inflammation by IBA and IAA is competitive inhibition of phospholipase A2 (Dileep et al., 2013). ILA reprograms intraepithelial CD4+T cells in immunoregulatory CD4+CD8αα+ (Cervantes-Barragan et al., 2017). In vitro studies in gram-positive and gram-negative bacterial cell cultures (Bacillus subtilis, Pseudomonas aeruginosa, Salmonella enterica, and Staphylococcus aureus) demonstrated biofilm formation inhibition by anthranilate (ATA; Li et al., 2017). The interaction between microbial metabolites and the neonates’ immune system emphasizes their role in the epithelial barrier function and reveals their importance in the signaling cascade of the immune systems’ local and systemic response.

[image: Figure 1]

FIGURE 1. (A) The interaction network of microbial tryptophan catabolites and acute-phase proteins mediating the anti-inflammatory and immune-supportive function. (B) Microbial and human co-metabolism. Created with BioRender.com.


The quantitative profiling of circulating acute-phase proteins (APPs) monitors the systemic inflammatory response (Vidova et al., 2019). APPs are not transportable across the placental barrier and represent a surrogate for the neonate’s innate immune system’s activation. C-reactive protein (CRP) and serum amyloid A (SAA) are synthesized in hepatocytes (Figure 1A) after stimulation by cytokines (i.e., IL-6, IL-1, IL-8, and TNF-α; Heinrich et al., 1990). In healthy individuals, circulating SAA1, SAA2, and CRP levels are low but increase between 10-fold and 1,000-fold during the acute phase of inflammation (Clyne and Olshaker, 1999; Haran et al., 2013; Buck et al., 2016). SAA1 is arguably a more reliable inflammation marker than CRP as SAA levels rise earlier, more rapidly, and have higher amplitude (Arnon et al., 2007). SAA4 is a constitutive apolipoprotein with a stable blood concentration during the acute phase of inflammation (Yamada et al., 1997; Buck et al., 2016). The initial microbial colonization influenced by the mode of delivery induces measurable perturbations in APPs. Higher concentrations of SAA1 and CRP were reported in VD compared to CD neonates (Marchini et al., 2000). Blood levels of A1AT, A1AG1, and A1AG2 increase by several folds in response to inflammation (Hochepied et al., 2003; Janciauskiene et al., 2011).

In this study, we profiled nine tryptophan catabolites (i.e., ATA, IAA, IAM, IAld, IBA, ILA, IPA, kynurenine—KYN, and N-acetyl tryptophan—NAT) and seven APPs (i.e., A1AT, A1AG1, A1AG2, SAA1, SAA1/2, SAA4, and CRP) in a DBS punch (3mm or 1/8″, equivalent to 3μl of blood). We analyzed 134 neonatal DBSs from a birth cohort study: Central European Longitudinal Studies of Parents and Children – The Next Generation (CELSPAC-TNG) to explore early-life immunomodulation attributed to the metabolism of the human gut microbiota. We explored the delivery mode’s influence on tryptophan catabolite and acute-phase protein profile.



MATERIALS AND METHODS


Study Design

DBS samples from 134 neonates (20 delivered via cesarean section and 114 delivered vaginally) collected under IRB approval were part of the CELSPAC-TNG study at Faculty Hospital Brno (Ethical Committee CELSPAC/EK/4/2016, in 2016–2017). Characteristics of individual neonates, including gestational age, delivery mode, sex, birth weight, birth length, Apgar score, DBS sampling, and anamnesis, are shown in Supplementary Table S-1. The study subjects were female (n=56) and male (n=78), with an average birth weight of 3,494g and an average birth length of 50.5cm (Supplementary Tables S-1 and S-2). We show the average, minimal, and maximal values for birth length, weight, gestation age, Apgar score, and the delay from the birth to DBS sampling for VD and CD neonates separately in Supplementary Table S-2. For DBS sampling, a small amount of capillary blood from the heel prick was soaked into Whatman 903 filter paper and allowed to dry at room temperature for 3h. DBS punches (1/8″ or 3mm) were stored in the freezer at −80°C until analysis.



Chemicals and Reagents

Isotopically labeled peptides used as internal standards for protein quantification were from JPT Technologies (Berlin, Germany). Sequences are listed in Supplementary Table S-3. The protein assay protocol was adapted from the previous study (Vidova et al., 2019). Isotopically labelled [13C6] indole-3-acetic acid (cat. #0317333), purity >97%, was from OlChemIm s.r.o. (Olomouc, Czech Republic). Isotopically labeled [13C11] [15N2] L-tryptophan (cat. #574597), purity ≥98%, was from Sigma-Aldrich (St. Louis, United States). Isotopically labeled [2D4] L-kynurenine (cat. #DLM-7842-PK), purity of 95%, was from Cambridge Isotope Laboratories, Inc. (Tewksbury, Massachusetts, United States). Isotopically labeled [13C6] anthranilic acid (cat. #PR-24225), purity 99%, was from Sigma-Aldrich (St. Louis, Massachusetts, USA). The chemical standard of L-tryptophan (cat. #51145; TraceCERT®), N-acetyl-tryptophan (cat. #PHR1177), indole-3-acetate (cat. #45533), purity 98%, serotonin (cat. #14927), purity≥98%, anthranilic acid (cat. #10680), purity≥99.5%, L-kynurenine (cat. #K8625), purity≥98%, were from Sigma-Aldrich (St. Louis, Massachusetts, USA). The chemical standard indole-3-carboxaldehyde (cat. #A15330), purity 99%, was from Alfa Aesar (Haverhill, Massachusetts, United States). The chemical standard indole-lactic-3- acid (≥97%; cat. #SC-255130), purity≥97%, was from Santa Cruz Biotechnology (Dallas, Texas, USA). Indole-3-butyric acid standard (≥99.0%; cat. #57310) was from Sigma-Aldrich (St. Louis, Massachusetts, United States). Liquid chromatography–mass spectrometry (LC–MS) grade acetonitrile (cat. #0013687802BS) and isopropanol (cat. #0016267802BS) were from Biosolv (Valkenswaard, Netherlands). Formic acid for mass spectrometry (cat. #94318) and ammonium bicarbonate BioUltra ≥99.5% (cat. #09830) were from Sigma-Aldrich (St. Louis, MO). BCA protein assay kit (cat. #23227) was from Thermo Fisher Scientist (Waltham, MA). Deionized water was produced using Millipore Simplicity 185 ultrapure water system (Merck Millipore corp., Billerica, MA).



Metabolite Extraction

The complete DBS sample processing flowchart is shown in Supplementary Figure S-3. Based on material availability, one or two 3-mm DBS punches (equivalent to 3μl and 6μl of whole blood, respectively) were reconstituted in 150μl of 50mM ammonium bicarbonate buffer in an orbital shaker (1,600rpm, 60min). We removed a volume of 5μl for BCA (section Protein Extraction and Processing Protocol, and Mass Spectrometry Assays) and dried the remaining sample in a vacuum concentrator centrifuge (Savant SPD121 P SpeedVac, Thermo Fisher). A volume of 400μl of 80% isopropanol (v/v) was added to a dry sample and vortexed at 200rpm for 20min. The sample was briefly centrifuged, supernatant quantitatively transferred into a 96-well plate, and dried in the SpeedVac. Dry extracts were redissolved in 10μl 5% isopropanol (v/v) containing isotopically labeled standards: 200nM [13C6] indole-3-acetate, 2000nM [2H5] L-kynurenine, 20,000nM [13C11][15N2] L-tryptophan, 50nM [2H5][15N2] indole-3-acetamide, 200nM [13C6] anthranilate (Supplementary Table S-4). Several solvents, i.e., 80% isopropanol, 100% isopropanol, 50% isopropanol, 80% acetonitrile, and 100% acetonitrile, were tested for optimal extraction recoveries of metabolites from DBS (n=3). The optimal extraction solvent was 80% isopropanol (data not shown).



Protein Extraction and Processing Protocol, and Mass Spectrometry Assays

DBS proteins were extracted, processed, and analyzed by UHPLC–MS as described previously (Vidova et al., 2019). In brief, the DBS extract’s total protein content was determined using BCA (cat. #23227, Thermo Fisher, Waltham, MA) in extracts diluted 100-fold with 50mM ammonium bicarbonate buffer. A dilution series (31.25–2000μg/ml) of bovine serum albumin standard in 50mM ammonium bicarbonate buffer was used to generate a 7-point calibration curve. Spectrophotometric absorbance was measured at 562nm. Mass spectrometry protein assays were performed in 30μl of DBS extract mixed with 10μl of the internal standard solution in 5% of acetonitrile, containing isotopically labeled standard peptides (Supplementary Table S-3) and with 3μl of trypsin (1μg/μl). Samples were incubated (17h at 37°C, orbital shaking), and the enzymatic proteolysis was quenched by adding 200μl of 2% formic acid in water (pH<3). Tryptic peptides were purified and desalted, applying solid phase extraction (Oasis PRIME HLB 96-well plate, 30mg, Waters, Milford, MA). The solid-phase extraction protocol: the sample loaded onto the cartridge, washed with 300μl of 2% formic acid in water (pH<3), eluted with 50% acetonitrile with 2% formic acid (pH<3), and the eluate dried in the SpeedVac. Before UHPLC–MS analysis, peptides were reconstituted in 50μl of 5% acetonitrile with 0.1% formic acid. Processed DBS samples were injected (5μl) on the UHPLC-QQQ system (Infinity 1,260 and 6495B from Agilent Technologies, United States). We utilized a reversed-phase analytical column (C18 Peptide CSH; 1.7μm, 2.1mm i.d.×100mm; cat. #186006937, Waters, Milford, MA) and the previously described method (Vidova et al., 2019).



Mass Spectrometry Metabolite Profiling

Extracted DBS were analyzed in triplicate. Samples were injected (2μl) on the UHPLC-QQQ system equipped with a reverse-phase analytical column (Acquity UHPLC CSH™ C18 Column; 1.7μm, 2.1mm x 100mm; cat. #186005297, Waters, Milford, MA) thermostated to 40°C. The mobile phase consisted of buffer A (water with 0.1% formic acid) and buffer B (acetonitrile/water; 95:5 with 0.1% formic acid). The gradient elution program (0–14min) was: 0.0min 5% B, 5min 10% B, 10min 95% B, 11.99 95% B, 12.0 5% B, and 14min 5% B. The mobile phase flow was 0.3ml/min. A standard-flow Jet Stream electrospray source operated in positive SRM ion mode with a capillary voltage of 3.5kV. Additional parameters were: gas flow rate 15l/min at 160°C, sheath gas pressure 25 PSI at 250°C, and nozzle voltage 500V. SRM libraries were generated using Optimizer software (Agilent Technologies) on standard solutions of individual metabolites. For the metabolite identification, 2–4 SRM qualifier transitions were monitored per metabolite (Supplementary Table S-5), and a best-performing SRM transition was used for the quantification (Supplementary Figure S-1). Peak integration and visual inspection were performed in Skyline software (version 20.1.0.155; MacCoss Lab, Univ. of Washington).



Method Validation

Protein assay validation was reported previously (Vidova et al., 2019). Metabolite profiling assays were validated using matrix-matched calibration curves to determine the linearity range, coefficient of determination (R2), the limit of detection (LOD), and the limit of quantification (LOQ; Supplementary Figure S-2). LOD and LOQ were established for isotopically labeled standards [2H5] [15N] indole-3-acetamide, [13C6] indole-3-acetate, [2D4] L-kynurenine, [13C11] [15N2] L-tryptophan, and [13C6] anthranilic acid in pooled DBS extracts. The dilution series was measured in triplicate. Low concentrations were measured in sextuplicate to determine the standard deviation to establish LOD and LOQ [1] in Supplementary Table S-4. The linearity range was from 1 to 1,200nM for [2H5] [15N] indole-3-acetamide, from 15 to 40,000nM for [13C6] indole-3-acetate, from 25 to 7,500nM for [2D4] L-kynurenine, from 7.5 to 75,000nM for [13C11] [15N2] L-tryptophan, and from 1 to 880nM for [13C6] anthranilic acid (Supplementary Table S-6).



Metabolite Quantification

Concentrations of indole-3-acetamide, indole-3-acetic acid, L-kynurenine, L-tryptophan, and anthranilic acid were determined in DBS extracts using internal standardization with isotopically labeled standards [2H5] [15N] indole-3-acetamide, [13C6] indole-3-acetate, [2D4] L-kynurenine), [13C11] [15N2] L-tryptophan, and [13C6] anthranilic acid, at the concentrations of 50, 200, 2000, 20,000, and 200nM, respectively. The calculation uses the concentration of the isotopically labeled standard in the DBS sample and integrated peak areas of the isotopically labeled standard and corresponding metabolite (Equation 1). The concentration of indole-3-aldehyde, indole-3-propionic acid, indole-3-butyric acid, indole-3-lactic acid, and N-acetyl tryptophan was corrected with the response factor (Equation 2), determined in a conventional manner (Vidova and Spacil, 2017; Equation 3).
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Statistical Analysis

For metabolites, the median concentration (n=3) was used. Metabolite and protein concentrations were log-transformed before statistical analysis, and values below LOQ and LOD were substituted with √2/2 *LOQ and √2/2 *LOD, respectively. Only analytes with <25% substitution were used for the overall statistical analysis as continuous quantitative variables (Antweiler, 2015; Hazra and Gogtay, 2017) Due to a high percentage of values below LOQ, IAM (>68%), IPA (>73%), SAA1(>76%), and CRP (>98%) were used only as additional categorical variables with two categories - “below LOD” and “above LOD”; the latter further divided into “below LOD,” “below LOQ,” “above LOQ” for visualization purposes.

The Chi-square test was used to test the normality of distributions of logarithmically transformed values. Unpaired one-sided t test with Welch correction was used to test significant differences between various groups of samples. The resulting values of p were adjusted for multiple hypotheses testing using the Benjamini–Hochberg procedure. Results were considered significant at FDR≤0.05. Pearson correlation coefficients (with values of p adjusted by Benjamini–Hochberg procedure) were used to describe correlation among metabolites and proteins. Hierarchical clustering with complete-linkage method on Euclidean distance was applied to hierarchically cluster samples (neonates) and distance derived from Pearson correlation to cluster the analytes. Categorical anamnestic data for neonates and their mothers and additional categorical variables (IAM, IPA, SAA1, and CRP) were used to test differences in metabolite and protein levels and correlations between various groups. All statistical analyses were performed in R version 4.0.0 (R core team, 2020) using additional R packages ggplot2 (Wickham, 2009), nortest (Tests for Normality [R package nortest version 1.0-4], 2021; normality testing), gplots (Various R Programming Tools for Plotting Data [R package gplots version 3.0.4], 2021), heatmap3 (Zhao et al., 2014; hierarchal clustering and heat map), corrplot (Visualization of a Correlation Matrix [R package corrplot version 0.84], 2021; correlation matrix plot), and beeswarm (CRAN, 2021 – Package beeswarm, 9AD; boxplots).




RESULTS


Tryptophan and Kynurenine Catabolites and Acute-Phase Proteins in Neonatal Dried Blood Specimens

We profiled TRP, ATA, IAA, IAM, IAld, IBA, ILA, IPA, KYN, and NAT levels in 134 neonatal DBS collected on the second day of life (Table 1 and Figure 2A). ATA, IAA, ILA, IPA, KYN, and TRP blood levels were consistent with previous reports in the Human Metabolome Database (2021; HMDB); IAld, IAM, and IBA neonatal levels were newly established (Table 1). IPA, IAM, and SAA1 levels were frequently <LOQ, CRP levels <LOD (see Supplementary Figures S-4, S-5). The median SAA1/2, A1AT, A1AG1, A1AG2, and SAA4 blood levels are in Figure 3A and Table 2. SAA1 blood levels quantified in 33 neonates were elevated (>10mg/l) in 13 VD neonates.



TABLE 1. The lowest, the highest, and median concentrations of tryptophan and kynurenine catabolites in DBS.
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FIGURE 2. Boxplots of metabolite levels were determined in 134 neonatal DBS (A) and grouped according to the delivery mode (VD, vaginal delivery, CD, cesarean delivery; B). Sample concentrations >LOQ marked with black dots. Y-axis is in log-scale.
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FIGURE 3. Boxplots of acute-phase protein levels were determined in 134 neonatal DBS (A) and grouped according to the delivery mode (VD, vaginal delivery, CD, cesarean delivery; B). Sample concentrations >LOQ marked with black dots. Y-axis is in log-scale.




TABLE 2. The lowest, the highest, and median levels of acute-phase proteins in DBS.
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No significant differences were observed in metabolite (Figure 2B) and APP levels (Figure 3B) between CD (n=20) and VD (n=114) groups and respective to clinical conditions in mothers and neonates (Supplementary Figures S-4, S-5). SAA1/2, SAA4, and A1AG1 showed statistically significantly higher levels (p<0.0001) in sample groups with CRP>LOD compared to samples with CRP<LOD. The same difference was observed in the sample groups with SAA1 above and below LOD (Supplementary Figure S-6). The heatmap of protein and metabolite concentrations with rows and columns ordered based on unsupervised clustering of the analytes (Pearson correlation-based distance, main clusters A, B, C) and the DBS samples (Euclidean distance, main clusters D, E) is shown in Supplementary Figure S-4. Cluster A represents APPs (however, A1AT shows a weak correlation with other APPs), IBA, IAA, and IAld fall into cluster B, and cluster C consists of KYN, ATA, TRP, NAT, and ILA. Clusters D and E split DBS samples into two different groups – cluster E is characterized primarily with higher APP (except A1AT) and metabolites levels. Mothers’ and neonates’ anamnestic data added into the picture show no parameter related to clusters D or E. Additional categorical variables CRP, SAA1, IPA, and IAM showed in the figure indicate that cluster E is connected with higher CRP and SAA1 levels. Similar and even more apparent trends in neonates’ clustering are visible in cluster analysis based on proteins only (Supplementary Figure S-5). The APPs SAA1/2, SAA1, CRP, A1AG1, and A1AG2 are elevated in the blood (cluster D in Supplementary Figure S-5). High A1AT levels are observed both in cluster D and cluster E (Supplementary Figure S-5). In cluster E, there are low levels of other APPs. Elevated A1AT levels are caused by infection and also contraception, pregnancy, thyroid infection, or stress. In neonates, increased A1AT levels in cluster E can be associated with stress factors acting during delivery. However, neonates’ anamnestic data did not show any relation to the clusters.



The Correlation Between Metabolite and Acute-Phase Protein Blood Levels

The overall metabolites and proteins correlation matrix plot is shown in Figure 4. A negative Pearson’s correlation (p<0.05) was observed for ATA/A1AG2 pair, and a positive Pearson correlation (p<0.05) was between the A1AT/IBA pair. Metabolite precursor and product pairs were correlated (p<0.001) – for instance, IAld/IAA, IAld/IBA, and IBA/IAA (Figures 1B, 4, 5). Significant correlations (p<0.01 and p<0.001) for metabolite pairs were observed for VD neonates (Supplementary Figure S-7) and all 134 neonates (Figure 4).
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FIGURE 4. Metabolites and acute-phase proteins correlation in DBS. Values of Pearson correlation coefficients are color-coded. The statistical significance is marked with *** for p<0.001, ** for p<0.01 and * for p<0.05.
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FIGURE 5. Metabolic profile of VD and CD neonates. Correlated metabolites (p<0.01 and/or p<0.001) in VD neonates (A) and CD neonates (B) are marked in bold. Nonsignificant correlations are marked in gray. The microbial catabolites with significant correlations are highlighted in dark blue. The host metabolism products are marked in black. ArAT, aromatic amino acid aminotransferase, AAT, aromatic amino acid transferase, acdA, acyl-CoA dehydrogenase, AFMID, kynurenine formamidase, AO1, indole acetaldehyde oxidase, ECH2, enoyl-CoA hydratase-2, fldH, phenyl lactate dehydrogenase, fldBC, phenyl lactate dehydratase, IDO, indoleamine-2,3-dioxygenase, IaaH, indole acetamide hydrolase, IaaO, indole-3-acetic acid oxidase, KYNU, kynureninase, KAT, kynurenine amino transferase, MAO, monoamine oxygenase, NAT1, arylamine N-acetyltransferase 1, porB,C, pyruvate ferredoxin oxidoreductase B and C, PCD, pyruvate decarboxylase, TDO, tryptophan-2,3-dioxygenase, TMO, tryptophan-2-monooxygenase, TrD, tryptophan decarboxylase.


The VD subgroup (Supplementary Figure S-7) showed positive statistically significant correlations between metabolites and nonsignificant correlations between metabolites and proteins. The correlation pattern between metabolites and proteins in the CD subgroup differed from VD neonates (Supplementary Figure S-7). Positively correlated were A1AG1/SAA4 proteins (p<0.01) and the A1AG1/A1AG2 isoforms (p<0.001). In contrast with the VD subgroup, putative negative correlations were noted in the CD subgroup for IAA/NAT, IAA/ATA, TRP/IAA, IBA/ATA, ATA/(A1AG1 and A1AG2), IAld/SAA4, and ILA/A1AT pairs (Supplementary Figure S-7). Several metabolite/metabolite and metabolite/protein pairs showed a reversed correlation (positive/negative) comparing VD and CD groups. For instance, the ILA/IAA pair positively correlated in VD but negatively in CD neonates (Supplementary Figure S-8).

Different enzymes and, therefore, pathways are enriched depending on the delivery mode. The most significant correlations indicate metabolites converted from TRP via microbial TMO/TrD in VD neonates (Figures 4, 5A). For CD neonates, the enriched enzymes are TMO/TrD and AAT, fldH, and AO1, producing ILA, IAld, and IAA (Figure 5B).




DISCUSSION

This study aimed to investigate immunomodulatory microbial tryptophan and kynurenine ligands to AHR and PXR along with APP levels in neonatal DBS to explore potential correlations or patterns specific to the delivery mode (CS and VD). We developed a protocol for simultaneous APP quantification and microbial catabolites profiling in neonatal DBS. IAA levels profiled in DBS were reported previously (Dénes et al., 2012; Freeman et al., 2018). However, we are the first to report neonatal IAld, IBA, and IAM levels.


The Mode of Delivery, Circulating Metabolite Profile, and Protein Levels

The circulating profile of tryptophan and kynurenine catabolites and APPs was compared in CD (n=20) and VD (n=114) neonates. Microbial enzymes (i.e., TMO/TrD, NAT1, IaaH, and IaaO) characterize VD neonates’ metabolic profiles. On the other hand, AraT, fldH, AAT, and AO1 primarily determined the CD neonates’ metabolite profile. High SAA1 levels (>10mg/l) were observed in 13 VD neonates. However, the overall difference between VD and CD groups was not statistically significant. The microbial colonization and immune system response develop rapidly on the second day of life (Martin et al., 2010). Shao et al. compared the microbial diversity in CD and VD neonates and found substantial differences between the first and the fourth day of life (Shao et al., 2019).



Supportive Role of Acute-Phase Proteins to the Immune System

We attempted to link metabolite and protein profiles in DBS to clinical anamnestic data. Each APP has a unique role in shaping an infant’s immune system, and there is a cross-talk between quantified metabolites and APPs. Once the inflammation signal passes through IL-6 and IL-1 to APP production in hepatocytes, these proteins trigger a systemic response to modulate the immune system (Ackermann, 2017; Zachary, 2017). A1AT inhibits the production of TNF-α and the metalloprotease in macrophages and regulates CD14 and TLR4 expression to reduce pro-inflammatory stimuli (i.e., IL-1 and IL-6) and upregulate anti-inflammatory cytokines (i.e., IL-10, TGF-ß; Breit et al., 1985; Bergin et al., 2012; Baraldo et al., 2015; Cosio et al., 2016). In murine and human studies, A1AT modulates dendritic cells and increases FoxP3+ T-regulatory cells (Marcondes et al., 2014; Berger et al., 2018). Inflammatory cytokines (i.e., IL-6, IL-1, and TNF) primarily regulate APPs production in hepatocytes (Ackermann, 2017; Zachary, 2017). Pro-inflammatory cytokines stimulate an essential IDO1 pathway in macrophages (Alberati-Giani et al., 1996; Prendergast et al., 2011). TRP and KYN are the rate-limiting substrates for the IDO1 enzyme (Zhang et al., 2019).

KYN pathway is one of the main degradation routes for dietary tryptophan (Figure 1B). IDO converts TRP to KYN, a crucial metabolite in maintaining immune homeostasis (Ding et al., 2020; Wyatt and Greathouse, 2021). In humans is encoded by the IDO1 gene expressed in immune cells (i.e., monocytes, macrophages, and dendritic cells), necessary in antigen presentation (Nikolaus et al., 2017). As investigated in this study, IDO expression regulates T-cell differentiation to avoid tissue damage and oxidative stress (Le Floc’h et al., 2011). KYN metabolites can cross the blood–brain barrier further and act as neuroprotectants (Roth et al., 2021; Wyatt and Greathouse, 2021). KYN enters the brain from the blood circulation via the amino acid transporter, taken up by astrocytes and microglial cells (Atilla and Basak, 2015).



The Interaction Between Catabolites of Tryptophan and Acute-Phase Proteins

TRP, an essential amino acid in human nutrition, cannot be produced in mammalian cells (Atilla and Basak, 2015). The indole catabolites of TRP mediate the immune system development and homeostasis via various mechanisms of action. Our results suggest a cross-talk between metabolites and APPs observed as diverse correlations between metabolites and APPs relative to the mode of delivery. For instance, a stronger negative correlation between A1AG2/ATA was observed in CD compared to VD neonates. The APP and metabolite pair, A1AG2 and ATA, both carry out supportive functions essential for developing the neonatal immune system. The metabolites such as ATA and KYN have an epigenetic effect in the methylation and glycosylation of hypothalamic neuronal peptide coding genes and neuronal differentiation-related loci (increase in H3K4 methylation and H2AS40 O-GlcNAcylation). By increasing methylation and histone modification, gene expression is stabilized, and DNA mutation is avoided (Hayakawa et al., 2019).

TRP catabolites are AhR and/or PXR ligands assuring in their function the healthy development of the neonate (Li et al., 2021). The paramount importance is establishing the gut barrier and blood–brain barrier (BBB) function in early life development. The aryl hydrocarbon receptor is a ligand-receptor transcription factor (TF) activated by TRP and its metabolites. The TF is expressed by many immune system cells such as macrophages, dendritic cells, NK cells, B lymphocytes, and subtypes of T cells as Th17 and Treg cells (Ambrosio et al., 2019). PXR is also expressed in many cells, most widely in the liver, intestines, kidneys, and intestinal epithelial cells. The ligand-activated TF is activated by naturally occurring steroids and synthetic glucocorticoids. Furthermore, the PXR receptor controls various physiological processes and the metabolism of lipids, glucose, and bile acids (Illés et al., 2020).

IPA was shown to fortify the intestinal barrier by engaging the PXR. IPA is produced by gut microbiota from dietary TRP, which accumulates the host serum (Danaceau et al., 2003; Dodd et al., 2017). IPA activates PXR and induces downregulation of the toll-like receptors, mainly TLR4, and its downstream signaling pathway. In the murine intestine, IPA downregulated enterocytes-mediated inflammatory cytokine TNFα and upregulated junctional protein markers (Venkatesh et al., 2014). The essential gene for IPA, synthesized by aromatic amino acid metabolism in the gut by the bacterium Clostridium sporogenes, is fldC with a broad impact on human immune cells (Dodd et al., 2017). The authors observed a different spectrum of adaptive immune response in ΔfldC mutant. The fldC mutant showed higher circulating myeloid cells, including neutrophils and Ly6C+ monocytes and increased antigen-experienced effector/memory T cells. In addition, secretory IgA levels were increased in fldC mutant mice (Dodd et al., 2017). IPA plays an essential role in intestinal barrier regulation, also crucial in the physiological development of neonates after delivery.

IPA has further also radical scavenging activity and has neuronal properties (Kaufmann, 2018). It inhibits β-amyloid fibril formation and can act as a neuroprotectant against various oxidants (Bendheim et al., 2002). IPA also has chemical chaperone activity and suppresses endoplasmic reticulum stress-induced neuronal cell death (Mimori et al., 2019). Further PXR agonists are IAM and IAA. This interaction through the PXR leads to the inhibition of NF-κB signaling pathway (Illés et al., 2020). Therefore, PXR has anti-inflammatory properties (Zhou et al., 2006; Okamura et al., 2020).

We observed significant correlations indicating metabolites conversion from TRP to NAT, IAld, KYN, and ATA via microbial TMO/TrD and NAT in VD neonates. The profiled metabolites show the importance of a gut–brain axis in the systemic response and intestinal homeostasis regulation. For example, NAT is a substance P-receptor antagonist (Fernandes et al., 2018) and a neuroprotective agent (Sirianni et al., 2015). IAld, as an AHR agonist, stimulates the production of IL-22 (Zelante et al., 2013). The cytokine IL-22, produced in the liver, kidneys, pancreas, skin, and intestine, induces tissue regeneration and supports antimicrobial molecules’ production, helping develop a defense line against tissue damage and microbial infection (Dudakov et al., 2015). The mucosal immune homeostasis was recently investigated in a murine model of autoimmune inflammation. IAld administered in the gut alleviated hepatic inflammation and fibrosis by modulating the intestinal microbiota by activating the AhR-IL-22-axis to restore mucosal integrity (D’Onofrio et al., 2021). It agrees with the finding that microbial-produced IAld further provides mucosal protection from inflammation in the host innate immune system, where the cytokine IL-22 via AhR receptor promoted IL-18 expression. Both the innate and the adaptive immune system are involved (Borghi et al., 2019). Furthermore, IAld attenuates the increase in epithelial permeability caused by stimulation with a pro-inflammatory cytokine TNFα in a dose-dependent manner (Scott et al., 2020). IAld regulates gut barrier integrity through tight junctions (e.g., zonulin and occludin) and adherens junctions, which are essential for regulating intestinal permeability (Zihni et al., 2016; Scott et al., 2020).

For CD neonates, the enriched enzymes are TMO/TrD and AAT, fldH, and AO1, producing KYN, ILA, IAld, and IAA. The different enriched enzymes and pathways show that other routes are taken on the second day of life in CD and VD neonates, visible and emphasized in the correlation matrix plots for VD and CD neonates, showing markedly different patterns. The function of ILA was investigated in the gnotobiotic mice model, and it was found that ILA reprograms intraepithelial lymphocytes (IELs, CD4+T cells) into double-positive IELs (CD8aa+CD4+) with immunoregulatory function (Cervantes-Barragan et al., 2017). Moreover, ILA from breastmilk was identified as an anti-inflammatory metabolite. ILA requires the interaction with TLR4 and the AHR receptor to interfere with its transcription of the inflammatory cytokine IL-8 that causes excessive inflammation in the premature intestine (Meng et al., 2020). In vivo and in vitro results showed pleiotropic protective effects on immature enterocytes, including anti-inflammatory, antiviral, and developmental regulatory potential in a region-dependent and age-dependent manner. The further transcriptomic analysis showed that ILA has a regulatory effect on the STAT1 pathway. The STAT1 pathway plays an essential role in IL-1β-induced inflammation (Huang et al., 2021).

ATA is a product of dietary tryptophan and has anti-inflammatory properties on Na+/dicarboxylate cotransporters, NaDC1, and NaCT (Pajor and Sun, 2013). IAA levels positively correlate with intestinal IL-22 levels, through which antimicrobial proteins are targeted, and mucosal inflammation is downregulated (Laurans et al., 2018; Natividad et al., 2018). In addition, IAA has a protective effect against lipopolysaccharide (LPS)-induced inflammatory response and free radical generation in macrophages. IAA significantly ameliorated LPS-induced expression of interleukin-1β (IL-1β), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) as well as generation of reactive oxidative species (ROS) and nitric oxide (NO). LPS-triggered nuclear translocation of nuclear factor kappa B (NF-κB) p65 was mitigated by IAA treatment (Ji et al., 2020). In a previous study, Ji et al. showed in mice that IAA mitigates high-fat diet-induced evaluation in fasting blood glucose and total plasma cholesterol, low-density lipoprotein cholesterol, and glutamic pyruvic transaminase activity. IAA supports the liver function linked with mitigated total triglycerides and cholesterol concentration and upregulation of genes involved in lipogenesis. Furthermore, IAA was shown to protect against reactive oxygen species and attenuate the inflammatory response in the liver of mice exposed to a high-fat diet (Ji et al., 2019).

Overall, we profiled microbial metabolites of the kynurenine and tryptophan pathway and acute-phase proteins in 3μl of dried blood, and we first reported neonatal IAld, IBA, and IAM levels. We observed divergent metabolic profiles in VD and CD neonates. The different colonization of the initial microbial metabolites could be caused by distinct microbial tryptophan degradation routes in VD and CD. In VD, the enriched pathways could lead to higher NAT, KYN, and ATA metabolite levels. In CD neonates, the enriched bacterial enzymes could lead to higher KYN, IAld, ILA, and IAA levels. Despite the diverse TRP catabolism, our results point to indole catabolites’ distinct profile on the second day of life in VD and CD neonates, demonstrated through different TRP metabolites, independently of unique postnatal microbial colonization at VD and CD (Sanidad and Zeng, 2020).

We quantified in our study indole catabolites in both delivery modalities (vaginal and cesarean delivery) but found no significant differences in both groups. However, this study’s limitations are the small number of CD neonates relative to VD and a single-point sampling. Correlations between metabolites and proteins in CD neonates require validation in a more extensive follow-up cohort study. In summary, we attempted to elucidate the mechanism of the immunomodulatory function of microbial metabolites. A further potential distinction will develop in the infant’s microbiome composition and metabolite profile over time. Our findings suggest the supportive role of human gut microbiota in developing and maintaining immune system homeostasis.
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Diet and gut microbial metabolites mediate host immune responses and are central to the maintenance of intestinal health. The metabolite-sensing G-protein coupled receptors (GPCRs) bind metabolites and trigger signals that are important for the host cell function, survival, proliferation and expansion. On the contrary, inadequate signaling of these metabolite-sensing GPCRs most likely participate to the development of diseases including inflammatory bowel diseases (IBD). In the intestine, metabolite-sensing GPCRs are highly expressed by epithelial cells and by specific subsets of immune cells. Such receptors provide an important link between immune system, gut microbiota and metabolic system. Member of these receptors, GPR35, a class A rhodopsin-like GPCR, has been shown to be activated by the metabolites tryptophan-derived kynurenic acid (KYNA), the chemokine CXCL17 and phospholipid derivate lysophosphatidic acid (LPA) species. There have been studies on GPR35 in the context of intestinal diseases since its identification as a risk gene for IBD. In this review, we discuss the pharmacology of GPR35 including its proposed endogenous and synthetic ligands as well as its antagonists. We elaborate on the risk variants of GPR35 implicated in gut-related diseases and the mechanisms by which GPR35 contribute to intestinal homeostasis.
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Introduction

The gastrointestinal tract is home to the vast majority of microbiota in the body most of which are colonized in the distal intestine (1). The gut microbiota consists of microorganisms including bacteria, viruses, parasites, and fungi. These microorganisms co-evolved with the host to form a symbiotic relationship. Intestinal microbiota is crucial for the regulation of the host metabolism and immunity. In turn, the intestinal immune system is tasked to establish tolerance towards the microbial community and to prevent pathogen invasion. The intestine is covered by an epithelial cell layer which forms a physical and biochemical barrier between the microbiota and the host (2). A compromised barrier integrity and/or dysregulated immune responses causes loss of tolerance to microbials and/or food antigens. This loss of tolerance is central to the pathogenesis of chronic intestinal disorders such as celiac disease, food allergies, and inflammatory bowel diseases (IBD) including Crohn’s disease (CD) and ulcerative colitis (UC) in genetically susceptible individuals (3).

Since the incidence of IBD patients has rapidly increased in developing countries, it is unlikely that genetic factors alone are the main cause of rising rates of IBD (4). Thus, doubtlessly, environmental exposure significantly contributes to the development of IBD. Among environmental factors, dietary nutrients are increasingly recognized for their contribution to the pathogenesis of IBD (5, 6). Specifically, a fiber-rich diet lowers risk of Crohn’s disease whereas a “western” diet containing poly-unsaturated fatty acids, and trans-fats is associated with IBD (7, 8). In this context, there is increasing evidence that host and/or microbiota-derived metabolites shape the host intestinal immune system by activating signaling cascades in epithelial and immune cells. These metabolites can evoke an immunological response through distinct pathways. Certain metabolites such butyrate and propionate can act as histone deacetylase inhibitors or transcriptional coactivators and thereby control gene expression intracellularly. In addition, dietary metabolites can signal via G protein-coupled receptors (GPCRs) (9). GPCRs can recognize host-derived metabolites such as medium- and long-chain fatty acids or secondary metabolites that undergo fermentation by the gut microbiota including fiber-derived short-chain fatty acids. Short-chain fatty acids such as butyrate, acetate, propionate, and nicotinic acid activate anti-inflammatory responses and bind to GPCRs including GPR41, GPR43 and GPR109A on epithelial and immune cells such as dendritic cells and regulatory T cells (10–12). Beside influencing host immunity and mucosal barrier integrity, dietary metabolites may affect the composition of the intestinal microbiota. This review focuses on the metabolites-sensing GPR35, which is a newly characterized receptor that profoundly affects the functions of immune and nonimmune cells in the intestine. we summarize and discuss the experimental findings emphasizing the importance of GPR35 in intestinal health and disease.



G Protein-Coupled Receptor (GPR) 35

GPR35 is a rhodopsin-like, 7-transmembrane class A GPCR that was discovered in 1998 (13). The GPR35 is located on chromosome 2q37.3 in humans that can be alternatively spliced into variants resulting in GPR35a or GPR35b. GPR35a encodes for 309 amino acids whereas GPR35b results in a longer N-terminal domain by 31 amino acids (14). Although GPR35b is rather associated with carcinogenesis due to its expression in gastric and colon cancer cells, GPR35a and GPR35b are localized at similar cellular compartments as well as have similar pharmacology. Hence, the functional differences between the two isoforms are not clear and yet to be studied (14–17). There are orthologues of GPR35 in mouse and rat that share 73 and 72% homology with human GPR35a (hGPR35a) and, in less extensively studied non-mammalian species such as Xenopus tropicalis (amphibian) with 33% similarity to the hGPCR35a (18, 19). Recently, Danio rerio (zebrafish) homolog of hGPR35 has been cloned which led to identification of two paralogs, gpr35a and gpr35b, that show ~26% and 24% sequence similarity to human GPR35 (20).

GPR35 is closely related to cannabinoid receptor GPR55, the nicotinic acid receptor HM74 and LPA receptors LPAR4, LPAR5 and LPAR6 (21, 22). However, GPR35 remains an orphan receptor to date, although several potential ligand candidates have been proposed (reviewed extensively below). In this context, kynurenic acid, a tryptophan metabolite, has been suggested as a putative ligand candidate for GPR35 (23). In addition to kynurenic acid, phospholipid derivates LPA species were explored for their potency to activate GPR35 due to the structural similarity of GPR35 to the LPA receptors (24). Furthermore, CXCL17, a mucosal chemokine, was shown activate GPR35 which led to the suggestion to rename GPR35 as chemokine (C-X-C motif) receptor 8 (CXCR8) (25). In the study where GPR35 was first reported, O’Dowd et al. have shown that the expression of the newly identified GPR35 is abundant in the small intestine in rats (13). Other studies reported similar expression pattern in the small intestine and colon of mice and humans. These studies also indicated significant GPR35 expression in the spleen as well as immune cells including monocytes, macrophages, and dendritic cells. On the other hand, lower levels of GPR35 were evident in the stomach, liver, and kidney. Furthermore, gpr35a expression was restricted to the zebrafish intestine at larvae stage (20).

In addition to the expression pattern of GPR35, the polymorphisms in the human gene has been investigated by genome wide association studies (26). Importantly, two SNP variants of GPR35 have been associated with IBD that led to the definition of GPR35 as an IBD risk gene (27, 28). Subsequently, this prompted researchers to understand the functions of GPR35 in the intestine under different physiological conditions.



Pharmacology of GPR35


Potential Endogenous Ligands


Kynurenic Acid

To understand the function of GPR35, it is crucial to delineate upstream and downstream signaling events of its activation. To this end, Wang and colleagues tested kynurenic acid’s ability to activate GPR35 signaling (23). Kynurenic acid is a tryptophan-derived metabolite that is mostly recognized for its roles in the central nervous system as well as anti-inflammatory properties (23, 29, 30). Of note, higher levels of kynurenic acid is evident in serum of inflammatory bowel disease patients (31). In micromolar concentrations, kynurenic acid induces Ca2+ influx in the presence of chimeric G proteins via human, mouse and rat GPR35 in Chinese hamster ovary cells (23). Furthermore, kynurenic acid led to GPR35 internalization in HeLa cells. Other studies demonstrated that GPR35 deficiency hinders the kynurenic acid-induced adhesion of human peripheral monocytes as well as ant-inflammatory gene expression in adipocytes in mice (32, 33). Nonetheless, although the potency of kynurenic acid for activating the GPR35 is relatively high in mice and rats, the concentrations of kynurenic acid required are 40- to 100- fold higher in humans (32). In addition, in other studies, kynurenic acid failed to activate human GPR35 even at high concentrations (20, 24). This species selectivity of kynurenic acid/GPR35 axis has led to the discussion whether the interaction is physiological, particularly in humans, which causes kynurenic acid to retain a potential endogenous ligand for GPR35 (34).



Lysophosphatidic Acid

GPR35 has also been explored as a receptor for LPA due to its homology to other LPA receptors. Oka et al. have shown that LPA led to Ca2+ response, activation of RhoA and ERK phosphorylation in GPR35-transfected cells as well as internalization of GPR35 (24). LPA also induced a transient RhoA activation in vector-transfected control cells which was attributed to the other LPA receptors. LPA is a bioactive phospholipid derivate that is present in cell membrane but also can be produced extracellularly and activate six known GPCRs, LPAR1-6 (35). In a more recent study by Schneditz and colleagues, GPR35 deficiency prevented the LPA-induced Ca2+ signaling in bone marrow-derived macrophages (BMDMs). However, the authors hypothesized that the GPR35 deficiency might impair LPA signaling via the other LPA receptors (36). GPR35 had not been confirmed as a potential LPA receptor until our group have tested LPA in cells transfected with human GPR35 naturally coupled to an inhibitory G-protein (Gi). In this ligand identification assay, LPA lowered the cAMP signaling suggesting that LPA might induce Gi-mediated signaling (20). The ligand-GPCR interaction studies are challenged by interspecies variances especially including that of GPR35. Despite this complexity, LPA/GPR35 axis have been evident across the species, mouse and zebrafish, where LPA led to GPR35-dependent migration of macrophages as well as TNF cytokine induction marked with activation of NF-kB and ERK pathways. However, it is still not known whether GPR35 directly binds to LPA or regulates LPA signaling by interacting with and modulating the activity of its receptors.



CXCL17

CXCL17, whose expression is associated with mucosal sites, has also been proposed as an endogenous agonist of GPR35 (25, 37, 38). Maravillas-Montero et al. determined that GPR35-transfected cells migrate towards CXCL17 (25, 37, 38). Since CXCL17 acted on GPR35 in nanomolar concentrations that are in a physiological range as opposed to kynurenic acid, the authors suggested to change the nomenclature of GPR35 into CXCR8. However, subsequent studies reported that CXCL17 failed to induce migratory or signaling responses in GPR35-expressing cells (39, 40). In addition, kynurenic acid and zaprinast reduced the effects of CXCL17 in neuropathic pain model in mice further supporting the existence of CXCL17 receptor(s) other than GPR35 (41).

In addition to kynurenic acid, LPA and CXCL17, there have been studies describing potency of other endogenously available molecules for GPR35 including 5,6-dihydroxyindole-2-carboxylic acid (DHICA), 3,3,5-triiodothyronine (reverse T3), and guanosine 3',5'-cyclic monophosphate (cGMP) (Table 1) (44, 46). However, these have not been pursued experimentally as GPR35 ligand candidates following their initial identification. In addition to attempts in deorphanizing the GPR35, it is important to mention that Schneditz et al. reported a ligand-independent basal activity of GPR35 via its interaction with the Na/K-ATPase (36).


Table 1 | Proposed agonists and antagonists of GPR35.






Synthetic Agonists


Zaprinast

Although there has been significant progress in identifying the putative endogenous activators of GPR35, usage of synthetic agonists also proved useful in revealing the molecular pathways involved in GPR35 activation. Of these synthetic agonist, Zaprinast a cyclic guanosine monophosphate-specific phosphodiesterase inhibitor, is one of the most widely known agonists of GPR35 (19). In contrast to the other compounds activating GPR35, zaprinast shows similar potency for human, rat, and mouse GPR35, and therefore serves as an optimal reference in studies (34).



Lodoxamide

Lodoxamide, an anti-inflammatory mast cell stabilizer, is another synthetic agonist for GPR35. However, although potency of lodoxamide is high for human and rat GPR35, it is 100-fold lower for the mouse orthologue (47, 53). Nevertheless, lodoxamide has shown to be protective in hepatic fibrosis model in mice which was reversed by a GPR35 antagonist (53). However, due to the concerns over lodoxamide’s low potency for mouse GPR35, it remains controversial whether this effect is caused by direct activity of GPR35 or whether there are other molecular pathways involved.

Other synthetic agonists of GPR35 include amlexanox, bufrolin, compound 1, pamoic acid, cromolyn disodium and, 6-bromo-8-(4-methoxybenzamido)-4-oxo-4H-chromene-2-carboxylic acid (Table 1). However, most of these compounds either were only tested on human GPR35 expressing cells but not rodent orthologues or have low potencies in the latter species, limiting their usage in rodent studies (18, 48–51).




Antagonists

Receptor antagonists, by definition, are ligands that lead to inhibition of the activity of a receptor. They are crucial for functional studies as well as for investigating protein-protein interactions of receptors. ML-145 is one of the described GPR35 antagonists. It has a higher binding capacity for human GPR35 than mouse and rat orthologues and therefore have been rather used for in vitro settings rather than rodent models (42). Similar results were obtained for CID2745687 where both antagonists led to effective inhibition of agonist activities of zaprinast and cromolyn disodium for human GPR35. On the other hand, in this study, neither ML-145 nor CID2745687 have shown antagonism for rodent orthologues of GPR35. Interestingly, Zhao et al. found that CID2745687 is able to inhibit pamoic acid induced GPR35 activation (17). In addition, CID2745687 antagonized kynurenic acid in mouse astrocytes and interfered with pamoic acid-mediated wound repair in young adult mouse colon epithelium cells (54, 55). Lastly, ML-194 has also been introduced as a GPR35 antagonist which remains to be confirmed (52).




Risk Variants of GPR35

Genome-wide association studies (GWAS) identified 70 SNPs in the coding region of GPR35 gene and the intergenic regions surrounding it. Six of these SNPs have been associated with increased risk of immune-related diseases (Table 2) (26, 69). These diseases include IBD, both ulcerative colitis and Crohn’s disease, as well as primary sclerosing cholangitis (PSC) (27, 28). Among the IBD-associated SNPs, the rs3749171 variant that causes a threonine to methionine transition in the transmembrane III, T108M, is the most extensively studied. Schneditz and colleagues showed that this variant is hypermorphic leading to hyperactivation of GPR35 (36). In this study, GPR35 T108M resulted in increased proliferation and metabolism in BMDMs and intestinal epithelial cells. In addition, another study from the same group demonstrated that macrophages carrying the T108M have enhanced VEGF and CXCL-8 production as opposed to the reduced levels in GPR35-deficient cells further reinforcing the hyperactivity caused by the variant (70). In addition to these studies, we reported that T108M variant correlated with better clinical outcome in response to TNF blockers IBD patients (20). Notably, in our study, GPR35 signaling facilitated macrophage TNF responses. It is possible that the aberrant TNF resulting from the hypermorphic T108M variant contributes to IBD pathogenesis and therefore leads to a better response to anti-TNF treatment. However, this potential mechanism remains a speculation and need to be studied more extensively. The T108M variant did not affect the agonist potencies for GPR35 profoundly, therefore, the mechanism by which the GPR35 T108M drives the hyperactivation remains unknown (47). The second IBD-associated SNP in GPR35 is rs4676410 which is an upstream intron variant causing a cytosine to thymine substitution. Although rs4676410 has a higher prevalence than T108M (Table 3), its function remains to be studied to date. Nevertheless, it is known that it does not cause a change in GPR35 tissue expression in IBD patients (27).


Table 2 | Risk variants of GPR35 associated with diseases.




Table 3 | Haplotype frequencies of IBD-associated GPR35 variants across all populations analyzed by LDHap (ldlink.nci.nih.gov/?tab=ldhap).





GPR35 in Intestinal Health and Disease

IBD is a collective term to define chronic inflammatory conditions in the gastrointestinal tract including CD and UC. Patients with IBD experience a severely compromised quality of life with symptoms diarrhea, weight loss, abdominal pain, and are more susceptible to colorectal cancer (71). Current IBD treatment options pose a significant burden on the health system due to high costs and resource exhaustion. There is an increasing prevalence for IBD globally particularly in western countries due to the urbanization of life style (72).

The abundant expression of GPR35 in the intestine and its IBD-associated variants give hints towards an important physiological function for GPR35 in the gut. To explore this possibility, researchers adopted several experimental approaches including in vitro culture systems and disease models using rodents. For instance, in a wound healing model, GPR35 agonists, YE120, zaprinast and pamoic acid, promoted wound repair in young adult mouse colon epithelium cells via increased migration by fibronectin expression and ERK phosphorylation (55). Furthermore, several lines of evidence from multiple studies have shown that GPR35 is protective in dextran sodium sulfate (DSS) induced colitis mouse model (20, 55, 73). In this model, DSS causes cell death epithelial cells causing a breach in the barrier integrity and therefore dissemination of microbial products which leads to acute inflammation (74). Similar to the wound healing model, GPR35 agonists stimulated fibronectin and ERK activation in the colonic epithelium and therefore facilitated mucosal repair in the DSS model (Figure 1) (55). In subsequent studies, including ours, GPR35-deficiency led to exacerbated DSS colitis in mice as measured by clinical signs such as weight loss (20, 73). Nonetheless, these studies lack the genetic models required to dissect the cell specific effects of GPR35.




Figure 1 | Physiological functions of GPR35 in the intestine 1) Macrophage expressed GPR35 induces TNF accompanied by transcription of Cyp11b1 encoding for steroidogenic enzyme 11β –hydroxylase in epithelial cells during colitis. In a second mechanism, epithelial GPR35 promotes mucosal repair through ERK and fibronectin-mediated proliferation. 2) Disruption of GPR35 signaling in epithelial cells leads to pyroptosis in goblet cells resulting in reduced mucus production and therefore an impaired mucosal barrier integrity which leads to increased susceptibility to C. rodentium infection. GPR35 serves as a sensor in Bacteroidetes fragilis toxin (BFT)-induced colitis. 3) GPR35 interaction with Na/K-ATPase pump induces Src activation in both epithelial cells and tumor-associated macrophages (TAMs) in colorectal cancer model via increased proliferation in epithelial cells and neovascularization in response to TAM-derived VEGF. Created with BioRender.com.



Our studies described the GPR35 expression across cell types in the intestine where the expression was prominent in epithelial cells as well as macrophages and dendritic cells. The macrophages in the intestine are continuously generated from the extravasating Ly6Chigh blood monocytes through their intermediates (75). They are vital for the maintenance of tolerance at the steady state and search the lumen for antigens by extending their dendrites between epithelial cells (76–78). On the other hand, they can also contribute to inflammatory conditions by producing pro-inflammatory cytokines including TNF (79). Interestingly, in the DSS colitis model, macrophage-specific GPR35 deletion led to elevated inflammation which was accompanied by reduced TNF responses in macrophages as well as intestinal corticosterone production (Figure 1) (20). TNF is widely known for its pro-inflammatory effects and its clinically routine use as a target in IBD treatment strategies (80, 81). Nevertheless, it can also play an anti-inflammatory role through corticosterone production in intestinal epithelial cells which is in line with our experimental findings (82, 83). In a more recent study, Pagano et al. revealed that macrophage-expressed GPR35 promotes neoangiogenesis via VEGF production and therefore tumor growth in colitis associated and spontaneous models of colon cancer in mice (70). Since neovascularization is not only involved in cancer but also in IBD, this study potentially highlights yet another mechanism by which the GPR35 signaling in macrophages plays a role in IBD pathogenesis (84).

The physiological relevance of epithelial GPR35 in the gut has also been the focus of several studies, since GPR35 is strongly expressed in intestinal epithelial cells (20). As an example, a study from our group explored the role for GPR35 in goblet cell function at the steady state and during Citrobacter rodentium infection (85). Deficiency of GPR35 in epithelial cells leads to a decrease in goblet cell numbers and Muc2 expression due to enhanced pyroptosis of goblet cells. Pyroptosis a cell death mechanism where the active caspase-1 and caspase-11 cleave gasdermin D causing pore formation in the cell membrane (86). By inducing pyroptosis, epithelial GPR35 deficiency led to compromised epithelial barrier and therefore susceptibility to Citrobacter rodentium infection (Figure 1). On the other hand, a recent study has shown that epithelial GPR35 is crucial in sensing the enterotoxigenic Bacteroides fragilis toxin (BFT) and initiates an immune response against it (Figure 1) (87). Therefore, as opposed to the Citrobacter rodentium infection model, epithelial GPR35 deficiency led to protection from BFT-induced colitis. Together, these two studies emphasize that the role of GPR35 signaling in epithelial cells is context-dependent in bacterial infections. Lastly, Schneditz and colleagues examined the physiological relevance of epithelial GPR35 signaling in spontaneous colon cancer model in mice (Figure 1) (36). Deletion of epithelial GPR35 led to reduced proliferation and tumor burden in this model, showing that in GPR35 contributes to cell turn over in epithelial cells during tumorigenesis.



Conclusion

GPR35 is an emerging GPCR in the intestinal health field with potential implications in IBD as well as colorectal cancer. GPR35 might prove useful as an intermediate player and a messenger between the microbiota and host via metabolite-sensing. However, despite the experimental evidence pointing towards potential endogenous ligand candidates for GPR35, the biochemistry of GPR35 is not fully understood. The challenges in the context of GPR35 pharmacology include orthologue selectivity, off-target effects, and lack of knowledge on interactions that are based on direct binding. To overcome these, better pharmacological assays need to be carried out to get a broader overview of the GPR35 signaling.

In this review, we summarized the recent advances in understanding the physiological functions of GPR35 and its IBD-associated risk variant T108M particularly in intestinal macrophages and epithelial cells. However, before GPR35 can be considered as a pharmaceutical target for the treatment of intestinal diseases, more studies are needed to elucidate the mechanisms governed by GPR35 signaling.
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The prevalence of inflammatory bowel disease (IBD) is increasing worldwide and correlates with dysregulated immune response because of gut microbiota dysbiosis. Some adverse early life events influence the establishment of the gut microbiota and act as risk factors for IBD. Prenatal maternal stress (PNMS) induces gut dysbiosis and perturbs the neuroimmune network of offspring. In this study, we aimed to investigate whether PNMS increases the susceptibility of offspring to colitis in adulthood. The related index was assessed during the weaning period and adulthood. We found that PNMS impaired the intestinal epithelial cell proliferation, goblet cell and Paneth cell differentiation, and mucosal barrier function in 3-week-old offspring. PNMS induced low-grade intestinal inflammation, but no signs of microscopic inflammatory changes were observed. Although there was no pronounced difference between the PNMS and control offspring in terms of their overall measures of alpha diversity for the gut microbiota, distinct microbial community changes characterized by increases in Desulfovibrio, Streptococcus, and Enterococcus and decreases in Bifidobacterium and Blautia were induced in the 3-week-old PNMS offspring. Notably, the overgrowth of Desulfovibrio persisted from the weaning period to adulthood, consistent with the results observed using fluorescence in situ hybridization in the colon mucosa. Mechanistically, the fecal microbiota transplantation experiment showed that the gut microbiota from the PNMS group impaired the intestinal barrier function and induced low-grade inflammation. The fecal bacterial solution from the PNMS group was more potent than that from the control group in inducing inflammation and gut barrier disruption in CaCo-2 cells. After treatment with a TNF-α inhibitor (adalimumab), no statistical difference in the indicators of inflammation and intestinal barrier function was observed between the two groups. Finally, exposure to PNMS remarkably increased the values of the histopathological parameters and the inflammatory cytokine production in a mouse model of experimental colitis in adulthood. These findings suggest that PNMS can inhibit intestinal development, impair the barrier function, and cause gut dysbiosis characterized by the persistent overgrowth of Desulfovibrio in the offspring, resulting in exacerbated experimental colitis in adulthood.
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Introduction

Inflammatory bowel disease (IBD), comprising ulcerative colitis and Crohn’s disease, involves a group of chronic, recurrent, and destructive intestinal inflammatory conditions (1). The etiology and pathogenesis of IBD have not been entirely expounded yet. IBD is becoming highly prevalent worldwide, showing pronounced growth in newly industrialized countries (2) and posing a challenge to health services. Potential factors that contribute to these transitions of incidence and prevalence include the urbanization, industrialization, and westernization of society (3). Stress has become a sizeable component of modern lifestyle and greatly contributes to the increased prevalence of IBD. The importance of stress on IBD has long been recognized in the literature (4, 5). Stress triggers the flares of patients with IBD (6–11), and the underlying mechanisms include the dysregulation of the gut–brain–microbiome axis and the neuroendocrine system (12, 13).

The early life stage is a pivotal period of developmental plasticity. Recent studies have emphasized maternal influences on fetuses and indicated that early life events (such as the delivery mode, breastfeeding, and antibiotic exposure) can affect the potential risk of IBD (14–17). According to available data, initial intestinal microbial colonization appears immediately after birth (18, 19). Establishment of the intestinal microflora, which occurs in early life, known as the window of opportunity, is of paramount importance to the maturation of the immune system. One hypothesis is that the disruption of the microbiome during the crucial window can aggravate a disease later in life in a manner that influences childhood development and causes long-lasting detrimental consequences of immunopathology (20–22). Neonatal colonizers are mainly derived from maternal microbiota, such as the gut microbiota, vaginal microbiota, and breast milk (23). Perinatal factors, such as nutrition, antibiotic use, and maternal stress, alter the maternal gut microbiota during pregnancy and shape the establishment of the early microbiome in neonates (24, 25).

Growing evidence has suggested that early life adversities, including prenatal and postnatal events, can alter the gut microbiota and make it potentially prone to certain diseases (26–29). Prenatal maternal stress (PNMS) induces gut microbiota dysbiosis, perturbs the neuroimmune network, and upregulates the levels of placental inflammatory factors, and may raise susceptibility to asthma, visceral hypersensitivity, and neurological disorders in offspring through vertical transmission (30–34). In fact, some clinical studies demonstrated that maternal prenatal stress is associated with the composition of infant fecal microbiota (35, 36). Repeated restraint stress from the 14th to the 20th day of embryo development can decrease the density of distal colonic innervation and change the gut microbiota of offspring rats (37). Prenatal stress in early pregnancy leads to changes in the gut niche, transcriptome, and immune cells in the offspring. Furthermore, these changes are linked to alterations in the adult intestinal permeability and microbiota following additional stress in adulthood (38). However, whether or not PNMS increases the susceptibility to IBD in the next generation and what mechanisms are involved are unclear.

Here, we investigated the effects of PNMS on the susceptibility of offspring to colitis in adulthood. We show that PNMS impaired the intestinal development and barrier function in the offspring. We further provide evidence that PNMS can disturb the establishment of the intestinal microflora, induce the persistent overgrowth of Desulfovibrio, and engender low-grade colonic inflammation in the offspring. Interestingly, dysbiosis persisted into adulthood, where experimental colitis worsened. Our findings demonstrated that PNMS, one of the common adverse early life events, has negative effects on the intestinal development and microbiota establishment of offspring, thus raising the risk of colitis. The study is of pivotal importance to the study of the pathogenesis of IBD.



Materials and Methods


Animals and Prenatal Maternal Stress

Experiments were performed on C57BL/6 mice (provided by Peking Union Medical College). The animals were kept in specific pathogen-free conditions and allowed to acclimatize for 1 week before experimentation. They were fed with an AIN-93M rodent diet and sterile filtered water in a controlled environment under a 12-h light/12-h dark schedule. Mice were mated overnight; a positive vaginal plug was denoted as embryonic day 0 of pregnancy.

A brief description of the experimental flow is shown in Figure 1A. Pregnant dams were randomly assigned to either the control (n = 6) or the PNMS (n = 6) group and housed individually. Beginning on E10, pregnant dams assigned to the PNMS group were subjected to variable stress, and the paradigm was modified from the previous study (39). Mice randomly experienced two of the following stressors daily to prevent habituation to stress: constrained inside a 50-ml tube for 60 min, wet bedding with saturated water overnight, lights on during the dark phase, 1 h white noise generated by a speaker (2–20 kHz, 90 dB), and 60 min water avoidance stress. Mice were not subjected to the same stressor for two consecutive days. The morning on which the litter was found was considered postnatal day (PND) 0. On PND 1, litter size was standardized to four per litter. In the 21 days between birth and weaning, the mice were housed with their mother and littermates. On PND 22, one mouse from each litter was randomly selected and sacrificed. The remaining pups were weaned in the same-sex housing until the end of the assay (three or four in each cage). Offspring was weighed weekly after birth. The Ethics Committee of Tianjin Medical University (Tianjin, China) approved all the animal procedures.




Figure 1 | Prenatal maternal stress impaired the intestinal development of 3-week-old offspring. (A) Flow diagram of the experimental procedure. (B) Microscopic observation of the intestinal and colonic development of 3-week-old pups with hematoxylin and eosin (HE) staining. (C) Changes in the body weight of offspring mice from week 0 to week 8. (D) Measurement of the villus lengths in the jejunum and ileum and the crypt depths of the colon. PNMS, prenatal maternal stress; DSS, dextran sulfate sodium. Scale bar, 100 μm. Magnification, ×200. *p < 0.05, **p < 0.01. PNMS (n = 6) vs. control (n = 6).





Tissue Collection

Offspring mice 3 and 8 weeks old were euthanized. Small intestine and colon tissues were immediately removed and washed with pre-cooled phosphate-buffered saline (PBS). The small bowel was separated into three segments. For the preparation of paraffin slices, distal tissues were Swiss rolled and fixed with 4% paraformaldehyde. The sections were subsequently used in multiple staining experiments. The proximal tissues of four intestinal segments were collected and placed in a −80°C refrigerator after snap freezing in liquid nitrogen.



Histology and Immunohistochemistry

Paraffin-embedded specimens were sectioned at a thickness of 4 μm and stained with hematoxylin and eosin (HE). For the histological assessment of intestinal development, the villus height and crypt depth of each intestinal section were measured under a light microscope (DM5000 B; Leica, Wetzlar, Germany), and 100 well-oriented, intact villus/crypt of each mouse were randomly selected for evaluation.

For immunohistochemistry, tissue microarray sections were deparaffinized with xylene, rehydrated with gradient concentrations of ethanol, and soaked in 3% hydrogen solution. Then, the sample was exposed to antigen hot retrieval with citrate buffer and further incubated with a blocking serum. After blocking, the tissue slices were incubated overnight with a monoclonal anti-Ki67 (ab16667; Abcam, Cambridge, UK), anti-Muc2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), or an anti-lysozyme (ab108508; Abcam) antibody. After incubation, the sections were washed with PBS, incubated with labeled polymer–horseradish peroxidase, and counterstained with 3,3′-diaminobenzidine. The sections were observed under a Leica microscope (DM5000 B; Wetzlar, Germany). Positive cells were counted by observing 100 villi or crypts per mouse from at least five randomly selected fields in a blinded manner. The original magnification of the HE and immunohistochemical staining was ×200.



Immunofluorescent Staining

Small intestine and colon sections (4 µm thick) were deparaffinized and hydrated and then subjected to heat-induced antigen retrieval. PBS with 5% bovine serum albumin (BSA) (Solarbio, Beijing, China) was used as the blocking agent for nonspecific binding. Thereafter, the slides were incubated with an anti-immunoglobulin A (IgA) antibody (ab223410; Abcam) overnight. Then, secondary antibody conjugates, DyLight 488 anti-goat immunoglobulin G (IgG) secondary antibody (Abbkine, Wuhan, China) or anti-rabbit IgG (H&L) secondary antibody, Alexa Fluor® 488 conjugate (Invitrogen, Carlsbad, CA, USA), were added to the sections for 60 min (avoiding light). Finally, 4,6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China) marked nuclei blue. Immunofluorescence pictures were obtained under a Pannoramic MIDI II slide scanner (3DHISTECH, Budapest, Hungary) at ×200 magnification. As described previously, the average quantity of positive cells in 100 villi was recorded per mouse. For zonula occludens-1 (ZO-1) immunofluorescence staining, the cells were fixed with 4% (w/v) paraformaldehyde solution for 15 min and permeabilized with 0.2% (w/v) Triton X-100 for 10 min. Then, the cells were blocked for 1 h in 10% donkey serum and incubated with anti-ZO-1 (61-7300; Thermo Fisher Scientific, Waltham, MA, USA) overnight at 4°C. Alexa 488-conjugated donkey anti-rabbit IgG and DAPI were incubated with cells separately. Images were obtained at a magnification of ×400.



Intestinal Permeability Measurement

To assess intestinal permeability, the absorption of fluorescein isothiocyanate–dextran (FITC-D) (MW: 4,000 Da; Sigma-Aldrich, St. Louis, MO, USA) from the gut lumen into the plasma was monitored. Mice received FITC-D (6 mg/10 g body weight, 50 mg/ml) through oral gavage for 4 h prior to blood collection. The blood was drawn from the ophthalmic vein and collected with heparinized microcentrifuge tubes. Serum samples were separated through centrifugation at 2,000 rpm for 10 min. The fluorescence intensity of each sample was measured (excitation = 485 nm, emission = 530 nm). The FITC-D concentration was derived from an FITC-D standard curve produced through serial dilution in mouse plasma.



Periodic Acid–Schiff Staining

Colon sections were incubated in 1% periodic acid solution for 10 min, washed, incubated in Schiff’s reagent for 40 min, washed again, and counterstained with hematoxylin solution for 5 min. Between each step, the samples were rigorously washed with 1× PBS buffer. Positive cells were calculated by observing 100 villi or crypts per mouse from at least five randomly selected fields in a blinded manner. Images were taken with a Leica microscope (DM5000 B; Wetzlar, Germany) at ×200 magnification.



Real-Time PCR Analysis

The extraction of total RNA from the tissues was performed using an RNeasy Mini Kit (Qiagen, Carlsbad, CA, USA), and then reverse transcription was conducted with a TIANScript Reverse Transcription Kit (TIANGEN Inc. Beijing, China). Quantitative PCR analyses in real time were carried out using a StepOnePlus Real-Time PCR apparatus (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer’s directions. The PCR procedure was performed as follows: incubation (95°C, 10 min), 40 cycles of denaturation (95°C, 15 s), and annealing and extension (60°C, 1 min). Quantification of amplicons was accomplished with SYBR Green fluorescence. The oligonucleotide primer pairs included ZO-1, claudin 3, occludin, Muc2, cryptdin, regenerating islet-derived protein (Reg3γ), interleukin 1 beta (IL-1β), tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), transforming growth factor beta (TGF-β), IL-6, and IL-10, which were synthesized by GENEWIZ, Inc. (Beijing, China). The sequences are summarized in Supplementary Table S1. Relative messenger RNA (mRNA) quantification was calculated using the 2−ΔΔCT method.



Western Blotting

Total protein extracts of the colon tissues were harvested with RIPA buffer (Solarbio, Beijing, China). A bicinchoninic acid protein assay kit (Thermo Fisher Scientific) was used in evaluating the protein concentration and homogenizing proteins. Protein samples were loaded onto an SDS-PAGE system for separation and subsequently electrotransferred onto PVDF membranes (Invitrogen). After blocking with BSA, the membranes were incubated with appropriate primary antibodies against β-actin (anti-mouse) and anti-CLDN3 (anti-mouse) and then with horseradish peroxidase (HRP)-conjugated secondary antibodies (all from Cell Signaling Technology, Danvers, MA, USA). An enhanced chemiluminescence (ECL) chromogenic substrate was used in visualizing bands. Proteins were quantified using the ImageJ plot profile tool.



16S rDNA Amplicon Sequencing

Offspring stool specimens were detected at 3 and 8 weeks after birth. Bacterial DNA extraction, 16S ribosomal DNA (rDNA) amplicon sequencing, and 16S rDNA gene analysis were conducted by the Realbio Genomics Institute (Shanghai, China). The QIAamp® Fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany) was used in isolating total genomic bacterial DNA. Bacterial 16S ribosomal RNA (rRNA) genes (V3–V4 regions) were amplified using genomic DNA as the template on a thermal cycler, and specific primers were used (forward: 5′-TCGTCGGCAGCGTCAGA TGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′; reverse: 5′-GTCTCGTGGGCTCGGAG ATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′). PCR was conducted using the high-fidelity enzyme of a KAPA HiFi Hotstart PCR kit to maintain the accuracy and efficiency of amplification. After amplification, purification, and quantification of the fragments, the DNA sample was produced using the Illumina HiSeq™ 2000 platform. The chimeras and singletons were removed, and the operational taxonomic units (OTUs) were obtained at 97% sequence similarity by clustering with USEARCH (v7.0.1090) in the QIIME pipeline. A comparison of the RDP database with the Basic Local Alignment Search Tool (BLAST) program was performed for the analysis of classification. Diversity measure and rank abundance curve analyses were conducted using the abundance data in QIIME. The resulting matrix of distances was obtained through principal coordinate analysis (PCoA) between groups. Differences between and within groups were compared through analysis of similarities (ANOSIM). Abundance and diversity were estimated using the Shannon and Simpson indexes. Linear discriminant analysis (LDA) score histogram and cladogram were created through linear discriminant analysis effect size (LEfSe) analysis. Spearman’s correlations were then calculated for the differential bacterial and environmental predictors. The raw sequencing data were uploaded to NCBI (SRA accession: NCBIPRJNA728691).



Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) was performed as described previously (40). 16S rRNA-targeted oligonucleotide probes were obtained from probeBase (http://www.microbial-ecology.net/probebase/). Desulfovibrio Cy5-conjugated specific probe (ATGTTATCCATGTGTATAGGGC) was labeled with Spectrum-Red (Thermo Fisher Scientific). An FITC-conjugated EUB338 universal bacterial probe (GCTGCCTCCCGTAGGAGT), as the positive control, was labeled with Spectrum-Green (Thermo Fisher Scientific). In brief, 5-µm-thick colon paraffin sections were pretreated and hybridized with the Desulfovibrio and EUB338 probes for 5 h. Then, DAPI (Thermo Fisher Scientific) was added after incubation, and the nucleus was stained and observed under a fluorescence microscope (magnification, ×400).



Fecal Microbiota Transplantation

Fresh stool samples (600 mg) were collected from the control and 3-week-old PNMS offspring. In an anaerobic environment, fecal pellets from each group were pooled, homogenized, and suspended in 15 ml of old sterile PBS solution with 0.05% cysteine hydrochloride. After standing for 2 min, the supernatant was collected, transferred to sterile Hungate anaerobic tubes, and stored at −80°C. Eight-week-old mice were divided into two groups [fecal microbiota transplantation (FMT)-Control and FMT-PNMS groups] containing five mice each. The FMT-Control group received fecal transplantation from the control offspring, and the FMT-PNMS group received fecal transplantation from the PNMS offspring. For the ablation of commensal microbiota, the mice received an antibiotic cocktail of ampicillin (200 mg/L), metronidazole (200 mg/L), neomycin (200 mg/L), and vancomycin (200 mg/L) via drinking water as described in the literature (41). After 5 days of the mice receiving the antibiotic cocktails, a 200-µl bacterial solution was gavaged to each mouse three times a week for 4 weeks (Figure 5A).



Cell Culture and Treatment

Human colonic epithelial Caco-2 cells were cultured in Minimum Essential Medium (MEM; Gibco, Carlsbad, CA, USA) supplemented with 20% FBS (Gibco) and 1.0% non-essential amino acid. This test starved the Caco-2 cells with 0.5% serum medium for 12 h when they had grown to 70%–80% confluence. After starvation, the Caco-2 cells were incubated with fecal bacterial solution (1:200) from the control and 3-week-old PNMS offspring separately for 3 h. Then, the medium was changed to a medium with 0.5% serum and 1% penicillin–streptomycin, and the cells were harvested for experiments 12 h after co-culture with bacterial solution. For the antagonist studies, the cells were incubated with adalimumab (10 μg/ml; Abbott, Chicago, IL, USA) after the addition of fecal bacterial fluid at the end of the experiment. All the cells in each group were collected for the extraction of total protein and RNA.



Experimental Colitis Model

Eight-week-old adult mice were stochastically assigned through feeding with 2% (w/v) dextran sulfate sodium (DSS, 36–50 kDa; MP California, USA) solution or water for 5 days to build a colitis model. During the modeling process, the DSS solutions were refreshed daily. We used the disease activity index (DAI), colonic length, spleen weight, and histological change in assessing the severity of colitis. The DAI scoring system was based on weight loss, rectal bleeding, and stool consistency, as described previously (42). The entire colon (from the cecum to the anus) was removed, and the length was measured and recorded. The histological score of the degree of colitis injury was measured with an orderly categorical measurement ranging from 0 to 40 (43). Scoring was performed by multiplying three histological features, namely, extent of inflammatory cell infiltration (0–3), depth of lesions (0–3), and damage of the crypt (0–4), by the corresponding percentage of the affected region (1–4). Histopathological assessment of the colon samples was performed in a blinded manner by a pathologist.



Statistical Analysis

Statistical calculations were conducted with GraphPad Prism (version 8.0). The measurement data were described as the mean ± standard error of the mean (SEM). A t-test or the Mann–Whitney U test was used between two groups, whereas ANOVA was used among four groups. Statistical significance was set at p < 0.05.




Results


PNMS Inhibited Intestinal Development of the 3-Week-Old Offspring

The offspring from the PNMS and control groups followed a similar weight curve during the first 8 weeks of life (Figure 1C). Before weaning, the growth of the offspring is mainly supported by breastfeeding and parental care provided by mammalian mothers. Moreover, the gastrointestinal tracts of rodents mature in the third postnatal week. Therefore, the weaning period was used as a key node for the evaluation of maternal influence on the development of offspring in this study. To test whether or not PNMS affects intestinal growth, the villus length in the jejunum and ileum and the crypt depth in the colon were observed through HE staining. Morphometric quantification showed a significant decrease in the average villus length/crypt depth in PNMS mice relative to the control group (Figures 1B, D). Similar differences in the intestinal villus structure were not observed in adulthood (data not shown).

The intestinal epithelium continuously self-renews throughout the cell proliferation and differentiation cycles. Differentiated enterocytes arise from intestinal stem cells residing in the crypt region. Here, we evaluated the impact of PNMS on intestinal epithelial cell proliferation and differentiation in 3-week-old mice. The average count of Ki67-positive cells decreased in PNMS pups (Figure 2A) compared with that in the control group. Lysozyme immunohistochemical staining suggested a lower count of Paneth cells in PNMS mice (Figure 2B). As a critical component of intestinal resistance to infection by enteropathogenic bacteria, Paneth cells secrete antimicrobial peptides, such as cryptdin, defensin, and Reg3γ. Real-time PCR data showed that the mRNA expressions of cryptdin and defensin decreased in PNMS pups (Figure 2C). In addition, in comparison with the control pups, PNMS pups showed an obvious decreasing trend with regard to the number of MUC2-positive cells and periodic acid–Schiff (PAS)-positive cells, indicating cell differentiation (Figures 2D, E). Meanwhile, Muc2 gene expression in PNMS pups was lower than that in the control pups (Figure 2C). These results showed that PNMS has an adverse effect on the intestinal development of offspring.




Figure 2 | Prenatal maternal stress inhibited the proliferation and differentiation of the intestinal tract in 3-week-old offspring mice. (A) Cell proliferation in the small intestine was assessed through Ki-67 immunohistochemical staining. (B) Paneth cells in the small intestine were evaluated by lysozyme immunohistochemical staining and the quantification of positively stained cells. (C) Relative mRNA expression levels of Muc2 in the colon and defensin, cryptdin, and Reg3γ in the small intestine. (D) Immunohistochemical staining for MUC2 mucin (brown) in colon tissue section. (E) Periodic acid–Schiff (PAS) staining for goblet cells in colon tissue. Quantification of positive cells per villus as shown by the histogram. At least 100 villi were randomly selected for each sample for calculation. PNMS, prenatal maternal stress. Scale bar, 100 μm. Magnification, ×200. *p < 0.05, **p < 0.01, nsp > 0.05. PNMS (n = 6) vs. control (n = 6).





PNMS Disrupted the Gut Barrier Function of Offspring

The gut barrier is crucial to the maintenance of homeostasis in the gut mucosa. Barrier destruction underlies mucosal inflammation in IBD. Here, the intestinal barrier was evaluated at 3 weeks of age. The concentration of FITC-D in the serum was significantly attenuated in PNMS mice, indicating elevated intestinal epithelial permeability and disrupted intestinal integrity (Figure 3A). Tight junctions represent an essential feature of the first defense barrier of the intestine. To further investigate changes in the gut barrier, we evaluated the expressions of the tight junction proteins. The expression levels of ZO-1, claudin 3, occludin, and ZO-1 mRNA were reduced in PNMS mice (Figure 3B) compared with those in the control mice. Western blot results showed lower claudin 3 protein levels detected in PNMS mice (Figure 3C).




Figure 3 | Prenatal maternal stress impaired the intestinal barrier and induced colonic mucosal low-grade inflammation in 3-week-old offspring. (A) Intestinal permeability was measured through fluorescein isothiocyanate–dextran (FITC-D) assay. (B) Quantification of the relative mRNA expression levels of ZO-1, occludin, and claudin 3. (C) Western blot bands and relative quantification of claudin 3 in the colon. (D) Immunofluorescence staining of sIgA (green) and nuclear staining with DAPI (blue) were visualized via a fluorescent microscope. (E) Number of sIgA-positive cells per intestinal villus. (F) mRNA levels of the inflammatory cytokines in the colon. PNMS, prenatal maternal stress; sIgA, secretory immunoglobulin (A) Scale bar, 100 μm. Magnification, ×200. *p < 0.05, **p < 0.01, nsp > 0.05. PNMS (n = 6) vs. control (n = 6).



Intestinal secretory immunoglobulin A (sIgA) is a main component of the defense line, preventing pathogenic mucosal adhesion and colonization. We measured the expression of intestinal IgA in the small intestine at the IgA enrichment intestinal tract in 3-week-old pups. Immunofluorescence staining demonstrated that the number of sIgA-positive cells (emphasized by a white arrow in the figure) decreased in the lamina propria of the offspring exposed to PNMS (Figures 3D, E). Collectively, PNMS can impair not only the mechanical barrier but also the chemical and immune barriers.



PNMS Induced Low-Grade Intestinal Inflammation in 3-Week-Old Offspring

No microscopic inflammation was observed in the HE-stained sections of the intestinal tissues of 3-week-old pups. Then, we examined the relative expressions of colonic pro-inflammatory cytokines through real-time PCR. The data showed that the mRNA expression levels of IL-1β, IFN-γ, and TNF-α were upregulated in PNMS mice, whereas that of TGF-β did not reach statistical difference (Figure 3F). These observations indicated that PNMS in early life induces low-grade inflammation in offspring.



PNMS Induced Overgrowth of Desulfovibrio in 3-Week-Old Offspring

To determine whether or not exposure to PNMS results in alterations of the composition of the microbiota, we collected the feces of 3-week-old pups for 16S rDNA sequencing. The overlap and difference of OTUs in the fecal microbiota between the two groups were displayed in a Venn diagram (Figure 4A). A total of 391 OTUs were obtained from PNMS mice, and 422 OTUs were obtained from control mice, sharing 370 OTUs.




Figure 4 | Prenatal maternal stress induced dysbiosis of the gut microbiota in 3-week-old offspring. (A) Venn diagram of the operational taxonomic units (OTUs). (B) Microbial composition at the level of bacterial phylum. (C, D) Cladogram and the linear discriminant analysis (LDA) scores showed significant bacterial differences between the two groups by linear discriminant analysis effect size (LEfSe). (E) Fluorescence in situ hybridization (FISH) detection of Desulfovibrio in colon tissues of the control and PNMS offspring using a fluorescein isothiocyanate (FITC)-conjugated universal bacterial 16S rDNA-directed oligonucleotide probe (EUB338, green) and Cy5-conjugated Desulfovibrio specific probe (red). PNMS, prenatal maternal stress. Scale bar, 50 μm. Magnification, ×400. Control-3w (n = 15) vs. PNMS-3w (n = 15).



Next, we characterized the bacterial communities to compare the community structure and diversity at different levels. Bacterial composition was assessed at different taxonomic levels (Figure 4B and Supplementary Figures S1A, B). The relative abundance of the bacterial phyla between the two groups was similar, and no statistical difference was found (Figure 4B). The composition of the gut microbiota at the level of bacterial phylum in each specimen is shown in Supplementary Figure S1C. No significant difference in the alpha diversity was observed (Supplementary Figure S1D). Bacteria with significant differential abundance between the control and PNMS groups were detected (Figures 4C, D and Supplementary Figures S1E, F). Notably, Desulfovibrionales, Desulfovibrionaceae, and Desulfovibrio, which are pro-inflammatory bacteria, increased in the PNMS group. In addition, other potential Gram-positive coccus pathogens, such as Streptococcus and Enterococcus, increased in the PNMS group. In contrast, Bifidobacteriales, Bifidobacteriaceae, and Bifidobacterium, which are growth-promoting and anti-inflammatory probiotics, dramatically decreased in the PNMS group. In parallel, short-chain fatty acid (SCFA)-producing bacteria, such as Blautia and Robinsoniella, showed significantly reduced abundance in mice exposed to PNMS. Two-color FISH further showed that Desulfovibrio was enriched in the colon of PNMS (Figure 4E). In-depth analysis revealed a correlation between intestinal microbiota and inflammation. Some specific genera of bacteria (especially Desulfovibrio) were positively correlated with intestinal inflammatory factors (Figure 8B).

In summary, these findings indicated that exposure to PNMS alters the composition of the intestinal microbiota and, thus, influences the establishment and development of commensal microflora in early life.



Gut Microbiota From the PNMS Group Impaired Intestinal Barrier Function and Induced Low-Grade Inflammation

Through the FMT experiment, we found that the gut microbiota from the PNMS group impaired the intestinal barrier function and induced low-grade inflammation. The fecal bacterial solution from the PNMS offspring significantly reduced the protein expression of claudin 3 and the relative mRNA levels of claudin 3, occludin, and Muc2 in the colon tissues more potently than did the fecal bacterial solution from the control offspring (Figures 5B, C). Furthermore, a subsequent increase in the expressions of the inflammatory factors IL-1β, TNF-α, and IL-6 was observed in the colon of FMT-PNMS mice (Figure 5D). These results suggested that the gut microbiota plays important roles in PNMS activities that affect the intestinal health of offspring. In this in vitro assay, the fecal bacterial solution was added to the Caco-2 culture. The results showed that the fecal bacterial solution from the PNMS group was more potent than that from the control group in inducing inflammatory cytokine expression and gut barrier disruption in Caco-2 cells (Figures 5E–I). The relative mRNA levels of TNF-α and IL-1β were upregulated, and the relative mRNA and protein levels of claudin 3 were downregulated (Figures 5E–H). The fluorescence intensity of ZO-1 in the PNMS group was lower than that in the control group (Figure 5I). We then determined whether or not adalimumab can reverse this interaction. The results showed that adalimumab can partially rescue the inflammatory and barrier disruption phenotype (Figures 5E–I). No statistical difference in the relative mRNA levels of TNF-α and IL-1β and the relative mRNA and protein levels of claudin 3 was found between the two groups of adalimumab.




Figure 5 | Fecal microbiota from PNMS offspring impaired the gut barrier function and induced low-grade inflammation. (A) Experimental workflow. (B) Detection of claudin 3 protein by Western blotting. (C) Quantification of the relative mRNA expression levels of claudin 3, occludin, and Muc2. (D) mRNA levels of the inflammatory cytokines in the colon. (E–I) Treatment of Caco-2 cells with the fecal bacterial solution from the control and 3-week-old PNMS offspring mice alone or in combination with adalimumab. (E, F) Expressions of TNF-α and IL-1β assessed by quantitative PCR (qPCR). (G, H) Expression of claudin 3 assessed by Western blot and qPCR. (I) Fluorescence images for ZO-1. FMT, fecal microbiota transplantation; PNMS, prenatal maternal stress; Ada, adalimumab. Scale bar, 50 μm. Magnification, ×400. *p < 0.05, **p < 0.01, ***p < 0.001. FMT-control (n = 5) vs. FMT-PNMS (n = 5). ns, P < 0.05.





Overgrowth of Desulfovibrio Induced by PNMS Continued in 8-Week-Old Offspring

To describe the long-term effects of PNMS on the gut microbiota, high-throughput sequencing was performed on the feces of 8-week-old offspring. The results showed that gut dysbiosis characterized by overgrowth of Desulfovibrio induced by PNMS continued in the 8-week-old offspring. The Venn diagram showed 370 OTU types in common, 52 OTU types that were exclusive to the control group, and 21 OTU types that were exclusive to the PNMS group (Figure 6A). The relative abundance of the bacterial phyla across the two groups showed no statistical difference (Figure 6B). Desulfovibrionales, Desulfovibrionaceae, and Desulfovibrio, which are associated with inflammation, persisted from 3 to 8 weeks and may play a key role in the susceptibility to colitis in adulthood (Figures 6C, D). PCoA at 3 and 8 weeks of age showed that the two groups of mice on a free diet after weaning tended to separate on the microbiota of the offspring (Figure 6E). Weighted Unifrac ANOSIM revealed that the differences among the four groups were significant (Figure 6F). In addition, the abundance of the pro-inflammatory genus Prevotalla increased in PNMS mice compared with that in the control mice at 8 weeks of age.




Figure 6 | Prenatal maternal stress has a long-term impact on the gut microbiota in the offspring. (A) Venn diagram of the operational taxonomic units (OTUs). (B) Gut microbiota composition at the phylum level. (C, D) Linear discriminant analysis (LDA) scores and the cladogram showed significant bacterial differences between the two groups by linear discriminant analysis effect size (LEfSe). (E, F) The gut microbiota of the 3- and 8-week-old offspring were put together for weighted Unifrac principal coordinate analysis (PCoA) and weighted Unifrac analysis of similarities (ANOSIM). PNMS, prenatal maternal stress. Control-3w (n = 15) vs. PNMS-3w (n = 15) vs. Control-8w (n = 8) vs. PNMS-8w (n = 8).





PNMS Aggravated the Severity of Experimental Colitis in Adult Mice

The establishment of the gut microflora in early life and intestinal mucosal chronic inflammation have far-reaching impacts on intestinal health. In our study, we determined whether or not PNMS in early life increases the susceptibility to colitis in adult mice. Eight-week-old offspring were randomized to one cycle (5 days) of DSS treatment (2% in drinking water) or water treatment. The body weight and defecation of the offspring were recorded daily during the modeling process. Compared with the DAI scores in the normal control, the DAI scores in PNMS mice were significantly higher on the third, fourth, and the fifth day following modeling (Figure 7A). In mice without DSS treatment, no difference in the serum concentration of the marker FITC-D was found regardless of PNMS exposure (Figure 7G). Interestingly, in the colitis model groups, the mice exposed to PNMS showed higher FITC-D concentrations than did the control mice, suggesting higher intestinal permeability and more severe intestinal barrier destruction. The spleen/body weight ratio and the colon length of the PNMS and control mice were measured as indicators of immune/inflammation response. The colon lengths of the colitis model mice in both groups were shorter than those of the non-model mice (Figures 7B, C). Moreover, the colon lengths of the model mice exposed to PNMS were significantly shorter than those of the mice that were not, and the difference was statistically significant (Figures 7B, C). In addition, the spleen/body weight ratio showed changes similar to the colon length. In the colitis model groups, PNMS mice had a higher spleen weight-to-body weight ratio than did the control mice, suggesting higher levels of systemic inflammation (Figure 7F). Moreover, the histological sections of the colon in the PNMS group showed marked neutrophil and lymphocyte infiltration, crypt damage, and injury of the epithelial structures and had higher histopathological scores (Figures 7D, E). Subsequently, we detected the relative expression levels of the pro-inflammatory cytokines in the colitis model mice. Higher mRNA expression levels of IL-1β, IL-6, and TNF-α were observed in mice with PNMS (Figure 7H), whereas no statistical difference was found in the expression of IL-10. As expected, the highest proportion of positive Desulfovibrio probe was found in the colitis model mice exposed to PNMS (Figure 8A). Notably, a positive correlation was observed between the abundance of Desulfovibrio and the indicators associated with DSS-induced colitis (Figure 8C). In general, these findings suggested that PNMS can exacerbate the risk of colitis in adult offspring mice.




Figure 7 | Prenatal maternal stress aggravated the severity of experimental colitis in adult mice. (A) Disease activity index (DAI) scores during the process. (B) Colon appearance after treatment. (C) Colon lengths. (D) Histopathological changes of the colon section detected by hematoxylin and eosin (HE) staining. (E) Histological scores of colonic inflammation. (F) Ratio of spleen weight to body weight. (G) Fluorescein isothiocyanate–dextran (FITC-D) intestinal permeability assay. (H) Relative mRNA expressions of the inflammation factors in the colon. PNMS, prenatal maternal stress; DSS, dextran sulfate sodium. Scale bar, 100 μm. Magnification, ×200. *p < 0.05, **p < 0.01, ***p < 0.001. Control+Water (n = 8), PNMS+Water (n = 8), Control+DSS (n = 10), PNMS+DSS (n = 10). ns, P < 0.05.






Figure 8 | The relative abundance of Desulfovibrio increased in PNMS offspring mice and was associated with intestinal inflammation. (A) Fluorescence in situ hybridization (FISH) detection of Desulfovibrio in colon tissues in 8-week-old colitis model offspring. A fluorescein isothiocyanate (FITC)-conjugated universal bacterial 16S rDNA-directed oligonucleotide probe (EUB338, green) and a Cy5-conjugated Desulfovibrio specific probe (red) were applied. (B, C) Heatmap of Spearman’s correlations between the differential bacteria and markers of intestinal inflammation in 3- and 8-week-old offspring. DSS, dextran sulfate sodium; PNMS, prenatal maternal stress. Scale bar, 50 μm. Magnification, ×400. +p < 0.05, *p < 0.01 (Spearman’s test).






Discussion

IBD incidence has been growing at an alarming rate. IBD is increasingly recognized as a serious public health concern worldwide. However, the pathogenesis of IBD is not thoroughly elucidated. Environmental factors, especially early life adversities, have profound and lifelong influences on gut health and contribute to the development of IBD. PNMS can induce far-reaching alterations in the composition of the gut microbiota and correlates with major physiological system outcomes (37, 44). To date, the role of PNMS in IBD susceptibility remains unclear. Our research focused on the influence of PNMS on intestinal growth and development, gut microbiota, gut barrier, and intestinal inflammation in offspring. We found that exposure to PNMS can impair normal intestinal development, disrupt the intestinal barrier function, induce microbiota dysbiosis characterized by persistent overgrowth of Desulfovibrio, and exacerbate experimental colitis of offspring in adulthood (Figure 9). These findings might refine the understanding of the potential relationship between early life stress and IBD.




Figure 9 | Schematic overview of how prenatal maternal stress increases the susceptibility to colitis in adult offspring. Prenatal maternal stress can impair the intestinal development, disturb the mucosal barrier function, induce low-grade inflammation, alter the composition of the microbiota in offspring, and increase the susceptibility to colitis in adulthood.



Maternal stress is considered one of the important factors in the pathogeny of offspring stress dysregulation and is a prevalent symptom of neuropsychiatric diseases (45–47). Stress is closely related to IBD. The gut and brain possess a bidirectional communication via the microbiota–gut–brain axis, involving neural, endocrine, and inflammatory mechanisms. Stress exerts negative effects on the intestine structure, permeability, gut microbiota, and the mucosal immune system (12, 48). In the present study, we found a “heritable” stress-induced intestinal barrier damage phenotype characterized by an increased intestinal permeability and a decreased intestinal mucin production in the early stage of the next generation. The vertical transmission of the gut bacteria and the subsequent establishment of the microbiota in neonates overlap with the pivotal period of neurodevelopment and the establishment of intestinal immunity (49, 50). Therefore, an altered intestinal flora colonization caused by maternal stress may ultimately have negative downstream effects on the growth and development of the intestinal tract and the immunologic function in neonates. This imprinting may persist and mediate excessive immune activation and raise susceptibility to inflammatory diseases in adulthood. Jašarević et al. conducted RNA sequencing analyses of fetal intestines on day 18.5 of pregnancy between early prenatal stress (EPS)-exposed and control fetuses. EPS-induced alterations in the expressions of transcripts are related to normal gastrointestinal development, energy balance, and immune function in male fetuses (38). Our study found that PNMS has adverse effects on the gut development of mice in the early stage, but the difference was not observed in the adult stage. In addition, EPS caused progeny phenotypes with reduced weight gain, increased acute stress-induced corticosterone levels, and altered hypothalamic gene expression in male offspring. However, no obvious sexual differences with regard to weight changes and stress phenotype were observed in the pups exposed to mid-to-late maternal stress. The different results may be related to periods of the stress paradigm.

In terms of mucosal immunity, we observed that the sIgA production of PNMS pups significantly declined. These results supported evidence from clinical observations of a recent study that used a Canadian infant cohort and investigated the fecal sIgA concentrations of 1,043 infants and the maternal depression and stress symptom trajectories of their mothers. The data showed that infants born to mothers with antepartum depressive symptoms had lower levels of sIgA in their feces (51). Increases in corticosteroids induced by repeated restraint stress can reduce the sIgA secretion into the gut lumen (52). Glucocorticoids can be transferred to fetuses during pregnancy via the placenta, especially under stress (33), and this process may explain the lower intestinal IgA concentrations in the pups. The reduction of sIgA in an infant can negatively affect immune maturation and the crosstalk between microbes and sIgA (53), resulting in an upgrowth in the risks of Clostridiodes difficile colonization (54) and allergic conditions (55).

The early life stage represents a critical window of growth and development. The assembly of gut microbial communities during early life contributes to immune, endocrine, and other major developmental pathways (56). Many studies found that PNMS can alter the gut microflora in the next generations of human and animal models (36, 37, 44, 57). A cohort study of 56 Dutch healthy infants born vaginally showed that the infants of mothers with high cumulative stress (i.e., high reported stress and high cortisol concentrations) during pregnancy had significantly higher relative abundance rates of Proteobacteria groups known to contain pathogens (related to Escherichia, Serratia, and Enterobacter) and lower relative abundance rates of lactic acid bacteria (i.e., Lactobacillus, Lactococcus, and Aerococcus) and Bifidobacterium. Altogether, these characteristics indicate increased levels of inflammation (11, 36). Repeated restraint stress from embryonic day 14 to day 20 significantly reduced the abundance of Lactobacillus and increased the abundance of the Oscillibacter, Anaerotruncus, and Peptococcus genera in prenatal stress animals (37). Furthermore, maternal stress can alter the proteins related to vaginal immunity and the abundance of Lactobacillus, the prominent taxon in the maternal vagina. Loss of maternal vaginal Lactobacillus results in the decreased transmission of this bacterium to the offspring (44).

The period before weaning acts as a unique window of opportunity because pathological consequences appear later in life once the normal development of the immune system is perturbed (58, 59). Our study examined the intestinal microbiota of the offspring at 3 weeks of weaning and 8 weeks of adulthood. The results showed that PNMS induced a long-term gut microbiota dysbiosis characterized by the excessive growth of Desulfovibrio. Notably, Desulfovibrionales, Desulfovibrionaceae, and Desulfovibrio increased in 3- and 8-week-old PNMS mice. Desulfovibrio, one of the sulfate-reducing bacteria (SRB), may colonize the intestinal mucosa easily because of its ability to degrade the sulfated mucin of the mucus layer (60). SRB, which can metabolize genotoxic hydrogen sulfide (H2S), induces colitis in animal models and increases in abundance in patients with IBD (61, 62). A recent study has suggested that an increased intestinal permeability, inflammatory factors, and the intestinal H2S during weaning are responsible for the long-term pathological imprinting induced by excess calorie intake in early life and gut dysbiosis, leading to an increased risk of colitis in adulthood. The results of the verification experiment revealed that pathological imprinting can be prevented by the neutralization of IFN-γ and TNF-α, the production of hydrogen sulfide, or the normalization of intestinal permeability during weaning (17). In the present study, other pro-inflammatory bacteria, such as Streptococcus and Enterococcus, increased in 3-week-old PNMS offspring. However, Bifidobacteriales, Bifidobacteriaceae, and Bifidobacterium dramatically decreased in the 3-week-old pups with PNMS. Bifidobacteria are reliable indicators of a healthy microbiota in infants (63). Bifidobacteria in the infant gut can be directly acquired from the mother through vertical transmission (64). As a representative of the pioneer infant microbiome in the gut tract, Bifidobacterium species have a pivotal role in maintaining gut and immunity homeostasis, promoting intestinal development, and inhibiting the growth of pathogens (65, 66). In parallel, SCFA-producing bacteria, such as Blautia and Robinsoniella, showed significantly reduced abundance in 3-week-old offspring exposed to PNMS. SCFAs from the microbiome play a critical role in the crosstalk of the microbiota–gut–brain axis (67). The disruption of the brain–gut axis involves changes in neurotransmitters and is perhaps related to intestinal permeability, movement, and sensitivity. To clarify the role of the gut microbiota, we carried out FMT experiments. Interestingly, the feces of PNMS offspring induced low-grade intestinal inflammation and damaged the intestinal barrier function in the in vivo and in vitro experiments. Moreover, this phenotype can be partially reversed by the TNF-α inhibitor adalimumab. After treatment with adalimumab, no statistical difference in the indicators of inflammation and intestinal barrier function was observed between the two groups. This result suggested that blocking the inflammatory cytokines with neutralizing antibodies abolishes the effect of PNMS. We also found that the gut microbiota of the two groups of mice separated from their mothers during weaning did not tend to remain similar after receiving the same diet for 5 weeks. The intestinal microbiota dysbiosis induced by PNMS continued in the 8-week-old offspring, suggesting that the effect of PNMS on the progeny gut microbiota is persistent, profound, and tremendous. An increasing trend of Desulfovibrio and Prevotella was observed in 8-week-old adult mice. This trend was associated with chronic inflammatory disease. The pro-inflammatory intestinal microenvironment may persist and cause an indelible immunopathological imprint. Notably, the correlation analysis results showed that the relative abundance of Desulfovibrio was highly correlated with the level of inflammation in offspring mice, suggesting that the overgrowth of Desulfovibrio in early life is probably responsible for the development of inflammatory diseases later on. Overall, our data suggested that PNMS can induce low-grade intestinal inflammation and gut dysbiosis, is characterized by the increase of pro-inflammatory bacteria, especially Desulfovibrio, and the decrease of beneficial bacteria, and may produce long-term pathological imprint on the immune system and ultimately increase the susceptibility to colitis in adult offspring. The administration of antibiotics targeting Desulfovibrio or neutralizing antibodies in early life may provide a new perspective for the prevention of immune-inflammatory diseases.

Our study revealed that PNMS-exposed offspring were more prone to develop experimental colitis. The results have important implications for understanding how early life adversity influences intestinal health. However, potential limitations are present. This exploratory study did not involve experiments in which some perturbations were used to rescue the phenotypes. Future experiments can further define the precise mechanisms. Although no changes in intestinal permeability were detected in the two groups of mice in adulthood before the modeling, they showed disparities after colitis modeling. This result suggested that the gut microbiota is involved in this process. Our exploration of this hypothesis is in progress.

Overall, this study is the first to reveal that PNMS can impair gut development, disturb mucosal barrier function, and induce low-grade inflammation and overgrowth of Desulfovibrio in offspring, which contribute to the increased risk of IBD in adulthood. These results reveal a novel perspective on the long-term adverse impacts of maternal stress. Taken together, emotion-focused stress management strategies for mothers should be emphasized to prevent potential risk of IBD.
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HIV infection is associated with a wide range of changes in microbial communities and immune cell components of the oral cavity. The purpose of this study was to evaluate the oral microbiome in relationship to oral neutrophils in HIV-infected compared to healthy individuals. We evaluated oral washes and saliva samples from HIV-infected individuals (n=52) and healthy controls (n=43). Using 16S-rRNA gene sequencing, we found differential β-diversity using Principal Coordinate Analysis (PCoA) with Bray-Curtis distances. The α-diversity analysis by Faith’s, Shannon, and observed OTUs indexes indicated that the saliva samples from HIV-infected individuals harbored significantly richer bacterial communities compared to the saliva samples from healthy individuals. Notably, we observed that five species of Spirochaeta including Spirochaetaceae, Spirochaeta, Treponema, Treponema amylovorum, and Treponema azotonutricum were significantly abundant. In contrast, Helicobacter species were significantly reduced in the saliva of HIV-infected individuals. Moreover, we found a significant reduction in the frequency of oral neutrophils in the oral cavity of HIV-infected individuals, which was positively related to their CD4+ T cell count. In particular, we noted a significant decline in CD44 expressing neutrophils and the intensity of CD44 expression on oral neutrophils of HIV-infected individuals. This observation was supported by the elevation of soluble CD44 in the saliva of HIV-infected individuals. Overall, the core oral microbiome was distinguishable between HIV-infected individuals on antiretroviral therapy compared to the HIV-negative group. The observed reduction in oral neutrophils might likely be related to the low surface expression of CD44, resulting in a higher bacterial diversity and richness in HIV-infected individuals.
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Introduction

The oral cavity is a unique environment that comprises immune cells, soluble immune mediators, microbial communities, food antigens/foreign materials, soft and hard tissues (1, 2). Although most of the research has been focused on bacterial communities, the oral cavity harbors a large collection of viruses, fungi, and bacteriophages (3). Saliva flow, soluble salivary components such as antimicrobial peptides (4), immune cells, and mucosal epithelial cells in cross-talk with oral microbiome work together to sustain an immune homeostatic state under normal physiological conditions (5, 6). For example, SLPI (salivary secretory leukocyte protease inhibitor), defensins, sIgA, lactoferrin, and lysosome in the saliva play a protective role against viral infections (e.g. HIV) (7). However, upon the acquisition of HIV infection and disease progression due to the elimination/reduction of HIV-target cells (CD4+ and Th17 cells) (7–9), patients become prone to opportunistic infections such as candidiasis and other oral manifestations (e.g. Kaposi’s sarcoma) (10, 11). Notably, elimination of Th17 cells and reduction in IL-17 result in decreased recruitment of innate immune cells especially neutrophils into the oral cavity (12). Besides, HIV-infected individuals with lower CD4+ T cell count even when on antiretroviral therapy (ART) exhibit decreased neutrophil frequency in their blood circulation (13).

Neutrophils are the most abundant leukocytes in the blood circulation and also in the oral cavity (14). The interaction of neutrophils with symbiotic microbial communities plays a crucial role in immune homeostasis at the mucosal surfaces such as the oral cavity (15). However, dysbiotic microbiota at the mucosal surfaces (e.g. gingival crevice) activate neutrophils which results in an exacerbated inflammatory response (16). The oral cavity is an important peripheral microenvironment for neutrophils given its richness with bacterial communities (17). Additionally, bacterial communities can directly or indirectly (e.g. activation of macrophage, dendritic cells, and lymphocytes) influence neutrophil recruitment and activation in oral tissues (15, 18). For example, germ-free mice have decreased neutrophils and their progenitors in the oral cavity compared to wild-type mice (19). It has also been reported that bacterial communities enhance neutrophils aging (20). As such, aged neutrophils exhibit an inflammatory phenotype by increased production of reactive oxygen species (ROS) (21). Moreover, chronic conditions can influence microbial communities at the mucosal surfaces including the oral cavity. For example, diabetes can modify the oral microbiome to exacerbate periodontal disease (22).On the other hand, the dysbiotic oral microbiome has been reported to be associated with colorectal and pancreatic cancers (23–25). Nevertheless, the impact of HIV infection on the oral microbiome is controversial. Some studies support microbiome modifications, and some do not. These discrepancies could be related to various factors such as the study design, detection methods, and sampling (e.g., saliva, oral wash, or subgingival). For example, it was reported that HIV infection modulates oral fungi population and cigarette smoking in HIV-infected individuals was associated with greater microbial diversity (26). It appears that HIV infection shifts oral microbial communities towards a dysbiotic state (27). In particular, higher levels of cultivable microbes were isolated from the saliva of HIV-infected individuals compared to the HIV-uninfected group (28, 29). Other clinical variables are associated with alterations in the composition of oral microbial communities in HIV-infected individuals on ART (29). Although the potential influence of ART on the oral microbiome is debatable, it is reported that ART partially reverses HIV-induced oral microbiota alteration (29). ART treatment appeared to be associated with significantly greater bacterial richness and diversity (30). These studies demonstrate that HIV infection and/or ART adds another layer of complexity to the tight interplay between the immune system and microbial communities in the oral cavity. However, the impact of HIV infection and/or microbial communities on oral neutrophils and vice versa have remained unexplored.

Neutrophils are crucial players in immune homeostasis in the oral cavity (31). However, in inflammatory conditions such as periodontitis, the accumulation of activated neutrophils can result in tissue damage and bone loss (32). The activation of circulatory neutrophils results in cellular polarization, which facilitates tissue extravasation (33). CD44, a type I transmembrane glycoprotein, is one of the extracellular adhesion molecules that impacts neutrophil rolling and tissue migration (34). As such, lack of CD44 was associated with decreased neutrophil migration to inflamed tissue in CD44 KO mice (35). Besides, the interaction of CD44 with hyaluronate enhances neutrophil phagocytosis in vitro (36). Recently, we reported that CD44 interacts with Galectin-9 (Gal-9) on blood neutrophils (37). Gal-9 as a beta-galactosidase binding protein has a wide range of immunomodulatory properties depending on interaction with its corresponding receptors (38). We found that CD44 depalmitoylate during neutrophil activation and facilitates the movement of CD44 out of the lipid raft, and subsequently Gal-9 shedding from neutrophils in HIV-infected individuals (37). This process results in increased soluble plasma Gal-9 in HIV-infected individuals which subsequently enhances T cell activation via interaction with CD44 on T cells (37). Therefore, Gal-9 shedding from neutrophils might explain a potential source for the elevated plasma Gal-9 in HIV-infected individuals (39).

In the present study, we show that HIV-infected individuals have a different and richer bacterial composition in their saliva than healthy controls. Besides, we observed a significant reduction in the proportion of oral neutrophils in HIV-infected individuals, in particular, in those with lower CD4+ T cell count. Additionally, we observed downregulation of CD44 surface expression on oral neutrophils in HIV-infected individuals, which potentially explains their decreased frequency in the oral cavity of HIV infected-individuals.



Materials and Methods


Study Population

For this study, we recruited sixty-one HIV-infected individuals including: a) on ART with low CD4+ T cell count (< 200 cells/mm3, n=11); b) on ART with high CD4+ count (>200 cells/mm3, n=40); c) Long-term non-progressors (40) (LTNPs, n=9) and d) ART-native, n=2) through the Northern Alberta HIV Program in Edmonton, Canada (Supplementary Tables 1, 2). All the work presented in this manuscript was conducted on HIV-infected individuals receiving ART except Figures 2C, D, which compares the frequency of neutrophils in different HIV-infected groups. Also, a total of 43 healthy controls (HCs) defined as HIV, Hepatitis B virus, and Hepatitis C virus seronegative individuals without active oral disease were recruited at the University of Alberta for comparison. The institutional ethics review boards at the University of Alberta approved the study with the protocols (Pro00070528 and Pro000064046). All study participants gave written informed consent to participate in the study.



Sample Collection

Participants avoided eating or drinking for at least 30 minutes before the sample collection. Saliva samples were obtained followed by oral washes from the study participants. Saliva samples were aliquoted and stored at -80°C until use.

Oral wash was performed 5 times using 15 ml of phosphate-buffered saline solution (PBS) for 30 seconds with 3 minutes’ intermission between rinses. Samples were centrifuged at 2000 rpm for 10 min, supernatants were discarded, and cell pellets were resuspended in culture media (RPMI-1640) supplemented with 10% fetal bovine serum (FBS) (Sigma) and 1% penicillin-streptomycin (Sigma). Cell suspensions were filtered through 100, 70, and 50 μm sterile strainers (Fischer Scientific), centrifuged and resuspended in culture media for further analysis. Blood samples of 16 HCs and 15 HIV-infected individuals on ART were subjected to gradient separation using Ficoll-Paque Premium (GE). The peripheral blood mononuclear cell (PBMC) fraction was removed, and the remaining red blood cell pellet was lysed using red blood cell lysis buffer for 10 minutes (0.155M NH4Cl, 10mM KHCO3, and 0.1mM EDTA) to isolate polymorphonuclear cells according to our previous methods (37, 41).



Flow Cytometry Analysis

Fluorophore antibodies with specificity to antigens of human cells were purchased from BD Biosciences, Thermo Fisher Scientific, and/or R&D. We used anti-CD15 (clone W6D3, Cat#555402), anti-Gal-9 (clone 9M1-3, Cat#50-9116-42), anti-CD44 (clone 515, Cat#562890), anti-CD16 (clone 3G8, Cat#557744) and anti-CD32 (clone FLI8.26, Cat#744259). Cell viability was evaluated by LIVE/DEAD Kit (ThermoFisher Scientific Cat#L34966). Apoptosis assay was performed using the PE Annexin V Apoptosis Detection Kit I (BD Biosciences Cat#55963) according to the manufacturer’s protocol. Stained cells were fixed in 4% paraformaldehyde before acquiring on an LSRFortessa-SORP or LSRFortessa X-20 flow cytometers (BD Biosciences), and data were analyzed using the FlowJo (version 10).



Cytokine, CD44, and Gal-9 Measurement

The liquid fraction of the saliva was 2-fold diluted for cytokine quantification. We specifically measured TNF-α, IL-8, IL-6, IL-10, IL-13, IL-1B, IFN-γ using V-plex Plus pro-inflammatory kit from Meso Scale Discovery (MSD Cat#K15054D-1), according to the manufacturer’s instruction and our previous reports (41, 42). Similarly, CD44 (R&D Systems; DY7045-05) and Gal-9 (R&D; DY 2045) concentrations were quantified by ELISA.



Neutrophil Migration Assay

Chemotaxis was evaluated by the Cell Invasion Assay (Millipore Sigma, Cat. ECM 555). Blood neutrophils (n=10) and oral neutrophils (n=6) from HCs (n=10) were isolated and 0.5 million cells were used per well. Cells were pre-incubated in a 96 well plate with the anti-CD44 antibody (TermoFisher, Cat. 16-0441-85) at 37°C, for 30 min. Then cells were transported to the upper chamber of the migration assay and incubated in the presence or absence of soluble Galectin-9 (1.5 ng/ml) for 3 hours at 37°C. N-Formylmethionyl-leucyl-phenylalanine fMLP (50 μm, Sigma Aldrich, Cat. F3506-10MG) was used as a chemoattractant in the lower chamber. Culture media was used as the negative control. The migrated cells were lyzed and quantified by measuring the relative fluorescence units per manufacturing protocol using the plate reader a5 480/520 nm.



Bacterial DNA Isolation

Saliva aliquots from sex and age paired participants were centrifuged and pellets were used for DNA isolation using the QIAamp DNA Mini Kit (Cat# 51304). Pellets were mixed with 20 μl of Proteinase K and 200 μl of in-house lysis buffer (100 mL of 0.5 M sodium chloride, 0.005 M tris aminomethane-pH8, 0.05M ethylenediaminetetraacetic acid with pH 8, and 4% sodium dodecyl sulfate), briefly vortexed, and incubated at 56°C water bath for 60 min, followed by 15 min incubation at 70°C. Then 200 μl of buffer AL (from the kit) was added for a final 10-minute incubation at 70°C, accompanied by DNA column extraction according to the manufacturer’s instructions.



16SrRNA Illumina MiSeq Sequencing

V3-V4 variable regions of 16S rRNA were amplified from genomic DNA samples. Amplicons were generated using the following primers: Forward Primer = 5’ CGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and Reverse Primer = 5’ TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTAC HVGGGTATCTAATCC (IDT). Thus, generated PCR products were indexed using Illumina’s Nextera XT kit. Sequencing was performed on Illumina’s MiSeq platform using a 250-bp paired-end sequencing kit at The Applied Genomic Core (TAGC), University of Alberta.

Sequencing data were demultiplexed and binned into individual samples according to their barcodes and further bioinformatic analysis was performed using the QIIME2 pipeline (2021.4). The first step of this analysis was to join the paired-end reads (1 and 2) with a minimum of 100 bp overlap and 0 mismatches. Reads were then quality filtered by removing sequences having more than 10 sites with a Phred quality score less than 20. Next, reads were denoised into amplicon sequence variants (ASVs) using the DADA method. Taxonomy classification at the phylum, family, and genus levels was done by comparing ASVs to the Green genes bacterial reference database (v. 13.5). Diversity indices (Evenness, Observed OTUs, Shannon’s diversity, and Faith’s phylogenetic index) and distances between samples (Bray-Curtis, weighted- and unweighted-Unifrac) were all calculated in QIIME2 to profile oral microbiota. Before taxonomy classification and generating alpha and beta diversity metrics, data were rarefied across samples for normalization such that all samples have the same number of total reads.



Statistical Analysis

This was performed in GraphPad Prism 9 (GraphPad Software, Inc.). D’Agostino & Pearson test was used for normality check, being samples non-parametrical Mann-Whitney U tests for unpaired data or Wilcoxon signed-rank tests for paired data were used. When comparing more than two groups, the Kruskal Wallis test was used. Means and standard deviations (mean ± SD) are used to present the data. Correlation analysis was performed by nonparametric Spearman correlation.




Results


Differential Bacterial Communities in the Oral Cavity of HIV-Infected Individuals Compared to HCs

We first compared the two groups in terms of β-diversity using Principal Coordinate Analysis (PCoA) with Bray-Curtis distances. The results indicated a differential clustering of bacterial communities in the saliva of HIV-infected compared to healthy individuals (Figure 1A). Distances within groups versus distances across groups were determined by ANOSIM, which was significant (P=0.001). ADONIS or differences between the group’s centroid was also significant (P=0.003). The Alpha diversity analysis by Faith’s, Shannon, and observed OTUs indexes showed that the saliva samples from HIV-infected individuals harbored significantly richer bacterial communities compared to the saliva samples from HCs (Figure 1B)




Figure 1 | Differential oral microbiome in the saliva of HIV-infected compared to healthy individuals. (A) Beta diversity in bacterial communities is shown by Principal coordinates analysis (PCOA) of Bray-Curtis Distances, in gray HCs (n = 11), in red HIV-infected individuals (n = 10), and each symbol represents an individual. (B) Alpha diversity in bacterial communities determine by Faith’s, Shannon’s, and observed OTUs indexes. (C) Comparison of the saliva microbiota at phylum level in HCs versus HIV-infected group. (D) Comparison of Spirochaete’s phylum in the saliva of HCs versus HIV-infected individuals. (E) Comparison of the saliva microbiota at the species level in HCs versus HIV-infected group. Approximately, 32% of all taxa resolved could be classified at the species level. All other taxa are also included in the barplot at the lowest level they could be resolved (see legend: s_: species, g_: genus, f_: family, o_: order, c_ class, p_: phylum). (F) Comparison of unclassified Spirochaetaceae, Spirochaeta, Treponema, Trep. amylovorum, and Trep. Azotonutricum from Spirochaete’s phylum in the saliva of HCs versus HIV-infected individuals. (G) The volcano plot comparing bacterial Genus in the saliva samples from HCs versus HIV-infected individuals. All genus that exceeded the dotted line marked at 1.3 were considered significant. (H) Comparison of Bacteroidetes genus members Prophyromonadaceae, Prevotella, and Elizabethkingia in saliva samples of HCs versus HIV-infected individuals. (I) Comparison of Firmicutes genus members Bacillaceae and Lactobacillales in saliva samples of HCs versus HIV-infected individuals. (J) Comparison of Sebaldella genus from Fusobacteria phyla (TM7-RS=045) in saliva samples of HCs versus HIV-infected individuals. (K) Comparison of Helicobacter genus in saliva samples of HCs versus HIV-infected individuals. ns, no significant.



To further determine which bacterial communities were different between the groups, we compared them at different levels. At the phylum level, we found Spirochaetes’ phylum was significantly enriched in the saliva samples of HIV-infected individuals compared to HCs (Figures 1C, D). When bacterial communities were compared at the species level (Figure 1E), we observed that five species of Spirochaeta including Spirochaetaceae, Spirochaeta, Treponema, Treponema amylovorum, and Treponema azotonutricum were significantly abundant in the saliva of HIV-infected individuals compared to HCs (Figure 1F). The volcano plot shows further differences in bacterial species among the groups. Species that were enriched in the saliva of HIV-infected individuals are shown in the right upper quadrant, and bacterial species that were less prevalent in the saliva of HIV-infected individuals are shown in the upper left quadrant of the volcano plot (Figure 1G). Bacterial species with mean counts less than 1 were not accounted for. We found that bacterial communities belonging to Spirochaetes, Bacteroidetes, Firmicutes, and TM7 species were significantly enriched in the saliva samples from HIV-infected individuals, respectively (Figures 1H–J). In contrast, we noted a significantly lower abundance of Proteobacteria phylum (in particular Helicobacter) in the saliva of HIV-infected individuals compared to HCs (Figure 1K). We used 97% sequence identity for binning analysis. Overall, our results show a significant difference in bacterial communities in the oral cavity of HIV-infected compared to uninfected individuals. To exclude potential effects of sex/age, saliva specimens were age-sex-matched for the microbiome studies.



A Lower Proportion of Neutrophils in the Oral Cavity Is Related to the Clinical Status of HIV-Infected Individuals

To better understand the possible role of immune components of the oral cavity in HIV-infected individuals on the bacterial composition, we focused on neutrophils as the most abundant immune cells in the oral cavity (43). In agreement with previous reports, we found that neutrophils were the most abundant cells in the oral cavity. However, HIV-infected individuals had significantly lower percentages of neutrophils in their oral cavity compared to HCs (Figures 2A, B). Both oral and blood neutrophils co-express CD15 and CD16 (Supplementary Figures 1A, B). Notably, we observed significantly lower percentages of neutrophils in the oral cavity of ART-naive and patients on ART compared to HCs (Figures 2C, D). In contrast, we found a similar proportion of oral neutrophils in the oral cavity of HIV-infected LTNPs compared to HCs (Figures 2C, D). These observations suggest that the disease status may impact the frequency of neutrophils at the mucosal surfaces. Moreover, we did not find any significant difference in the frequency of other immune cells (e.g., dendritic cells, monocytes, and B cells) in the oral cavity of HIV-infected versus HCs except CD4+ T cells. Although, in general, the percentage of T cells was very low (a few %), we found significantly lower percentages of CD4+ T cells but not CD8+ T cells in the oral cavity of HIV-infected individuals compared to HCs (Supplementary Figures 1C–G).




Figure 2 | Neutrophils in the oral cavity are decreased in HIV-infected individuals and have low surface Gal-9. (A) Representative flow cytometry plots for CD15+ neutrophil identification in the oral wash. (B) Cumulative data of percentages of CD15+ cells in the oral washes of HCs compared to HIV-infected individuals. (C) Representative flow cytometry plots, and (D) cumulative data of neutrophils in oral washes of different HIV-infected individuals (ART-naïve, on ART with low CD4+ T cell count (< 200 cells/ul) or high CD4+ T cell count (> 200 cells/ul), and long-term non-progressor (LTNP) compared to HCs. (E) Representative flow cytometry plots, and (F) cumulative data of Gal-9 surface expression in neutrophils from the blood and oral washes of HIV and healthy individuals. (G) Representative histogram plots, and (H) cumulative data of Gal-9 expression measured by the Mean Fluorescence Intensity (MFI) on blood and oral neutrophils of HIV-infected and healthy individuals. (I) Cumulative data of soluble Gal-9 in the plasma and saliva of HIV-infected and healthy individuals as measured by ELISA. (J) Cumulative data of a positive correlation between the saliva Gal-9 with the saliva IL-6 (Spearman correlation, r = 0.54, P = 0.008). (K) Representative histogram plots, and (L) cumulative data of apoptosis in oral neutrophils in regard to Gal-9 expression measured by Annexin V assay. ns, no significant.





Gal-9 Is Downregulated on the Surface of Blood but Not Oral Neutrophils in HIV-Infected Individuals

Recently, we showed that Gal-9 is downregulated from the surface of blood neutrophils in HIV-infected individuals compared to HCs (37). Therefore, we decided to investigate whether this was the case for oral neutrophils. Our observations reconfirmed that the frequency of Gal-9 expressing blood neutrophils was significantly lower in HIV-infected individuals compared to HCs (Figures 2E, F). However, we found a smaller portion of Gal-9 expressing oral neutrophils compared to their siblings in the blood, without any significant difference between the HIV-infected individuals on ART and HCs (Figures 2E, F). Moreover, we measured the intensity of Gal-9 and found that the Mean fluorescence intensity (MFI) of Gal-9 was significantly lower on the surface of blood neutrophils from HIV-infected individuals (Figures 2G, H). However, this was not the case for the oral neutrophils (Figures 2G, H). We also quantified the concentration of soluble Gal-9 in the plasma and saliva samples. Although soluble Gal-9 was significantly elevated in the plasma of HIV-infected individuals as we have reported elsewhere (39), we did not find any difference in the soluble Gal-9 levels in the saliva between the groups (Figure 2I).



Soluble Gal-9 Is Positively Correlated With IL-6 in the Saliva of HIV-Infected Individuals

Since Gal-9 has been reported as a contributing factor to the cytokine storm in COVID-19 patients (41), we reasoned to evaluate the correlation of saliva Gal-9 levels with pro-inflammatory cytokines. We found that Gal-9 levels were positively correlated with IL-6 in the saliva (Figure 2J). This may suggest the potential role of soluble Gal-9 in the activation status of neutrophils in the oral cavity of HIV-infected individuals. However, this was not the case for other quantified pro-inflammatory cytokines (e.g., IL-1β, IL-8, TNF-α and IFN-γ) in the saliva.



Downregulation of Surface Gal-9 Makes Oral Neutrophils Less Apoptotic

IL-6 has been related to increased neutrophil survival (44) and an activated status can prolong the lifespan of neutrophils (45). Thus, we decided to investigate differences in Gal-9+ versus Gal-9- oral neutrophils. Recently, we have reported that stimulation of blood neutrophils with LPS results in the downregulation of Gal-9 at the gene and protein levels (37). Thus, we proposed that activated neutrophils lose their surface Gal-9, which in turn increases their lifespan. Indeed, we found that in HCs and HIV-infected individuals, neutrophils that did have surface Gal-9 were less apoptotic compared to their Gal-9 expressing counterparts (Figures 2K, L). These observations suggest that the downregulation of Gal-9 may act as a mechanism of enhanced neutrophil survival.



CD44 Is Downregulated From the Surface of Oral Neutrophils in HIV-Infected Individuals

Unstimulated blood neutrophils express high levels of surface Gal-9 which is bound to CD44 (37). Therefore, we decided to determine whether the same pattern exists for oral neutrophils. Similar to our previous finding, we found all blood neutrophils expressed CD44, however, this was about 50% for oral neutrophils (Figure 3A). Interestingly, we observed that the percentage of CD44 expressing neutrophils was significantly lower in the oral cavity of HIV-infected individuals (Figures 3A, B). Moreover, we found a significant reduction in the intensity of CD44 expression on oral neutrophils from HIV-infected individuals versus HCs (Figures 3C, D). When the expression of CD44 in the blood and oral neutrophils was analyzed, we found a lower frequency of CD44 expressing neutrophils and even CD44 expression level on oral neutrophils compared to their counterparts in the blood in both HCs and HIV-infected individuals (Figures 3E–G). These observations led us to measure the soluble CD44 concentration in the saliva, which showed a significant elevation of CD44 levels in the saliva of HIV-infected compared to healthy individuals (Figure 3H). This might explain that oral neutrophils in HIV-infected individuals shed CD44 that can be detected in their saliva. Moreover, we found that the soluble Gal-9 promotes the migration of blood neutrophils in vitro (Figure 3I). In particular, we observed that this effect was CD44 dependent as the pre-incubation of neutrophils with the anti-CD44 antibody abrogated this effect (Figure 3I). Although a similar trend was observed for Gal-9 on neutrophils from the oral cavity, this effect did not reach a significant level (Supplementary Figure 1H). Therefore, these findings may suggest that CD44 in the blood is upregulated to facilitate neutrophil migration into peripheral tissues, but once they reach their action site it is downregulated to keep neutrophils in their destination.




Figure 3 | CD44 is downregulated from the surface of oral neutrophils in HIV-infected individuals. (A) Representative flow cytometry plots of CD45 expression on blood and oral neutrophils. (B) Cumulative data of CD45 expression on oral neutrophils of HIV-infected versus healthy individuals. (C) Representative histogram plots, and (D) cumulative data of CD44 expression (MFI) in oral neutrophils of HV-infected individuals vs. HCs. (E) Representative flow cytometry plots of co-expression of CD44 and Gal-9 in oral and blood neutrophils in HIV-infected vs. healthy individuals. (F) Representative histogram plots, and (G) cumulative data of CD44 expression (MFI) in the blood and oral neutrophils of HIV-infected vs. healthy individuals. (H) Concentrations of soluble CD44 in the saliva of HIV-infected vs. healthy individuals as measured by ELISA. (I) Cumulative data showing blood neutrophil migration in the presence of soluble Gal-9 (1.5 ng/ml), anti-CD44 antibody (20 μg/ml), or soluble Gal-9 (1.5 ng/ml) plus anti-CD44 antibody while all wells were treated with fMLP (50 μm). (J) Cumulative results showing a positive correlation between the soluble CD44 with IL-6 in the saliva of HIV-infected individuals, calculated by Spearman correlation (K) Cumulative results showing a positive correlation between the soluble CD44 with IL-8 in the saliva of HIV-infected individuals, calculated by Spearman correlation. (L) Cumulative data showing a positive correlation between the soluble CD44 with bacterial Faith’s diversity, measured by Spearman correlation. (M) Cumulative data of percentages of neutrophils expression CD44 in the oral cavity of HCs versus HIV-infected individuals that were subjected to 16S gene sequencing. (N) Cumulative data of the intensity of CD44 expression on neutrophils from the oral cavity of HCs versus HIV-infected individuals that were subjected to 16S gene sequencing. ns, no significant.





Soluble CD44 Is Associated With Inflammatory Cytokines and Bacterial Diversity

To further understand the possible role of soluble CD44 in the oral cavity, we found that it was positively correlated with saliva pro-inflammatory cytokines IL-6 and IL-8 in HIV-infected individuals (Figures 3J, K). Remarkably, we noted a positive correlation between the soluble CD44 with Faith’s bacterial diversity index in HIV-infected individuals (Figure 3L). To further delineate the correlation between neutrophils and the oral microbiome, we measured the frequency of CD44 expressing neutrophils and the intensity of CD44 expression on oral neutrophils from HIV-infected versus HCs that were subjected to the microbiome analysis. We found that oral neutrophils had a significantly lower proportion and expression level of CD44 compared to their counterparts in HCs (Figures 3M, N). These observations suggest that microbial-derived molecules and/or other factors in the oral cavity may influence the expression of CD44 in HIV-infected individuals.



CD32 Is Highly Expressed in Oral Neutrophils From HIV-Infected Individuals and in CD44+ Neutrophils

To further determine the activation status of neutrophils, we measured the expression of CD32. We found that CD32 was significantly upregulated in oral neutrophils of HIV-infected compared to healthy individuals (Figures 4A–C). CD32 has been described to participate in the interaction of neutrophils and uptake of IgG-opsonized viral particles (46). Thus, we decided to investigate whether aged oral neutrophils expressing CD44 had different CD32 expressions compared to CD44-negative counterparts. We found that CD44+ oral neutrophils had significantly a higher expression of CD32 compared to their CD44- counterparts in both HIV-infected and healthy individuals (Figure 4D). In addition, we noted that although CD44+ neutrophils were more activated, both CD44+ and CD44- neutrophils in HIV-infected individuals had significantly higher expression of CD32 compared to their counterparts in HCs (Figures 4E–G). These results suggest that neutrophils in the oral cavity of HIV-infected individuals have an activated phenotype compared to their counterparts in HCs.




Figure 4 | Differential expression of CD32 on neutrophils from HIV-infected individuals versus healthy individuals. (A) Representative flow cytometry plots of CD32 expression on neutrophils of an HIV-infected vs. a healthy individual. (B) Representative histogram plots, and (C) cumulative data of CD32 expression (MFI) in oral neutrophils from HIV-infected vs. healthy individuals. (D) Cumulative data of CD32 expression in regards to CD44 on neutrophils of HCs vs. HIV-infected individuals. flow cytometry plot of neutrophils from oral washes and their coexpression of CD44 and CD32 in HIV patients shown in red and HCs in black. Note the higher expression of CD32 in neutrophils of HIV patients. (E) Representative histogram plots, and (F) cumulative data of CD32 expression (MFI) in CD44-, and (G) CD44+ populations of oral neutrophils from HCs and HIV-infected individuals. Significance was calculated by the Kruskal Wallis test.





Patients’ Demographics and Oral Health Associated Factors

To better understand whether observed changes were associated with other variables in both groups, we examined their sex, age, medications, oral health (brushing, flossing, using mouthwash), and other habits (smoking, alcohol, and recreational drug use) into our analysis (Supplementary Table 3). We found that groups were differently distributed based on their sex (P=0.028) (Figure 5A). While HCs consisted of 16 Males and 27 females, the HIV cohort was composed of 37 males and 24 females. In terms of age, for statistical analysis the Fischer exact test was applied that showed age was also different between groups (P= 0.027). HCs had more participants <50 years compared to HIV-infected individuals who were 50 < years old (Figure 5B). Excluding LTNPs and naïve patients, the rest of HIV-infected individuals were receiving ART. Also, some HIV-infected individuals (n=33) had other comorbidities (mainly diabetes, high cholesterol, and blood pressure, rheumatoid arthritis, anxiety-depression, and chronic pain). In contrast, a small portion of HIV-uninfected participants (n=13) had underlying conditions and were receiving related medications at the time of examination.




Figure 5 | Demographics and habits assessment of participants. (A) Showing the sex distribution with 37% and 63% females and males, respectively in HCs, 61% and 39% for males and females in HIV-infected group. (B) Showing the age distribution among participants. HC group was enriched with younger population according to Fischer’s exact test analysis (P = 0.02). (C) Cumulative data illustrating participant’s habits such as smoking, drug use, alcohol consumption, daily oral health. (D) Cumulative data showing the correlation of neutrophils’ percentages with study participants’ habits. (****P < 0.0001, ***P = 0.0001, **P < 0.001, *P < 0.05).



Also, the participant’s had differences in their habits as was analyzed by Fischer’s exact test. The HIV-infected group had a significantly higher number of smokers compared to HCs (P < 0.0001). The same pattern was true for recreational drug/cannabis in HIV-infected individuals compared to HCs (P=0.002) (Figure 5C). However, alcohol consumption was similar between the groups (Figure 5C). Regarding oral health, HIV-infected individuals flossed less often compared to HCs (P= 0.0001) (Figure 5C). In terms of brushing, mouthwash use, and the self-reported evaluation for bleeding on brushing (a tool for periodontitis risk prediction), we did not find any difference between the groups (Figure 5C). Finally, we correlated the proportion of neutrophils in oral washes (CD15+ cells) with habit practices in HIV-infected versus HCs. We found that HCs tend to have more neutrophils in their oral wash compared to HIV-infected individuals regardless of their habits (Figure 5D). Also, we noted that alcohol consumption, daily brushing, mouthwash use, and flossing significantly impacted neutrophil % in HCs vs HIV-infected individuals. Of note, the self-report for bleeding on brushing did not impact neutrophil percentages in the oral wash.




Discussion

In this study, we investigated microbial communities in the saliva of HIV-infected and age-sex-matched HCs. We found differential bacterial compositions in the saliva of HIV-infected compared to healthy individuals. Our results are in agreement with another report that demonstrated differential bacterial clusters in the oral washes of a larger cohort of HIV-infected individuals versus HCs regardless of other contributing factors (e.g. smoking, missing teeth, gingivitis, candida infection, etc.) (29). We observed differences in bacterial α-diversity (e.g., Shannon and Faith’s indexes) and bacterial richness, which supports HIV-associated salivary dysbiosis. Although previous work investigated dysbiosis of the tongue (47) and periodontal tissues in HIV-infected individuals (48), our results support that saliva expectoration provides a non-invasive, less expensive, and informative approach for oral cavity microbiome-related studies. In addition to microbiome studies, our study bridges the correlation between HIV-immune status, oral soluble mediators, and oral neutrophils. In a previous work, major difference in the phyla of Bacteroidetes, Firmicutes, Proteobacteria and TM7 in the saliva of HIV-infected individuals versus HCs has been documented (49). Our results were somewhat similar in identifying increases in oral Spirochaetes, Bacteroidetes, Firmicutes, and TM7 in HIV-infected individuals. Such differential oral microbiome composition may be related to systemic inflammation and impaired pulmonary function in HIV-infected individuals as a contributing factor to chronic obstructive pulmonary disease (COPD) (50). Since all of our study subjects for the oral microbiome-related studies were on ART, we were unable to investigate the potential effects of ART on the oral microbiome. However, it was reported that the dysbiotic oral microbiome was not fully restored after effective ART, although some microbiota were restored (51). Furthermore, ART, viral load, and CD4+ T cell count differentially contribute to salivary dysbiosis resulting in reduced or increased different bacterial species (27).

It is difficult to differentiate between various factors without longitudinal studies pre-infection, pre-ART, the type of ART regimens, and well-matched HIV-infected untreated controls sampling. In general, oral health, habits such as smoking, and drinking may influence the oral microbial communities. Although in our cohort we did not observe any difference between the HIV-infected vs. the control group in terms of periodontitis, higher bacterial diversity and richness have been reported in HIV-infected individuals with severe periodontitis (52). Therefore, oral health can have direct effects on the microbial communities as increased bacterial diversity and richness have been associated with periodontal disease (53). Prior work also reported gingival bleeding, decayed teeth, periodontal pockets, and smoking habits as important contributing factor to oral dysbiosis (54). In our study, we observed that the HIV-infected group was more enriched with smokers, people who use recreational drug, and individuals who had poor adherence to oral health. These factors may influence the general oral health and subsequently the microbial composition of the oral cavity. For example, smoking has been associated with alteration in the oral microbiome. In particular, it has been reported that smoking enhances bacterial colonization in the upper respiratory tract in HCs, and even more pronounced in HIV-infected individuals (50, 55).

Although a greater abundance of streptococcus mutants, lactobacillus, and candida species has been in the saliva of HIV-infected individuals (47), we did not find such differences. Instead, we discovered significantly higher abundance of Spirochaetes (Spirochaetacea, Spirochaeta, and Treponema), Porphyromonadaceae, Prevotella, Elizabethkingia, TM7 in the saliva of HIV-infected individuals. These observations are in agreement with a report showing an increased abundance of Prevotella in HIV-infected individuals (27). Similarly, an increase in Porphyromonadaceae in the saliva of HIV-infected individuals was reported at the start of ART when compared to 24 weeks later (30). Interestingly, the Porphyromonadaceae family harbors the well know periodontal pathogens Phorphyromona gingivalis and Tannerella Forsythia (56, 57). It is reported that Phorphyromona gingivalis partners with HIV-virus to co-infect mucosal epithelial cells, in vitro (58). Based on this observation, the abundance of Phorphyormonas in the oral cavity may facilitate HIV acquisition at the mucosal sites. However, further studies are required to support this hypothesis. TM7-RS-045 or Saccharibacteria is a recently discovered commensal oral bacteria that abides at the expense of Actynomices bacteria, however, its role in the oral cavity is not well defined (59). In our cohort, we observed an increase of TM7, although we did not observe any difference in the abundance of Actinomyces species. A previous study, in support of our results, reported a higher abundance of TM7, Treponema, and Prevotella in the oral washes of HIV-infected individuals (29). Particularly, Treponema denticola associated with Porphyromonas gingivalis, and Tanerella forsythia form the “red complex”, which are the main pathogenic bacteria involved in periodontitis (60, 61) (53). Therefore, consistently our data suggest that HIV-infected individuals have increased bacterial communities associated with periodontal conditions. Besides, Prevotella is reported to be more abundant in the gastrointestinal tract (GI) of men who have sex with men (62). The GI microbiome can be altered by different types of sexual practices. For example, men who have sex with men present a distinct GI microbiome composition when compared to men who have sex with women (63, 64). Therefore, the type of sexual practice may influence the GI and oral microbiome composition. Although we did not obtain such information from our study subjects, we had a mixed population of males/females for the microbiome analysis. Furthermore, a higher abundance of Prevotella is related to a lower abundance of Th17 cells and IFN-I genes expression in the GI of HIV-infected individuals (65). Moreover, the presence of Prevotella is associated with increased HIV acquisition in the genital tract (66). We found Elizabethkingia was another abundant bacteria in the saliva of HIV-infected individuals. Elizabethkingia is a multidrug-resistant bacteria associated with life-threatening infections in immunocompromised individuals (67). Thus, the presence of bacterial species like Porphyromonadacea and Elizabethkingia in the saliva of HIV-infected individuals may predispose them to such bacterial infections.

On the other hand, we found that Helicobacter was significantly decreased in the saliva of HIV-infected individuals. The presence of Helicobacter pillory in the dental plaque of HIV-infected individuals with H. pillory-induced gastritis has been reported (68, 69). However, its correlation with the stomach infection has been challenged (70) despite reports that the oral cavity should be considered as the secondary site for its colonization (71). However, our results are in agreement with another report that indicated the reduced frequency of H. papillary-induced gastric infection in HIV-infected individuals (72).

Our further analysis in understanding the immune components of the oral cavity in HIV-infected individuals demonstrated a significant decrease in the proportion of oral neutrophils which was associated with disease progression (e.g., CD4+ T cell count). Notably, LTNPs exhibited the same frequency of neutrophils in their oral cavity compared to HCs. This observation provides another novel insight into the uniqueness of this rare group of HIV-infected individuals as we have reported elsewhere (73–75). Therefore, considering the crucial role of oral neutrophils in immune homeostasis in the oral cavity, their lower frequency may predispose HIV-infected individuals to opportunistic infections. As such, it is possible to speculate that decreased frequency of oral neutrophils in individuals with lower CD4+ T cell count may reflect the depletion of Th17 cells at their mucosal sites (76). Subsequently, a lower Th17 cell population reduces neutrophils’ recruitment to the oral cavity. On the other hand, lower Th17 cells at the mucosal sites of the oral cavity may predispose HIV-infected individuals to oral candidiasis, considering the protective role of IL-17 against Candida albicans (77). Although we were unable to investigate the cross-talk between neutrophils and the oral microbiome, the salivary increase of Treponema species may potentially be related to neutrophil dysfunction in HIV-infected individuals (78). Deficiency in neutrophils chemotaxis and polarization in HIV-infected individuals (79) might explain another reason for reduced neutrophil frequency in HIV-infected individuals. On a supporting note, we observed significantly reduced expression and frequency of CD44+ neutrophils in the oral cavity of HIV-infected individuals. CD44 is expressed on neutrophils and contributes to neutrophil crawling and extravasation (35). Therefore, lower CD44 expression on neutrophils from HIV-infected individuals may provide another underlying mechanism for their impairment. Subsequently, we found elevated levels of soluble CD44 in the saliva of HIV-infected individuals compared to HCs. The role of soluble CD44 in the saliva of HIV-infected individuals is still unknown and required further investigation. However, the salivary CD44 appears to be a surrogate marker in detection of head and neck squamous cell carcinoma (HNSCC) (80). Of note, we found a positive correlation between soluble CD44 and IL-6 in the saliva of HIV-infected individuals.

IL-6 has been reported as exhibiting both pro-and anti-inflammatory functions. Certain protective aspects of IL-6 influence leukocyte migration such as prevention of neutrophil accumulation at the site of inflammation/infection (81, 82). As such, exposure of IL-6 deficient mice to respiratory endotoxin resulted in a higher number of neutrophil accumulation in their lungs compared to wild-type mice (81).

Therefore, it is possible to suggest that the saliva level of IL-6 may influence neutrophil recruitment to the oral cavity as it enhances neutrophil egress (83). On the other hand, we found that Gal-9 interaction with CD44 enhances neutrophil migration in vitro. However, Gal-9 appears to exhibit different effects on neutrophil chemotaxis. For example, Gal-9 deficient mice experienced reduced neutrophil response to respiratory infection (84). In contrast, increased neutrophil infiltration following ischemic injury in Gal-9 deficient mice has been reported (85). Although Gal-9 may regulate neutrophil infiltration at the site of inflammation by modulating regulatory T cells and Th17 cells (86), our observations support that Gal-9 via interaction with CD44 enhances neutrophil migration. Finally, the association between the saliva CD44 levels and the microbial Faith’s diversity suggests a cross-talk between neutrophils and the composition/abundance of microbial communities in the oral cavity.

We are aware of many study limitations that may have influenced our results. Although we attempted to have age-sex-matched study subjects, due to the COVID-19 pandemic we had limited options in terms of access to study cohorts. We also noted a higher prevalence of cigarette smoking, people with substance use disorder, and individual with poor oral health in the HIV-infected group, which might have influenced our results. Moreover, we were unable to analyze the impact of ART on neutrophils and/or microbiome in our cohort because all of our study subjects were on ART. Also, HIV-infected individuals had more underlying conditions compared to the HCs. However, for the microbiome studies we selected subjects without major underlying health conditions apart from HIV infection. Finally, due to a very low cell yield in the oral washes, we were unable to perform functional studies to better characterize oral neutrophil functions compared to their counterparts in the blood.

In summary, our data provide a novel insight into the impact of HIV infection on oral neutrophils. In particular, we discovered that oral neutrophils in HIV-infected individuals have significantly higher expression of CD32 but lower expression of CD44. The influence of Gal-9:CD44 on neutrophil migration highlights an important role for Gal-9 in neutrophil movement. Thus, the lower frequency of neutrophils in the oral cavity of HIV-infected individuals could be explained by the downregulation of CD44 expression. More importantly, we found elevated levels of soluble salivary CD44 which was positively correlated with Faith’s diversity of the microbiome.

Overall, our results support the differential oral microbiome diversity and richness in HIV-infected individuals. Although further studies in larger cohorts are required, our results provide a novel insight into the immune-microbiota relationship in the oral cavity.
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Atopic dermatitis (AD) is a recurrent chronic inflammatory skin disease affecting up to 30% of the children population, and immuno-regulatory therapy that could modify the course of disease is urgently needed. Probiotics have demonstrated therapeutic effects on AD and could potentially regulate the disease process. However, the efficacy of probiotics for AD is inconsistent among different studies, which is mainly due to the elusive mechanism and different species and (or) strains used. In this study, we designed a mixture of five strains of probiotics (named IW5) and analyzed the effect and mechanism of IW5 on calcipotriol (MC903)-induced AD-like dermatitis. We found that IW5 significantly alleviated skin inflammation of the MC903-induced AD in mice. Administration with IW5 induced increased production of regulatory T cells and regulatory dendritic cells (DCregs) in the mesenteric lymph nodes. We also found that the diversity of the gut microbiota in the mice with MC903-induced dermatitis was increased after IW5 administration, and the level of butyrate in the gut was elevated. In cell culture, butyrate induced the production of DCregs. Our study revealed the therapeutic effects of a newly designed probiotics mixture and uncovered a possible mechanism, providing a foundation for future clinical studies.
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Introduction

Atopic dermatitis (AD) is a common chronic inflammatory skin disease characterized by intensive itch, dry skin, and eczematous dermatitis (1). Barrier dysfunction, type 2-dominant skin inflammation, and skin/gut dysbiosis play important roles in the pathogenesis of AD. There has been great progress in the treatment of AD in recent years, for example, the biologics and Janus kinase inhibitors have demonstrated excellent efficacy in moderate to severe AD; however, AD is still refractory and often relapses when the treatment of biologics or JAK inhibitors is stopped. Thus, immuno-regulatory therapy that could modify the course of disease is urgently needed. Probiotics have potent immuno-regulatory effects and have shown preventive and therapeutic effects in inflammatory disorders by inducing the differentiation of regulatory T cells (Tregs) and balancing Th1/Th2 immune responses (2, 3). Many clinical studies have explored the efficacy of probiotics for the treatment of AD, and majority of the studies have demonstrated significant therapeutic effects on AD (4–11). However, meta-analyses on the clinical trials exploring the efficacy of probiotics in AD reveal that there is no significant difference between the group of probiotics and the control when the data are combined (12, 13). Whereas stratified analyses do show therapeutic effects of the probiotics, for example, Asian population, 1-18 years-old children and adolescents, and moderate to severe AD patients have significantly improved efficacy (14). The inconsistent results for probiotics might be because that the mechanism of the probiotics is not clear, and each probiotics species and (or) strain has different effect.

Several studies have explored the mechanism of probiotics for the treatment of allergic diseases. Administration with Bifidobacterium strain to mice results in increased expression of IL-10, TGF-β, IDO, and PD-1 within the mucosal CD103+ DCs, which, in turn, induce the development of Tregs (15). Lactobacillus paracasei L9 prevents food allergy in mice by inducing the production of regulatory dendritic cells (DCregs) and Foxp3+ Tregs (16). It has been reported that gut microbiota regulates immune responses through the production of short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate by fermentation of dietary fiber (17, 18). Microbiota-derived SCFAs promote CD103+ DCs to induce the differentiation of Tregs and increase the production of IL-10, suppressing colonic inflammation and carcinogenesis (19). It has been reported that the levels of SCFAs are decreased in the gut of AD patients (20). However, whether probiotics exert their function through the production of SCFAs is not clear.

In this study, we designed a mixture of probiotics by combining 5 strains of bacteria (named IW5) according to previous reports (21–26) and investigated the immuno-modulatory properties of IW5 in the calcipotril (MC903)-induced AD mouse model. We found that IW5 had significant therapeutic effects on the mouse model of AD, and administration with IW5 induced increased production of Tregs and DCregs in the mesenteric lymph nodes (MLNs). Our study revealed the effect and uncovered a possible mechanism of a newly designed formulation of probiotics, providing a foundation for future clinical studies.



Materials and Methods


Animals

Six to eight weeks-old female BALB/c mice were purchased from the Laboratory Animal Center of the Nanjing Medical University (Nanjing, Jiangsu, China). All the mice were maintained with a 12-h light/dark cycle at 22–24°C under specific pathogen-free condition. A standard extruded pellet diet and water were supplied unlimited. Animal experimental procedures were ethically reviewed and approved by the Animal Welfare Ethics Review Committee of the Institute of Dermatology, Chinese Academy of Medical Sciences.



Probiotics Preparation

The probiotics mixture, Indiv Wellness (IW5), was composed of five strains of probiotics: Bifidobacterium lactis UABLa-12, Lactobacillus acidophilus La-14, Lactobacillus helveticus R0052, Lactobacillus salivarius LS97, and Lactobacillus casei LC89. Probiotics were provided by 01life Institute (Shenzhen, Guangdong, China) as a lyophilized powder form, containing 5 × 1010 CFU active probiotics per gram.



Mice Experiment

AD-like dermatitis was produced by topical application with 2 nmol of MC903 (calcipotriol; Leo Pharma, Ballerup, Denmark) in ethanol on each ear of mice once daily for 12 consecutive days as previously described (27). Once the dermatitis was fully induced, 1 nmol of MC903 was applied daily for 27 days to maintain the skin inflammation. At the same time, mice were intragastrically administered with 200 μl IW5-L (2 × 108 CFU IW5) or IW5-H (1 × 109 CFU IW5) daily for 27 days (Figure 1A), and intragastrical phosphate-buffered saline (PBS; Gibco, Carlsbad, CA, USA) was used as control. For prevention experiment, mice were first intragastrically treated with IW5-H or PBS daily for 23 days, then were topically treated with PBS or MC903 for 12 days (Figure S1A). At the time points indicated, full thickness of the ears was measured with a micrometer. At the end of the treatment, mice were euthanized using CO2. Skin tissue was either fixed in formalin for histopathological analysis or stored at -80°C for mRNA expression detection. Blood samples were collected for ELISA. The cervical lymph nodes (CLNs), MLNs, and spleens were harvested for further Fluorescence-activated cell sorting (FACS) analysis and cell culture.




Figure 1 | IW5 ameliorates MC903-induced AD symptoms in mice. (A) Experimental design. Mice were topically treated with MC903 for 12 days and then gavaged with IW5-L (2 × 108 CFU IW5), or IW5-H (109 CFU IW5) daily for 27 days. Oral feeding of PBS to the MC903-treated mice was used as control for probiotics, and mice with EtOH painted on the ears were used as vehicle control for the MC903-induced AD model. (B) Gross appearance of the ears on day 40. (C) Dynamic changes of ear thickness at the indicated time points. (D) Histology of skin lesion. Hematoxylin and eosin (H&E) staining shows the thickness of the epidermis (EM) (original magnification ×100, Scale bar = 250 μm), and toluidine blue staining shows the infiltration of mast cells (original magnification ×200, Scale bar = 100 μm). (E) Levels of serum total IgE at day 13 and day 40 as measured by ELISA. Data are shown as means ± SEMs, and representative of data from three independent experiments. Student’s t-test (unpaired; n = 5~6); *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS group. NS, not significant.





Histopathological Analysis

The ear of mice was cut into pieces, fixed in 4% formalin, and six micrometer sections were prepared and stained with hematoxylin and eosin (H&E) for evaluation of the epidermal thickness and inflammation. Sections were also stained with toluidine blue for analysis of mast cell infiltration.



Ex Vivo Cell Culture and Treatment

CLNs, MLNs, and spleens were harvested and grinded with syringe pistons, and then were filtered through a 200-mesh strainer to get single-cell suspension for cell culture and flow cytometry. For isolation of splenocytes, red blood cells were removed by RBC lysis buffer (Miltenyi Biotec, Bergisch Gladbach, Germany). Single-cell suspensions of CLNs were resuspended in RPMI 1640 culture medium (Gibco) supplemented with 10% heat-inactivated fetal calf serum (FBS; Gibco), 100 U/ml penicillin, and 100 µg/ml streptomycin at a concentration of 106 cells per milliliter and placed in a plate precoated with 2 μg/ml anti-CD3 and anti-CD28 monoclonal antibodies (mAbs; eBioscience, San Diego, CA, USA). Following 5 days of culture, the supernatants were harvested and stored at −80°C for IL-4, IFN-γ, IL-10, and TGF-β1 measurement using ELISA.

For experiments of CD4+ T Cells and CD11c+ DCs co-culture, CD4+ T cells were sorted from splenocytes of wild-type BALB/c mice by CD4 MicroBeads UltraPure kit (Miltenyi Biotec), and CD11c+ cells were sorted from the MLNs of mice that were intragastrically given 200 µl IW5-H (109 CFU) daily for 20 days by CD11c-PE antibody (eBioscience) and PE MicroBeads UltraPure kit (Miltenyi Biotec). CD11c+ DCs (105 cells/ml) were co-cultured with CD4+ naïve T cells (106 cells/ml) for 5 days, in the presence of TGF-β1 (0.5 ng/ml; Peprotech, Rocky Hill, NJ, USA) and IL-2 (10 ng/ml; Peprotech) in RPMI 1640 culture medium supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. Then cells were subjected to CD4+ CD25+ Foxp3+ Tregs analysis by flow cytometry.

For the experiment of CD11c+ DC culture, CD11c+ DC cells were isolated from splenocytes of wild-type BALB/c mice as previously described. CD11c+ DCs (106 cells/ml) were co-cultured with live IW5 (107 CFU/ml), or SCFAs (Butyric, Acetic or Propionic; 1mmol/L; Sigma-Aldrich, St. Louis, MO, USA) for 24 h, in the presence of LPS (0.5ug/ml; Sigma-Aldrich) in RPMI 1640 culture medium supplemented with 10% heat-inactivated FBS. After incubation, the supernatants were harvested and examined for IL-6, IL-12p70, and IL-10 using ELISA, and the cells were analyzed for proliferation and expression of CD80, MHCII, and PD-L1 by flow cytometry.



ELISA

For analysis of serum total IgE, 96-well microplate was pre-coated with 100 μl/well of purified rat anti‐mouse IgE (1 μg/mL) overnight at 4°C, then blocked with 200 μl/well of 10% FBS at room temperature for 30 minutes, followed by incubation with diluted sera at room temperature for 2 hours. Biotin rat anti‐mouse IgE (2 μg/mL) was added afterward. Then, after washing the plate was incubated with 100 μl/well of streptavidin-HRP. After 30 mins at room temperature, tetramethylbenzidine (TMB, Beyotime, Shanghai, China) was added and the reaction was stopped by adding 50 μl/well of 2M H2SO4. The absorbance was measured at wavelength 450 nm. The levels of IFN-γ, IL-4, IL-10, and TGF-β1 in the supernatants were measured using the ELISA kits (all from Fcmacs, FMS-ELM027, FMS-ELM004, FMS-ELM009, FMS-ELM029, Nanjing, Jiangsu, China); the levels of IL-6 and IL-12p70 in the supernatants were measured using the ELISA kits (all from NOVUS Biologicals, Littleton, Colorado, USA) according to the manufacturer’s instructions.



Quantitative RealTime PCR (RT-qPCR)

Total RNA was extracted from the ear skin using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized and the following mRNA expression of each gene was measured using AceQ qPCR SYBR Green Master Mix (Vazyme Biotech Co., Ltd, Nanjing, Jiangsu, China). Cycling condition was 95°C for 15s and 60°C for 30s for 40 cycles. Results were normalized to β-actin and was determined using 2-ΔΔCT calculation method. Primer sequences were shown in Supplementary Table 1.



Flow Cytometry

Single-cell suspension (106 cells/tube) was incubated with anti-CD16/32 antibody to block Fc receptors for 15min at 4°C. For surface staining, the cells were stained with antibodies or matched isotype control for 20 min at 4°C in the dark. The antibodies included anti-mouse CD3-PECY7, CD4-FITC, CD8-Percpcy5.5, CD25-APC, CD11c-PE, CD86-APC, CD80-PerCP-eFlour710, PD-L1-PECY7, MHCII-Alexa Flour 700, MHCII- APC, and CD103-FITC antibodies (all from Biolegend, San Diego, CA, USA). For intracellular staining, cells were cultured in the presence of 2μl/ml cell stimulation cocktail (eBioscience) for 6 h. The cells were fixed and permeabilized using fixation and permeabilization solutions, then stained with anti-mouse Foxp3-PE, IL4-PE, IFN-γ-APC, IL10-PE antibodies (all from eBioscience), or isotype control for 30 min at 4°C in the dark. The cells were detected using BD FACSVerse (BD Biosciences, Franklin Lakes, NJ, USA) or Aurora (Cytek, Fremont, CA, USA), and data were analyzed using the FlowJo 10.0.7 software (Tree Star, Ashland, OR, USA).



Microbiome Analysis

Fresh feces of mice were collected sterilely and stored at −80°C. Fecal DNA was extracted using a previously described method (28) and sequenced the V3 to V4 region of bacterial 16S rRNA genes in 2 × 250 bp paired-end (PE) mode on the NovaSeq platform (Illumina, USA) according to the manufacturer’s instructions. The V3–V4 region of bacterial 16S rRNA gene was amplified with a pair of region-specific primers (Forward: CCTACGGGNGGCWGCAG; Reverse: GACTACHVGGGTATCTAATCC). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina) following the manufacturer’s recommendations and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Raw reads were joined using FLASH (v1.2.11) with default parameters and trimmed with Trimmomatic (v0.39) using specified settings (“ILLUMINACLIP:/share/app/Trimmomatic-0.39/adapters/TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:200”). Processed data were then analyzed using QIIME-2020.2 software (https://docs.qiime2.org/2020.2/), and ASVs were analyzed using deblur method. Alpha diversity was evaluated using the Observed ASVs counts, Shannon index and Faith Phylogenetic Diversity (Faith PD), and Wilcoxon rank-sum test was conducted to identify statistical significance between two groups. Bray-Curtis distance measured at the ASV level was used to determine the dissimilarity of the microbial community, and intergroup comparison was conducted using PERMANOVA with 9999 permutations in the R package vegan. Generated ASVs were then further classified into taxonomy with q2-classify using the SILVA database (release 132). Kruskal-Wallis test was used to identify differential genus or ASVs between groups. A minimum occurrence frequency cutoff of 30% for each feature in either group was applied to filter genus or ASVs before differential analysis. P-values of less than 0.05 were considered to indicate significant results.



SCFAs Quantitative Analysis

GC-MS analysis of SCFAs in the feces and serum of mice was performed on an Agilent HP-INNOWAX (Agilent Technologies Inc., Palo Alto, CA, USA) with capillary columns. Feces and serum was homogenized with 15% phosphoric acid, internal standard solution (Isocaproic acid), and diethyl ether, then centrifuged at 12,000 × g for 10 min at 4°C. The supernatants were then collected for GC-MS analysis.



Statistical Analysis

The difference between individual pairs was calculated using Student’s t-test in the case of parameters. For nonparametric data, the Mann–Whitney test was used to determine statistical significance. All data were analyzed with GraphPad Prism V 8.0.1 and R 3.5.1 (GraphPad Software, La Jolla, CA, USA). Differences were considered statistically significant when P-value was <0.05.




Results


IW5 Alleviated Skin Inflammation in Mouse Model of AD

To investigate the effects of IW5 on AD, a mouse model of AD was produced by topical application with MC903; then two doses of IW5 were intragastrically administrated to the AD mice after 12 days of MC903 application (Figure 1A). The AD model induced by MC903 exhibited obvious skin inflammation manifesting as erythema, edema, crust, and scale, accompanied by increased levels of total serum IgE (Figures 1B–E). However, the AD mice receiving two doses of IW5 (IW5-L or IW5-H) showed significantly improved dermatitis, as evidenced by milder morphological appearance, decreased ear thickness, and less inflammatory cell infiltration (Figures 1B–D). The IW5-H group, but not the IW5-L group, also showed a decreased level of serum total IgE that was markedly elevated in the AD model mice (Figure 1E). Preventive effects of IW5 were further investigated, and the result showed that the mice receiving intragastrical IW5 first and topical MC903 later also demonstrated significantly decreased skin inflammation (Figure S1). Collectively, these data suggested that oral administration with the probiotics mixture IW5 alleviated MC903-induced AD-like dermatitis, in a dose-dependent manner.



IW5 Inhibited Th2 Immune Responses in AD Model and Induced Tregs Production

Next, the differentiation and polarization of T cells in the AD mice after IW5 treatment were assessed. The proportions of Th1 (CD4+ IFN-γ+) and Th2 (CD4+ IL-4+) cells were increased in the CLNs of the AD mouse model; whereas in the AD mice receiving oral IW5, the percentage of Th1 cells (IW5-H vs. PBS; mean diff=-0.578%, P<0.001) and Th2 cells (IW5-H vs. PBS; mean diff=-0.68%, P<0.01) in the CLNs was significantly decreased (Figures 2A, S2A, D). The percentages of Th1 and Th2 cells in the MLNs (IW5-H vs. PBS; Th1 cells; mean diff=-0.094%, P>0.05; Th2 cells; mean diff=-0.254%, P>0.05) and spleens (IW5-H vs. PBS; Th1 cells; mean diff=-0.01% P>0.05; Th2 cells; mean diff=--0.156%, P>0.05) of the AD mice treated with IW5 were also lower than those of the AD model control, but the difference was not statistically significant (Figures S2B, C). The expression of TSLP, IL-4, IL-13, and IL-6 in skin lesions of the AD mice after IW5 treatment were markedly decreased (Figures 2B, S2E). Single cells from the CLNs of IW5-treated AD mice were then cocultured with anti-CD3 and anti-CD28 mAbs, and the levels of IL-4 and IFN-γ in the supernatant of culture were much lower than those of cells from the AD model control (Figure 2C). These data indicated that IW5 attenuated the polarization of Th1 and Th2 in AD mice.




Figure 2 | IW5 inhibits Th1 and Th2 polarization and promotes Tregs differentiation. (A–D) AD mice were orally administrated with IW5-L or IW5-H for 27 days, and the cervical lymph nodes (CLNs), mesenteric lymph nodes (MLNs), and spleens were collected on day 40 for further analysis. Th1 (CD4+ IFNγ+) and Th2 (CD4+ IL-4+) cells from the CLNs (A), and Tregs (CD4+ CD25+ Foxp3+) from the CLNs, MLNs, and spleens (D) were analyzed by flow cytometry. RT-qPCR shows mRNA expression of various cytokines from the ear lesional skin (B), and ELISA shows concentrations of IL-4, IFN-γ, IL-10, and TGF-β1 in supernatants of cells from the CLNs (C). (E) BALB/c mice were administrated with IW5-H (109 CFU IW5) or PBS daily for 20 days. Percentages of CD4+ IL-10+ T cells from the CLNs, MLNs, and spleens were measured by flow cytometry. Data are shown as means ± SEMs, and representative of data from three independent experiments. Student’s t-test (unpaired; n = 4~6); *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS group. NS, not significant.



The proportion of Tregs (CD4+ CD25+ Foxp3+) in the AD mice upon IW5 treatment was also analyzed. The result showed that the proportion of Tregs was significantly higher in the CLNs (mean diff=1.496%, P=0.0208), MLNs (mean diff=0.939%, P=0.0240), and spleens (mean diff=2.191%, P<0.01) of the AD mice receiving IW5-H compared to the AD mice receiving PBS (Figures 2D and S2F). The proportion of Tregs was also increased in the AD mice receiving IW5-L, but without statistical significance, indicating a dose-dependent effect of IW5. The concentration of IL-10 in the supernatants of CLN cell culture was increased in the IW5-H-treated AD mice compared with the AD model control, and the expression of IL-10 in the skin lesions of the IW5-H-treated AD mice was also elevated. However, there was no significant difference in the level of TGF-β1 between the IW5-treated AD mice and the AD model control (Figures 2B, C). These data indicated that the increased production of Tregs was induced through IL-10, but not TGF-β1.

We further analyzed CD4+ IL-10+ T cells in the naïve mice receiving oral IW5 and found that the percentages of CD4+ IL-10+ T cells in MLNs (mean diff=2.09%, P=0.0574) and CLNs (mean diff=3.153%, P<0.01) were higher in the IW5-treated mice compared to the PBS-treated mice (Figures 2E, S2A). The percentages of CD4+ IL-10+ T cells in the spleens (mean diff=1.615%, P>0.05) of the IW5-treated mice were also higher than those from the PBS-treated control mice, but the difference was not statistically significant (Figure 2E). Collectively, these results demonstrated that IW5 induced the differentiation of Tregs, and inhibited Th1 and Th2 immune responses in the mouse model of AD.



IW5 Induced the Production of DCregs

CD103+ DCs are considered as the iconic mucosal DCregs, which induce the production of Foxp3+ Tregs (29). We then analyzed the number of DCregs in naïve mice after IW5 administration. The result of FACS showed that the percentage of CD103+ DCs (CD11c+ MHCII+ CD103+) was increased in the MLNs (IW5-H vs. PBS; mean diff=3.26%, P=0.0164; IW5-L vs. PBS; mean diff=3.04%, P=0.0149), CLNs (IW5-H vs. PBS; mean diff=11.019%, P<0.01; IW5-L vs. PBS; mean diff=10.385%, P<0.001) of the mice treated with IW5-H or IW5-L (Figures 3A, S3A). Whereas in the spleens, the percentage of CD103+ DCs (IW5-H vs. PBS; mean diff=6.894%, P=0.0449) was increased only in the IW5-H-treated mice (Figure 3A). The expression of CD80, CD86, and MHCII on CD11c+ DCs from the mice treated with IW5-H was lower than those of the cells from the mice treated with PBS (Figure 3B). CD11c+ DCs were next isolated from the spleens of naïve mice and cultured in the presence of IW5 for 24 h, and the number of CD103+ DCs and the concentration of IL-10 in the supernatant were increased significantly (Figures S3B, C). CD11c+ DCs isolated from the MLNs of IW5-H treated mice were cocultured with naïve CD4+ T cells isolated from naïve mice spleens for 5 days, and the number of Tregs (IW5-H vs. PBS; mean diff=0.878%, P=0.0289) was higher compared with those cocultured with CD11c+ DCs from the PBS-treated mice (Figure 3C). Collectively, these results demonstrated that IW5 induced the expansion of DCregs in vivo and in vitro, which promoted the differentiation of Tregs.




Figure 3 | IW5 promotes DCregs expansion and Tregs differentiation. (A, B) AD mice were orally administrated with IW5-L or IW5-H daily for 27 days, and the CLNs, MLNs, and spleens were collected on day 40 for further analysis. CD103+ DCs (CD11c+ MHCII+ CD103+) were examined by flow cytometry (A). Expression levels of CD80, CD86, and MHCII on CD11c+ DCs were examined by flow cytometry (B). (C) BALB/c mice were orally administrated with IW5-H daily for 20 days. CD11c+ DCs from the MLNs were co-cultured with CD4+ T cells from naive mice spleens for 5 days. The proportion of CD4+ CD25+ Foxp3+ Tregs was measured by flow cytometry. Data are shown as means ± SEMs, and representative of data from three independent experiments. Student’s t-test (unpaired; n = 3~6); *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS group. NS, not significant.





IW5 Increased Gut Microbiota Diversity and SCFAs Production in AD Mouse Model

Next, we explored the effects of IW5 on the gut microbiota and their metabolites, SCFAs, in the mouse model with AD (30–33). Mice feces were collected before and after IW5 treatment in the MC903-induced AD model, and 16s rRNA was amplified and sequenced for analysis of the community structure and specific microbes of the gut microbiota. The result showed that the alpha diversity of the AD model mice was increased after oral administration with IW5, as indicated by the observed ASVs, chao1 index, and faith pd index (Figure 4A). Principal coordination (PCoA) analysis based on the ASV levels further demonstrated the changes in the microbial composition (Figure S4A). At the genus level, the abundance of Bacteroides was decreased and that of Bifidobacterium was increased in the AD model mice after oral IW5 administration (Figure 4B). Furthermore, the levels of acetate, propionate, and butyrate in the feces of the IW5-H-treated AD mice were significantly higher than those from the feces of the control AD mice. The levels of isobutyrate, valerate, isovalerate, and caproate had the same trend of increase but did not show statistical differences (Figures 4C, S4B), and there was no difference in serum level of SCFAs between IW5-treated mice and MC903 control mice (Figure S4C). These data demonstrated that IW5 restored the decreased diversity of the gut microbiota in the AD mice induced by MC903 application and increased the production of SCFAs.




Figure 4 | IW5 modulates fecal microbiota composition and SCFAs production. Mice feces were collected from the MC903-induced AD model before and after IW5 treatment. (A) Alpha-diversity of the gut microbiota as indicated by the observed ASVs, chao1 index, and faith pd index. (B) Relative abundance of the gut microbiota at the genus level. (C) Contents of acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, and caproate in fecal samples. Data are shown as means ± SEMs, and representative of data from three independent experiments. Student’s t-test for parameters, and Mann-Whitney test for nonparametric data. (unpaired; n = 4~6); *P < 0.05, **P < 0.01 vs. PBS group. NS, not significant.





Butyrate Induced the Production of DCregs In Vitro

The effects of butyrate on DCregs and Tregs were also explored. CD11c+ DCs were isolated from the spleens of naive mice and were treated with 1mmol/L SCFA (acetate, propionate, or butyrate respectively) in culture for 24 h. The proportion of DCregs was significantly increased after butyrate treatment as shown by the result of flow cytometry analysis (Figure 5A). The proportion of CD103+ DCs (Butyrate vs. PBS; mean diff=6.297%, P<0.001) and expression level of PD-L1 on CD11c+ DCs in the presence of butyrate were higher than those of cells cultured in control medium, and the concentration of IL-10 in culture supernatant was also increased (Figures 5B, C). Whereas acetate and propionate didn’t show any effects on CD103+ DCs. These results indicated that butyrate was the key immuno-modulatory metabolite during IW5 treatment.




Figure 5 | Butyrate promotes the ex vivo induction of DCregs. CD11c+ DCs from the spleen of naive mice were incubated with SCFAs for 24 h. (A) Numbers of CD103+ DCs (CD11c+ MHCII + CD103+) were measured by flow cytometry. (B) MFIs of CD80, MHCII, or PD-L1 on CD11c+ DCs were measured by flow cytometry. (C) Levels of IL-6, IL-10, and IL-12p70 in the supernatants of CD11c+ DCs were measured by ELISA. Data are shown as means ± SEMs, and representative of data from three independent experiments. Student’s t-test (unpaired; n = 4~5); *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS group. NS, not significant.






Discussion

Extensive studies have proven that probiotics have potent immuno-modulatory effects and have been used in the prevention and treatment of many diseases (34); however, the role of probiotics in allergic diseases, such as AD, remains poorly understood. In the present study, we demonstrated that the probiotics mixture IW5 had significant therapeutic and preventive effects on a mouse model of AD-like dermatitis, by inducing DCregs and Tregs. We also found that oral IW5 administration increased the diversity of the gut microbiota in the AD model and induced the production of butyrate that promoted the differentiation of DCregs (Figure 6). Our study revealed the therapeutic effects of a newly designed probiotics mixture that play a regulatory role in skin inflammation.




Figure 6 | | Schematic illustrating the underlying mechanism of probiotics in AD. IW5 administration restores the diversity of the gut microbiota in AD mouse models and increases the production of SCFAs (acetate, propionate, and butyrate). Butyrate induces DCregs production, which results in Tregs differentiation and amelioration of AD symptoms.



We first assessed the effects of IW5, an innovative combination of probiotics, on the MC903-induced AD mouse model. We compared the effects of two concentrations of IW5 and found that the high-dose probiotics exerted more pronounced effects on skin inflammation (Figures 1A, E), indicating that the effect of IW5 is dose-dependent. The most appropriate dose of probiotics still needs further exploration. A mixture of multiple strains of probiotics, instead of one probiotics strain, was used in our study, which might have advantages for the immuno-regulatory effects. Previous studies have demonstrated that multi-strain probiotics have optimal effects compared to single-strain probiotics (35). A mixture of selected strains of probiotics (IRT5) have shown more potent efficacy for disease control than single-strain probiotics (36). The enhanced benefits of multi-strain probiotics may be due to the complementary effects of constituent strains, additive and synergistic effects, and the cell-cell communication known as quorum sensing (37–40). The detailed mechanism of multiple strains of probiotics is still awaiting further exploration.

Probiotics have been reported to mitigate allergic diseases through the induction of Tregs, inhibition of Th2 immune responses, and promotion of intestinal DCregs expansion (2, 41, 42). Although innate immune responses play an important role in the MC903-induced AD-like dermatitis, in which TSLP and IL-33 produced by keratinocytes initiate the skin inflammation, adaptive immune cells are also required in the inflammation. Studies have demonstrated that the MC903-induced chronic inflammation is CD4+ T cell-dependent (43), and Tregs are involved in the skin inflammation and play a regulatory role (44). Thus, Tregs might mediate the immuno-regulatory effects of DCregs in our study. DCregs, a type of semi-mature DCs, are the pivotal regulator of immune tolerance (45–47) and exhibit a tolerogenic phenotype that includes downregulation of co-stimulatory molecules (CD80, CD86) and upregulation of the immuno-modulatory molecule PD-L1 (48, 49). In recent years, CD103+ DCs are considered the iconic mucosal DCregs, which have been shown to promote the differentiation of Tregs (50–52). We first found that IW5 administration promoted the production of DCregs in vivo and in vitro (Figures 3A, B, S3B, C), and in vitro co-culture experiment further showed that DCregs induced by IW5 promoted the induction of Tregs (Figure 3C). These results indicate that IW5 may alleviate AD symptoms via induction of DCregs and regulation of T cell immune responses, which resulted in an increased proportion of Tregs (Figure 2B) and decreased polarization of Th2 and Th1 cells (Figure 2A).

Previous studies have reported that the gut microbiota is closely related to allergic diseases (53). IW5 treatment modulated the structure of the gut microbiota, which might account for the therapeutic effects of IW5 on the MC903-induced AD model (Figures 4A, B, S4A). The abundance of the genus Bifidobacterium was significantly decreased in the MC903-induced AD mouse model and was positively correlated with the Treg/Th2 ratio; while the genus Bacteroides was markedly increased in the AD model and was negatively correlated with the Treg/Th2 ratio. These changes were reversed by IW5 administration (Figure 4B). Our result is consistent with previous data highlighting the regulatory role of Bifidobacterium and Bacteroides in AD and (or) food allergy patients. For example, less colonized Bifidobacteria during the first year of life is associated with infants’ allergic diseases (54); and the abundance of Bifidobacterium is an important determinant of Tregs maturation during early infancy (55). Conversely, some bacteria such as several strains of Bacteroides might increase the gut permeability and allergens exposure (56). The elevated relative abundance of Bacteroides species is also related to the non-IgE-mediated Cow’s milk allergy, nut allergy, peanut allergy, or other atopic symptoms (57–60). Notably, IW5 administration did not increase all the components of IW5, but modified other bacteria of the gut microbiota, indicating an indirect effect of IW5 in the modulation of the gut microbiota.

SCFAs have strong immuno-regulatory effects in allergic diseases (2, 50, 61), and butyrate is one of the key immuno-regulatory metabolites for the differentiation of Tregs (31). We found that IW5 increased the production of SCFAs, including acetate, propionate, and butyrate (Figure 4C). In vitro co-culture experiment showed that butyrate increased the percentages of DCregs, whereas acetate and propionate did not have this effect (Figures 5A, B). These results suggest that IW5 might exert its effect via the induction of butyrate. Our in vitro study also showed that culture of IW5 with DCs resulted in increased number of DCregs, indicating that bacteria antigen might also induce the differentiation of DCregs (Figure S3), which is consistent with previous report that heat-killed probiotics induce CD103+ DCs and attenuate inflammation (62, 63). As there is no difference in serum level of SCFAs between probiotics-treated mice and MC903 control mice (Figure S4C), it’s probable that SCFAs might exert their effects in the gut, inducing the production of DCregs and Tregs, and the latter would migrate to other organs and tissue. Future work should pay more attention to the metabolites of the gut microbiota. Supplementing specific microbiota that produces beneficial metabolites and (or) developing drugs from metabolites would be a promising strategy for the regulation of local and (or) systemic inflammation.
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Influenza vaccination is an effective public health measure to reduce the risk of influenza illness, particularly when the vaccine is well matched to circulating strains. Notwithstanding, the efficacy of influenza vaccination varies greatly among vaccinees due to largely unknown immunological determinants, thereby dampening population-wide protection. Here, we report that dietary fibre may play a significant role in humoral vaccine responses. We found dietary fibre intake and the abundance of fibre-fermenting intestinal bacteria to be positively correlated with humoral influenza vaccine-specific immune responses in human vaccinees, albeit without reaching statistical significance. Importantly, this correlation was largely driven by first-time vaccinees; prior influenza vaccination negatively correlated with vaccine immunogenicity. In support of these observations, dietary fibre consumption significantly enhanced humoral influenza vaccine responses in mice, where the effect was mechanistically linked to short-chain fatty acids, the bacterial fermentation product of dietary fibre. Overall, these findings may bear significant importance for emerging infectious agents, such as COVID-19, and associated de novo vaccinations.




Keywords: fibre, microbiome, influenza, vaccine, short chain fatty acids (SCFA)



Introduction

Vaccination is our best defence against severe illness and death caused by influenza viruses. However, immune responses to seasonal influenza vaccinations vary substantially in efficacy across the general population, leaving some individuals susceptible to infection each season, even after being vaccinated. The reason for this variation is mostly unknown.

The microbiota has been increasingly investigated in this context and found to contribute to the inter-individual variance in vaccine responses in mice and humans (1). There are now several lines of evidence that demonstrate a relationship between the gut microbiota and protective antibody responses during vaccination (2). Compelling animal studies have shown that a disrupted microbiome will impair vaccine-induced antibody responses (3–6). Despite this growing body of work, our understanding of whether the microbiome impacts these same immunological processes in humans is surprisingly under-studied. Only a limited number of clinical studies demonstrate correlations between microbiome features and impaired antibody responses (7–10), but mechanistic data is lacking.

Diet plays a substantial role in determining the composition of our microbiome and long-term dietary habits represent one of the most dominant environmental factors that influence gut microbiome composition (11). However, the potential links between dietary patterns of free-living, non-malnourished humans and vaccine responses have not yet been addressed or described. Of particular relevance in this context are dietary components that cannot be digested by the host, but are readily metabolized by resident microbes to support the symbiotic relationship between host and microbes (12, 13) – most importantly the microbial fibre fermentation products, short chain fatty acids (SCFAs) (14). The SCFAs with highest concentration in the healthy human gut are acetate (C2), propionate (C3), and butyrate (C4) (15). The relationship between dietary fibre, SCFAs, and antibody responses has been previously demonstrated to activate B cell metabolism and promote protective antibody responses during infection in a mouse model of Citrobacter rodentium infection (5). Whether dietary fibre similarly influences antibody responses in humans is currently unknown.

To understand the role of diet and the microbiome on antibody responses to the 2016 Trivalent Influenza Vaccine (TIV), Influvac® (Mylan, Illinois, USA) we previously performed and reported on a 6-month observational study on New Zealand adults who received TIV, collecting data on gut microbiota composition, diet, and humoral vaccine response (16) (Australia and New Zealand Clinical Trials Registry number ACTRN1261500 1365550). Here, after conducting ad hoc analyses to assess the impact of dietary fibre intake on TIV-specific humoral immune responses, we identify a correlation between fibre consumption and vaccine responses in individuals who are naïve to previous influenza vaccination. The observed correlation did however not reach statistical significance. Furthermore, in a corresponding animal model of TIV vaccination, we demonstrate that fibre consumption or supplementation with SCFAs can mediate a comparable immunological outcome, indicating that fibre consumption and subsequent production of microbially derived SCFAs can improve TIV-specific humoral immune responses. Taken together, these findings reveal an unappreciated role for a diet rich in fibre in inducing a robust antibody response to seasonal influenza vaccine.



Methods


Clinical Study Design

122 healthy participants aged 18-64 received the 2016 trivalent influenza vaccine (TIV) as part of this study. Detailed study characteristics are described elsewhere (16). All participants who completed the study were included in our analysis, unless otherwise stated. Exclusion criteria included: i. a known severe reaction or allergy to any components of the influenza vaccine. ii. Any contraindications to vaccination per recommendations of the vaccine manufacturer. iii. A history of Guillain-Barre Syndrome within six weeks of receiving a previous influenza vaccine. iv. Any immune impairment that could confound immune testing. v. Already having received the 2016 seasonal influenza vaccine.



Fecal Samples

Stool samples were collected by participants using the OMNIgene GUT collection kit (DNA Genotek, Ontario, Canada). Samples were collected by participants in the three-day period prior to both Day Zero and Day 28. For microbiota profiling, DNA was extracted from faecal samples using the Nucleospin Soil kit (Macherey-Nagel (Duren, Germany) following the manufacturer’s instructions. Briefly, 500 mg fecal sample was suspended in lysis buffer and mechanically disrupted using ceramic beads. Proteins and PCR inhibitors were then pelleted with the ceramic beads and the supernatant adjusted to DNA-binding conditions before being passed over Nucleospin soil column to bind the DNA. Residual substances were then removed by efficient washing. Finally, the DNA was eluted in 100 µl of RNAse-free water. DNA yield was assessed using the Quantus™ fluorometer (Promega, Madison, WA, USA) and DNA quality measured with the Nanodrop ND-1000 spectrophotometer (Thermofisher, Waltham, MA, USA). Amplification of the V1-V3 region of the 16S rRNA gene followed by 2 X 250 bp sequencing on the MiSeq platform was performed at NZ Genomics Ltd (NZGL) using the standard Illumina method (https://www.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf).



Microbiome Data Processing

Sequence data was trimmed, quality filtered, and clustered at 97% identity into Operational Taxonomic Units (OTUs) following the mothur SOP pipeline (17). Representative OTU sequences were assigned taxonomic classification using a Bayesian classifier against the Ribosomal database project (RDP) database (18). This generated an average of 50380.98 reads per sample, median 49514 reads (Supplementary Figure 1), clustered into 148038 OTUs. Before filtering, alpha diversity (Shannon measure) was calculated and plotted using Phyloseq. Data was transformed to a relative abundance [x/sum(x)] and filtered in Phyloseq to remove OTUs unclassified beyond the kingdom bacteria and OTUs that did not occur 2 or more times in 10% or more of samples, reducing the number of OTUs to 471. Data was further analysed in R using custom scripts and plotted using ggplot2 (19).



Microbiome qPCR

Bacterial DNA was extracted from faecal samples using QIAamp Fast DNA Stool Mini Kit according to the manufacturer’s instructions. DNA concentration and purity was measured on a ND-1000 Nanodrop spectrophotometer (Thermofisher Scientific). Samples were stored at -20°C until required.

Proportions of dominant bacteria in the faeces were determined by quantitative PCR as previously described (20). A qPCR reaction mix was prepared by combining per reaction; 10 μL SYBR green PCR master mix, 1 μL each of forward and reverse primers (Supplementary Table 1) and 6 μL of DPEC-treated H2O. To each well of an optical 96-well reaction plate with barcode, 18 μL of prepared qPCR reaction mix and 2 μL of the DNA sample (standardised to 1 ng/μL) were added. The plate was covered with an optical adhesive film and centrifuged for approximately 30 seconds at 500 x g. All samples were run in duplicate and each plate included an H2O sample as a negative control. qPCR was run on a QuantStudio 7 Flex PCR system (Thermofisher Scientific) using the standard instrument settings for fast TaqMan 96-well plate assay.



Food Diaries

Self-reported dietary intake was assessed using a 7-day food diary. Participants recorded all meals and snacks consumed throughout 7 consecutive days, including beverages. Food diaries were analysed using the dietary software FoodWorks 7 (Xyris Software, Australia) at the Human Nutrition Unit of the University of Auckland, New Zealand. RCT design adherence was considered to be a reported daily energy intake of >1.2 x basal metabolic rate (BMR), using Schofield predicted BMR (21) based on gender, age, height and body weight of each participant at baseline.



Vaccine History

Vaccine history was collected in the form of a questionnaire. Participants self-reported if they had received the seasonal influenza in 2015, 2014, 2013, 2012, 2011 or earlier.



Hemagglutination Inhibition Assays

Influenza-specific antibody titres in serum were quantified using the HAI assay. Serum was separated from whole blood samples by centrifugation then stored at -70°C until use. HAI assays were performed for each influenza strain by the Institute of Environmental Science and Research Ltd, based at the National Centre for Biosecurity & Infectious Disease Upper Hutt, New Zealand. Briefly, serum samples were treated with receptor destroying enzyme and heat inactivated to remove nonspecific agglutinins. The samples were titrated out twofold, in duplicate, across a microtitre plate from 1:10 to 1:10240; then, four haemagglutinating units of the appropriate antigen were added. After a 30-min incubation step, 1% Guinea pig red blood cells (RBC) were added to all wells, including serum controls and test controls and were allowed to settle for an hour. Plates were read manually and titre endpoints determined as the last well where RBC agglutination was inhibited. Results were accepted if all controls (Serum and Antigen) gave expected results.

Participants were characterised into responder categories as follows: low responder if they had a <4 fold change for H1 and H3; medium responder if they had a ≥4 fold change for one strain and <4 fold change for the other strain; high responder if they had a ≥4 fold change for both H1 and H3.



Neuraminidase Inhibition Assays

Influenza-specific antibody NAI titres in serum were quantified using the Enzyme-Linked Lectin assay. Serum was separated from whole blood samples by centrifugation then stored at -70°C until use. Enzyme linked lectin assays were performed for each influenza strain by the Institute of Environmental Science and Research Ltd, based at the National Centre for Biosecurity & Infectious Disease Upper Hutt, New Zealand. Briefly, serum samples were heat inactivated at 56°C for one hour then titrated out twofold, in duplicate, across a microtitre dilution plate, from 1:10 to 1:5120. Titrated samples were transferred to a fetuin-coated test plate, including controls, and a standard amount of antigen added. After overnight incubation, peroxidase conjugated peptide nucleic acid was added to the washed plates followed by steps in which colour was developed. Plates were read on a BioTek plate reader. The reduction or absence of colour indicated inhibition of NAI activity due to the presence of NA-specific antibodies.



Mice

C57BL/6J mice were bred and maintained in the specific pathogen-free Biomedical Research Unit at the Malaghan Institute of Medical Research (Wellington, New Zealand). Mice were housed in autoclaved cages under specific pathogen free conditions. Mice were age and sex matched. Mice were used for experiments from 6-12 weeks of age. Both male and female mice were used. The Victoria University Animal Ethics Committee granted ethical approval for experimental animal procedures and all experiments were carried out in accordance with their guidelines. At experimental end points mice were humanely killed by CO2 inhalation followed by cardiac puncture.



Mouse Diets

As indicated, breeding pairs and nursing dams were administered a zero-fibre diet (SF09-028, Specialty Feeds, Glen Forrest, Australia) or high fibre diet (7.5% Inulin, 7.5% Pectin SF15-086, Specialty Feeds). Pups born from respective breeding pairs were reared on this special diet for the duration of the experiment. All foods were autoclaved or irradiated prior to feeding for sterility.

Unless otherwise stated, mice were maintained on a meat-free rat and mouse standard diet. Other than the specified dietary alterations, paired diets in each experiment were designed to be otherwise nutritionally equivalent. Mice were administered foods ad libitum for the duration specified in each experiment.



Broad-Spectrum Antibiotic Cocktail Administration to Mice

The broad-spectrum antibiotic cocktail (ABX) consisted of vancomycin at 0.5 mg/mL, neomycin at 1 mg/mL, ampicillin at 1 mg/mL and metronidazole at 1 mg/mL, dissolved in purified, acidified drinking water. This was administered to mice ad libitum for 14 days prior to TIV vaccination. Splenda artificial sweetener (4 mg/mL) and Hansell’s strawberry essence (2 μL/mL) were added to improve palatability of the solution. Splenda and Hansell’s strawberry essence were also added to the control water.



Short-Chain Fatty Acid Administration to Mice

Solutions of single SCFAs were prepared by adding 200 mM of sodium acetate, sodium butyrate or sodium propionate (Sigma-Aldrich, St Louis, MO) to autoclaved drinking water, at a concentration of 200mM and administered to mice ad libitum for 21 days prior to vaccination and throughout the remainder of the experiment. A mixed SCFA solution was prepared by adding sodium acetate (70 mM), sodium butyrate (20 mM) and sodium propionate (30 mM), to autoclaved acidified water and was administered to mice ad libitum for 14 days prior to initial vaccination and throughout the remainder of the experiment.



Trivalent Influenza Vaccine Administration to Mice

Influvac® 2016 inactivated TIV vaccine was diluted 1:4 in sterile PBS and 200 μL was administered subcutaneously (SC) at the tail base between the dorsal and right lateral vein, with mice receiving 1/10 of the full human dose of 500 μL. Mice received this dose on day 0, 7, and 14. Mice were sacrificed on D21 to evaluate antibody responses.



Serum TIV Enzyme Linked Immunosorbent Assays

Levels of TIV-specific IgG antibody in mouse serum were determined by ELISA. Briefly, each well of a 96 well Nunc Maxisorb plates was coated with 100 μL of Influvac® diluted to 25 μL/mL in Phosphate Buffered Saline (PBS) and incubated overnight at 4°C. Non-specific protein binding was blocked with the addition of 150 μL of 10% fetal bovine serum in PBS and incubated for 2 hours at room temperature. Serum samples were serially diluted in 10% FBS in PBS and 100 μL was added to each well. The plates were then incubated for 2 hours at RT. HRP-conjugated anti-mouse IgG secondary antibody were diluted in 10% FBS in PBS at 1:5000. 100 μL was added to each well and plates were incubated for 2 hours at RT. Finally, 100 μL of OptEIA 3,3’,5,5’-Tetramethylbenzidine substrate was added. The reaction was stopped after 5-10 minutes with 50 μL of 1M sulphuric acid. The absorbance was read on Versa Max microplate reader at 450 nm. Before the initiation of each step, plates were washed five times with 0.05% TWEEN 20 in PBS, except following the blocking step.



Data Analysis and Statistics

All data analysis and statistics were performed using R-based computational tools. All figures were generated using ggplot2.

Seroconversions were logarithm transformed and analysis of these were on a transformed scale. Normality assumptions were well-met on the transformed scale. Logistic regression was used to explore the relationship between vaccination history and seroconversions and to explore the association between D0 antibody titers and vaccination history.

Beta-diversity was calculated using a Bray-Curtis dissimilarity index. Permutational multivariate analysis of variance (PERMANOVA) was used to explore the relationship between microbiome beta-diversity and categorical variables. Logistic regression was used to explore the relationship between beta-diversity and vaccination history. The relationship of alpha diversity with categorical variables was explored using ANOVA.

Rank correlation (Spearman) was used to explore the strength of association between logarithm-transformed seroconversion and average daily fibre intake.

Comparisons between vaccine responses in mouse groups were made using Student’s t-test (two group comparison) or ANOVA (multiple group comparison).




Results


Influenza Vaccination History Strongly Influences Vaccine Responses

122 healthy participants aged 18-64 received the 2016 trivalent influenza vaccine (TIV) as part of our study. Detailed study characteristics are described elsewhere (16). At the first visit, participants provided a food diary completed across the prior 7 days along with a stool sample collected between day 3 and 7 of diary completion (Figure 1A). In addition, an influenza vaccination history for 120 of the 122 participants was documented (Figure 1B). 21 of the participants (17.5%) had not received any previous influenza vaccination (naïve). Participants were stratified into low, medium, or high responders on the basis of their fold change in hemagglutinin (HAI)-specific antibodies to H1N1 and H3N2 pre-vaccination and 28 days post vaccination (seroconversion). These classifications broadly characterized the response to all three influenza strains in the vaccine (H1N1, H3N2, and B) for both HAI and neuraminidase (NAI) (Figure 1C).




Figure 1 | Influenza vaccine responses are determined by vaccination history. (A) Schematic overview of sampling timepoints relative to the vaccination event. (B) Histogram summarizes the number of seasonal-influenza vaccines received self-reported by participants at least 4 years prior to the study (2012-2015 inclusive; or from 2011-2015 inclusive). (C) Principal component analysis of both HAI and NAI seroconversion of each participant. Participants are coloured according to their responder category. (D) Heatmap showing relationship between seroconversion and year of most recent seasonal-influenza vaccines received by participants in the 4 years prior to the study (2012-2015), and 2011 or earlier.  Hemagglutinin (HAI) seroconversion to each of the influenza subtypes contained in the vaccine is shown. (E) Relationship between seroconversion and vaccine history. Hemagglutinin (HAI) and Neuraminidase (NAI) seroconversions are shown, as is the response to each of the influenza subtypes contained in the vaccine.



We found that how recently participants received their last influenza vaccine had a significantly negative effect on the strength of the antibody response induced by vaccination (logistic regression; H1N1: t-ratio -9.538, P=2.49e-16; H3N2: t-ratio -6.988, P=1.78e-10; B: t-ratio -4.665, P=8.22e-06; Figure 1D). The frequency of vaccination (total number of vaccination events) also negatively impacted the strength of the antibody response to the 2016 TIV. The effect of vaccine history was consistent across the three influenza subtypes for both HAI and NAI seroconversion (logistic regression, Figure 1E). Vaccine history score was determined by combining both the frequency of previous vaccinations and the years since the most recent vaccination event (vaccination history score = frequency of previous vaccinations * years since most recent vaccine). There was no significant effect of vaccination history on the HAI or NAI baseline antibody titers (at Day 0) to the 2016 TIV-vaccine specific strains (Supplementary Figure 2; logistic regression, P>0.1). Because the B strain elicited a much weaker humoral response than the 2 influenza A strains, we focused on H1N1 and H3N2 for subsequent analysis.



A Unique Microbiome Signature Is Correlated With the Vaccine Response to Each Influenza Strain

To investigate the role of the intestinal microbiome in shaping antibody responses to seasonal influenza vaccine, we collected faecal samples prior to vaccination (D0), and again at a particular day, between the day 25-28 timepoint, post vaccination (D28). An overview of the microbiome of each participant at each timepoint is shown in Supplementary Figure 3. We found that vaccine history did not significantly alter beta diversity (logistic regression, P > 0.1, t-ratio 0.00553). Furthermore, there was no significant difference between the low, medium, or high vaccine responders in overall community composition (beta diversity, PERMANOVA, P >0.1) (Figure 2A). Our investigation did not identify any significant difference in Shannon-index (alpha diversity) between the low, medium, and high vaccine responders (ANOVA, P >0.1). This was true at D0 and at D28, and independent of vaccine history (Figure 2B). However, we did find a unique microbiome signature at the operational taxonomic unit (OTU) level associated with responsiveness to each of the influenza subtypes. Across all participants, we found 12 OTUs correlated with H1N1 seroconversion (Spearman correlation, r > |0.15|, Padj< 0.05, Supplementary Table 2.1 and Supplementary Figure 4A) and 13 OTUs correlated with H3N2 seroconversion (Spearman correlation, r > |0.15|, Padj < 0.05, Supplementary Table 2.2 and Supplementary Figure 4B). We found stronger correlations between the microbiome and HAI seroconversion when we limited our analysis to individuals naïve to previous influenza vaccination. In naïve participants, we identified 10 OTUs that correlated with H1N1 seroconversion (Spearman correlation, r > |0.15|, Padj< 0.05, Figures 2C, D, Supplementary Table 3.1 and Supplementary Figure 5A) and 5 OTUs correlated with H3N2 seroconversion (Spearman correlation, r > |0.15|, Padj < 0.05, Figures 2C, D, Supplementary Table 3.2 and Supplementary Figure 5B). The OTU most strongly associated with a H1N1 seroconversion, Faecalibacterium prausnitzii (Figure 2C), is well studied for its ability to immunomodulate, and for its ability to ferment dietary fibres to SCFAs (22).




Figure 2 | A unique microbiome signature is correlated with the vaccine response to each of the influenza strains. (A) Non-metric multidimensional scaling (NMDS) of the microbiome for each participant. NMDS is faceted by vaccination history (naïve vs. previously vaccinated) and by timepoint [pre-vaccine (D0) or 25 - 28 days post vaccine (D28)]. Colour of each point reflects the responder category of the participant. (B) Shannon index of alpha diversity. Plot is faceted by vaccination history (naïve vs. previously vaccinated) and by timepoint (pre-vaccine or 28 days post vaccine). Colour of each point reflects the responder category of the participant. (C) Correlation analysis showing the strength of Spearman correlation of operational taxonomic units (OTUs) with HAI seroconversion in individuals previously naïve to influenza vaccination. Each point is one OTU. Colour of each point represents the class level taxonomic assignment of each OTU. OTUs are organized (x-axis) by genus, or by the lowest level of taxonomic hierarchy determined. Size of each point corresponds to -log (P value). Only OTUs with a correlation coefficient > |0.15| and an adjusted P value < 0.05 are shown. Plot is faceted by influenza strain: H1N1 (top), H3N2 (bottom). (D) Scatter-plot showing the correlation between the OTU with the strongest correlation with H1N1 seroconversion (Faecalibacterium prausnitzii; top) and H3N2 seroconversion (identified to the family level as Lachnospiraceae; bottom).





Fibre Intake Positively Correlates With Vaccine Responses, Particularly in Individuals Previously Naïve to Influenza Vaccination

To assess if diet had any impact on microbiota and TIV specific response, we analysed participants’ habitual dietary intake. Of particular interest to us was fibre intake, because of its known immunomodulatory properties (23). We first looked at microbial species that correlate with total dietary fibre intake and found 52 Operational Taxonomic Units (OTUs) that significantly increased with higher fibre intake (Spearman correlation, Padj < 0.05, Figure 3A, Supplementary Table 4 and Supplementary Figure 6). These OTUs were dominated by the class Clostridia, the class containing the majority of microbes with the ability to ferment indigestible fibre into SCFAs (Figure 3A) (24). As this class was disproportionately represented among the intestinal bacteria correlated with HAI seroconversion in vaccination naïve participants (14/15 = 93%), as compared to previously vaccinated participants (14/25 = 56%), we next looked at the inter-relationship between dietary fibre, antibody responses and vaccination history. Reflecting the marked preponderance of Clostridia within microbial classes associated with dietary fibre intake and de novo vaccine responses, we found the beneficial impact of dietary fibre on HAI seroconversion to be largely restricted to vaccination naïve individuals, albeit without reaching statistical significance in this under-powered subpopulation (Spearman correlation; H1N1 R =0.312, P=0.097; H3N2 R=0.181, P=0.059; Figure 3B).




Figure 3 | Fiber intake correlates with influenza vaccine responses. (A) Correlation analysis showing strength of Spearman correlation of operational taxonomic units (OTUs) with average dietary fibre intake. Each point is one OTU. Colour of each point represents the class level taxonomic assignment of each OTU. OTUs are organized (x-axis) by genus, or lowest level of taxonomic hierarchy determined. Size of each point corresponds to -log (P value). Only OTUs with an adjusted P value < 0.05 are shown. (B) Correlation analysis of average dietary fibre intake with Hemagglutinin (HAI) seroconversion. Colour represents the number of self-reported seasonal influenza vaccinations each participant received in the last 5 years. On the left all participants are analysed. On the right only participants naïve to previous influenza vaccination are analysed. Grey shadow represents 95% confidence interval.



In a more conservative analysis of the food diaries, of dietetic relevance, we excluded a) individual days in which participants reported an energy intake less than 1.2 X the Schofield predicted base metabolic rate and b) any participant that did not report at least 3 days with an energy intake higher than 1.2 X the Schofield predicted base metabolic rate. In both instances, similar trends were observed (Supplementary Figure 7).



Dietary Fibre and Fibre Fermentation Is Required for Optimal Antibody Response in a Mouse Model of Influenza Vaccination

Dietary fibre is fermented by the healthy human microbiome into SCFAs, which have been well studied for their immuno-modulatory properties (25). We therefore wanted to further investigate the role of fibre and fibre fermentation products in antibody production in mice with no previous exposure to influenza or influenza vaccine, similarly to previous observations documenting the influence of fibre on antibody production at steady-state and in the context of infection (5). We found that mice on a fibre-free diet had an impaired IgGtotal, but not IgG1 antibody responses to TIV compared to those on a standard, high-fibre diet (Figure 4A and Supplementary Figure 8A). Next, we hypothesized that it was not the fibre itself, which was responsible for this phenotype, but rather the fibre fermentation products generated by the microbiota. To test this, we exposed mice to broad spectrum antibiotics to deplete their microbial fermentation capacity. Following three days of antibiotics, the frequencies of Firmicutes and Verrucomicrobia were diminished, while Actinobacteria and Bacteroidetes increased in frequency. After 10 days of antibiotics the faecal microbiota was further altered, with an expansion of Verrucomicrobia, Firmicutes and β-proteobacteria (Supplementary Figure 9A). Consistent with the concept that microbial fibre fermentation products contributed to the effect, we found that mice on antibiotics had impaired IgGtotal antibody responses to TIV compared to their normo-biotic counterparts, as previously reported (3) (Figure 4B). The deficit in the TIV-specific antibody response could be seen as early as 14 days post vaccination in both TIV-specific total IgG, and TIV-specific IgG1 (Supplementary Figure 9B). The effect of antibiotic treatment was specific to the TIV-antibody response, and not a broad effect of the antibiotics on humoral immunity (Supplementary Figure 9C). Further supporting the concept that microbial fermentation of dietary fibre to SCFAs contributed to the TIV-specific antibody response, we found that supplementation of the SCFAs butyrate, acetate, and propionate to mice on a fibre-free diet phenocopied mice on a high fibre diet (Figure 4C and Supplementary Figure 8B). In the presence of adequate dietary fibre (control diet), the addition of acetate, butyrate, or propionate had no further benefit to antibody responses (Figure 4D and Supplementary Figure 8B).




Figure 4 | Dietary fibre and fibre fermentation are required for optimal antibody response in a mouse model of influenza vaccination. 28 days after receiving the trivalent influenza vaccine (TIV), serum levels of TIV-specific IgG were assessed from mice allocated to various fibre interventions. (A) TIV-specific IgG in the serum from mice fed a control or zero fibre diet. (B) TIV-specific IgG from mice on a control diet, with (abx) or without (control) the addition of an antibiotic cocktail to the drinking water. (C) TIV-specific IgG from mice on a zero-fibre diet, a high fibre diet, or a zero fibre diet supplemented with a cocktail of short chain fatty acids containing butyrate, acetate, and propionate (D) TIV-specific IgG from mice on a control diet supplemented with acetate, butyrate, or propionate. Data from (A, C) are from two independent experiments; samples from replicate groups are combined for analysis [(A) n=5/treatment/experiment (B) n=3-4/treatment/experiment]. Data from (B, D) are representative from 2 independent experiments (n = 5/treatment/experiment). Error bars in all panels show standard error of the mean. *P < 0.05. **P < 0.01. ***P < 0.001. BAP, butyrate, acetate, and propionate.






Discussion

The efficacy of the seasonal influenza vaccine varies significantly from person to person (26). A strong antibody response is crucial for effective protection against influenza. In this study, we found that dietary fibre intake in human participants appear to be contributory to mounting a robust vaccine response.

This study provides insight on the impact of prior vaccination events to influenza vaccine humoral immunity. We observed an inverse correlation between previous vaccination events and seroconversion across the three influenza subtypes, for both HAI and NAI. This phenomenon has been observed previously with other trivalent inactivated influenza vaccines (27–35). Noticeably, the impact of both diet and of the microbiome was greatest in those subjects who self-reportedly never received the seasonal influenza vaccine before participating in this study. Similarly, Hagan et al. found that the impact of antibiotic exposure to humoral immunity using the same vaccine in a human trial was greatest in subjects with low baseline titers (7). The authors hypothesized that mechanisms involved in recall responses could be more resilient to changes in the gut microbiota than those involved in a primary response (7), a hypothesis congruent with our observations.

A number of clinical studies have attempted to identify the microbial and molecular determinants of influenza vaccine responsiveness, which is notoriously inconsistent throughout the general population (7–10). While these studies, alongside preclinical models (3–6), clearly demonstrate a microbiome-dependent effect, they have not provided actionable results. Importantly, our observations suggest that part of the microbial determinants of influenza vaccination responsiveness are secondary to dietary fibre intake -a finding which may generate new public health strategies to enhance population-based vaccination effectiveness.

Dietary fibre acts as the substrate for the microbial fermentation of SCFAs, which have been well studied as potent immune-modulatory metabolites capable of influencing cellular responses in locations beyond the gut. Systemic levels of SCFAs are most directly influenced by the amount of dietary fibre consumed (36). It has previously been observed in rats that dietary fibre intake potentiates IgA responses (37). SCFAs are the major dietary fibre metabolites responsible for augmenting antibody production in both mucosal tissues and systemically (5). Thus, our findings support the previously identified association of fibre consumption and antibody production.

Using a preclinical mouse model of TIV vaccination, we were able delineate the role of dietary fibre from SCFAs. We found that mice on a diet devoid of dietary fibre or mice lacking fermentation capacity (antibiotic treated) were inhibited in their antibody responses. Supplementing these mice with a mixture of SCFAs could restore antibody responses. Interestingly, SCFA administration together with high levels of dietary fibre did not further enhance antibody responses beyond a high fibre diet, indicating that SCFAs at supraphysiological concentrations have no added benefit in this context. Interestingly, while total vaccine-specific IgG levels were impaired in the absence of SCFAs, levels of vaccine-specific IgG1 were not. Future work should investigate how SCFA levels impact vaccine specific IgG2 and IgG3, as presumably one or both subclasses are reduced.

In addition to dietary fibre, another major determinant of SCFA levels is the presence of microbial species capable of performing the fermentation (38). Understanding the microbial ecology of this process across individuals in relation to their vaccine-responses may provide important insight into how to optimize vaccine efficacy. Future work should look at SCFA production pathways using shot-gun metagenomics (39, 40). Integrating data around the microbiome, diet, and systemic levels of SCFAs will provide a clearer picture of how these metabolites influence vaccine responses.

Vaccines represent one of the most widely used and important public health interventions. Despite this, we do not fully understand why responses to vaccines vary widely between individuals and across populations, and perhaps more importantly, whether similar microbial, molecular or dietary determinants underlie the effectiveness to immunologically distinct vaccine formulations (e.g. adjuvanted vs non-adjuvanted, protein vs mRNA), as the impact of SCFA may very well be vaccine-specific (41). In this study we present data to suggest that public health messages to increase dietary fibre intake could assist in more successful vaccine protection.
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A growing body of scientific evidence supports the notion that gut microbiota plays a key role in the regulation of various physiological and pathological processes related to human health. Recent findings have now established that gut microbiota also contributes to the regulation of bone homeostasis. Studies on animal models have unraveled various underlying mechanisms responsible for gut microbiota-mediated bone regulation. Normal gut microbiota is thus required for the maintenance of bone homeostasis. However, dysbiosis of gut microbiota communities is reported to be associated with several bone-related ailments such as osteoporosis, rheumatoid arthritis, osteoarthritis, and periodontitis. Dietary interventions in the form of probiotics, prebiotics, synbiotics, and postbiotics have been reported in restoring the dysbiotic gut microbiota composition and thus could provide various health benefits to the host including bone health. These dietary interventions prevent bone loss through several mechanisms and thus could act as potential therapies for the treatment of bone pathologies. In the present review, we summarize the current knowledge of how gut microbiota and its derived microbial compounds are associated with bone metabolism and their roles in ameliorating bone health. In addition to this, we also highlight the role of various dietary supplements like probiotics, prebiotics, synbiotics, and postbiotics as promising microbiota targeted interventions with the clinical application for leveraging treatment modalities in various inflammatory bone pathologies.
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INTRODUCTION

Microbiota is the collection of microorganisms such as bacteria, viruses, archaea, fungi, protozoa, and eukaryotes that exist inside or outside the host. Although microbes are present on the entire host mucosal surface a majority of them reside in the gastrointestinal tract and are referred to as gut microbiota (GM) (Sommer and Bäckhed, 2013). The human GM consist of over 100 trillion microbes that encode more than 3.3 million genes (Qin et al., 2010; Rinninella et al., 2019). These microbes have coevolved with humans and provide numerous health benefits via the regulation of various biological processes (Eckburg, 2005). The human gut is primarily dominated by the Firmicutes and Bacteroidetes phyla which constitute over 90% of the intestinal microbiota (Eckburg, 2005; Figure 1). Other microbial phyla that are present in minor proportion are Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia (Eckburg, 2005). Development of GM takes place after birth. At birth, neonates are devoid of any microbiota and acquire it only after birth when exposed to a vast array of microbes. The microbial composition of the infants depends on the mode of delivery (Dominguez-Bello et al., 2010). Infants born by vaginal delivery have a microbial composition similar to the mother’s vagina consisting of mainly Lactobacillus, Prevotella, or Sneathia spp. However, babies born by C-section are depleted of bacterial species from the mother’s vagina (Dominguez-Bello et al., 2010). They acquire most of the microbiota from the mother’s skin and from the hospital which is dominated by Staphylococcus, Corynebacterium, and Propionibacterium spp. (Dominguez-Bello et al., 2010). Microbial composition is also affected by genetic and environmental factors (Schroeder and Bäckhed, 2016). Breastfeeding and antibiotic treatment also affect the microbiota composition during infancy. Later in life, the microbial composition is shaped by the type, quality, and quantity of diet. GM promotes human health and plays a very significant role in the regulation of immune and metabolic homeostasis (Thursby and Juge, 2017). Research from the past decade has revealed the effect of GM in the regulation of various physiological functions related to human health and its association with several diseases. GM enhances the extraction of energy from food, increases nutrient absorption, induces immune system development, and prevents the invasion of pathogens through the intestinal epithelial cells (IECs). GM produces various secondary metabolites such as short-chain fatty acids (SCFAs) and aryl hydrocarbon receptor (AhR) ligands which have a role in the regulation of several physiological functions related to human health. However, modifications in GM composition result in the progression of various gastrointestinal and metabolic disorders such as irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), colorectal cancer, obesity, and type 2 diabetes (Guinane and Cotter, 2013; Wang et al., 2017). The role of GM in regulating human health is now emerging as one of the latest trends in integrative biology. Interestingly, recent studies have now revealed a nexus between GM and skeletal health. Accumulating evidence from these studies indicates that GM is associated with bone metabolism and a range of metabolic bone disorders. GM is a crucial regulator of bone homeostasis and maintains bone health via several mechanisms. Here we review all possible mechanisms through which GM regulates skeletal health starting with a brief discussion about bone.
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FIGURE 1. Schematic representation of microbial diversity throughout the human gastrointestinal tract. The stomach has the least microbial diversity whereas the colon and cecum are the most diverse (Ahmed et al., 2007). These microbes produce various essential secondary metabolites from the diet like short-chain fatty acids (SCFAs) and aryl hydrocarbon receptor (AhR) ligands. SCFAs are present in higher levels in the colon while AhR ligands are more concentrated in the small intestine (Mowat and Agace, 2014).




BONE

The skeleton is among the largest organs of the human body and constitutes approximately 15% of the total human body weight (Su et al., 2019). Adult human bone is mainly composed of 80% cortical bone and 20% cancellous or trabecular bone (Clarke, 2008). Bone is a highly dynamic and metabolically active connective tissue that continuously undergoes remodeling throughout our life. Bone remodeling occurs with the help of three prime bone cells: bone-forming osteoblasts, bone-resorbing osteoclasts, and the embedded cells in a bone matrix called osteocytes. Osteoblasts are differentiated from mesenchymal stem cells (MSCs) that also give rise to various other types of cells such as adipocytes and chondrocytes (Schett and David, 2010). Differentiation of osteoblasts from MSCs is mainly induced by runt-related transcription factor 2 (Runx2) and its target gene, the Sp7 transcription factor (Srivastava et al., 2018). Osteoblasts produce various extracellular proteins such as type 1 collagen, alkaline phosphatase, osteocalcin, osteopontin, and osteonectin. These proteins deposit between the osteoblasts and the surface of the bone to form a matrix (Dar et al., 2018a).

Osteoclasts are specialized in bone resorption and are also known as bone eaters. Osteoclasts are multinucleated giant cells that are derived from myeloid precursors. Differentiation of osteoclasts depends on two important factors i.e., macrophage colony-stimulating factor (MCSF) and receptor activator of nuclear factor kappa-B ligand (RANKL) (Charles and Aliprantis, 2014). MCSF promotes the proliferation and survival of osteoclast progenitors whereas RANKL stimulates the differentiation of progenitors into osteoclasts (Schett and David, 2010). Osteoclasts attach to the surface of the bone to form a unique structure called a “sealing zone” which creates resorption space that is insulated from the extracellular space. Osteoclasts acidify the resorption space and degrade various organic and mineral contents of bone by releasing the lysosomal enzymes such as cathepsin K and tartrate-resistant acid phosphatase (TRAP) (Walsh et al., 2006). Osteoclasts also modulate their structure to form a ruffled border that increases the surface for transport of active hydrogen ions (H+) through a proton pump in the sealing zone (Walsh et al., 2006). Recently, a new subset of bone cells named “Osteomorphs” has been reported. Osteomorphs are formed by the fission of RANKL stimulated multinucleated osteoclasts into daughter cells that via fusion can recycle back into osteoclasts. Single-cell RNA sequencing revealed that osteomorphs are different from osteoclasts and express several genes that are associated with bone structure and function (McDonald et al., 2021).

A subset of osteoblasts that are being entrapped in the calcified bone matrix is termed osteocytes. Osteocytes are derived from osteoblasts and are the most abundant and long-lived bone cells that constitute about 95% of the mature bone tissue. Osteocytes indirectly regulate the activity of osteoclasts and osteoblasts via the secretion of various regulatory factors. Osteocytes also have a role in calcium and phosphate metabolism. The most important function of osteocytes is that they act as bone mechanosensors (Qin et al., 2020). Osteocytes are believed to send signals to other osteocytes and osteoblasts on the surface of the bone in response to mechanical forces via their intricate cellular networks called canaliculi (Walsh et al., 2006).

Apart from these prime cells, there are osteomacs which also have a critical role in regulating bone metabolism. Osteomacs are stellate-shaped cells and account for approximately one-sixth of the total bone marrow cells (Srivastava et al., 2018). Osteomacs are present adjacent to osteoblasts and have a role in bone formation and osteogenic differentiation of MSCs (Chen et al., 2020).

Bone remodeling is a dynamic process and requires multiple interactions between osteoblasts and osteoclasts (Figure 2). Osteoblasts positively induce osteoclasts differentiation by secreting RANKL and MCSF and negatively by secreting RANKL decoy receptor osteoprotegerin (OPG) (Schett and David, 2010). Bone remodeling maintains the bone architecture and continuously replaces the old bone with the new one. Bone remodeling maintains bone integrity, restores bone microdamage, and regulates the release of calcium (Ca) and phosphorus (P) during normal host physiology (Dar et al., 2018a). Abnormalities in the bone remodeling process lead to several skeleton deformities. Bone remodeling is a complex process and is regulated by various biochemical and mechanical factors. Major factors that are involved in the regulation of bone remodeling are parathyroid hormone (PTH), estrogen, thyroid hormones, and glucocorticoids. Other factors that are pivotal players in bone remodeling are insulin-like growth factors (IGFs), bone morphogenetic proteins (BMPs), prostaglandins, vitamin D, tumor growth factor (TGF)-β, and cytokines (Hadjidakis and Androulakis, 2006; Dar et al., 2018a). Recent studies particularly on the germ-free (GF) mice have shown that GM is also a critical factor in the regulation of bone remodeling (Yan and Charles, 2017). GM influences the activity of bone cells and alteration in GM composition leads to skeleton manifestations such as osteoporosis, rheumatoid arthritis (RA), and periodontitis (Ibáñez et al., 2019). Recent studies have established the important relationship between GM and bone health and is comprehensively reviewed here.
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FIGURE 2. Bone remodeling cycle. Bone remodeling occurs in four phases: (1) Activation phase: In this phase, M-CSF and RANKL promote the differentiation of osteoclast precursors into osteoclasts. (2) Resorption phase: During this phase mature osteoclasts with unique ruffled borders induce resorption of bone by secreting cathepsin K, and H+ in the sealing zone. After resorption osteoclasts detach from the surface of the bone and undergo apoptosis. (3) Reversal phase: In the reversal phase osteoblasts’ precursors get differentiated into mature osteoblasts and are recruited to the resorption site. (4) Formation phase: In this phase osteoblasts get occupied in the resorbed lacuna and start depositing the bone matrix. After the formation phase, osteoid gets mineralized and bone surface returns to resting phase with bone lining cells.




NEXUS BETWEEN GUT MICROBIOTA AND BONE HEALTH

GM influences the function of various organs and recently the effect of GM on bone health is catching significant attention. The association between GM and bone was first revealed in the study by Sjogren’s group. They observed that female C57BL/6J GF mice had increased bone mass with decreased number of osteoclasts. GF mice also had a reduced number of CD4+ T cells, osteoclast precursors, and inflammatory cytokines than the conventionally raised (CONV-R) mice (Sjögren et al., 2012). The same group in another study using female C57BL/6J GF mice from Pasteur Institute, France observed similar results i.e., female GF mice had increased bone mass than the CONV-R mice as they reported in the previous experiment with C57BL/6J GF mice raised in the gnotobiotic facility at the University of Gothenburg, Sweden (Ohlsson and Sjögren, 2018). Li et al. also observed related results on female C57BL/6J GF mice. They reported that a decrease in bone mass due to inflammatory conditions induced during sex steroid deficiency is mediated by GM. They observed that in GF mice, no bone loss occurred during sex steroid deficiency. In the presence of GM, sex steroid deficiency unregulated the production of osteoclastogenic and inflammatory cytokines such as tumor necrosis factor (TNF)-α, RANKL, and interleukin (IL)-17. However, in GF mice there was no such increase in the level of osteoclastogenic cytokines after sex steroid deficiency (Li et al., 2016). Therefore, GM might enhance bone resorption by increasing the level of inflammatory and osteoclastogenic cytokines as observed by Sjogren’s group. Subsequently, several other studies using mice of the same genetic background i.e., C57BL/6J revealed the different mechanisms involved in GM-mediated bone resorption. Ohlsson et al. (2017) demonstrated that colonization of GM normalized the increased bone mass in GF mice. GM induced the expression of RANKL and TNF-α via activation of nucleotide-binding oligomerization domain-containing proteins (NOD)1 and NOD2 signaling which induces osteoclastogenesis and thus bone resorption (Ohlsson et al., 2017). In another study, it was reported that bone marrow-derived mesenchymal stem cells (BMMCs) of GF mice showed high proliferation and osteogenesis. On the other hand, colonization of GF mice with specific pathogen-free (SPF) mice microbiota normalized the proliferation of BMMCs and decreased their osteogenesis (Xiao et al., 2017). Novince et al. (2017) showed that commensal microbiota promotes osteoclastogenesis along with simultaneously suppressing osteoblastogenesis which results in bone loss. Role of GM in inducing bone resorption is also supported by the studies including antibiotics. Low dose administration of antibiotics like penicillin, chlortetracycline and vancomycin at the early age increased the bone mineral density (BMD) of mice (Cho et al., 2012). Another study showed that low dose administration of penicillin enhanced the BMD and bone mineral content (BMC) of female C57BL/6J mice (Cox et al., 2014). However, in humans administration of broad spectrum antibiotics did not show any affect on bone health (Mikkelsen et al., 2018).

Above mentioned studies thus clearly indicate that GM regulates bone mass by promoting bone resorption but in reality, the effect of GM on bone is very complex as various factors are involved in GM-mediated regulation of bone health. These factors could be the strain and gender of mice used in the study. Some studies conducted on male mice of other strains evidenced that GM induces bone formation instead of bone resorption. It is reported that supplementation of Lactobacillus plantarum promoted juvenile growth and prevented stunted growth during chronic undernutrition in male BALB/c GF mice by stimulating growth hormone (GH) activity (Schwarzer et al., 2016). In male C57BL/6J mice antibiotic use decreased the BMC which in contrast to that observed in female C57BL/6J mice (Cox et al., 2014). Similarly, Yan et al. reported that long-term colonization of CB6F1 GF mice with microbiota from SPF mice enhances bone mass. Antibiotic treatment on the other hand inhibits bone formation. Yan et al. study showed that the net effect of GM on bone is not only dependent on the strain but partly on the duration of colonization also. They observed that colonization of GF mice for a short duration i.e., for one month severely decreases bone mass whereas for 8 months increases bone formation. Colonization of mice increases the level of IGF-1 in serum which at a shorter duration inhibits bone formation as it promotes osteoclast formation. On the contrary during long-term colonization, it induced bone formation. Also, short-term colonization enhanced the level of osteoclastogenic cytokines such as RANKL, TNF-α, and IL-1β. in both the colon and bone marrow (Yan et al., 2016). These studies thus reflect that GM can have both catabolic as well as anabolic effects depending on the strain, gender, and duration of colonization.

In contrast to the above-mentioned studies, Quach et al. reported that GM reconstitution does not affect the bone health of GF mice. They observed that colonization of GF mice (Swiss Webster and C57BL/6) with human and mice GM did not alter bone mass significantly. Also, there was no change in the number of osteoclasts precursors, T cells and in the expression of inflammatory cytokines after colonization (Quach et al., 2018). One reason that may be responsible for the differences observed in the study of Quach et al. from other studies is the mode of transplantation of microbiota. The method of colonization used by Sjögren et al. (2012) was coprophagy whereas Quach et al. (2018) used the intragastric gavage method. Thus, changes in the methods of colonization could be responsible for varied results. Other factors for the observed differences in results could be the vendors from where the GF mice were purchased and the animal facility where they were kept. Studies have shown that animals from different facilities harbor a different type of GM. Thus, unique microbiota composition at different animal facilities might also determine the effect of colonization on bone health in GF mice.

Various other studies have demonstrated the role of GM composition on bone health. It is observed that undernourished children have perturbed GM composition. Blanton et al. reported that transplantation of microbiota from undernourished children or infants to GF mice induced impaired growth phenotypes in GF mice. On the other hand cohousing of the GF mice that received the microbiota from the undernourished children with that receiving microbiota from healthy children prevented growth impairments in the recipient mice (Blanton et al., 2016). This supports the notion that microbial diversity determines the net effect of GM on bone health. Another study showed that alterations in the GM composition impairs bone mechanical properties and affect bone strength (Guss et al., 2017). Rios-Arce et al. (2020) reported that dysbiosis caused due to antibiotics treatment, induces bone loss in mice. On the other hand, Lactobacillus reuteri administration restored GM composition and alleviated bone loss. A recent study highlighted that transplantation of GM from young rats to aged rats having senile osteoporosis alleviated bone loss by restoring the GM composition of aged rats. This study thereby again supports that healthy GM-diversity promotes bone formation (Ma et al., 2021).

Taken together the effect of GM on bone is very complex and conflicting. Nevertheless, these studies point that GM has the potential to regulate bone homeostasis. To dissect and explore the nexus between GM and bone health a new field was proposed i.e., “Osteomicrobiology”, a term coined by Ohlsson’s group (Ohlsson and Sjögren, 2015). In the following sections, we will review various mechanisms involved in the reciprocal regulation between GM and skeletal health.


Role of Gut Microbiota in Maintaining Intestinal Integrity

The gut is populated by trillions of microorganisms. To prevent the invasion of microbes into intestinal lamina propria, IECs form the barrier between microbes and gut tissues. Barrier dysfunction allows the access of pathogens into the lamina propria resulting in uncontrolled immune response leading to various inflammatory disorders. The gut barrier is maintained by five different types of specialized epithelial cells. These cells are goblet cells, Paneth cells, microfold (M) cells, enteroendocrine cells, and absorptive enterocytes. Goblet cells secrete mucous which prevents direct contact between the microbiota and IECs. Mucous is formed by different glycoproteins, the majority of which is Mucin 2 (MUC 2). Paneth cells and enterocytes secrete antimicrobial peptides (AMPs). AMPs are cationic peptides that can kill a wide range of gram-positive and gram-negative bacteria and their secretion is induced by lipopolysaccharide (LPS) and oligonucleotides. “M” cells are specialized epithelial cells of Peyer’s patches that transcytose the gut luminal antigens. Enteroendocrine cells produce the hormone serotonin which regulates intestinal inflammation and maintains immune homeostasis (Muniz et al., 2012; Yu, 2012). Apart from specialized IECs, secretory IgA (sIgA) and tight junctions (TJs) also regulate the intestinal barrier. sIgA antibody is released onto the luminal surface where it coats the inflammatory commensals and leads to their neutralization. TJs are protein complexes present on the apical surface of enterocytes. TJs limit the passage of molecules through the IECs. Disruptions in the functioning of these specialized cells and TJs result in the leaky gut that is observed in various diseases such as IBD and IBS (Lee et al., 2018). Impaired gut integrity is also reported in various bone pathologies. Li et al. (2016) showed that the gut barrier is impaired during post-menopausal osteoporosis. They reported that sex steroid deficiency modifies the expression of TJ proteins causing enhanced intestinal permeability. Increased gut permeability further leads to expansion of Th17 cells and release of osteoclastogenic cytokines such as IL-17, RANKL, and TNF-α in the intestine and bone marrow resulting in bone resorption. Nakajima et al. observed impaired gut barrier function in periodontitis (Nakajima et al., 2015). Increased intestinal barrier dysfunction was reported to be associated with the pathology of RA (Matei et al., 2021). As gut integrity regulates bone health, proper maintenance of barrier function is required for inhibition of intestinal inflammation and thus inflammatory bone loss.

Gut microbiota maintains epithelial barrier and regulates gut integrity through various mechanisms (Figure 3). GM induces mucous secretion. GF animals have less mucous secretion because of fewer and smaller goblet cells in them than the CONV-R mice (Deplancke and Gaskins, 2001). GM promotes mucous secretion through the production of SCFAs. Butyrate which is one of the SCFAs produced by microbiota promotes the expression of MUC-2 in goblet cells and induces the production of AMPs from IECs (Liu et al., 2021). GM also stimulates the expression of junctional proteins. Administration of indole that is produced by commensal microbiota from tryptophan metabolism in GF mice upregulates the expression of TJ proteins in colonic epithelial cells by activating the pregnane X receptor (Shimada et al., 2013; Venkatesh et al., 2014). SCFAs such as butyrate also upregulates the expression of TJ proteins like claudin-1 and zonula occludens-1 (Liu et al., 2021). GM is required for IgA production. GF animals have a smaller number of IgA-producing B cells (Smith et al., 2007). GM induces the secretion of AMPs. IECs release AMPs by sensing bacteria which depends on the NOD2 and myeloid differentiation primary response 88 (MyD88) signaling. NOD2 recognizes the bacterial muramyl dipeptide and provides protective immunity. Sensing of bacteria by NOD2 results in the production of AMPs such as cryptdins. NOD2 deficient mice have decreased production of AMPs and are susceptible to infection from Listeria monocytogenes and Mycobacterium paratuberculosis (Ayabe et al., 2000; Kobayashi, 2005). MyD88 is a canonical downstream adapter protein of toll-like receptor (TLR) and IL-1 receptor families. MyD88 signaling maintains mucosal homeostasis and protects against bacterial pathogens like Citrobacter rodentium and Salmonella enterica (Bhinder et al., 2014). MyD88 signaling also induces the production of AMPs by IECs. Mice lacking MyD88 in IECs have reduced production of AMPs, e.g., RegIIIγ and Defa-rs1 and have decreased mucous secretion (Bhinder et al., 2014). GM also maintains barrier integrity by inducing immune cells to produce cytokines such as IL-22. Immune cells such as Th17 cells regulate the epithelial barrier functions by secreting IL-17 and IL-22. Differentiation of Th17 cells is mainly induced by single filamentous bacteria (SFB) which adhere to the epithelial cells of the small intestine and induce the expression of serum amyloids (SAA). SAA stimulates CD11c+ myeloid cells to secrete IL-1β which along with other factors like IL-6 and TGF-β induce the differentiation of Th17 cells (Atarashi et al., 2011). Th17 cells then secrete the cytokines IL-22, IL-17A and IL-17F. These cytokines enhance the expression of AMPs such as β-defensin 2, S100A9, S100A7, and S100A8 (Liang et al., 2006). Parasitic helminths like Nippostrongylus brasiliensis stimulate IL-25 secretion from chemosensory tuft cells which are present in the gut epithelium. IL-25 activates the innate lymphoid cells (ILC)-2 to secrete IL-4 and IL-13 which further induces goblet cell hyperplasia and mucous secretion (Gerbe et al., 2016). Altogether these studies suggest that GM has a very significant role in the regulation and maintenance of gut epithelial cell integrity, which further has a role in the regulation of bone health.
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FIGURE 3. Gut membrane integrity: Role of Gut Microbiota (GM) and immune system. GM has a crucial role in regulating gut permeability. GM maintains intestinal integrity via several mechanisms. In mice segmented filamentous bacteria (SFB) induce the secretion of serum amyloid A (SAA) from epithelial cells which further activates the dendritic cells to secrete IL-1β and IL-23. IL-1β and IL-23 promote the differentiation of Th17 cells which produce IL-17 and IL-22. These cytokines stimulate the epithelial cells to secrete antimicrobial peptides (AMPs). GM produces tryptophan metabolites like indole that enhance the expression of tight junction (TJ) proteins. Short-chain fatty acids (SCFAs) produced by GM promote the goblet cells to produce mucus. SCFAs such as butyrate also upregulate the expression of tight junction (TJ) proteins and induce the production of AMPs from epithelial cells. Parasites like Nippostrongylus brasiliensis promote the secretion of IL-25 from tuft cells. IL-25 stimulates the innate lymphoid cells (ILC)-2 to produce IL-4 and IL-13. These cytokines induce goblet cell hyperplasia and mucous secretion.




The Gut-Immune-Bone Axis

From recent studies, it is observed that there is dynamic cross-communication between the skeleton and immune system. Both the systems share the common developmental niche i.e., bone marrow. Growing awareness of the close interrelationship between the bone and immune system has stimulated the development of a new field of immunology termed “Osteoimmunology” (Walsh et al., 2006). Osteoimmunology deals with the interaction between both these systems (Dar et al., 2018a). Immune cells by secreting various cytokines influence the development of bone. Immune cells such as Tregs, Bregs, and Th17 cells have the most important role in bone regulation. Th17 cells promote bone loss by stimulating osteoclastogenesis. Th17 cells induce bone resorption directly by secreting RANKL or indirectly via the production of IL-17. IL-17 is an osteoclastogenic cytokine that induces expression of RANKL on osteoclastogenesis supporting cells including stromal cells and osteoblasts. Moreover, IL-17 also promotes the production of inflammatory cytokines like TNF-α, IL-1, and IL-6 which further stimulate the expression and activity of RANKL (Wang et al., 2013). On the contrary, Tregs prevent bone loss by inhibiting osteoclastogenesis. It is reported that Tregs suppress MCSF and RANKL induced osteoclastogenesis in a dose-dependent manner. Zaiss et al. showed that Tregs suppressed osteoclasts differentiation partly via secretion of TGF-β, IL-4, and IL-10 but majorly through a cell-cell contact-dependent manner via cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) (Zaiss et al., 2007). On the other hand, Kim et al. showed that Tregs suppressed osteoclastogenesis in a cytokine-dependent manner and not in a cell-cell contact manner (Kim et al., 2007). Similarly, Luo et al. (2011) showed that human peripheral blood mononuclear cells (PBMCs) derived Tregs inhibited differentiation of osteoclasts via secretion of anti-osteoclastogenic cytokines like TGF-β and IL-10. Inflammation due to alteration in the Tregs-Th17 cell axis is one of the major factors involved in the pathogenesis of RA and periodontitis (Alunno et al., 2015; Gao et al., 2017). Studies from our lab have established the important role of the Treg-Th17 cell axis in ovariectomized (ovx) mice model (mice model for osteoporosis) (Dar et al., 2018b,c; Sapra et al., 2021c). Recently our group for the first time has established the significant role of regulatory B cells “Bregs” in inhibiting osteoclastogenesis in a contact-independent manner by secreting IL-10 thereby preventing bone loss in ovx mice model (Sapra et al., 2021b). Other immune cells such as Th1 and Th2 also regulate bone health in interferon (IFN)-γ and IL-4 dependent manner, respectively (Dar et al., 2018a). These studies point to the important role of the immune system in osteoporosis, a field with unexplored domains. To explore this interesting role of the immune system in osteoporosis, we proposed a novel field termed “Immunoporosis” which specifically deals with the role of various immune cells in the pathophysiology of osteoporosis (Srivastava et al., 2018; Sapra et al., 2021a).

It is reported that GM is required for the development of the immune system. Several implications in the immune system have been reported in the absence of GM in GF animals. GF animals have a reduced number of IgA secreting B cells and CD4+ T cells in the lamina propria. They have smaller Peyer’s patches with a reduced number of lymphoid follicles. GF animals have less developed B and T cell zones of the spleen and reduced secretion of IgG antibodies (Smith et al., 2007). On the contrary transfer of microbiota in GF animals restore the development of the immune system. It is observed that GM can maintain bone homeostasis by regulating the immune system. Several studies have shown the role of GM in the development of immune cells. It is observed that colonization of GF mice with SFB and Clostridia-related species induces the development of T helper cells (Gaboriau-Routhiau et al., 2009). SFB induces the differentiation of Th17 cells (Talham et al., 1999; Wu et al., 2010). SFB is reported in mice but not in humans thus its role in inducing Th17 cells is reported in mice only. However, some studies have shown the presence of SFB in humans also but its role in the induction of Th17 cells is still not clear (Chen et al., 2018; Jonsson et al., 2020). But in humans another symbiont bacteria Bifidobacterium adolescentis is reported that just like SFB is sufficient to induce Th17 cells (Tan et al., 2016). Clostridium species particularly that from the cluster IV and XIVa stimulate the differentiation of Tregs (Atarashi et al., 2011). It is reported that in healthy individuals bacterial antigens are required for expansion and generation of Tregs (Strauch, 2005) along with maintaining the balance of Tregs and Th17 cells (Ivanov and Littman, 2010). Polysaccharide A (PSA) produced by Bacteroides fragilis induces the differentiation of Tregs and subsequently signals the differentiated Tregs via TLR 2 to suppress Th17 response (Wu and Wu, 2012). GM is also required for the development of Bregs. The LPS produced by gram-negative bacteria or microbiota induced production of IL-6 and IL-1β from the dendritic cells (DCs) and macrophages induce the differentiation of Bregs (Rosser et al., 2014; Rosser and Mauri, 2015). Altogether these studies decipher the important and convincing role of GM in modulating bone health via regulating the host immune system i.e., the Gut-Immune-Bone axis (Figure 4).
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FIGURE 4. Gut-Immune-Bone axis. GM promotes the development of Treg, Th1 cells, Breg, and Th17 cells. Clostridium species, Bacteroidetes fragilis, and gram-negative bacteria promote differentiation of Tregs and Bregs via inducing tolerogenic DCs whereas segmented filamentous bacteria (SFB) through induction of inflammatory DCs stimulate differentiation of Th17 cells (role of SFB in inducing Th17 cells is observed in mice only). Tregs, Bregs, and Th1 cells prevent osteoclastogenesis via CTLA-4, IL-10, IL-4, TGF-β, and IFN-γ, respectively. Th17 cells on the other hand promote osteoclastogenesis by secreting IL-17, RANKL, and TNF-α. Tregs also induce differentiation of osteoblasts via TGF-β. Bregs also secrete TGF-β and thus like Tregs might also regulate osteoblastogenesis. By promoting the development of both anti-osteoclastogenic and osteoclastogenic cells, GM regulates the balance between bone formation and resorption and thus maintains bone homeostasis lines represent proposed mechanism of action.




Gut Microbiota and Endocrine Regulation

Gut microbiota is now considered a novel endocrine organ and can maintain bone homeostasis by directing the activities of hormones which are crucial for bone regulation as discussed below:


Estrogen

Estrogen is the key hormone for bone development, as its deficiency results in the development of a disease condition termed post-menopausal osteoporosis. Estrogen regulates bone health either by its direct effect on the bone cells or by modulating the immune system. Estrogen suppresses bone loss by downregulating the expression of RANKL on mesenchymal cells. During estrogen deficiency, RANKL expression is enhanced on bone lining cells resulting in bone loss (Streicher et al., 2017). Luo et al. (2011) showed that estrogen prevents osteoclast differentiation by stimulating Tregs. Estrogen treatment enhances the suppressive capacity of Tregs by upregulating the expression of IL-10 and TGF-β. Estrogen also inhibits the development of Th17 cells and during estrogen deficiency differentiation of Th17 increases which promotes osteoclasts differentiation.

Gut microbiota regulates estrogen metabolism and increases the level of estrogen in the bloodstream. Estrobolome is the collection of microbial genes that are capable of metabolizing estrogen (Plottel and Blaser, 2011). Bacterial species containing the enzyme β-glucuronidases and β-glucuronides convert the conjugated form of estrogen into deconjugated form. Deconjugated estrogen enters into the circulation and binds to the estrogen receptors present on various organs such as the ovary, breast, testis, prostate, bone, and brain (Plottel and Blaser, 2011). Specific GM also processes phytoestrogens into estrogen metabolites. Phytoestrogens are polyphenols derived from the dietary compounds of plants such as soya, flaxseeds, fruits, and vegetables. Phytoestrogens have a structure similar to estrogens and thus can bind to estrogen receptors and induce estrogenic effects. Some intestinal bacteria transform phytoestrogens (e.g., isoflavones and lignans) to enterolignans which have more estrogenic activity (Bowey et al., 2003; Landete et al., 2016).



Parathyroid Hormone (PTH)

PTH is an 84 amino acids long polypeptide that is released from parathyroid glands. PTH regulates bone remodeling and promotes both bone formation and resorption depending on the duration of its treatment (Ma et al., 2001; Jilka et al., 2009; Silva and Bilezikian, 2015). GM has a role in the regulation of both PTH-mediated bone formation and resorption. Li et al. (2020) showed that PTH-induced bone formation is dependent on GM and PTH was unable to enhance bone mass in GF mice. Microbiota increases butyrate concentration which is required for PTH to enhance the level of Tregs in the bone marrow which then prevents bone loss. Another study by the same group reported that PTH promotes bone loss only in mice having SFB microbiota. SFB microbiota enables PTH to expand Th17 and TNF-α+ T cells in the gut and promote their migration from gut to bone marrow where they lead to bone loss (Yu et al., 2020).



Insulin-Like Growth Factor (IGF)-1

IGF-1 belongs to the family of insulin-related proteins that stimulate skeleton development. IGF-1 promotes differentiation of osteoblasts and induces bone formation in an endocrine, paracrine and autocrine fashion (Giustina et al., 2008; Locatelli and Bianchi, 2014). GM regulates the activity of IGF-1. Yan et al. showed that long-term colonization of GF mice with microbiota from CONV-R mice stimulated bone formation by increasing production of IGF-1. In contrast, antibiotic treatment of CONV-R mice suppressed bone formation and decreased the level of IGF-1 in serum. Another study reported that L. plantarum supplementation along with prebiotic inulin increased the expression of IGF-1 in liver (Kareem et al., 2016). L. plantarum was also observed to regulate bone growth in infant mice during chronic undernutrition by enhancing the synthesis and activity of IGF-1 (Schwarzer et al., 2016). In support of the above studies, Avella et al. further reported that L. rhamnosus administration enhanced backbone calcification in zebrafish by inducing the IGF system (Avella et al., 2012).



Serotonin

Serotonin is a monoamine hormone and neurotransmitter required for the regulation of various brain functions and 95% of the serotonin is synthesized in the gastrointestinal tract by the enterochromaffin cells. Serotonin is also secreted by osteoclast precursors and raphe neurons and is called bone-derived and brain-derived serotonin, respectively. Serotonin has a very significant role in the regulation of bone metabolism. Serotonin can both stimulate and inhibit bone formation (Lavoie et al., 2017). Serotonin produced by osteoclast precursors stimulates bone formation by inducing osteoblastogenesis. Brain-derived serotonin also regulates bone remodeling positively and stimulates bone formation by inhibiting the suppressive effect of sympathetic neurons on osteoblasts. However, serotonin produced in the intestine inhibits bone formation by suppressing the proliferation of osteoblasts via binding to the 5-HT1B receptors (Lavoie et al., 2017).

Gut microbiota upregulates serotonin synthesis in the intestine. In contrast, antibiotic treatment prevents serotonin secretion. Sjögren et al. (2012) showed that GF mice had reduced level of serum serotonin than SPF mice. Yano et al. (2015) demonstrated that colonization of GF mice with spore-forming bacteria restored the level of serum and colon serotonin to that of SPF mice. It is also reported that microbes like Streptococcus, Corynebacterium, and E. coli induced the synthesis of serotonin in cultures (Li L. et al., 2019). Reigstad et al. demonstrated that GM regulates serotonin synthesis by producing SCFAs. SCFAs enhance the expression of tryptophan hydroxylase (TPH1), the enzyme that produces serotonin in enterochromaffin cells (Reigstad et al., 2015).



Leptin

Gut microbiota regulates the gut-brain axis in part via the synthesis of leptin. Leptin is secreted by adipocytes and enterocytes and regulates various functions like neuroendocrine regulation, bone metabolism, and energy homeostasis (Upadhyay et al., 2015). GM enhances serum leptin levels. Queipo-Ortuño et al. (2013) observed that serum leptin level was positively correlated with the abundance of Bifidobacterium and Lactobacillus species. Another study reported that treatment of rats with antibiotic vancomycin reduced leptin in serum (Lam et al., 2012). Leptin inhibits the synthesis of brain-derived serotonin. Brain-derived serotonin binds to Ht2rC receptors present on ventromedial hypothalamic neurons and induces bone growth (Yadav et al., 2009). Leptin receptors (ObRb) are present on the raphe neurons or brainstem neurons that synthesize serotonin in the brain (Scott et al., 2009). Leptin binds to these receptors and inhibits the synthesis and release of serotonin from brainstem neurons (Yadav et al., 2011). Thus, GM-induced leptin can indirectly stimulate bone resorption by reversing the effect of brain-derived serotonin on bone growth.




Role of Gut Associated Metabolites (GAMs) in the Regulation of Bone Health

Metabolites produced by GM maintain bone homeostasis as discussed below (Figure 5).
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FIGURE 5. Role of Gut Associated Metabolites (GAMs) in regulating Bone Health. (A) Gut microbiota (GM) produces short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate by the fermentation of dietary fibers. SCFAs then regulate bone health by inhibiting osteoclastogenesis and by promoting the differentiation of Tregs with the help of G-protein coupled receptor (GPR)-43. (B) Primary bile acids such as cholic acid and chenodeoxycholic acid are produced in the liver from cholesterol. These primary bile acids reach the intestine where GM converts them into secondary bile acids such as deoxycholic acids. Bile acids inhibit osteoclastogenesis whereas inducing osteoblasts and Tregs differentiation by interacting with Farnesoid X receptor (FXR). (C) L-arginine produced from the diet is metabolized by the GM into polyamines such as Spermine and Spermidine which have a role in suppressing osteoclastogenesis and promoting osteoblastogenesis.



Short-Chain Fatty Acids

SCFAs are secondary metabolites produced in the colon from bacterial fermentation of undigested complex carbohydrates (Rooks and Garrett, 2016). SCFAs are of many types e.g., acetate, propionate, butyrate, pentanoate, and hexanoate. SCFAs act as an energy source not only for the GM but also for the IECs. SCFAs regulate a diverse range of physiological functions related to human health. SCFAs are ligands for G protein-coupled receptors (GPCRs) and regulate the activity of various hematopoietic and non-hematopoietic cells through GPCRs. Regulatory activity of SCFAs requires signaling through GPCRs primarily via GPR43 (also named as FFAR2), GPR41 (also named as FFAR3), and GPR109A (also named as HCAR2) (Sivaprakasam et al., 2016). SCFAs are controllers of osteoclast metabolism. It is reported that supplementation of either a high fiber diet or SCFAs to mice prevented postmenopausal bone loss and RA by inhibiting osteoclasts differentiation. SCFAs (propionate and butyrate) treatment downregulate the expression of osteoclast genes such as tumor necrosis factor receptor-associated factor 6 (TRAF6) and nuclear factor of activated T-cells (NFATc1) resulting in decreased osteoclastogenesis (Lucas et al., 2018). SCFAs prevent bone loss by interacting with the FFAR2 receptor present on osteoclasts. Deterioration of maxillary bone was observed in FFAR2 deficient mice. Administration of a high fiber diet on the other hand partially restored the bone damage. In vitro increased osteoclastogenesis was observed in bone marrow cells derived from FFAR2 deficient mice whereas treatment with SCFAs and FFAR2 agonist phenylacetamide-1 prevented osteoclastogenesis (Montalvany-Antonucci et al., 2019). SCFAs regulate fibroblast activity and it is observed that propionate supplementation has a role in mitigating arthritis by preventing synovial fibroblasts mediated production of inflammatory mediators (Friščić et al., 2021). Apart from regulating the activity of osteoclasts, SCFAs also maintain immune homeostasis (Figure 6). SCFAs promote the induction of Tregs and inhibit the development of Th17 cells (Asarat et al., 2016). SCFAs induce differentiation of Tregs by interacting with the GPR43 receptor present on CD4+ T cells (Smith et al., 2013; Rooks and Garrett, 2016). SCFAs are also inhibitors of histone deacetylases (HDACs). It is observed that treatment of naïve T cells with butyrate under Tregs polarizing conditions increased histone H3 acetylation in the promoter and conserved non-coding sequence of Foxp3 gene resulting in differentiation of Treg (Furusawa et al., 2013). Another SCFA acetate promoted acetylation of Foxp3 through inhibition of HDAC9 (Thorburn et al., 2015). SCFAs induced Tregs thereby alleviate bone loss by suppressing osteoclasts differentiation. These Tregs also inhibit bone loss by interacting with CD8+ T cells. Tyagi et al. reported that butyrate-induced Tregs stimulate CD8+ T cells in the bone marrow to secrete Wnt ligand Wnt10b. Wnt10b then further induces bone formation by activating the Wnt signaling in osteoblasts (Tyagi et al., 2018). Butyrate administration suppressed arthritis in mice by inducing Bregs. Butyrate supplementation enhances the production of 5-Hydroxyindole-3-acetic acid (HIAA), an AhR ligand that programs B cells to become Bregs which mitigate inflammatory arthritis (Rosser et al., 2020). Also, SCFAs can positively influence bone healing process by regulating the activity of bone cells and thus can be employed for fracture healing (Wallimann et al., 2021). Collectively, all these studies clearly establish that SCFAs supplementation can be exploited as a potential therapeutics for the management of various bone pathologies including osteoporosis, fractures and RA.
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FIGURE 6. Role of short-chain fatty acids (SCFAs) in regulating Bone Health. SCFAs are the energy source for the epithelial cells and regulate the activity of various hematopoietic and non-hematopoietic cells through the G protein-coupled receptors (GPCRs) such as GPR41, GPR43, GPR109a. SCFAs promote the differentiation of Tregs through inhibition of histone deacetylases (HDACs) and suppress the secretion of IL-17 from Th17 cells. SCFAs also stimulate the development of Tregs by inducing tolerogenic DCs. SCFAs inhibit the differentiation of osteoclasts by downregulating the expression of key osteoclastogenic markers TRAF6 and NFATc1.




Bile Acids

Bile acids are surfactants or emulsifying agents that enhance the absorption and digestion of lipids. Primary bile acids such as cholic acid and chenodeoxycholic acid are produced in the liver by hepatocytes from cholesterol by several enzymatic reactions. Primary bile acids are then further processed by GM into secondary bile acids like deoxycholic and lithocholic acid in the colon where they regulate various metabolic pathways (Staels and Fonseca, 2009). Several studies have shown the role of bile acids in the regulation of bone health. Decreased expression of G-protein coupled bile acid receptor 5 (Tgr5) is reported on PBMCs of RA patients as compared to healthy controls. Expression of Tgr5 was found to be negatively correlated with disease severity. On the other hand, treatment with lithocholic acid has been reported to decrease arthritis score in collagen II-induced arthritis mouse model along with suppressing inflammatory responses in RA patients (Li Z. et al., 2019). Zhao et al. reported that bile acids are positively correlated with BMD as osteoporotic and osteopenic post-menopausal women have significantly reduced levels of bile acids than healthy controls (Zhao et al., 2020). It is observed that bile acids induce differentiation of osteoblasts via stimulation of farnesoid X receptor (FXR). Activation of FXR upregulates Runx2 and β catenin expression and thus promotes osteoblastogenesis (Cho et al., 2013). Bile acids also inhibit osteoclastogenesis by downregulating c-Fos and NFATc1 expression via FXR activation (Zheng et al., 2017). Li et al. showed that bile acids can inhibit osteoclastogenesis via induction of Tgr5. Tgr5 stimulation prevents osteoclast differentiation by increasing phosphorylation of AMP-activated kinase (AMPK) (Li S.-C. et al., 2019). They also reported that activation of both Tgr5 and FXR can prevent estrogen-induced bone loss (Li Z. et al., 2018). Bile acids are important modulators of the host immune system. It is observed that bile acids induce differentiation of Tregs by enhancing Foxp3 expression and suppressing differentiation of Th17 cells by directly binding to RORγt (Hang et al., 2019). Thus, bile acids also have the potential in regulating bone health via modulating the host immune system.



Polyamines

Polyamines are polycations that are required for various biological processes in the body such as cell growth, proliferation, and survival (Minois et al., 2011). The three main polyamines are spermine, spermidine and putrescine. Polyamines are required for the proper maintenance of bone health. It is reported that polyamine (spermidine and spermine) supplementation inhibits ovx induced bone loss via suppression of osteoclasts differentiation and proliferation (Yamamoto et al., 2012). Yamada et al. reported that daily supplementation of polyamines rich Saccharomyces cerevisiae S631 significantly prevented osteoclasts activation and bone loss in ovx mice (Yamada et al., 2019). Daily administration of spermine to rats ameliorated bone and cartilage destruction due to collagen-induced arthritis (Iezaki et al., 2012). Albert et al. (2015) reported that specific alterations in polyamines metabolism led to Snyder-Robinson Syndrome (SRS), a disease characterized by profound depletion of osteoclasts and osteoblasts. Recently, it has also been reported that warmth exposure prevents osteoporosis in mice by inducing the production of polyamines. Polyamines inhibit the differentiation of osteoclasts whereas promoting the differentiation of osteoblasts (Chevalier et al., 2020). Polyamines like spermidine modulate the immune system and have a role in the prevention of arthritis via inhibiting the polarization of inflammatory M1 macrophages (Yuan et al., 2021). Polyamines also have a very important role in maintaining gut integrity. They regulate the epithelial barrier of the gut by activating the transcription factor c-Myc which then upregulates the expression of TJ protein E-cadherin (Liu et al., 2009). Polyamines also regulate the gut barrier by stimulating the expression of TLR2 on IECs. It is reported that in the absence of polyamines expression of TLR2 decreases on IECs resulting in enhanced gut permeability (Chen et al., 2007).

Based on the above studies, it can be concluded that GM has a crucial role in the development of bone health and thus dysregulation of GM can lead to various inflammatory bone pathologies. Various drugs are currently being employed for the treatment of different bone disorders but restoring the dysregulated GM would be a path-breaking approach in managing various bone pathologies. GM can be modulated by diet, antibiotics, and drugs. Dietary interventions are the current favorite methods for the manipulation of GM. Dietary interventions include probiotics, prebiotics, synbiotics, and postbiotics. Biotics is the most favorable therapy for GM-associated disorders and can be easily adopted for preventing various bone pathologies. In the following sections, we will now review the possibility of employing dietary inventions as novel therapeutics for the treatment and management of various inflammatory bone pathologies.





DIETARY INTERVENTIONS AND MODULATION OF GUT MICROBIOTA

Dietary interventions that are most commonly in use for modulation of GM are discussed below:


Probiotics

Probiotics are live microorganisms which when administered in adequate amounts confer health benefits on the host. Probiotics are contained in various dietary supplements and fermented foods like yogurt, cheese, kefir, wine, bread, and kumis (Ozen and Dinleyici, 2015). The most widely used probiotics are Lactobacillus and Bifidobacterium species (Gupta and Garg, 2009). Probiotics are found effective against various clinical manifestations such as IBD, IBS, diabetes, obesity, and non-alcoholic fatty liver disease (Gupta and Garg, 2009; Verna and Lucak, 2010; Plaza-Diaz et al., 2019). Recently various studies have shown the role of probiotics in preventing bone disorders. One of the mechanisms via which probiotics attenuate bone loss is by preventing alterations in the GM composition. Dysbiosis is reported in various bone diseases. It is reported that the abundance of Firmicutes is significantly higher whereas that of Bacteroidetes is significantly lower in osteoporotic patients (Wang et al., 2017). Another study reported that osteoporotic patients have significantly higher proportions of Faecalibacterium and Dialister genera (Xu et al., 2020). Altered Firmicutes/Bacteroidetes ratio is also observed in RA, osteoarthritis, and periodontitis (Lourenςo et al., 2018; Lee et al., 2019). Probiotics supplementation prevents the growth of various pathogenic bacteria thereby restoring the composition of gut flora and thus preventing dysbiosis-mediated bone loss. Studies have shown the role of probiotics like Bifidobacterium spp. and Lactobacillus reuteri in preventing dysbiosis-associated bone loss (Achi et al., 2019; Schepper et al., 2019). Probiotics also inhibit bone loss by preventing inflammation. Several studies including our own have shown the role of inflammation in bone loss. It is observed that the Tregs-Th17 cell axis alters during various bone diseases like osteoporosis, RA, osteoarthritis and periodontitis (Leipe et al., 2010; Kikodze et al., 2016; Gao et al., 2017; Li et al., 2017). Studies from our lab and other have shown that supplementation of probiotics such as Lactobacillus acidophilus, Bacillus clausii, and Lactobacillus rhamnosus prevent bone loss by restoring the pivotal “Treg-Th17 cell” balance, an important determinant of bone loss in osteoporosis (Dar et al., 2018b,c; Sapra et al., 2021c). Probiotics have also been reported in directly regulating bone cells e.g., Lactobacillus reuteri 6475 and Lactobacillus rhamnosus have a role in stimulating osteoblastogenesis along with inhibiting the development of osteoclasts (Quach et al., 2019; Sapra et al., 2021c). Probiotics such as Bifidobacterium longum and Lactobacillus reuteri 6475 enhance bone formation by decreasing gut permeability and increasing the absorption of Ca and vitamin D (Rodrigues et al., 2012; Röth et al., 2019).



Prebiotics

Prebiotics are defined as “non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and activity of one or a limited number of bacteria in the colon, and thus improves host health” (Gibson et al., 2010). Common prebiotics is galactooligosaccharides (GOS), fructooligosaccharide (FOS), and trans-galactooligosaccharide (TOS). Prebiotics act as a nutrient source for GM and their degradation results in the formation of SCFAs (Davani-Davari et al., 2019). Prebiotics can selectively influence and modify GM composition by promoting the growth of certain microorganisms. Several recent studies have shown that prebiotics such as Konjoc oligosaccharides, GOS, FOS can significantly enhance bone mass by reversing dysbiosis (Ai et al., 2021; Zhang et al., 2021). Prebiotics also enhance bone mass by decreasing intestinal permeability and thus preventing systemic inflammation (Zhang et al., 2021). Xylo-oligosaccharides (XOS) treatment was observed to increase BMD by upregulating the expression of Ca transporters in the intestine (Gao and Zhou, 2020). It is reported that FOS also enhances osteogenesis and thus induces bone formation.



Synbiotics

Synbiotics are a mixture of probiotics and prebiotics. In May 2019, the International Scientific Association for Probiotics and Prebiotics defined synbiotics as “a mixture compromising live microorganisms and substrates selectively utilized by host microorganisms that confers a health benefit on the host”. The concept of synbiotics has emerged nearly 25 years ago where it is observed that probiotics and prebiotics can be combined. Synbiotics increase the survival and implantation of live microbial dietary supplements. Synbiotics are divided into complementary and synergistic synbiotics. In Complementary synbiotics both the probiotics and prebiotics work independently to provide health benefits to the host. However, in the synergistic approach, the substrate or the prebiotic enhances the functionality of the probiotics and both prebiotics and probiotics work synergistically to bring health benefits (Swanson et al., 2020). Common probiotics such as Lactobacillus, Bifidobacterium, and Bacillus species and prebiotics like FOS, XOS, and GOS are used for making symbiotic formulations (Pandey et al., 2015). Synbiotics enhance Ca absorption by increasing the expression of Ca-binding proteins. In postmenopausal women, it is observed that administration of fermented plasma milk enhanced oral bioavailability and concentration of isoflavones in plasma. Isoflavones are known to decrease the risk of osteoporosis (Ilesanmi-Oyelere and Kruger, 2020). Synbiotics treatment prevented bone loss in the high fat diet-fed rats by preventing osteoclastogenesis and increasing bone formation activities (Eaimworawuthikul et al., 2020). It is observed that synbiotics administration enhanced the level of bone mineral content, BMD, and bone area in broilers subjected to cyclic heat stress episodes (Yan et al., 2019). In rats, it is reported that administration of Yacon flour with B. longum increased the mineral contents of bone (Rodrigues et al., 2012).



Postbiotics

Postbiotics is a relatively new term introduced in the – ‘biotics’ field. Postbiotics are functional bioactive compounds comprising of soluble factors such as metabolites and cell wall components released by the probiotics. Postbiotics constitute metabolic by-products such as SCFAs or factors released upon bacterial lysis such as teichoic acid, polysaccharides, peptidoglycan derived muropeptides, enzymes, peptides, cell surface proteins, and organic acids (Aguilar-Toalá et al., 2018). Jung et al. and Sapra et al. reported that culture supernatants of probiotics prevented RANKL induced osteoclastogenesis. Postbiotics also have a role in the prevention of bone loss. Recently, it is reported that supplementation of ovariectomized rats with lysates and supernatant of L. casie, B. longum, B. cougulans, L. acidophilus, and L. reuteri significantly increased BMD (Montazeri-Najafabady et al., 2019). Culture supernatants of probiotics prevented osteoclastogenesis of RAW 264.7 macrophages (Jung et al., 2021). We also reported that the culture supernatant of L. rhamnosus suppressed osteoclastogenesis in vitro (Sapra et al., 2021c). Collins et al. reported that secreted factors of L. reuteri prevented bone loss by modulating the immune system (Collins et al., 2019). As discussed earlier SCFAs which are secondary metabolites produced by GM prevent bone loss by modulating the immune system and inhibiting osteoclastogenesis (Lucas et al., 2018; Tyagi et al., 2018). Altogether, probiotics, prebiotics, synbiotics, and postbiotics are promising candidates for being employed as therapeutics in inhibiting inflammatory bone loss via various mechanisms (Figure 7 and Table 1).
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FIGURE 7. GM modulation Strategies and Skeletal Health. During normal conditions, immune homeostasis is maintained. But in bone pathologies like osteoporosis, RA, and periodontitis due to dysbiosis, gut permeability increases resulting in an increase in the number of inflammatory Th17 cells. These Th17 cells outcompete the regulatory Tregs and Bregs which result in enhanced osteoclastogenesis and thus bone loss. Probiotics, prebiotics, synbiotics, postbiotics, FMT, Orthogonal niche engineering, autoimmune protocol diet (AIP), and Personalized GM modulation strategies prevent dysbiosis and restore the homeostatic balance of immune and bone cells.



TABLE 1. Role of various Biotics in regulating bone health.
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Orthogonal Niche Engineering

Apart from biotics, various other dietary approaches are used to modulate the GM composition. Recently a new technique called orthogonal niche engineering is harnessed to manipulate the GM. In orthogonal niche engineering microbes and substrate relationship is leveraged by using customized niche for an introduced bacterium. In prebiotics and synbiotics we generally use the common substrates that lead to a momentary increase in the organism’s population but not the persistent engraftment of the organisms. However, in the case of orthogonal niche engineering, uncommon substrates are used. For example, Kearney et al. used a seaweed polysaccharide porphyrin to stably engraft the human commensal bacteria B. plebeius DSM 17135 to the mice’s gut. The introduction of seaweed makes it exclusively accessible to the bacteria, enabling it to colonize and compete with the native commensals. Thus, orthogonal niche engineering provides a novel opportunity for the stable engraftment of microbes in the gut environment (Kearney et al., 2018; Wolter et al., 2021). As various probiotics are lost from the gut after a particular period, orthogonal niche engineering can be harnessed for stable engraftment of these probiotics (Wolter et al., 2021). But currently, studies on orthogonal niche engineering are limited and its role for the management of bone pathologies still needs to be explored.



Autoimmune Protocol (AIP) Diet

As dietary changes result in various autoimmune and inflammatory disorders, formulation of diet that prompts the restoration of immune homeostasis, termed as autoimmune protocol (AIP) diet is also proposed. AIP diet is a version of the paleo diet designed to avoid the inclusion of food that can trigger an unnecessary immune response. As a modern diet is not able to support the healthy microbiome, it results in compromised development of immune system (Singh et al., 2017). AIP diet controls the immune response and evidence supports its role in reducing inflammation and thus can be useful in the treatment of several inflammatory disorders (Wolter et al., 2021). As dysbiosis-associated immune responses promote bone resorption, AIP can also be a potential therapy for preventing inflammatory bone loss. But as there are not many studies in support of the AIP diet, well-designed investigations and clinical trials are required to study the effect of the AIP diet in the context of bone pathologies.



Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) also holds the potential along with the dietary supplements in preventing GM-associated pathologies. In FMT, the fecal content of the healthy individual is transferred to the recipient having the perturbed GM resulting in the re-establishment of a healthy microbiome. FMT was first used for the treatment of Clostridioides difficile infection and was effective in treating 90% of the patients. After that FMT was explored for the management of several disorders like multiple sclerosis, RA, type 1 diabetes mellitus, IBD, Crohn’s disease, ulcerative colitis, liver diseases, and various other metabolic disorders. Results from these studies gave mixed responses and the effectiveness of FMT in these disorders is still controversial (Wargo, 2020; Wolter et al., 2021). Dysbiosis is associated with various bone pathologies and FMT can be exploited as a potential tool for restoration of perturbed GM in these pathologies (Xu et al., 2020). A recent study has shown the potential of FMT in preventing bone loss in a rat model of senile osteoporosis. It is reported that the transplantation of GM from healthy rats to aged rats having senile osteoporosis attenuated the bone loss by preventing dysbiosis in aged rats. After 24 weeks of FMT in aged rats, there was a significant increase in the bone parameters such as bone volume fraction, trabecular number, and thickness. FMT also increased the expression of TJ proteins like occludin and claudin in the recipient rats (Ma et al., 2021). This study shows the efficacy of FMT in preventing bone loss but still, there is controversy regarding the efficacy of FMT. Therefore, we proposed that a combination of FMT with dietary supplementations like probiotics and synbiotics can be another approach for the management of these inflammatory bone conditions. Giving a similar diet to the recipient as taken by the donor along with FMT can also be considered as a strategy to increase the efficacy of FMT.



Personalized Gut Microbiota Modulation Strategies

Modulation of GM by the above-used techniques is currently employed to prevent the pathogenesis of several disorders but mechanisms of their working are still not completely clear. Modulation of GM is giving varied results with less reproducibility. One reason could be the specific microbiome of every individual and thus one approach used for a person may not work for another person i.e., one size does not fit all. Therefore, a personalized approach could be encouraged via modulation of GM according to the need of the individual taking into consideration its health status and diet regime. As dysbiosis is observed in all types of bone pathologies such as RA, osteoporosis, and periodontitis sequencing of an individual’s microbiome and then devising a GM modulation strategy according to the need of the individual with biotics would be a promising approach for management of GM associated bone pathologies.




CONCLUSION

Various studies are now supporting and establishing the role of GM in maintaining bone homeostasis. GM regulates bone metabolism by various mechanisms such as inducing the development of the immune system, maintaining gut permeability, and regulating the endocrine system. Microbial metabolites can also regulate bone health by directly affecting the process of bone remodeling or modulating the host immune system. Alteration in GM composition leads to various bone pathologies such as osteoporosis, RA, and periodontitis. These skeleton manifestations are affecting the lives of millions of people. Thus, interventions targeting the GM can be a promising approach both for the prevention and management of various bone pathologies. GM can be modulated by the use of antibiotics, diet, and drugs. Recent studies have shown that biotics (probiotics, prebiotics, synbiotics, and postbiotics) can prevent various bone disorders. They restore the normal GM composition and prevent bone resorption through several established mechanisms. They primarily regulate the immune system, intestinal barrier functions, and activity of bone cells along with enhancing Ca and vitamin D absorption. Therefore, probiotics, prebiotics, synbiotics, and postbiotics can be exploited as an effective and safer therapies for the management of various bone-related ailments. However, clinical trials at a large scale are needed to further delineate their efficacy in humans. Apart from biotics, orthogonal niche engineering, AIP diet, and FMT along with personalized GM modulation strategies could also be employed as promising therapeutic modalities in the management and treatment of various inflammatory bone disorders and therefore their role in skeleton health should be explored on priority.
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Intestinal barrier immaturity, or “leaky gut”, is the proximate cause of susceptibility to necrotizing enterocolitis in preterm neonates. Exacerbated intestinal immune responses, gut microbiota dysbiosis, and heightened barrier injury are considered primary triggers of aberrant intestinal maturation in early life. Inordinate host immunity contributes to this process, but the precise elements remain largely uncharacterized, leaving a significant knowledge gap in the biological underpinnings of gut maturation. In this study, we investigated the fecal cytokine profile and gut microbiota in a cohort of 40 early preterm infants <33-weeks-gestation to identify immune markers of intestinal barrier maturation. Three distinct microbiota types were demonstrated to be differentially associated with intestinal permeability (IP), maternal breast milk feeding, and immunological profiles. The Staphylococcus epidermidis- and Enterobacteriaceae-predominant microbiota types were associated with an elevated IP, reduced breast milk feeding, and less defined fecal cytokine profile. On the other hand, a lower IP was associated with increased levels of fecal IL-1α/β and a microbiota type that included a wide array of anaerobes with expanded fermentative capacity. Our study demonstrated the critical role of both immunological and microbiological factors in the early development of intestinal barrier that collectively shape the intestinal microenvironment influencing gut homeostasis and postnatal intestinal maturation in early preterm newborns.
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Introduction

A functional intestinal barrier is not just a static physical boundary but a dynamic, interactive tissue structure that combines a cellular barrier with chemical, immunological, and microbiological components (1, 2). The human intestinal epithelium harbors multiple specialized cell types and is supported by a diverse population of underlying immune cells; the tissue arrangement, interaction, and function are controlled by intricate cell contact-mediated signals and distinct cytokines and molecular mediators in the local microenvironment (2, 3).

A community of diverse microorganisms inhabiting the gastrointestinal tract, collectively referred as gut microbiota, contributes to intestinal homeostasis and overall health (4). It is well-accepted that the intestinal microbiota is established concurrently with the developing mucosal immunological barrier after birth (1, 5–8), although it has been argued that the human microbiota may develop even earlier in the prenatal intrauterine environment (9–12). The interactions of microorganisms with immune and non-immune cells that make up the human gut can evoke both an immediate and innate as well as a delayed, and more refined, immune response - a process known as “host-microbial crosstalk” that contains microbial penetration (13). The communications between epithelial cells, immune cells, and gut microbiota orchestrate immune responses to specific antigens and balance tolerance; these processes evolve through the different stages of life to accommodate host developmental needs (2, 7).

Microbial gut dysbiosis (e.g., low microbial diversity), or imbalanced gut microbial community (e.g., overabundance of Proteobacteria), is a common feature of premature intestine compared to term infants (14, 15). Multiple factors appear to be associated with microbial dysbiosis, such as aberrant peristalsis (16), lower gastric acid production (17), altered cell surface glycoconjugates (18), compromised mucin layer and reduced protective molecules (19), and deficient proteolytic enzyme activity (17). In a hyperpermeable infant gut, bacteria and bacterial products normally confined to the intestinal lumen are able to translocate into the inner host compartment, resulting in microbial invasion, mucosal inflammation, epithelial cell damage, necrosis, systemic infection, and ultimately multi-organ failure and death (20–22). The intestinal impairment-associated conditions have a high mortality (6.3%) and morbidity (34.1%) rate; infant survivors may suffer life-long health sequelae such as neurodevelopmental delay, liver failure, or short bowel syndrome (23, 24). In fact, intestinal prematurity is the greatest risk factor for developing necrotizing enterocolitis (NEC) (25, 26), a life-threatening, inflammatory bowel disease affecting approximately 7-10% preterm neonates with mortality as high as 30-50% (27–31). A thorough understanding of microbial and immunological factors that promote intestinal barrier function in early preterm newborns is, therefore, of paramount importance.

The repertoire and magnitude of cytokines and chemokines in preterm newborns remain largely uncharacterized, leaving a significant knowledge gap in understanding early intestinal barrier maturation. The analysis of immunological biomarkers traditionally involves blood or serum testing. Such sampling is invasive and is limited to circulating levels of immune markers, which is valuable for assessment for systemic immunity but not necessarily representative of the localized intestinal mucosa. Intestinal biopsies have been used to determine local microbiome cytokine signatures associated with neurodevelopmental disorder (32). Resected tissue better reflects host-microbe interactions. However, tissue scraping is overly invasive and impractical for studies involving infants. Alternatively, a relevant and non-invasive approach (with easier specimen collection) is fecal profiling of the localized intestinal cytokine microenvironment.

The intestinal immune system is regionally specialized in composition and function, and this distinctiveness has been attributed to anatomical and physiological elements, as well as the inhabiting microbiota (33, 34). Hence, the determination of immune mediators (e.g., cytokines and chemokines) evoked locally as a result of the host interaction with the intestinal microbial community is inherently advantageous to understand both immune quiescence during homeostasis and the inflammatory process that results from an epithelial barrier breach (6).

We previously reported an astonishing 42.5% prevalence of persistently elevated intestinal permeability (IP) in early preterm infants (<33 weeks) (35, 36), with IP being determined by the ratio of urine excretion of ingested sugar (lactulose and rhamnose) probes. Further, this aberrant intestinal maturation was found to be associated with the lack of breast milk feeding, prolonged antibiotics exposure, and perturbation in the development of the intestinal microbiota. In this study, we investigated cytokine and chemokine profiles in fecal extracts obtained from a cohort of 40 early preterm neonates (24-32 weeks of gestation) with both high and low IP at 7-10 days post-birth, to investigate their association with microbiological and neonatal factors implicated in intestinal barrier maturation. Three distinct gut microbiota types were revealed, which were differentially associated with IP and nutritional factors as well as distinct immunological profiles. Most outstandingly, infants with lower IP had increased levels of IL-1α/β and a type of gut microbiota with a more diversified array of anaerobic and facultative bacteria. Our study demonstrated distinct immunological and microbiological features during early stages of development of the intestinal barrier that collectively influence gut homeostasis and postnatal intestinal maturation in early preterm newborns.



Results


Intestinal Permeability in Preterm Newborns

Through monitoring IP in previous studies, we and others have demonstrated that rapid intestinal barrier maturation occurs in most preterm infants during the first 7-10 days after birth, despite highly permeable gut at birth in most newborns (35–37). IP was determined as the ratio of two enterally administered sugar probes Lactulose (La) and Rhamnose (Rh), which are markers of intestinal paracellular and transcellular pathways, respectively (38, 39). High IP was defined as La/Rh ratio >0.05, as previously described and validated (35). Persistently elevated IP during the 7-10 days after birth indicated a delayed physiological maturity of the intestinal tract barrier in early preterm infants. In this study, we employed a cohort of 40 early preterm newborns 24 weeks (240/7)-32 weeks and 6 days (326/7) of gestation recruited at the Neonatal Intensive Care Unit (NICU) of University of Maryland Medical Center in Baltimore, Maryland. Twenty of these infants had high IP while the remaining had low IP 7-10 days after birth. Metagenomic sequencing was performed on fecal samples obtained from these 40 infants between 7 to 10 postnatal days. The IP values for the cohort ranged from 0.001 to 0.11 with an average of 0.09 ± 0.09 (mean ± SD). Cohort subjects were 30.2 ± 2.43 weeks gestational age (GA) at birth. Their mean birth weight (BW) was 1,414 g ( ± 414.6 g); 21 (52.5%) neonates were classified as very low BW (VLBW, <1,500 g) and 8 (20.0%) were classified as extremely low BW (ELBW, <1,000 g). Sixteen of the infants (40.0%) were born with spontaneous vaginal delivery, the other 24 infants were delivered by cesarean section. The demographic, obstetric, and neonatal characteristics of the subjects are summarized in Supplemental Table 1.



Microbiome Type Correlates With Intestinal Permeability and Maternal Breast Milk Feed

The gut microbial community was determined by conducting whole community metagenomic sequencing of 61 fecal specimens collected from the 38 infants; 18 of them had more than one fecal sample collected during the 7-10 days after birth. A total of 1,721.8 million metagenomic sequence reads (average of ~28.2 million sequence reads per sample) were obtained after quality assessment (Supplemental Table 2). Taxonomic profiles were determined for all samples (Supplemental Table 3) and clustered into three distinct groups according to similarities in community composition and structure (Figure 1A). Two of these groups have a single species that is dominantly abundant (>95%): the Staphylococcus epidermidis-predominated community type (the “S” type), and Enterobacteriaceae (the “E” type) predominated by either Klebsiella pneumoniae or Escherichia coli. On the other hand, the “O” type of gut microbiota encompasses a wide array of anaerobic and facultative microorganisms and was not predominated by S. epidermidis, K. pneumoniae or E. coli. The O type demonstrated a significantly higher community bacterial diversity (p-value < 0.05) than the S type, which has the lowest level of bacterial diversity (Figure 1A and Supplemental Figure 1). The predominantly abundant taxa of the E and S types were shown to be Enterobacteriaceae (i.e., K. pneumoniae or E. coli) and S. epidermidis, respectively. The top abundant taxonomic groups of O type include Bifidobacterium, Lactobacillales, Veillonellales, Clostridiales. These data support our previous findings that intestinal barrier maturation correlates with the establishment and colonization of a diverse array of obligate and facultative anaerobes, particularly in the groups of Actinobacteria, Lactobacillales, Veillonellales, and Clostridiales, which are considered the ‘successor’ bacteria to the first colonizers S. epidermidis and Enterobacteria, during the establishment of commensal communities after birth (36, 44, 45).




Figure 1 | Preterm infants exhibited three distinct microbiome types. (A) Heatmap of the 25 most abundant intestinal bacterial taxa and their relative abundance in samples collected from 38 preterm infants enrolled in the study. The taxonomic composition of the microbiomes used the data set of whole community metagenomic sequencing and the profile was generated by MetaPhlAn version 2 (40). Statistical significance was calculated using Wilcoxon rank sum test using ggsignif R package (41). Ward linkage clustering was used to cluster samples based on their Jensen-Shannon distance calculated in vegan package in R (42). The number of clusters was validated using gap statistics implemented in the cluster package in R (43) by calculating the goodness of clustering measure. (B) Boxplots of IP, GA, MOM, and BW depicting distribution of microbiota types in fecal samples of preterm newborns. Significance value was calculated using Wilcoxon rank sum test. *p < 0.05, **p < 0.01. Plotted are interquartile ranges (IQRs, boxes), medians (line in box), and mean (red diamond). IP, intestinal permeability; GA, gestational age; NS., not significant.



We next examined the correlation of the three microbiota types (E, S and O) with IP and the known IP-associated factors that include GA, BW, mother’s own breast milk (MOM) feed, and antibiotics (abx) duration (35, 36). Delivery mode was also associated with IP; infants delivered through cesarean section had significantly higher IP than those delivered through spontaneous vaginal birth (p value = 0.01, Supplemental Figure 5). The O microbiota type was associated with newborns that had low IP, later GA (≥ 28 weeks), higher BW (≥ 1,500g), and more cumulative amount of MOM (≥ 150-180 ml/kg of cumulative intake) by 7-10 postnatal days (Figure 1B). The S microbiota type, on the other hand, correlated with high IP, early GA (< 28 weeks), lower BW (< 1,500g), and less MOM (<150 ml/kg of cumulative intake). Preterm infants with E microbiota type had significantly higher IP than those with O type but not those with S type and high MOM intake. Further, GA and BW were similar in E and S type microbiota (Figure 1B).



Fecal IL-1α and IL-7 Correlated With Increased Microbial Biodiversity

We sought to investigate the profile of cytokines and chemokines in the fecal samples from preterm infants as markers of gut inflammation and mucosal adaptation to intestinal microbiota (Figure 2 and Supplemental Table 5). Given the lack of information on local mucosal immune mediators in preterm infants, a broad panel of 16 cytokines and 14 chemokines produced and secreted by intestinal epithelial cells and immune cells was selected. The immune biomarkers were analyzed considering neonatal and nutritional factors including IP, GA and BW, MOM feed, and gut microbiota type. Out of a total of 30 cytokines and chemokines measured, 15 of them were detected, whereas the others were undetectable or below the limit of detection for the immunoassay. Strikingly, infants that exhibited higher IP and medium-to-low MOM intake presented reduced or undetectable levels for most of the cytokines independent of the gut microbiota type (Figure 2). This finding emphasizes the differences between the immature and mature intestine, and the distinctiveness of the preterm population as compared to term infants and adults.




Figure 2 | Fecal cytokine profile associated with microbial diversity. Color map of microbial communities correlating with neonatal factors and barplot map of the 15 cytokines detected. Within-sample diversity was estimated using Shannon diversity index using Phyloseq R package (46). Plot was generated using R package ‘complexheatmap’ (47). *Value was scaled using square root. **Microbiota type was assigned according to the clustering pattern as shown in Figure 1. IP, intestinal permeability; GA, gestational age; BW, birth weight; MOM, mother’s own breast milk cumulative volume use during the first week prior to IP measurement.



Stool of infants with O type gut microbiota contained significantly higher levels of IL-1α and IL-7 as compared to S type samples (Figure 2 and Supplemental Figures 2A, B). In a correlation analysis with individual species abundance using linear regression, IL-1α and IL-7 were shown to be both positively correlated with the relative abundance of Enterococcus faecalis and negatively correlated with S. epidermidis (Supplemental Figure 3).

Further, significantly increased levels of IL-12p70 were detected in O type microbiota as compared to E type (Supplemental Figure 2C). The presence of other cytokines including IL-12p40, IL-15, and IL-16 were also higher in O type specimens in comparison to S type group (Figure 2); whereas IL-6 was detected only in the stool of E type microbiota as compared to S and O type groups (Figure 2 and Supplemental Figure 2D).



IL-1β and IL-1α Association With Low Intestinal Permeability

Comparative analysis of fecal cytokines in samples with high (La/Rh ≥0.05) or low IP (La/Rh <0.05) revealed a significant correlation between IL-1β and low IP (p-value < 0.01) (Figure 3A). IL-1β was also associated with less use of abx (≤ 3 days, p-value < 0.05) (Figure 3B). IL-1β levels showed a trend for correlation with MOM feed (p-value=0.067) (Figure 3C), while it did not associate with GA (Figure 3D). IL-1α levels showed a statistical trend for association with low IP (p-value=0.08) (Figure 3E) and was significantly increased in infants with less abx (p-value < 0.01) (Figure 3F), more MOM feed (p-value <0.05) (Figure 3G), and later GA (p-value < 0.01) (Figure 3H). These data suggest an important role for IL-1β and IL-1α in the multifactorial processes involved in enhanced intestinal barrier and immune maturity. IL-1α was more closely linked with age and birth weight and may represent an immunological biomarker for age-appropriate intestinal maturation. On the other hand, IL-1β levels are most significantly correlated with IP that is irrespective of age, which suggests a potential influence in microbiota development. Still, postnatal intestinal maturation is a complex process that involves multiple factors that shape the infant gut environment, including the nervous system and mucosal lymphoid tissue development, and host-microbe interactions in addition to early microbial colonization (30, 48–50).




Figure 3 | IL-1α and IL-1β linked to lower IP and improved neonatal factors. Boxplots of the cytokine levels: (A-D, I) IL-1β, (E–H) IL-1α, (J) IL-16, (K) IL-10, (L, O) IL-12p40, (M) GM-CSF, (N) IL-12p70, (P) IL-7 between different categories. Plotted are interquartile ranges (IQRs, boxes), medians (line in box), and mean (red diamond). Significance value was calculated using Wilcoxon rank sum test using ggsignif R package (41). Asterisk denotes the level of significance. Threshold for early or late gestational age is 28 weeks, for low or high birth weight is 1,500 g, for longer or shorter abx exposure is 3 days during the first week after birth prior to IP measurement, for maternal breast milk feeding is 150-180 ml/kg of cumulative intake of MOM by 7-10 days of age, according to clinical convention and previously validation (35, 36). IP, intestinal permeability; GA, gestational age; BW, birth weight; MOM, mother’s own breast milk (MOM) cumulative volume use during the first week prior to IP measurement; SVD, spontaneous vaginal delivery; CS, cesarean section.



When compared with the abundance of individual species, IL-1β was found to be positively correlated with Bacteroides and Clostridium perfringens (Supplemental Figure 3). IL-16 and IL-12p70 levels showed a trend for correlation with less abx intake (p-value=0.2) (Figures 3J, N). Strikingly, IL-10 was significantly increased in infants with less MOM feed (Figure 3K) and negatively correlated with the relative abundance of Peptostreptococcus anaerobius and Veillonella parvula (Supplemental Figure 3). Further, IL-12p40 was significantly associated with greater BW (Figure 3L) and found to be negatively correlated with S. epidermidis relative abundance (Supplemental Figure 3), which suggests that IL-12p40 may be involved in the reduction of S. epidermidis during microbial succession and the establishment of infant immunity, along with IL-1α and IL-7. Increased levels of IL-1β showed a statistical trend for association with spontaneous vaginal delivery (p-value=0.066) (Figure 3I), while granulocyte-macrophage colony-stimulating factor (GM-CSF) were significantly associated with this delivery mode (p-value=0.01) (Figure 3M). There was a trend of reduced IL-12p40 levels in infants with lower MOM feed (Figure 3O). IL-7 was significantly associated with later GA (p-value < 0.05) (Figure 3P).



High Inter-individual Variation of Cytokine Profile in S. epidermidis- and Enterobacteriaceae-Dominated Microbial Communities

Canonical Correspondence Analysis (CCA) on the taxonomic profiles further supported the presence of three distinct microbiota types, as described above (Figure 4A). Based on a scaled eigenvalue, the top taxonomic groups that contributed to the separation of the microbiota type in ordination analyses were identified (Supplemental Table 4). Both S. epidermidis- and Enterobacteriaceae-dominated microbial community shared a greater within-cluster similarity, or a “tight” clustering based on taxonomic (Figure 4A) and functional pathway profiles as determined by metagenomes (Supplemental Figure 4). CCA was also applied to visualize the patterns of gut microbial and fecal cytokine profiles in the preterm infants (Figure 4B). Both the S and the E microbiota types, particularly the S. epidermidis-dominated type, had a highly diversified immunological profile with much greater inter-individual variation that is, a “loose” cluster based on immune markers (Figure 4B). Conversely, the O type microbiota had a more diverse clustering of taxonomic groups and more diversified functional profiles and greater within-cluster similarity based on cytokine and chemokine profiles. These results indicate that host immunity to S or E microbiota types varies markedly among individuals. This inter-individual variation in immune profiles is indicative of an unstable and less defined immunological environment, which may relate to a lack of establishment of age-appropriate gut microbiota (Figure 5). These data suggest that as the intestinal microbiota becomes established with an age-appropriate bacterial colonization, the mucosal immunity in the preterm infants tend to be more stable and defined. Our findings highlight the importance of defining both immune profiles and microbiome to holistically understand postnatal intestinal maturation.




Figure 4 | Disparity in clustering patterns of taxonomic and immunological profiling among different microbiota types. Canonical Correspondence Analysis (CCA) of (A) microbial taxonomic groups; (B) cytokine profiles. CCA was based on Bray-Curtis distance. CA1 and CA2 selected as the major components based on the eigenvalue. A scaled eigenvalues was shown on the plot to represent the direction from the origin where a group has a larger than average value for the particular profile (42, 51). *Microbiota type was assigned according to the clustering pattern demonstrated in Figure 1.






Figure 5 | Illustration of the intestinal barrier maturation in early preterm neonates with different microbiota types and cytokine profiles. An immature, compromised gut barrier may render the mucosa susceptible to invasion by opportunistic pathogens in the gut lumen. IP was linked with a microbial community dominated by a single species S. epidermidis, K. pneumoniae, or E. coli, with less defined cytokine profiles among individuals. A functional intestinal barrier was associated with neonates with later GA; higher BW; greater microbial community biodiversity that encompasses a wide array of anaerobic and facultative microorganisms not dominated by S. epidermidis, K. pneumoniae, or E. coli; and a trend of increased levels of IL-1α/β, IL-7, IL-12p40, IL-15, and IL-16. Schematic representation illustrates the distal intestine (not drawn to scale). Created with BioRender.com.






Discussion

The pathophysiology of aberrant postnatal intestinal maturation is a multifactorial process that includes intestinal mucosa barrier immaturity, imbalance in microvascular tone, aberrant microbial colonization, and altered immune responses (30, 48, 49). We and others have previously shown that neonatal and clinical factors including GA or postmenstrual age, abx exposure, and exclusive breast milk feeding were associated with intestinal barrier function in early preterm infants (35, 52). Further, a delayed increase in intestinal bacterial biodiversity due to a lack of breast milk-derived or -promoted growth of Bifidobacterium, was shown to contribute to delayed growth and delayed intestinal maturation (35, 36, 53, 54). In this study, we sought to delineate the complex mechanisms governing intestinal barrier maturation by characterizing fecal cytokines and chemokines and interrogating correlates with IP-associated neonatal and microbiological factors. Integrative insights into the interplay between gut microbiota and the infant immune system are crucial to understanding the underpinning of intestinal immaturity and to inform the development of novel therapeutics to prevent leaky gut in premature newborns.

Cytokines and growth factors are important mediators of intestinal epithelial cell development, differentiation, expansion, and immune activation (55). They are expressed endogenously by the midgestational intestine at higher levels as compared to the adult counterpart (56). After birth, the newborn and infant intestine continue to be influenced by cytokines and growth factors from colostrum and breast milk. Cytokine profiles are typically determined as circulating levels in serum samples. However, such measurements fail to reflect local cell-signaling and immune mediators. The profiling of cytokines in fecal extracts offers a snapshot of the mucosal intestinal environmental. While the approach may not fully recapitulate the host-microbe interactions that occur at the epithelial surface, it provides a reasonable and practical alternative to exceedingly invasive tissue sampling (e.g., biopsy, mucus biofilm sampling or tissue scrapping) which is neither practical nor feasible in routine pediatric studies. The differential abundance of specific gut bacteria has been associated with distinct cytokine responses, and this effect was exerted directly on the intrinsic cytokine production capacity of the immune cells rather than by influencing the number of cells in circulation (57). Profiling of stool cytokines represents a promising, non-invasive method to investigate the localized intestinal cytokine microenvironment, and when combined with microbiota data, it can be a powerful and practical tool to study neonatal intestinal disorders.

Numerous studies have documented an intestinal microbial succession that begins soon after birth (36, 58–60). The initial colonization right after birth includes facultative anaerobes, e.g., S. epidermis and Enterobacteriaceae, which are considered “first colonizers” of the infant gut. It is then rapidly followed by the accumulation of obligate anaerobes, including Bifidobacterium, Bacteroides, and Clostridiales with expanded fermentative metabolism capacity. Progressive succession of the early-life microbiota was shown to influence growth and maturation of the endocrine, mucosal immune, and central nervous systems (61). An imbalanced microbiome has been associated with increased risk of neonatal pathologies, including NEC and late-onset sepsis (LOS) (62). Infants with NEC are more likely to develop LOS mainly due to the translocation of intestinal bacteria across the epithelial barrier and the ensuing inflammation (63, 64). S. epidermis was shown to diminish rapidly after birth and is usually replenished by obligate anaerobes (36, 58–60). Persistent predominance of S. epidermidis and delayed or aberrant microbial succession was associated with growth impairment and predisposition to adverse health conditions (65, 66). S. epidermidis is actually the leading agent causing neonatal LOS and other inflammation-related neonatal conditions in preterm neonates including bronchopulmonary dysplasia, and the severity of these conditions is often underestimated (67–71). Though the mechanisms remain unclear, prematurity increased susceptibility of newborn pigs to S. epidermidis-associated sepsis, and mortality was related to an immature immune system (72). In the present study, the high IP-associated S. epidermidis-predominant community had the greatest inter-individual variation in cytokine responses among all three microbiota types, suggesting an unstable, inordinate mucosal immunity in the immature intestine microenvironment. Overall, our data demonstrate the three stages of microbial succession in early preterm infants, and most importantly, their associations with intestinal immunity during early intestinal maturation (Figure 5). The characterization of interactions between early microbial colonization and host immunity as well as their synergistic responses to IP-associated factors such as nutrition, age, and abx intake is pivotal to understand the mechanisms involved in postnatal epithelial barrier maturation.

The ability to derive energy from diet is important for microbial succession and shifting away from Bacilli or Enterobacteriaceae-predominant communities (65, 66, 73). In fact, the diversity of the microbiota remains low in early infancy and is dominated by species involved in human milk oligosaccharide (HMO) metabolism in breastfed infants. In the current study, we demonstrate that the O type microbiota, indicative of optimal microbial succession with a wide array of bacteria with increased fermentative capacity (i.e., Bifidobacterium, Lactobacillus, Bacteroides), is associated with improved intestinal barrier functions and distinct cytokine markers, primarily IL-1α/β.

Human milk is a rich source of nutrients and bioactive molecules including immunoglobulins, cytokines, and immune cells, which support tissue development and protect infants against infectious agents (74). We recently reported that human breast milk enhanced intestinal barrier function and ameliorated pro-inflammatory cytokines production in a human pediatric enteroid model (75). This beneficial effect appears to be mediated by HMO-utilizing Bifidobacterium species, whose abundance, we found, correlates with improved intestinal barrier integrity and which is genetically equipped to digest these nutrients. Further characterization of the interaction between HMOs’ metabolism, intestinal microbiota, and immunological response will be important to obtain a detailed understanding of postnatal intestinal barrier maturation.

Clearly, the cytokine profile of a mature gut cannot be compared to the profile of the highly immature intestine in the early developmental stage. Increased levels of IL-1α/β in preterm infants were shown to be positively correlated with neonatal factors associated with improved intestinal barrier functions. While the IL-1 superfamily of cytokines has been linked with intestinal barrier dysfunction and gut inflammation in adults, these cytokines have pleiotropic functions, including support of gut homeostasis through various mechanisms (76). For instance, macrophage-derived IL-1β induces IL-2 secretion by ILC3 cells, and IL-2 is essential for maintaining Treg cells, immunological homeostasis, and oral tolerance to dietary antigens in the small intestine as shown in an in vivo mouse model (65). In addition, IL-1β, among other cytokines, stimulates the expression of polymeric immunoglobulin receptor and IgA transcytosis across a primary murine epithelial cell monolayer (77). Further, our results suggest that IL-1α and IL-1β relate to intestinal barrier function in a dichotomous way; IL-1β was most closely associated with IP, while IL-1α appeared to be correlated primarily with age-appropriate microbiota development. A previous study suggested that the production of IL-1β was regulated largely at a genetic level and less influenced by microorganisms (78). Together, our results suggest a beneficial role for IL-1α/β in maintaining gut homeostasis during early development of immature gut. Follow-up studies with in-depth mechanistic interrogation are warranted.

Other cytokines detected in fecal samples and positively correlated with low IP and with other neonatal factors included IL-7, IL-16, and IL-12p40. IL-7 is recognized as an essential factor for lymphopoiesis (79). Intestinal epithelial cells supply local IL-7, as shown by mRNA expression and immunohistochemistry analyses of human intestinal biopsies, and exogenous addition of recombinant IL-7 to isolated lamina propria lymphocytes suggested that locally sourced IL-7 regulated intestinal lamina propria lymphocyte expansion (80). A mechanistic interrogation of IL-7 functions in transgenic mice showed that a dysregulation of colonic epithelial cell-derived IL-7 resulted in chronic inflammation associated with decreased frequencies of γδ T cells and CD8αα+ cells in the inflamed area (81). In an infection model of Citrobacter rodentium, intestinal mucosa-derived IL-7 protected the host by controlling bacterial burden and intestinal damage (82). IL-7 stimulates extrathymic γδ T cell precursors and aggregation in cryptopatches in the intestinal mucosa (83). Intraepithelial lymphocytes (IELs), an heterogenous lymphocyte population comprised of γδ T cells among other subsets with anti-microbial and homeostatic functions, reside within the epithelial cell layer of the human gut and strengthen the mucosal barrier (84). IELs appear early in life and gradually accumulate with age after exposure to exogenous antigens (84). In our study, the presence of IL-7 in infants of late GA and less permeable intestine is consistent with expansion of gut γδ IELs during the perinatal period, which in turn promote epithelial cell proliferation and maturation (85). Once established in tissue, γδ IEL relies on the production of IL-15 by the intestinal epithelial cells (86). Our findings support IL-15 production in a microbiota-dependent manner which promotes IEL localization within the intestinal mucosa and function. In the absence of these barrier-enhancing factors, the infiltration of microbes could lead to local necrosis (i.e., NEC and LOS). Future mechanistic studies interrogating the role of IL-7 in the developing infant gut are warranted.

IL-16 is secreted by a variety of cells including lymphocytes and epithelial cells; it functions as chemoattractant of CD4+ cells and triggers the production of pro-inflammatory cytokines by human monocytes (87, 88). Elevated levels of IL-16 have been reported in patients with inflammatory bowel disease and neonatal sepsis (89, 90). In the present study, a trend of increased levels of IL-16 was observed in infants with less abx exposure, reflecting local inflammation. We have also seen increased levels of IL-12p40 positively correlated with infant BW. IL-12p40 has a regulatory function; it competes with IL-12p70 for binding to the IL-12 receptor and is a chemoattractant of macrophages and dendritic cells (91). In an in vivo mouse model, IL-12p40 has been shown to limit progression of chronic inflammation by suppressing mucosal Th1 and Th17 responses via hypoxia-inducible factor-1α  (92).

Unpredictably, IL-10 was inversely correlated with maternal milk feeding. IL-10 is a potent anti-inflammatory and immunosuppressive cytokine; an abundance of IL-10 may limit or downregulate host immune response to microbes (93). The presence/roles of IL-12p40 and IL-10 might be intertwined as compensatory. IL-12p40 production by LPS-stimulated human peripheral blood cells was found to increase following IL-10 blockade (94). In human neonatal cells, TCR/IL-12 stimulation downregulated the IL-10 pathway (95). Together, the local cytokines identified reflect intestinal barrier maturation as well as mucosal immune fitness and aptitude for immunosurveillance.

A study of cytokines in umbilical cord of healthy term newborns found no differences in the levels of inflammatory mediators when comparing normal spontaneous delivery vs. elective cesarean section, except for TGF-β1 (96). Others had reported increased circulating levels of IL-1β in neonates delivered vaginally as compared to those delivered by C-section (97). Similarly, we found that spontaneous vaginal delivery was associated with increased fecal IL-1β and GM-CSF of preterm infants, which suggests that gut maturation and mucosal immune cell seeding may require additional molecular drivers.

Given that cytokines were measured in the feces of breastfeeding infants, the presence of cytokines of maternal origin can be a confounder in the interpretation of infant responses (98). Future studies with larger sample size and longitudinal sampling of both infant and maternal specimens to capture the dynamics and evolution of microbes and immune features are warranted. Additionally, the immune modulatory effect of the microbiota may be exerted through the release of intermediary common mediators such as bacterial products or bioactive bacterial metabolites. The impact of metabolic activities of the microbial community in host-microbe interactions and immunological development remains to be elucidated. Likewise, the observed association between postnatal intestinal maturation and mode of delivery requires further validation. Comprehensive understanding of the role of gut cytokines, chemokines, and other molecular immune mediators in promoting intestinal homeostasis and in mitigating perturbation at early stages of intestinal development, will inform future targeted modulation to improve overall infant health.



Conclusion

Our study revealed a pattern of fecal cytokines associated with specific changes in gut microbiota and intestinal barrier maturation. Our findings revealed, for the first time, a potential beneficial role of IL-1α/β in age-appropriate microbiota development and low intestinal permeability in early preterm infants. A delayed microbiota maturation was associated with persistently elevated IP, less breast milk feeding, early GA and low BW, as well as inordinate cytokine profiles. These results support the promising, practical, and non-invasive analysis of cytokine and chemokine profiles in fecal samples to define immune phenotypes associated with gut maturation. A detailed definition of the factors affecting the early development of intestinal barrier functions and precise molecular mechanisms underlying gut homeostasis is necessary to prevent life threatening hyperpermeable gut-associated conditions, including NEC.



Methods and Materials


Participants Description and Feeding Protocol

This study was approved and carried out in accordance with protocols approved by the institutional review boards of the University of Maryland School of Medicine and Mercy Medical Center. Written informed parental consent was obtained for all infants in accordance with approved protocol UMB HP-00049647. Forty preterm infants 240/7-326/7 weeks GA were enrolled within 4 days after birth, and they represent combined cohorts enrolled during October 2018-June 2021. Prior to study procedures, a complete physical exam including infant’s vital signs, weight, height, and head circumference was performed. Demographic, obstetric, and clinical data, as well as data on medication exposures, feeding practices, and adverse events were collected from the medical record. Threshold for early or late gestational age is 28 weeks, for low or high birth weight is 1,500 g, for longer or shorter antibiotics exposure is 3 days during the first week of life prior to IP measurement, as described previously (35, 36).

A standard feeding protocol was used for all preterm participants. Enteral feeds by the orograstric or nasogastric route were initiated between the first and fourth day of life depending on clinical stability. After initial feeds of 10 ml/kg expressed breast milk or 20 kcal/oz preterm formula or donor breast milk daily for 3-5 days, feedings were advanced by 20 ml/kg/d until 100 ml/kg/d was reached. The total volume of breast milk feeds was calculated as sum of the daily amount of milk intake per kilogram of the administered expressed mother’s breast milk from initial feed day till postnatal day 7-10 when the IP was measured. Feedings were held or discontinued if there were signs of feeding intolerance such as abdominal distension, gastric residuals, or hematochezia, or for clinical deterioration. Maternal breast milk feeding threshold is 150-180 ml/kg of cumulative intake of MOM by 7-10 days of age, as described previously (35, 36).



In Vivo Intestinal Permeability (IP) Measurement

Among the 40 subjects used in this study, IP for 26 of them was measured in a previous study (35, 36); 14 eligible preterm infants received 1 ml/kg of the non-metabolized sugar probes on postnatal day 7-10, which included lactulose (La, Cumberland Pharmaceuticals, Nashville, TN), which is the marker of intestinal paracellular transport and rhamnose (Rh, Saccharides, Inc., Calgary, Alberta, Canada) the marker of intestinal transcellular transport. One milliliter of 8.6 g La and 140 mg Rh per 100 mL solution was administered enterally by nipple or by gavage via a clinically indicated orogastric tube (99). La/Rh was measured by high-pressure liquid chromatography (HPLC) in urine collected over a 4h period following administration of the sugar probes as previously described (35). High or low IP was defined by a La/Rh >0.05 or ≤0.05 respectively, as validated and applied previously (35). Urine samples were stored at -80°C until processed.



Fecal Sample Collection and Processing

Dry fecal samples (~1g) were collected during the same time period (postnatal day 7-10) as the dual sugar administration. Fecal specimens were placed immediately in sterile tube containers with attached screw cap and collection spoon (Globe Scientific Inc. Mahwah, NJ) and stored in -80°C freezer. Another aliquot of fecal samples were stored immediately in DNA/RNA shields (Zymo Research, Irvine, CA), which stabilizes and protects the integrity of nucleic acids to minimize the need to immediately process or freeze specimen for DNA extraction and metagenomic sequencing. Specimens were stored at -80°C until processed.



Cytokine and Chemokine Measurements

A 100 mg aliquot of each frozen dry fecal specimen was resuspended in 1 ml of extraction buffer [phosphate buffered saline (PBS, pH 7.4) containing 0.01% soybean trypsin inhibitor, 0.1% ethylenediaminetetraacetic acid, and 0.05% Tween 20, all from Sigma, St. Louis, MO] and ~1.5 g of 2.3 mm zirconium beads (Biospec, Bartlesville, OK) were incorporated. Fecal samples were subjected to 1-min beating cycle in a mini-beadbeater-8 tissue homogenizer (Biospec, Bartlesville, OK) and centrifuged at 14,000 rpm for 1h at 4°C. The supernatant was collected and stored at -80°C until use. IL-1β, IL-1α, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40/IL-23, IL-12p70, IL-15, IL-16, IL-17, Eotaxin, Eotaxin-2, Eotaxin-3, IP-10, MCP-1, MCP-2, MCP-3, MCP-4, MDC, MIP-1α, MIP-1β, TARC, GM-CSF, TNF-β, VEGF-A, and IFN-γ were quantified in fecal supernatants using human multiplex immunoassays [Meso Scale Discovery (MSD), Rockville, MD] according to the manufacturer’s protocol. Each fecal lysate was tested in duplicate. Plates were read using the QuickPlex SQ 120 (MSD, Rockville, MD). The concentration of each analyte was determined using standard calibrators and analyzed using the Meso Scale Discovery Workbench software v15.0 (MSD, Rockville, MD).



Fecal DNA Extraction, Metagenomic Library Construction and Sequencing

Genomic DNA was extracted from homogenized fecal samples stored in DNA/RNA shields using the fecal/soil microbe kits (Zymo, Irvine, CA) according to the manufacturer’s instructions. Briefly, a 500 µl aliquot of fecal material mixture was homogenized using bead lysis and centrifuged down to remove lysate debris. Metagenomic sequencing libraries were constructed from the same DNA using Illumina Nextera XT flex kit according to the manufacturer recommendations. Libraries were then pooled together in equimolar proportions and sequenced on a single Illumina NovaSeq 6000 S2 flow cell at the Genomic Resource Center at the University of Maryland School of Medicine.



Intestinal Microbiome Analyses

Metagenomic sequence data were pre-processed using the following steps: 1) human sequence reads and rRNA LSU/SSU reads were removed using BMTagger v3.101 (100) using a standard human genome reference (GRCh37.p5) (101); 2) rRNA sequence reads were removed in silico by aligning all reads using Bowtie v1 (102) to the SILVA PARC ribosomal-subunit sequence database (103) (sequence read pairs were removed even if only one of the reads matched to the human genome reference or to rRNA); 3) the Illumina adapter was trimmed using Trimmomatic (104); 4) sequence reads with average quality greater than Q15 over a sliding window of 4 bp were trimmed before the window, assessed for length, and removed if less than 75% of the original length; and 5) no ambiguous base pairs were allowed. The taxonomic composition of the microbiomes was established using MetaPhlAn version 2 (40). A heatmap was constructed from the 25 most abundant intestinal bacterial taxa measured by relative abundance in samples collected from 38 preterm infants enrolled in the study. Ward linkage clustering was used to cluster samples based on their Jensen-Shannon distance calculated in vegan package in R (42). The number of clusters was validated using gap statistics implemented in the cluster package in R (43) by calculating the goodness of clustering measure. Significance value for cytokine abundance in comparing categories was calculated using Wilcoxon rank sum test using ggsignif R package (41). Metagenomics dataset was mapped to the protein database UniRef90 (105) to ensure comprehensiveness in functional annotation, and was then summarized using HUMAnN2 (Human Microbiome Project Unified Metabolic Analysis Network) (v0.11.2) (106), which efficiently and accurately determines the presence, absence, and abundance of metabolic pathways in a microbial community. Further, HUMAnN2 employed a tiered search strategy that enables a species-resolved functional profiling of metagenomes to characterize the contribution to the functional pathways of a known species. Canonical Correspondence Analysis (CCA) was used in ordination analysis of the taxonomic profiles and cytokine profiles. Biplot was generated using vegan package (51, 107) based on the square root of bray-curtis distance. CA1 and CA2 are selected as the major components based on the eigenvalue. A species score was scaled proportional to the eigenvalues, representing the direction from the origin of a group having a larger than average value for the particular species (42, 51). The species scores greater than 1 are used to select the species that were considered the most significant contributors to each group. Only species/genera significantly (p value < 0.05) associated with at least one cytokine response were included. All species/genera were required to be detected in at least 1% of more than one sample. Plot was generated using R package ‘complexheatmap’ (47).
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Bruton’s tyrosine kinase (Btk) deficiency preferentially eliminates autoreactive B cells while sparing normal humoral responses, but has not been studied in mucosal immunity. Commensal microbes and intact BTK signaling have been independently shown to be essential for arthritis development in K/BxN mice. Here, we examine how BTK-mediated signaling interfaces with the gut microbiome. Btk-deficient K/BxN mice were found to have small Peyer’s Patches with reduced germinal center and IgA class-switched B cells. IgA-switched plasma cells in small intestines were reduced, especially in villi of Btk-deficient mice. IgH CDR3 sequencing showed similar V gene diversity and somatic hypermutation frequency despite Btk deficiency but showed reduced CDR3 amino acid polarity, suggesting potential qualitative differences in the gut plasma cell repertoire. Small intestinal IgA was low and IgA coating of commensal bacteria was reduced. IgA-seq showed a shift in small intestinal microbes that are normally IgA-coated into the uncoated fraction in Btk-deficient mice. Overall, this study shows that BTK supports normal intestinal IgA development in response to commensals.

This manuscript was previously published as a preprint at: https://www.biorxiv.org/content/10.1101/2021.03.10.434762v2.
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Introduction

More IgA is produced daily than all other antibody isotypes combined, highlighting its importance to host health (1). IgA-deficient humans are relatively resistant to infection, presumably due to functional compensation by secreted IgM, but they do have a propensity for autoimmunity (2–4). B cell signaling contributions to IgA development require further study. B cells in mucosal lymphoid tissues undergo IgA class-switch and affinity maturation, giving rise to plasma cells that migrate to the small intestinal lamina propria. B2 B cells in Peyer’s patches undergo T-dependent responses in germinal centers (GCs) while B1 cells that traffic from the peritoneal cavity are more likely driven by T-independent responses without requiring GCs (5–7). It is thought that commensal recognition by the immune system via IgA occurs primarily through T-independent responses, whereas pathogens more typically elicit T-dependent responses (6). This is a reciprocal process as microbes are required for adaptive immune structure formation in the gut; germ-free mice fail to develop normal Peyer’s patch structures or IgA-secreting plasma cells (8). IgA coating of microorganisms can block their attachment to host epithelia, thereby helping to maintain barrier function, or alternatively promote their retention in the mucous layer (9, 10).

B cell functions depend upon signaling through the B cell receptor (BCR). The B cell signaling protein Bruton’s tyrosine kinase (BTK) serves as a “rheostat” in mature B cells, acting to propagate and amplify signals. Anti-citrullinated protein antibody (ACPA)-positive, but not ACPA-negative rheumatoid arthritis patients show elevated BTK phosphorylation relative to healthy controls (11), highlighting a link between overzealous BTK signaling and ACPA production. Murine Btk-deficiency reduces GC formation and T-independent immune responses, as well as autoantibodies, but T-dependent responses can be elicited, and IgG levels are near normal (12–18). In humans, BTK is necessary for B cells to mature beyond the bone marrow, making study of Btk-deficiency in mature peripheral B cells difficult (19).

Btk-deficiency protects against autoimmune arthritis in K/BxN mice (12). This is consistent with a role for Btk in autoreactive B lymphocyte development and function, as autoantibodies provoke arthritis in this model (20). Commensal microorganisms are also central to autoimmune arthritis development, as germ-free or antibiotic-treated K/BxN mice are protected from spontaneous disease development (21). Conversely, segmented filamentous bacteria (SFB) (also known as Candidata savagella) mono-colonization drives autoimmune arthritis, confirming commensal bacteria can trigger disease (21).

Commensal bacteria exposure shapes the gut B cell repertoire (22). The impact of altered B cell receptor signaling on B lymphocyte responses is incompletely understood. Clinical applications for BTK inhibitors continue to increase and include autoimmune diseases such as rheumatoid arthritis (23). Serum IgA was found to be normal in Btk-deficient mice (14). Similarly, IgA+ B220- cells in the large intestine (colon) were not changed by loss of BTK in a DSS-induced colitis model (24). B cell changes in the small intestine were not investigated in this model (24). Peyer’s patches in the small intestine are a major site of gut B cell activation which support the development of gut IgA+ plasma cells. The requirement for BTK in preserving normal small intestinal populations of B lymphocytes has been largely unexplored. We therefore investigated how Btk-deficiency impacts B lymphocyte populations and responses to commensal bacteria in the gut in the setting of autoimmune arthritis, with particular focus on small intestinal B cells and plasma cells. Peyer’s patch GCs are dramatically reduced. B1a cells are absent as expected. IgA+ plasma cells are present in Btk-deficient K/BxN mice but are significantly reduced in the villi where they normally predominate. IgA+ plasma cells do not show diminished BCR diversity or somatic hypermutation, based on CDR3 analysis, although amino acid polarity is altered. However, IgA is reduced and IgA-coated bacterial composition is shifted in the small intestine of Btk-deficient mice. These data show impaired B cell receptor signaling shifts the dynamic interplay between host B lymphocytes and commensal bacteria in the gut.



Materials and Methods


Animals and Disease Assessment

Btk-/-/NOD mice were backcrossed to the NOD strain >20 generations and were generated as described previously (13). KRN C57BL/6 mice were a gift from Cristophe Benoist and Diane Mathis (Harvard Medical School, Boston MA). KRN male mice were bred to Btk+/-/NOD female mice to generate Btk+/y/K/BxN and Btk-/y/K/BxN littermates. Mice were scored for arthritis beginning at weaning by the Chondrex mouse arthritis scoring system (https://www.chondrex.com/documents/Mouse%20CIA.pdf). Paw thickness of the hind footpad was measured using a dial gauge (13-159-9, Swiss Precision Instruments). Male mice were used in all studies. All mice were housed under specific pathogen-free conditions, or in the case of P. distasonis infection, in the ABSL-2 facility, and all studies were approved by the institutional animal care and use committee of Vanderbilt University, fully accredited by the AAALAC.



Mammalian Cell Isolation, Flow Cytometry, and Antibodies

The entire small intestine (duodenum, jejunum, and ileum) was dissected and intestinal contents were flushed by lavage with 5mL 1X PBS + EDTA-free Complete Mini Protease Inhibitor Cocktail Tabs (Roche). Peyer’s patches were dissected from the small intestine and macerated in HBSS + 10% FBS. Lamina propria cells were isolated after Peyer’s patches were removed from the entire small intestine as follows. Intestines were cut longitudinally and mucus was gently scraped off and discarded. Tissue was cut into ~0.5 cm pieces and incubated with HBSS + 5% bovine calf serum (BCS) + 2 mM EDTA at 37°C for 45 min while shaking. Recovered tissue was washed, minced, and incubated with 1.5 mg/ml collagenase VIII (from Clostridium histolyticum, Sigma-Aldrich) and 100 U DNase I (Sigma-Aldrich) at 37°C for 25 min while shaking. Cells were vortexed for 20 s and HBSS + 5% BCS was added, cells were pelleted, and resuspended in 40% Percoll (GE Healthcare). 70% Percoll was underlayed and the interface layer was recovered after centrifugation at 300 x g for 20 min at 4°C. Cells were pelleted, resuspended, and counted.

Cells were stained for flow cytometry in 1X PBS containing 0.1% sodium azide, 0.02% EDTA, and 0.05% BCS using the following reagents and reactive antibodies: B220 (6B2), CD19 (1D3), CD95/FAS (JO2), CD138 (281-2), GL7, Igκ (187.1), or Ghost Dye (BD Biosciences, eBioscience, or Tonbo Biosciences), and/or IgA (1040-09, 1040-02, or 1040-31, Southern Biotech). Lamina propria cells were stained intracellularly for CD138, as this protein was cleaved from the cell surface during the isolation protocol (not shown). In addition to surface Igκ and IgA staining, lamina propria cells were also stained intracellularly with Igκ and IgA-reactive antibodies to aid identification of surface BCR-negative plasma cells. The Cytofix/Cytoperm kit was used for intracellular permeabilization and staining (BD Biosciences). Samples were acquired using a BD Biosciences LSR II flow cytometer and FlowJo software (Tree Star, Inc) was used for data analysis.



Fecal and Small Intestinal Lavage Sample Preparation and ELISA

Freshly collected feces were initially weighed and resuspended at 0.1mg/mL in 1X PBS containing EDTA-free Complete Mini Protease Inhibitor Cocktail Tabs (Roche) per the manufacturer’s instructions. Samples were subsequently spun at 4000 RPM for 10 min., supernatant was removed and spun for an additional 10min and resulting supernatant was sterile filtered through 0.22μm filters and stored at -20°C.

To collect small intestinal lavage for ELISA, the entire small intestine (duodenum, jejunum, and ileum) was collected from each mouse and immediately flushed with 5 mL 1X PBS containing EDTA-free Complete Mini Protease Inhibitor Cocktail Tabs (Roche) per the manufacturer’s instructions to normalize sample collection across mice. Samples were subsequently spun at 400 x g for 5 min. and then passed through a 70 µm nylon cell strainer to remove large debris. Supernatant was then spun at 8000 x g for 10 min. to pellet bacteria and resulting supernatant was sterile filtered through 0.22μm filters and stored at -20°C prior to ELISA.

For detection of total IgA, plates were coated with goat anti-mouse IgM + IgG + IgA (H+L) (SouthernBiotech) diluted in 1X PBS, followed by blocking with 10% non-fat dry milk. Sera were diluted 1:50,000 in 1X PBS + 0.05% tween and incubated 2h at room temperature. Bound IgA or IgM antibody was detected by incubation with goat anti-mouse IgA-alkaline phosphatase (α chain-specific, SouthernBiotech) or goat anti-mouse IgM-alkaline phosphatase (μ chain-, SouthernBiotech), respectively diluted in veronal buffered saline (142 mM NaCL + 5 mM sodium barbital) + 15mM sodium azide + 0.5% FBS. Plates were washed 4X with 1X PBS + 0.05% tween after each incubation step. 10mg/mL p-nitrophenyl phosphate substrate (Sigma-Aldrich) was added and O.D. was read at 405 nm using a Microplate Autoreader (Bio-Tek Instruments). Intestinal IgA was quantified based on a standard curve that was generated using Purified Mouse IgA, κ Isotype Control (BD Biosciences).



Small Intestine Immunostaining

Small intestines were isolated from 8-11 wk-old Btk-sufficient and Btk-deficient K/BxN males, cleaned using chilled 1X PBS, and dissected longitudinally. Small intestines were divided into four parts and enumerated from proximal (duodenal) to distal (ileal) as SI1, SI2, SI3, and SI4. A swiss-roll was made from each section, fixed in 4% paraformaldehyde followed by a series of dehydration in 5-20% sucrose., and frozen in O.C.T. Compound (Tissue-Tek). 7μm sections were cut from the duodenum (SI1) and ileum (SI4) and used for immunostaining. Frozen sections were fixed using chilled 50:50 mixture of methanol and acetone for 10 min at room temperature, washed with distilled water followed by 1X PBS, then blocked using 1% bovine serum albumin for 1 h. Sections were then stained overnight at 4°C using primary antibodies for epithelial cell adhesion molecule (EpCAM) (1:400) Thermo Fisher Scientific, #21050-1-AP) and anti-IgA (1:200) (Southern Biotech, #1165-01). After washing with 1X PBS three times, anti-rabbit Alexa 488 (1:800) and anti-rat Alexa 633 (1:400), (Thermo Fisher Scientific, #A-11034 and #A-21094, respectively) were added for 1h at room temperature, followed by washing with 1X PBS. Counterstaining was performed using Hoechst dye and fixation in ProLong Diamond Antifade mounting medium. Images were captured from non-overlapping areas using a Zeiss LSM880 Confocal Laser Scanning Microscope with Airyscan. Overall, 136 images were scored in parallel by two blinded reviewers, with any differences of opinion resolved by a third blinded reviewer. IgA+ cells were enumerated for villi and lamina propria separately, from 0 to 5 based on frequency of IgA+ cells among DAPI+ cells using a blind evaluation strategy (0 = 0% IgA; 1 = 1-20% IgA; 2 = 20-40% IgA; 3 = 40-60% IgA; 4 = 60-80% IgA; 5 = 80-100% IgA). Scores for villi and lamina propria were added for each image to yield total IgA for that image.



Plasma Cell IgH Sequencing

Lamina propria cells were prepared from freshly isolated small intestines as outlined above. Cells were stained for surface proteins, fixed with 0.5% paraformaldehyde for 5 minutes (to retain surface antibodies but limit potential DNA cross-linking), washed, and permeabilized with 0.1% saponin in 1X PBS containing 10% BCS, followed by staining for intracellular proteins using antibody clones outlined above. A BD FACSAria III was used to sort IgA+ plasma cells that were resuspended in 1X PBS (live B220- CD19- intracellular IgA+ surface IgA- CD138+ cells). Cell pellets were stored at -80°C prior to DNA extraction. DNA was isolated as a single batch using the QIAamp DNA Micro Kit (Qiagen) per the manufacturer’s instructions. Mouse IgH CDR3 PCR amplification and sequencing was performed using the ImmunoSeq assay and sequence data were demultiplexed/filtered/processed by Adaptive Biotechnologies (Seattle, WA) (25). This bulk sequencing approach uses a synthetic immune repertoire as an in-line template control and removes singlet sequences during data processing to enable normalization for both PCR efficiency and amplification bias to ensure processed data correspond to the absolute number of input molecules (26). IMGT/HighV-QUEST (https://www.imgt.org/HighV-QUEST/) was used to assign gene identities and identify mutations among sequences with productive rearrangements. VDJtools (https://vdjtools-doc.readthedocs.io/en/master/index.html) was used to compare repertoire diversity and CDR3 properties between the two groups.



Microbiome Sample Preparation and Sequence Analysis

Small intestines were dissected and intestinal contents were flushed by lavage as above and centrifuged at 400 x g for 5 min. Supernatant was then centrifuged at 8000 x g for 10 min to pellet bacteria. The bacterial pellet was resuspended in 1X PBS + 0.25% BSA + 5% normal goat serum (NGS), normalized for roughly similar numbers of bacteria based on O.D. 600 nm readings, and stained with Fc Block (BD Biosciences, clone 2.4G2), followed by SYTO BC (ThermoFisher) and goat anti-mouse IgA. Cells were sorted on a BD FACSAria III and cells were pelleted and stored at -80°C. DNA extraction, microbiome sequencing, and analysis was performed as a single batch by Microbiome Insights. Bacterial 16S rRNA v4 regions were PCR-amplified as in (27). Amplicons were sequenced with an Illumina MiSeq using the 250-bp paired-end kit (v.2). Sequences were denoised, taxonomically classified (Greengenes v. 13_8 reference database), and clustered into 97%-similarity operational taxonomic units (OTUs) using Mothur, v. 1.39.5 (28). Potential contamination was addressed by co-sequencing DNA amplified from specimens and from n=4 template-free controls and n=4 extraction kit reagents processed the same way as the specimens. Two positive controls, consisting of cloned SUP05 DNA, were also included (number of copies = 2*10^6). OTUs were considered putative contaminants (and were removed) if their mean abundance in controls reached or exceeded 25% of their mean abundance in specimens.



Statistical Analysis

GraphPad (Prism) was used for statistical comparisons of flow cytometry, ELISA, and disease study data. Immune repertoire and microbiome statistical analysis approaches are detailed in the relevant figure legends.




Results


IgA-Switched and GC B Cells Are Reduced in Peyer’s Patches of Btk-Deficient K/BxN Mice

Btk-deficiency protects against several spontaneous autoimmune diseases in mouse models (12, 13) and clinical trials investigating the efficacy of BTK inhibitors in human autoimmune disease are ongoing (reviewed in (29)). The small intestine is a major site of B cell activation in the gut, yet the impact of Btk deficiency on B lymphocyte development and function at this site has not been investigated. We previously reported that Btk-deficiency protects against autoimmune arthritis in K/BxN mice, a well-studied model of rheumatoid arthritis in which gut commensal bacteria are essential disease triggers (12, 21). We therefore investigated how Btk loss alters B cell numbers, isotype switch, and differentiation in the Peyer’s patches and lamina propria of the small intestine in the setting of autoimmune arthritis. Total numbers of B cells, IgA+ B cells, and GC B cells were significantly reduced in Peyer’s patches of Btk-deficient K/BxN mice compared to Btk-sufficient K/BxN littermate controls (Figure 1). Significant reductions in these populations were still seen when numbers were normalized to the number of Peyer’s patches collected, with the exception of GC B cells, which still trended lower with BTK loss (p = 0.07). In contrast to the observed numeric differences, the frequency of Peyer’s patch B cells that differentiated into GC B cells or class-switched to IgA was not significantly different between Btk+/y and Btk-/y K/BxN mice; the average frequency of total B cells or IgA+ B cells that acquired the GC phenotype was ~10% and 40%, respectively, regardless of BTK expression (Figure 1). Taken together, these data suggest Btk-deficiency reduces Peyer’s patch B cell numbers overall, but does not block B cell class switching to IgA or participation in GC reactions for Peyer’s patch B cells.




Figure 1 | Btk absence leads to reduced numbers of GC and IgA class-switched B cells in the Peyer’s patches in K/BxN mice. Peyer’s patches were harvested from 8-9 wk-old K/BxN (black) and Btk-/y/K/BxN (white) littermates and cells isolated from all Peyer’s patches dissected from each mouse were counted; n ≥ 6 mice per group, n = 5 independent experiments, as in Methods. Flow cytometry was used to identify the indicated subsets. (A-D) Representative plots for K/BxN (left) and Btk-/y/K/BxN (right) mice depict (A) B cells (B220+ CD19+) among live singlet lymphocytes, (B) IgA+ B cells among B220+ CD19+ live singlet lymphocytes, (C) GC B cells (GL7high FAShigh) among B220+ CD19+ live singlet lymphocytes, and (D) GC B cells among IgA+ B220+ CD19+ live lymphocytes. (E-H) Frequencies (left), numbers across all Peyer’s patches harvested per mouse (middle), and numbers divided by the number of Peyer’s patches harvested per mouse (right) are plotted for individual mice to show (E) total B cells, (F) IgA+ B cells, (G) GC B cells, and (H) IgA+ GC B cells. *p < 0.05, **p < 0.01, Mann-Whitney U test.





B1a B Cells Are Reduced in Btk-Deficient K/BxN Mice

IgA-secreting plasma cells in the small intestine derive from B2 cells in the Peyer’s patches and lamina propria and B1 cells in the peritoneal cavity (5, 6, 30). B1a cells are dramatically reduced in Btk-deficient mice, while B1b cell numbers are normal (14). Consistent with observations in a non-autoimmune strain (14), B1a B cells were strongly reduced in the peritoneal cavity of Btk-deficient K/BxN mice (Figure 2). Thus, both peritoneal B1a and Peyer’s patch B2 B cell plasma cell precursors are reduced in Btk-deficient K/BxN mice.




Figure 2 | B1a B cells are reduced in Btk-deficient K/BxN mice. Flow cytometry identifies B1a B cells in peritoneal lavage of K/BxN (black) and Btk-/y/K/BxN (white) littermates, n ≥ 11 mice per group, n = 3 independent experiments. (A) Representative plots are gated on IgM+ live singlet lymphocytes and indicate the frequency of B1a B cells (B220low CD5+). (B) B1a B cell frequency is plotted for individual mice, ***p < 0.001, Mann-Whitney U test.





IgA+ Plasma Cells Persist in Btk-Deficient K/BxN Mice but Are Reduced in Small Intestinal Villi

IgA+ GC B cells in Peyer’s patches and B1a cells, which serve as intestinal plasma cell precursors, were strikingly reduced (Figures 1, 2). Lamina propria B cells can also serve as IgA plasma cell precursors (30). We therefore tested whether Btk loss also reduced IgA-switched B cells and plasma cells in the lamina propria using flow cytometry of cells extracted from the entire small intestinal luminal layer after removal of Peyer’s patches. The number of total B cells and IgA-switched B cells present in the lamina propria was not altered by Btk-deficiency (Figures 3A–C). Downregulation of the classic B cell markers, B220 and CD19 complicates identification of plasma cells. Furthermore, CD138 expression was previously shown to fluctuate with disease on plasma cells in a mouse model of multiple sclerosis (31). We therefore used intracellular Igκ positivity to help identify potential antibody-secreting cells, as 95% of mouse B cells express Igκ (32). We observed two populations of CD19- B220- CD138+ cells which were either surface BCR-positive or surface BCR-negative, which were analyzed separately. Prior studies showed this surface BCR-positive subset to lack cell proliferation markers such as Ki67, suggesting they were plasma cells, not plasmablasts (33). We will therefore designate both subsets as plasma cells but acknowledge the BCR-positive subsets may also contain plasmablasts, as our present study does not distinguish whether they are blasting. The majority of B220- CD19- CD138+ plasma cell subsets in the lamina propria were IgA class-switched in both Btk-sufficient and deficient K/BxN mice (Figures 3D, E). CD138+ IgA+ plasma cell numbers were extremely low and not reduced by Btk loss. Among CD19- B220- intracellular Igκ+ cells, we also observed a CD138- population, a subset of which expressed intracellular IgA (Figure 3F). This population may be an additional population of antibody-secreting cells in the lamina propria and was therefore analyzed separately. The numbers of CD19- B220- intracellular Igκ+ CD138- cells trended lower but was not significantly reduced in Btk-deficient relative to Btk-sufficient K/BxN mice, both for total numbers (Figure 3G, p = 0.48) and in the IgA-switched population (Figure 3H, p = 0.31). Thus, IgA-switched antibody-secreting cells are present in the lamina propria despite marked reductions in Peyer’s patch GC and B1a B cells in Btk-deficient mice. Preservation of lamina propria B cells, which presumably reside in isolated lymphoid follicles, could help explain the preservation of IgA-switched antibody-secreting cells observed in Btk-deficient mice.




Figure 3 | IgA+ plasma cells persist in the lamina propria of Btk-deficient K/BxN mice. Lamina propria cells were harvested from the entire small intestine of 8-9 wk-old K/BxN (black) and Btk-/y/K/BxN (white) littermates as in Methods and cells were counted; n ≥ 6 mice per group, n = 5 independent experiments. Flow cytometry was used to identify the indicated subsets. (A) Representative plots depict total B cells (B220+ CD19+) among live singlet lymphocyte gated cells in K/BxN (left) and Btk-/y/K/BxN (right) mice (top) and IgA+ B cells among total B cells (bottom). (B) Total B cell frequencies (left) and numbers (right) and (C) IgA+ B cell frequencies (left) and numbers (right) are shown. (D, E) Plasma cells were identified among B220- CD19- intracellular Igκ+ CD138+ live singlet cells as surface BCR-positive (surface Igκ+), surface BCR-negative (surface Igκ-), surface BCR-positive IgA (surface Igκ+, surface IgA+), and surface BCR-negative IgA (surface Igκ-, intracellular IgA+). (D) Representative plots depict the indicated subsets in K/BxN (left) and Btk-/y/K/BxN (right). (E) Cell subset numbers are shown for surface BCR+ plasma cells (top left), surface BCR+ IgA+ plasma cells (top right), surface BCR- plasma cells (bottom left), and surface BCR- IgA+ plasma cells (bottom right). (F–H) CD138- cells with a plasma cell phenotype were further examined as follows. (F) Representative gating scheme shows B220+ CD19+ and B220- CD19- populations among live singlet lymphocytes (left). B220- CD19- cells (red) were further gated on intracellular Igκ+ cells (green, middle, left), followed by identification of CD138- (blue) and CD138+ (pink) cells (middle, right). Intracellular IgA expression was examined among CD138- cells (right, lavender), among which surface Igκ expression was used to delineate surface BCR-positive (orange) and surface BCR-negative (light blue) plasma cells. (G, H) Numbers of live singlet lymphocytes that were B220- CD19- intracellular Igκ+ CD138- cells are shown for (G) total cells or (H) IgA-switched cells. No significant differences were observed between K/BxN and Btk-/y/K/BxN groups, Mann-Whitney U test. NS, Not significant.



Flow cytometry of total small intestinal lamina propria using this method has several limitations, including unrecognized inclusion of intraepithelial lymphocytes, small lymphoid follicles, and blood vessels. Furthermore, the majority of lamina propria cells that had an apparent plasma cell phenotype (CD19- B220- intracellular Igκ+ intracellular IgA+) stained negatively for the canonical plasma cell marker, CD138 (Figure 3E vs. Figure 3H). We therefore used immunofluorescent staining to better identify and locate IgA+ plasma cells in situ (Figure 4). EpCAM (green) stains the epithelia, DAPI (blue) marks cell nuclei, and IgA (red) identifies plasma cells as typical large cells in villi and lamina propria ((34), Figures 4A–D). Plasma cells are normally found in greatest abundance in the duodenum, and gradually reduce distally, with the fewest found in the ileum. We therefore chose duodenal and ileal sections as representative for analysis. Sections were scored for proportion of IgA+ cells among all DAPI+ cells in villi or lamina propria areas of each section. IgA+ plasma cells were found to be abundant in Btk-sufficient K/BxN duodenal sections and were particularly enriched in the intestinal villi, where they are well-positioned for IgA transepithelial transport (Figures 4E, G). Villi in the ileum of Btk-sufficient K/BxN similarly contained more IgA+ cells than the lamina propria (Figures 4E, G), although fewer IgA+ cells were observed in the ileum overall than in the duodenum (Figures 4F, H). In contrast, the overall proportion of IgA+ cells in Btk-deficient sections were significantly lower than in Btk-sufficient mice, which was most pronounced in duodenal villi (Figures 4E–H). The only area in which there was no difference in IgA+ cells was the lamina propria of the ileal sections, where the lowest numbers of IgA+ cells were also found in Btk+/y controls (Figure 4G). In addition, the overall condition of the intestinal epithelium and villi appeared subjectively less robust, with the epithelial layer staining more poorly, and villi often appearing shorter, although these features were not quantified in this study. Thus, IgA+ plasma cells in Btk-deficient K/BxN mice are not appropriately localized to small intestinal villi.




Figure 4 | Btk-deficiency alters IgA plasma cell localization in the small intestine of K/BxN mice. Small intestine was collected from 8-11wk-old Btk+/y (black) and Btk-/y (red) K/BxN mice (n = 3-4 mice per group) as described in Materials and Methods. Immunostaining for IgA (red), EpCAM (green), and DAPI (blue) was performed to identify IgA+ cells in the small intestine villi and lamina propria. Representative images of non-overlapping areas of sections from each mouse are shown for (A) Btk+/y/K/BxN and (B) Btk-/y/K/BxN mouse S1 duodenal sections (Btk+/y S1 mean/min/max = 13/7/24 images per mouse; Btk-/y S1 mean/min/max = 9/6/12 images per mouse). Representative images for (C) Btk+/y/K/BxN and (D) Btk-/y/K/BxN mouse S4 ileal sections. (Btk+/y S4 mean/min/max = 17/10/23 images per mouse; Btk-/y S4 mean/min/max = 9/8/12 images per mouse). Scale bar represents 50 µm. (E, F) Analysis of IgA+ plasma cell frequency in (E) duodenal and ileal villi and lamina propria (LP) and (F) duodenal and ileal overall tissues as measured by IgA score on immunofluorescent sections. Each dot represents a single image and data are compiled from n = 3-4 mice per genotype. ****p < 0.0001 ANOVA with Bonferroni correction. (G, H) Average IgA scores for each mouse are plotted for (G) villi and lamina propria (LP) or (H) total duodenal (S1) or ileal (S4) sections. **p < 0.01, NS, not significant, two-tailed t test with Welch’s correction.





Btk Loss Reduces Small Intestinal but Not Serum Levels of IgA in K/BxN Mice

Whereas intestinal production of IgA is severely compromised in germ-free mice, serum IgA levels are only reduced by half, suggesting the microbiota contributes to gut IgA production whereas a different process is driving circulating IgA production (6). Serum IgA levels in Btk-deficient mice are normal (14). As expected, serum concentrations of IgA were not significantly different between Btk-/y vs. Btk+/y K/BxN mice (Figure 5A). In contrast, levels of free (non-bacterial-bound) IgA were significantly reduced in small intestinal and fecal lavage harvested from Btk-/y vs. Btk+/y K/BxN mice (Figures 5B, C). Our data are consistent with separate routes of serum versus intestinal IgA production, and with suboptimal small intestinal villi localization of IgA+ plasma cells and their precursors in Btk-deficient K/BxN mice.




Figure 5 | IgA is reduced in the small intestine and feces, but not serum of Btk-deficient K/BxN mice. Serum, small intestinal lavage, and fecal lavage samples were collected from 8-9 week-old K/BxN and Btk-/y/K/BxN mice as in Methods. Total IgA was measured by ELISA as in Methods for (A) serum, (B) small intestinal lavage, and (C) fecal lavage. n ≥ 9 mice per group, *p < 0.05, **p < 0.01, Mann-Whitney U test.





Disrupted BTK Signaling Alters CDR3 Polarity, but Not Somatic Hypermutation or Clonal Diversity of Intestinal IgA+ Plasma Cells

Intestinal IgA can derive from both T-independent and T-dependent GC responses (5, 6). Given the marked reduction in Peyer’s patch GC B cell numbers (Figure 1) and reduction in free IgA present in the small intestinal lumen of Btk-/y K/BxN (Figure 5), we hypothesized the immunoglobulin repertoire of lamina propria IgA plasma cells would be altered. To test this hypothesis, lamina propria cells were isolated from the small intestines of Btk+/y K/BxN and Btk-/y K/BxN mice and IgA+ plasma cells were flow cytometry-purified as identified in Figure 3 (B220- CD19- CD138+ intracellular IgA+ surface IgA-). Clear differences between Btk-sufficient and Btk-deficient IgA plasma cell heavy chain repertoires were not observed by multidimensional scaling (MDS) ordination plotting (Figure 6A). Repertoire diversity was unchanged (normalized Shannon-Wiener Index, p = 0.82, Mann-Whitney U test, Figure 6B) and there were no differences in the average rates of mutation in either framework region 3 (FW3) or the V or J regions of complementarity determining region 3 (CDR3) (Figure 6C) or in amino acid replacement mutations (not shown) between genotypes. A lower rate of mutation was observed in FW3 relative to CDR3, as expected in both groups (p < 0.01 in both genotypes, Mann-Whitney U test). A non-significant trend towards reduced CDR3 length in Btk-/y K/BxN mice was observed (p = 0.48, Figure 6D). No difference was observed in CDR3 amino acid charge, disorder, or pH (not shown), but a significant decrease in CDR3 amino acid polarity was observed in IgA+ plasma cells isolated from Btk-/y K/BxN mice relative to Btk+/y mice (average: 6.80 vs. 7.28, p = 0.03, Figure 6E). These data indicate that Btk-deficient IgA+ plasma cells undergo somatic hypermutation but show differences in CDR3 composition, suggesting the small intestinal plasma cell repertoire is qualitatively different when BCR signaling is altered.




Figure 6 | Disrupted BTK signaling does not reduce somatic hypermutation but leads to altered CDR3 polarity in IgA+ plasma cells in the small intestinal lamina propria. Lamina propria cells were harvested from the small intestines of K/BxN (black) and Btk-/y/K/BxN (white) littermates from 3 litters as in Methods, n = 6 mice per group. IgA+ plasma cells were identified as live singlet B220- CD19- CD138+, surface IgA-, intracellular IgA+ cells and flow cytometry sorted. Cells were pelleted, DNA was isolated, and IgH sequencing was performed by Adaptive Technologies, as outlined in Methods. An average of 138 productively rearranged sequences were generated per mouse (range: 25-350). Sequence analysis was performed as detailed in Methods. IMGT/HighV-QUEST (http://www.imgt.org/IMGTindex/IMGTHighV-QUEST.php) was used to assign V(D)J genes and assess somatic mutations. VJDtools was used to analyze immunoglobulin gene attributes (https://vdjtools-doc.readthedocs.io/en/master/intro.html). Results were calculated for each individual mouse and are plotted. (A) MDS ordination was generated using the Jaccard Index. (B) Diversity was calculated using the normalized Shannon-Wiener index. (C) Somatic mutations in framework (FW) and complementarity determining regions (CDR) of productively rearranged IgH genes and the average number of mutations per 100 bp was calculated. (D, E) VDJtools was used to assess (D) CDR3 length and (E) amino acid polarity. *p < 0.05, NS, not significant, Mann-Whitney U test.





Disruption of Normal B Cell Signaling Decreases IgA Coating of Small Intestinal Commensal Bacteria

The small intestine is the major site of interface between B lymphocytes and commensal microorganisms in the gut. To test whether BTK signaling loss altered IgA-coating of commensals, bacteria were collected from small intestinal lavage and the frequency of IgA-coated bacteria was assessed as in Methods. Consistent with previous studies (12), Btk-/y K/BxN mice showed less severe arthritis as compared to Btk+/y K/BxN mice (average arthritis scores were 4.7 vs. 12.1, respectively, p < 0.001, Mann-Whitney U test, Figure 7A). The average proportion of IgA-coated bacteria was reduced in Btk-/y vs. Btk+/y K/BxN mice (Figures 7B, C, 44% vs. 65%, respectively, p < 0.05). These data show that Btk loss impairs IgA-coating of commensal microbes, correlating with disease outcome in this autoimmune arthritis model.




Figure 7 | IgA coating of microbes differs between Btk-deficient K/BxN mice and Btk-sufficient littermates. (A) An arthritis severity score was assigned to each paw (0-4) and the total arthritis severity score was calculated (0-16) for n ≥ 12 Btk+/y (black) or Btk-/y (white) K/BxN mice per group at the time of small intestinal harvest, ***p < 0.001, Mann-Whitney U test. (B–H) Bacteria were harvested from the small intestinal lavage of K/BxN and Btk-/y/K/BxN littermates from 5 litters that were 8-9 wks old. Cells were stained with SytoBC and anti-IgA antibody and flow cytometry was used to identify and sort IgA-coated or uncoated bacteria. (B) Representative plots. (C) The frequency of IgA-coated bacteria is plotted for n ≥ 12 individual Btk+/y and Btk-/y K/BxN mice per group, *p < 0.05, Mann-Whitney U test. (D–H) DNA was isolated from bacteria sorted from Btk+/y and Btk-/y K/BxN mice based on being IgA coated or uncoated and microbiome sequencing and analysis was performed by Microbiome Insights using Mothur for the following four groups: Btk-/y IgA- (green), Btk+/y IgA- (gold), Btk-/y IgA+ (light blue), Btk+/y IgA+ (dark blue). The average number of quality filtered sequence reads per sample was 35446 (Range: 10,000-50,000). (D) Shannon diversity for each mouse is plotted; Btk: p = 0.06, IgA: p = 0.33, IgA : Btk interaction: p = 0.81, ANOVA. (E) Individual mice are plotted based on principle component analysis (PCoA). (F) Proportions of the indicated taxa at the family level are plotted for each of n = 10 mice per group. (G, H) The DESeq2 package was used to identify differentially abundant taxa among IgA variables using a linear model that included IgA, BTK, and BTK*IgA interactions. Normalized counts for two OTUs and corresponding adjusted p values are shown in (G); other differentially abundant OTUs are shown in (H) and (Figure S1).





Btk-Deficient Mice Can Produce IgA in Response to Commensal Microbes, but Some Bacteria Escape IgA Coating

IgA-seq (35, 36) was used to assess whether Btk loss altered community composition between IgA-coated and uncoated bacteria in the small intestine. No significant differences in Shannon (alpha) diversity were observed, although diversity trended higher in Btk-/y K/BxN (Figure 7D). OTU abundances were summarized into Bray-Curtis dissimilarities and PCoA ordination was performed to obtain graphical representation of microbiome composition similarity among the four groups: IgA-/Btk-/y (green), IgA-/Btk+/y (gold), IgA+/Btk-/y (light blue), IgA+/Btk+/y (dark blue) (Figure 7E). Permutational analysis of variance (PERMANOVA) determined significant differences in beta-diversity among IgA (p=0.014), and BTK (p=0.013) factors. IgA-coated and uncoated groups separated by PCoA analysis in Btk-sufficient mice and trended toward significance in pairwise analysis (p=0.08); this was expected, as IgA-uncoated bacteria are known to differ from IgA-coated bacteria (35, 36). This contrasts IgA coated and uncoated commensals from Btk-deficient mice, which overlap more in the PCoA (p=0.13). IgA-coated bacteria from Btk-deficient and -sufficient mice showed near-complete overlap (p=0.13), suggesting Btk-deficient B cells can respond to the same microbes that elicit IgA in normal B cells.

Figure 7F shows a per sample view of taxonomic composition visualizing the most abundant taxa at the family level. Statistical analysis testing the interaction between Btk genotype and IgA coating also identified fifteen differentially-abundant OTUs at the genus level, including Muribaculaceae and Lachnospiraceae family members, as well as Bacteroidales members that were unclassified at the family level (Figure 7G). Examples of these differentially abundant OTUs and adjusted p values are shown across all four groups in Figure 7H, with all remaining OTUs depicted in Figure S1. Twelve of these show a distinct pattern in which the OTU is highly abundant in IgA+ fractions from both genotypes, as well as the IgA-negative fraction in the Btk-deficient samples, but is not abundant in the IgA-negative fraction of the Btk-sufficient samples (Figures 7G, S1). Muribaculaceae are well-represented among these, as are Bacteroidales. Overall, these findings indicate that IgA from Btk-deficient B cells can bind the same commensal bacteria as IgA from normal B cells, but is deficient, either in abundance or affinity, resulting in inadequate coating, and escape of some microbes that are normally IgA coated into the IgA-uncoated fraction.




Discussion

The microbiome, shaped by IgA, affects autoimmunity in complex ways (7, 21, 35, 37–40). However, until now the contributions of B lymphocyte signaling to these processes had not been studied. The work presented here uses the Btk-deficient K/BxN mouse model to reveal that mucosal GC B cells and intestinal IgA rely in part on this B cell signaling protein. In the absence of Btk, appropriate IgA plasma cell localization to small intestinal villi, gut IgA, and IgA coating of commensal bacteria is reduced. Even in this suboptimal state, Btk-deficient B cells can still produce bacteria-reactive IgA and generate enough IgA+ plasma cells to populate the lamina propria. However, this IgA is functionally incomplete, since some microbes that should be IgA-coated are found to be IgA-free, particularly those in the Muribaculaceae and Bacteroidiales families. Defective IgA responses may allow commensals which are normally cleared by IgA to flourish in Btk-deficient mice, or alternatively may limit the persistence of bacteria that rely on normal IgA for signaling activation or for mucous layer adherence (9, 10), which will require future study.

Commensal microbes are known to be required for autoimmune arthritis to occur in the K/BxN model (22). The findings reported here are therefore somewhat counterintuitive, since Btk-deficiency is protective, despite the fact that microbes escaping IgA could hypothetically be more available to trigger disease. Potential explanations for this paradox include the following. First, some commensal microbes use IgA for signaling as well as for their mucus layer retention (10), meaning their fitness may be reduced by ineffective IgA coating. Second, it is possible that there are disease-protective microbes among those that escape IgA coating to persist and compete for gut niches in this model. Third, commensal bacteria live as interdependent consortia, thus altered population coating by IgA may have downstream effects on the health, function, or survival of pathogenic microbes. Finally, it is possible that the ability of Btk-deficiency to reduce autoreactive B cells simply overrides any microbiome contributions. These complex bacterial and immune interactions, and their disease effects, are the subject of ongoing studies.

IgA+ plasma cells in mice normally arise from innate-like B1 cells from the peritoneal cavity as well as standard B2 B cells present in both Peyer’s patches and isolated lymphoid follicles in the lamina propria (5, 6, 30). 25-50% of intestinal IgA produced in mice is B1 B cell-derived and the remaining 50-75% is produced by B cells from the B2 lineage (5, 6). As in non-autoimmune strains (14), we find a near absence of B1 cells in Btk-deficient K/BxN mice, severely limiting their contribution to IgA plasma cell generation. Given these innate-like B cells contribute to T-independent antibody production, the change in CDR3 polarity observed, and the reduction in frequency of commensals that are IgA coated, the IgA antibody repertoire is likely altered by Btk-deficiency. B2 cells normally form very large, active GCs in Peyer’s patches. The reduced numbers of GC B cells in Peyer’s patches are consistent with previous work demonstrating equally dramatic reduction of GC B cells in joint-draining popliteal lymph nodes of Btk-deficient K/BxN mice (12), and imply a general role for BTK in GC development or function. However, while numbers are reduced, frequencies of IgA+ and GC B cells in the Peyer’s patches do not differ, suggesting Btk-deficient B cells can still class switch to IgA despite impaired BCR signaling. This is also consistent with Btk-deficient T-dependent IgG responses that, while blunted at primary challenge, are adequate following subsequent T-dependent boost (14–16, 18, 41). Preserved T-dependent responses to commensals may similarly support the small reservoir of GC B cells in Peyer’s patches of Btk-deficient K/BxN mice. These findings suggest that the remaining intestinal IgA in Btk-deficient K/BxN mice is driven by the same commensals that induce IgA under normal conditions. Isolated lymphoid follicles are found in the lamina propria which contain B cells that have a B2 phenotype and serve as IgA plasma cell precursors (30). Our lamina propria isolation protocol likely captures isolated lymphoid follicles. The extent of mutation observed in CDR3 (~5 mutations per 100bp) also suggests B2 origin of IgA+ plasma cells, rather than B1, which tend to have lower levels of somatic hypermutation (42). Our findings are also in line with previous data showing that somatic hypermutation still occurs in Peyer’s patch GC B cells even when surface BCR expression and signaling is ablated (43). Differences in clonal diversity were not observed, suggesting Btk-deficiency does not restrict immunoglobulin repertoire diversity. Of note, CDR3 analysis has limitations, including the absence of CDR1 and CDR2 analysis, which have historically been more commonly used in clonal and somatic hypermutation analyses, as well as lack of heavy and light chain BCR pairings. Repertoire analysis using single cell sequencing is planned to more fully define the characteristics of IgA that emerges when BTK is absent.

Expression of CD138 and downregulation of B220 and CD19 are classically used to define plasma cells. Plasma cells were additionally phenotypically defined in this study as being intracellular Igκ+, confirming they are B lineage cells. We however acknowledge the caveat that this phenotypically defined population was not confirmed to functionally secrete antibody. We detect an additional population of cells which lack the canonical B cell markers, B220 and CD19, yet express a BCR intracellularly based on Igκ positivity. Additional detection of intracellular IgA in the majority of these cells further supports a B lineage origin of these cells. This population of putative CD138- plasma cells shows a modest but not statistically-significant reduction in Btk-deficient K/BxN mice. Combined intracellular and extracellular staining for CD138, as well as cell viability dye exclusion suggests CD138-negativity is unlikely due to artifacts from the lamina propria processing protocol, but we cannot fully exclude this possibility. Further studies will be required to confirm whether these CD138-negative lamina propria cells are antibody-secreting cells.

Free IgA was reduced in small and large intestines of Btk-deficient K/BxN mice, as was the proportion of IgA-coated bacteria. This initially raised the possibility that commensal-driven IgA production was lacking, perhaps due to impaired GC processes, resulting in B cell failure to respond to bacteria that normally elicit IgA. It was therefore surprising that IgA from Btk-deficient mice targeted the same bacteria as normal B cells: there was no difference in IgA-coated community composition between Btk-deficient and Btk-sufficient K/BxN mice. This indicates BTK is not required to support specific commensal-driven production of IgA, at least in K/BxN mice. However, antigen epitope affinity may be lower or IgA levels may be insufficient to fully cover all of the targeted commensals, which, combined with suboptimal localization of plasma cells may allow some to escape IgA coating, as indicated by the shifting of uncoated IgA samples from Btk-deficient mice to more closely resemble IgA-coated fractions. This profile included many OTUs present exclusively in IgA+ samples from Btk-sufficient animals: 12 individual, differentially-expressed OTUs were almost universally IgA coated in Btk+/y mice, contrasting their equal abundance in IgA+ and IgA- fractions from Btk-/y mice. Colitogenic bacteria were previously shown to be coated with higher levels of IgA, relative to non-pathogenic commensals (44). Muribaculacea and Bacteroidales members shift into the uncoated fraction in the small intestine of Btk-deficient K/BxN mice. Future studies are thus warranted to investigate their impact on arthritis development. Of note, Segmented Filamentous Bacteria (SFB), now known as Candidata savagella, drives arthritis in this model via TH17 enhancement (21), but was not differentially expressed in any of our comparative data. It remains unclear whether Btk deficiency impacts IgA affinity for commensals or arthritogenic bacteria.

One additional consideration for this model is that BTK also plays a role in myeloid and mast cells. Although it was previously shown that BTK in myeloid cells was not necessary for arthritis in the K/BxN serum transfer model (12), this question has not been tested in the more robust spontaneous K/BxN model. BTK is important for TLR4 responses to LPS in addition to BCR responses, which is not independently analyzed here, but could be an important contributor (14). Finally, the T cell transgene that drives arthritis in K/BxN mice may also alter commensal immune responses, including, but not limited to, changes in T cell help to B cells.

Clinical use of BTK inhibitors is likely to continue to increase given the number of disease applications for which they are either approved or are being tested. Recent studies show BTK impacts autoreactive-prone B cell maturation, but not survival, and that BTK signaling is needed for normal T-independent type II responses in a timed Btk deletion model that mimics the scenario of clinical inhibition (45, 46). Our data suggest perturbation of B cell/IgA/commensal interactions is a likely outcome of BTK inhibition. This should be carefully considered with respect to individual patients, as changes that are beneficial in one setting (e.g. arthritis disease prevention by antibiotic treatment in autoimmune K/BxN mice) can be harmful in another (e.g. type 1 diabetes exacerbation by antibiotic treatment in non-obese diabetic mice) (21, 47). Overall, these data show for the first time that BTK-signaling contributes to IgA development and interaction with commensal bacteria and may alter host interactions with the microbiome.
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The intestinal microbiota regulate the brain function of the host through the production of a myriad of metabolites and are associated with various neurological diseases. Understanding the intestinal microbiome of patients with prolonged disorders of consciousness (DoC) is important for the evaluation and treatment of the disease. To investigate the differences in the intestinal microbiome and short-chain fatty acids (SCFAs) among patients in a vegetative state (VS), a minimally conscious state (MCS), and emerged from MCS (EMCS), as well as the influence of antibiotics on these patients, 16S ribosomal RNA (16S rRNA) sequencing and targeted lipidomics were performed on fecal samples from patients; in addition, analysis of the electroencephalogram (EEG) signals was performed to evaluate the brain function of these patients. The results showed that the intestinal microbiome of the three groups differed greatly, and some microbial communities showed a reduced production of SCFAs in VS patients compared to the other two groups. Moreover, reduced microbial communities and five major SCFAs, along with attenuated brain functional connectivity, were observed in MCS patients who were treated with antibiotics compared to those who did not receive antibiotic treatment, but not in the other pairwise comparisons. Finally, three genus-level microbiota—Faecailbacterium, Enterococcus, and Methanobrevibacter—were considered as potential biomarkers to distinguish MCS from VS patients, with high accuracy both in the discovery and validation cohorts. Together, our findings improved the understanding of patients with prolonged DoC from the intestinal microbiome perspective and provided a new reference for the exploration of therapeutic targets.
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Background

Patients who survived severe traumatic brain injury (TBI) usually fall into prolonged disorders of consciousness (DoC), which are of two major types: vegetative state (VS) and minimally conscious state (MCS) (1–3). VS patients retain the behavioral sleep–wake cycle, but present with unawareness of oneself or the environment, whereas MCS patients show reproducible signs of awareness and exhibit fluctuations in consciousness (4, 5). In addition, patients who recover functional object use or communication from the VS or the MCS state are referred to as emerged from minimally conscious state (EMCS) (5). Different from brain-dead patients, these three types of patients retain brain activity (6) and are not dependent on a ventilator for survival. They all receive enteral nutrition. Over the last few decades, numerous evaluations and treatments have been performed for the central nervous system of patients with prolonged DoC (7). However, little attention has been paid to the peripheral physiological environment, including the intestinal microecology, which can also influence brain function.

The intestinal microbiota can modify and regulate various chemical signals from the environment through the gut–microbiota–brain axis, which then circulate throughout the body (8). Recently, it has been demonstrated that the intestinal microbiota may directly influence human health and are associated with many neurological diseases (9). In addition, short-chain fatty acids (SCFAs) are lipids produced by some intestinal microbiota through the fermentation of dietary fiber that can act on the brain by regulating neuroplasticity and the immune system (10). For example, propionic acid in the serum and feces of patients with multiple sclerosis was significantly reduced compared with that of healthy subjects; however, disability stabilization and a reduction of the annual relapse rate and brain atrophy were observed after 3 years of propionic acid intake (11). Therefore, investigation of the differences in the intestinal microbiota and the levels of SCFAs in patients with different levels of consciousness can help in understanding their association with the restoration of brain function and consciousness and discovering potential therapeutic targets related to the intestinal microbiota.

Recently, the intestinal microbiome has been widely investigated to explore the differences in the intestinal microbiota during the occurrence and development of diseases, which has substantially contributed to our understanding of patient–microbiota interactions (12). In our previous studies, high-throughput sequencing of bacterial 16S ribosomal RNA (rRNA) was used to investigate the intestinal microbiome in patients with cognitive impairment, and it was found to be closely associated with brain functional connectivity (13, 14). However, the association between patients with prolonged DoC and their intestinal microbiota still remains unexplored. To address this knowledge gap, we examined both the intestinal microbiome using 16S rRNA sequencing and SCFAs using targeted lipidomics in fecal samples specific to different levels of consciousness. Moreover, intermittent use of antibiotics is usually observed in patients with TBI for the prevention of a wide variety of infections, especially ventilator-associated pneumonia (15). Therefore, we further compared the differences in the intestinal microbiome and the brain functional connectivity between patients with prolonged DoC receiving antibiotic treatment or not, with the ultimate goal of exploring the effects of antibiotics on the intestinal microbiota of patients with different levels of consciousness and whether these alterations can influence brain function restoration and the prognosis of these patients. Finally, we identified potential biomarkers that can distinguish MCS from VS patients and EMCS from MCS patients both in the discovery and validation cohorts.



Materials and Methods


Ethics Statement

Written informed consent was obtained from the legal guardian of each patient. This study was approved by the Ethics Committee of the First Affiliated Hospital, School of Medicine (no. NCT04530968), Zhejiang University, Hangzhou Hospital of Zhejiang Armed Police Corps, China, and Hangzhou Mingzhou Brain Rehabilitation Hospital.



Subjects

The participants of this study are patients with severe TBI recruited from the rehabilitation units of Hangzhou Hospital of Zhejiang Armed Police Corps, China, and Hangzhou Mingzhou Brain Rehabilitation Hospital. These patients were randomly assigned into the discovery cohort (VS: n = 13, average age = 50.7 ± 13.2 years, 9 men and 4 women; MCS: n = 15, average age = 49.0 ± 9.8 years, 10 men and 5 women; and EMCS: n = 15, average age = 47.7 ± 12.1 years, 12 men and 3 women) and the validation cohort (VS: n = 14, average age = 57.5 ± 10.5 years, 10 men and 4 women; MCS: n = 13, average age = 56.3 ± 14.2 years, 10 men and 3 women; and EMCS: n = 17, average age, 53.0 ± 16.7 years; 11 men and 6 women). The Glasgow Coma Scale (GCS) was used to assess the severity of brain injury in the acute stage, and the Glasgow Outcome Scale—Expended (GOS-E) was used to assess the prognosis of patients at 6 months (16). Diagnosis of VS, MCS, or EMCS was based on the five assessments within 10 days by DoC experts using the Coma Recovery Scale—Revised (CRS-R) (5). In brief, VS patients can open their eyes and preserve sleep–wake cycles, but are unaware of themselves and their surroundings, MCS patients show reproducible signs of awareness and exhibit fluctuations in consciousness, while EMCS patients exhibit recovery of functional object uses or communication from prolonged DoC. All patients maintained this physiological state more than 1 month prior to enrollment and accepted the diet provided in the hospital for a long period; all patients received enteral nutrition from the hospital.

Patients with other causes of DoC and unstable consciousness state (there are signs of spontaneous recovery or deterioration within 1 week) were excluded from this study. We also excluded patients who had frequent and irregular seizures, as well as those who had been taking sedatives for a long time and continuously. We also excluded the following subjects: 1) had a history of using antibiotics, probiotics, prebiotics, or synbiotics within 1 month before fecal sample collection; 2) those with severe malnutrition, infection, and drug or alcohol addiction, irritable bowel syndrome, and inflammatory bowel disease in the last year; and 3) those with schizophrenia, schizoaffective disorder, or primary affective disorder and combined severe heart, brain, liver, kidney, and hematopoietic system diseases or other serious primary diseases. Patients who received special treatments, such as transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS), were also excluded. The demographic and clinical characteristics of the study participants are listed in Table 1 and Supplementary Table S5.


Table 1 | Clinical characteristics of the patients in this study.



Three other groups of patients who had a history of antibiotic use but conform to the other exclusion criteria were also recruited from these same hospitals: VS with antibiotics (VS-Abx) (n = 21, average age = 54.9 ± 11.8 years, 15 men and 6 women); MCS with antibiotics (MCS-Abx) (n = 17, average age = 62.8 ± 8.7 years, 12 men and 5 women); and EMCS with antibiotics (EMCS-Abx) (n = 9, average age = 61.0 ± 11.6 years, 5 men and 4 women). Some of the patients with DoC briefly received prophylactic antibiotic treatment to prevent aspiration pneumonia. Others continued treatment for a short period to prevent reinfection, even if the previous infection had been suppressed. The demographic and clinical characteristics of the patients are listed in Table 1.

All study participants were categorized based on their CRS-R scores, and centrally acting drugs, neuromuscular function blockers, and sedation were discontinued for at least 24 h when the samples were collected (17). Fasting plasma samples from all patients were collected on the day of fecal sample collection. Patients’ intact skulls were also accepted for resting EEG recording.



Sample Collection and Extraction of Genome DNA

Fecal samples from EMCS, MCS, and VS patients were collected at admission and were processed in the laboratory within 4 h after collection. All fecal samples were dispensed in 2-ml Eppendorf tubes within half an hour, each tube packing 180 ± 20mg, and immediately stored at −80°C until analysis. Total genome DNA was extracted from the samples using the cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) method (18). The DNA concentration and purity were monitored on 1% agarose gels. Based on the concentration, DNA was diluted to 1 ng/µl using sterile water.



Amplicon Generation, Polymerase Chain Reaction, and Sequencing

The isolated bacterial genomic DNA was used as a template for the PCR amplification of the V3–V4 regions of the bacterial 16S rRNA gene in a multiplex approach with forward primers. All PCR reactions were carried out with 15 µl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA), 0.2 µM of forward and reverse primers, and about 10 ng of template DNA. Thermal cycling consisted of an initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and extension at 72°C for 30 s, and finally at 72°C for 5 min. The same volume of 1× loading buffer (containing SYB green) was mixed with the PCR products and electrophoresis performed on 2% agarose gel for detection. The PCR products were mixed in equidensity. Then, the mixture was purified with a Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). The sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA) and the Agilent Bioanalyzer 2100 system. Lastly, the library was sequenced on an Illumina NovaSeq platform and 250-bp paired-end reads were generated.



Short-Chain Fatty Acid Measurements

The samples were thawed on ice and diluted at 1:10 in sterile phosphate-buffered saline (PBS) solution, vortexed for 1 min, and centrifuged at 1,000 × g for 2 min at 4°C. As described in our previous study (19, 20), the supernatant was recovered and the pellet extracted with isopropyl ether. Aliquots (100 µl) were added into a 2-ml glass centrifuge tube and mixed with 50 μl of water with 15% phosphoric acid and 150 µl of 5 µg/ml 4-methyl valeric acid (internal standard, IS). The suspensions were homogenized with a vortex for about 1 min and centrifuged for 10 min at 12,000 × g. Of the supernatant, 1 μl was taken for GC-MS analysis using an Agilent Model 7890A/5975C GC-MS system. To quantify the SCFAs, a calibration curve for the concentration range 0.1–100 µg/ml was constructed. The IS was used to correct for injection variability between samples and for minor changes in the instrument response.

The samples were separated with an Agilent HP-INNOWAX capillary GC column (30 m × 0.25 mm ID × 0.25 µm). The initial temperature was 90°C, which was increased to 120°C at 10°C/min, after which it was increased to 150°C at 5°C/min and then to 250°C at 25°C/min, where it remained for 2 min. The carrier gas was helium (1.0 ml/min). The temperatures of the injection port and the transmission line were 250°C and 230°C, respectively. The electron bombardment ionization source, selected ion monitor (SIM) scanning mode, and the electron energy was 70 eV.



Data Processing

Sequence analysis was performed using Uparse software (21). All reads were deposited and grouped into operational taxonomic units (OTUs) at a sequence identity of 97%, and the taxonomic affiliation of the OTUs was determined with quantitative insights into microbial ecology (QIIME, version 1.8.0) against the Greengenes database, version 13.8 (22). The following downstream data analyses were conducted in R software. Alpha diversity was applied in analyzing the complexity of species diversity for a sample through four indices, namely, Chao1, Shannon, Simpson, and ACE (abundance-based coverage estimator). All these indices were calculated for the samples with QIIME (version 1.7.0) and displayed using R software (version 2.15.3). Principal coordinate analysis (PCoA) used unweighted and weighted UniFrac distance matrices and the Bray–Curtis distance matrix (23). The linear discriminant analysis (LDA) effect size (LEfSe) method was used to characterize the taxa with statistical significance and biological relevance. For LEfSe analysis, the Kruskal–Wallis test (alpha value of 0.05) and an LDA score >4 were used as thresholds. Pairwise comparisons were analyzed with the Mann–Whitney U test. Partial least squares latent structure discriminant analysis (PLS-DA) was performed using MetaboAnalyst 4.0 (www.metaboanalyst.ca) to observe the fecal microbiota structure in the different groups (13) based on the OTUs of the sequencing data from each sample. Variable importance in projection (VIP) reflects the importance of the variables that have the most significant contribution in the discrimination. Variables with VIP >1 are important contributors to the generation of the model. Based on Kyoto Encyclopedia of Genes and Genomes (KEGG) functional pathways, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) (24) was used to predict the functional composition of the intestinal microbiome for each sample.



EEG Data Recording and Analysis

EEG signals were recorded using a 64-electrode BrainCap (Brain Products GmbH, Munich, Germany) in the International 10–20 system, and 1 of the 64 electrodes was placed under the right eye to record the electrooculogram (EOG). The electrode impedances were maintained below 10 kΩ. The signals were sampled at 1 kHz. EEG signals were referenced online to FCz (mid-frontal), but were referenced offline to a common average reference (25). Raw EEG data were digitally filtered between 0.1 and 46 Hz (bandpass filter). Baseline correction was also applied to all channels. EEG epochs with ocular, muscular, and other artifacts were visually identified and manually rejected (26). This was followed by an independent component analysis (ICA; InfoMax algorithm) to remove periodically recurring artifacts, including horizontal eye movements, blinks, and ECG artifacts. All preprocessing and analyses in this study were conducted in MATLAB software (The MathWorks, Natick, MA, USA).

A frequency spectrum was computed. An EEG power spectrum density (PSD) was generated using the Welch’s method (one of the Fourier transforms) (26). The different frequency bands on the frequency spectrum were divided by 0.1–46 Hz to obtain the relative power values. The power values were then averaged across each frequency band—delta (1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), and gamma (31–45 Hz)—and were averaged across all trials.

Functional connectivity assesses the functional communication between the brain regions by estimating the level of synchronization of the EEG signals (27). The phase lag index (PLI) aims to obtain a measure that provides reliable estimates of the phase synchronization between two signals and is insensitive to volume conduction (28). Here, the instantaneous phases were obtained by initially bandpass filtering the signals within the frequency bands defined above and subsequently using the Hilbert transform to obtain the phase of the corresponding analytic signal (28, 29). The phase difference distribution (1φ), as an index of asymmetry between a given pair of channels that were wrapped in the interval, can be obtained as follows:

	

Different from PLI, the weighted phase lag index (WPLI) is an improved measure of phase synchronization for electrophysiological signals in the presence of noise and volume conduction, and it calculates the weight of the contribution of the observed phase leads and lags by the magnitude of the imaginary component of the cross-spectrum (28).

	

The PLI and WPLI range between 0 and 1, with 0 indicating no correlation and 1 maximal correlation. The connectivity matrices were entered as repeated measures dependent variables into the network-based statistic (NBS) toolbox (30). All of the analyses were conducted in MATLAB software (The MathWorks, Natick, MA, USA).



Statistical Analysis

Continuous variables were reported as the mean ± SEM, and statistical comparisons were made using one-way analysis of variance (ANOVA) followed by post-hoc least significant difference (LSD) or an independent t-test. Non-normally distributed variables were expressed as interquartile ranges (IQRs), and comparisons were conducted using the Mann–Whitney U test, Kruskal–Wallis test, or the chi-square test. Receiver operating characteristic (ROC) analyses and least absolute shrinkage and selection operator (LASSO) regression were constructed to calculate the best cutoff points and areas under the curve (AUCs) for the candidate biomarkers. For correlation analysis, Spearman’s rank test was performed. Statistical analysis was performed using SPSS version 23.0. P-values less than 0.05 after multiple comparison correction using the false discovery rate method were considered significant.




Results


Clinical Characteristics of the Study Cohorts

In this study, 43 participants without antibiotic intervention and 47 participants with antibiotic intervention, including EMCS, MCS, and VS patients, were recruited for 16S rRNA sequencing of fecal samples. The demographic and clinical characteristics of the study cohorts are summarized in Table 1. As shown, there were no significant differences among the three groups with respect to age, sex, and length of hospital stay. We also recorded and compared the main biochemical indicators of patients on the day of fecal sample collection. No significant differences were found in these indicators, excluding the levels of hemoglobin and creatinine among the three groups with or without antibiotic intervention.

In order to exclude the influence of the severity of brain injury in the acute stage, we compared the GCS of the patients when they were admitted in the ICU and found no significant differences among the three groups with or without antibiotic use.



Alterations in the Microbiomes of VS, MCS, and EMCS Patients Without Antibiotic Treatment

To assess alterations in the intestinal microbiome of EMCS, MCS, and VS patients, 16S rDNA gene sequencing was performed on all samples. As shown in the Venn diagram, 971 OTUs were identified, of which 428 OTUs were shared among all samples. MCS and VS patients shared 515 of 919 OTUs, EMCS and VS patients shared 497 of 766 OTUs, and EMCS and MCS patients shared 464 of 877 OTUs (Figure 1A). The mean community richness values (ACE and Chao1 indices) were higher in the VS and MCS groups compared to the EMCS group (Figures 1B, C). However, there was no significant difference in the microbial diversity (Shannon and Simpson diversity indices) among the three groups (Figures 1D, E). Subsequently, we applied feature selection to identify the gut microbiota that maximized the identification of the EMCS, MCS, and VS groups via PLS-DA (R2 = 0.998, Q2 = 0.842) (Figure 1G). We also performed PCoA and cluster analysis (Supplementary Figure S1A and Figure 1F), the results of which were consistent with those of PLS-DA: the samples from the MCS group were located between the EMCS and VS groups, but were closer to those of the EMCS group. Furthermore, we identified the importance of fecal microbiota in the PLS-DA model based on the VIP score, which is the weighted sum of squares of the PLS loadings for that variable (19). Thirty-eight OTUs were identified based on a VIP score >2 (Supplementary Figure S1B). Of the fecal microbiota, Lactococcus, Megamonas, and Enterococcus, among others, were enriched in the VS group, while Allisonella, Mogibacterium, and Campylobacter, among others, were enriched in the EMCS group; however, most of the intestinal microbiota showed lower levels in the MCS group compared to the other two groups (Supplementary Figure S1C). Furthermore, we screened the top 10 OTUs with the highest relative abundance using a ternary plot. Streptococcus was enriched in EMCS patients, Lactobacillus was enriched in MCS patients, and Megamonas was enriched in VS patients (Figure 1H), suggesting that the interior structure of the intestinal microbiome was also altered in patients with different levels of consciousness.




Figure 1 | Changes in the fecal microbial diversity and community structures of EMCS, MCS, and VS patients. (A) Venn diagram showing the overlap of the operational taxonomic units of the fecal microbiota across the three groups. (B–E) The α-diversity of the fecal microbiomes of three groups depicted according to ACE, Chao1, Shannon, and Simpson indices. Each box plot represents the median, interquartile range, minimum, and maximum values. (F) Dendrogram of the EMCS, MCS, and VS groups showing the clustering of all 43 samples. (G) PLS-DA score plots of the relative abundances of the microbiota in the EMCS, MCS, and VS groups. Three components explained 25.5% (12.4%, 5.4%, and 7.7%) of the variance among the three groups. Component scores are indicated as percent. Circles indicate individual samples from the EMCS, MCS, and VS groups.(H) Ternary plot depicting the number of genera (top 10 relative abundance) enriched in the EMCS, MCS, and VS groups. Each circle represents one genus, and the size of the circle reflects the relative abundance. P-values were determined using one-way ANOVA or the Kruskal–Wallis test. *p < 0.05; n.s., no significant difference. EMCS, emerged from minimally conscious state; MCS, minimally conscious state; VS, vegetative state; PLS-DA, partial least squares discriminant analysis.





Fecal Microbiota Taxonomic Differences Among EMCS, MCS, and VS Patients Without Antibiotic Treatment

To investigate specific alterations in the fecal microbiota of patients with different levels of consciousness, we assessed the relative abundances in the EMCS, MCS, and VS groups at the phylum, class, family, and genus levels (Figures 2, 3A). In our study, none of the fecal microbiota at the phylum level showed significant differences among the three groups. At the class level, VS patients showed a marked decrease in the relative abundance of Clostridia compared to the MCS and EMCS groups, while the relative abundance of Fusobacteriia showed alterations only between the MCS group and the EMCS group. Conversely, Deltaproteobacteria, the intestinal microbiota associated with inflammatory response (31), showed a higher relative abundance in the VS group than in the other two groups (Figure 2A), which indicated that the intestinal microenvironment of VS patients may be stimulated by chronic inflammation for a long period. Specifically, the subcategories Clostridiales and Lachnospiraceae and three genera—Intestinibacter, Romboutsia, and Roseburia—showed similar significant alterations in the microbiome of VS patients, which mostly explained the decreased abundance of Clostridia. Unexpectedly, Eubacterium, which is related to the production of intestinal butyric acid (32), showed a higher relative abundance in VS patients compared to EMCS patients. Similar significance was also found for Fusobacteriia, Deltaproteobacteria, and their corresponding order and family levels. In addition, Actinomycetaceae, Micrococcaceae, and Campylobacteraceae, which explained their order levels, showed higher relative abundance rates in the EMCS group than in the other two groups (Figures 2B, C). At the genus level, most of the intestinal microbiota that produced SCFAs or branched-chain fatty acids, such as Bacteroides, Blautia, Lactobacillus, Roseburia, and Fusobacterium (10, 33, 34), showed dramatically low abundance rates in patients in MCS or VS (Figure 3A).




Figure 2 | Taxonomic differences of the class, family, and order levels in the fecal microbiota among EMCS, MCS, and VS patients. (A–C) Comparison of the relative abundance rates at the class level (A), order level (B), and family level (C) across the three groups. Each box represents an interquartile range (first and third quartiles) of taxon abundance, and the middle line corresponds to the median abundance. No box indicates that the fecal microbiota cannot be detected in the group. P-values were corrected using FDR. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., no significant difference. c, class; f, family; o, order; EMCS, emerged from minimally conscious state; MCS, minimally conscious state; VS, vegetative state; FDR, false discovery rate.






Figure 3 | Taxonomic differences at the genus level and differences in the short-chain fatty acids (SCFAs) in the fecal microbiota of EMCS, MCS, and VS patients. (A) Comparison of the relative abundance at the genus level across the three groups. Each box represents an interquartile range (first and third quartiles) of taxon abundance, and the middle line corresponds to the median abundance. P-values were corrected using FDR. (B–H) Comparison of the concentrations of the differential fecal SCFAs across the three groups. Data represent the mean ± SEM. (I) Heatmap of Spearman’s rank correlation analysis between the altered fecal microbiota and SCFAs and the CRS-R scores. Red indicates positive correlation and blue denotes negative correlation. P-values were determined using one-way ANOVA or the Kruskal–Wallis test. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., no significant difference. g, genera; CRS-R, Coma Recovery Scale—Revised scores; GOS-E, Glasgow Outcome Scale—Extended; EMCS, emerged from minimally conscious state; MCS, minimally conscious state; VS, vegetative state; FDR, false discovery rate.





Fecal SCFA Differences Among EMCS, MCS, and VS Patients Without Antibiotic Treatment

SCFAs regulate the activity of neural cells and confer benefits for many neurological diseases through the gut–microbiota–brain axis (11, 35). To further explore the SCFAs in the intestinal tract of the patients in the three groups, they were also determined in the same fecal samples using targeted lipidomics. The results showed that the concentrations of acetic acid, propionic acid, and butyric acid were significantly decreased in the VS group (Figures 3B–D), which were consistent with the differences in plasma reported in our previous study (19). Other fatty acids such as isobutyric, isovaleric, valeric, and hexanoic acids were not significantly different among the three groups (Figures 3E–H). In the correlation analysis, Bacteroides, Clostridiales, and Blautia were significantly positively correlated with acetic acid or propionic acid. Moreover, some fecal microbiota including valeric acid-associated bacteria (Actinomycetaceae), Roseburia, and Bacteroides were significantly positively correlated with the CRS-R scores of patients, whereas the pathogenic microbial community (Desulfovibrionaceae) showed significant negative correlations with both the CRS-R and GOS-E scores (Figure 3I). This suggested the existence of a causal relationship between the disturbance of the microbial community and posttraumatic prolonged DoC, which may result from the reduction of the levels of SCFAs and the elevation of the pathogenicity.



Predicted Function Analysis of the Microbiome in EMCS, MCS, and VS Patients Without Antibiotic Treatment

To further predict the functional composition of the intestinal microbiome of prolonged DoC patients, PICRUSt2 was employed. Table 2 shows the top 10 differential pathways between MCS and VS patients. Broad potential communication lines were identified between the gut microbiome and metabolism in EMCS, MCS, and VS patients, including folate transformation and l-threonine, l-arginine, l-tryptophan, and l-aspartate biosynthesis. Consistent with the trends in the PLS-DA and PCoA models, all of these pathways were significantly higher in the EMCS and MCS groups compared to the VS group. Some of these pathways, such as L-threonine biosynthesis, L-aspartate biosynthesis, and folate transformation, were also significantly higher in the EMCS group compared to the MCS group, suggesting that the synthesis of some essential amino acids in patients with low levels of consciousness may be weak, which is consistent with our previous metabolomics findings (19).


Table 2 | Pathway analysis of the EMCS, MCS, and VS groups using PICRUSt2.





Fecal Microbiota Taxonomic and SCFA Differences Between Prolonged DoC Patients With and Without Antibiotic Treatment

Some prolonged DoC patients had been using antibiotics for a long time to prevent infection because of tracheotomy or hypostatic pneumonia (36). To explore the effects of antibiotics on the intestinal microbiome of patients with prolonged DoC, we compared the fecal microbiota taxonomic structure of the EMCS, MCS, and VS groups with that of the corresponding antibiotic treatment groups. The demographic and clinical characteristics of these cohorts are shown in Supplementary Table S1. The PLS-DA model showed a distinct separation of the MCS, VS, and their corresponding antibiotic treatment groups (R2 = 0.978, Q2 = 0.553) (Figure 4A). Interestingly, only the MCS group was significantly distinguished from its corresponding antibiotic treatment group (MCS-Abx) in the PCoA model (Figure 4B), but could not be observed in the EMCS and VS groups compared with their corresponding antibiotic treatment groups (EMCS-Abx and VS-Abx, respectively) (Supplementary Figures S2A, B). Specifically, we compared the taxonomic distributions of the fecal microbiota at the genus level in the MCS and MCS-Abx groups. The relative abundance of Enterococcus, Dialister, and Blautia showed significant differences between the MCS-Abx and MCS groups (Figure 4C and Supplementary Table S2), whereas no significant differences between EMCS and EMCS-Abx, as well as between VS and VS-Abx (Supplementary Figures S2C, D), were shown, suggesting that the intestinal microbiota of MCS patients were more sensitive to antibiotics than those of EMCS and VS patients. Additionally, both the mean community richness (ACE and Chao1) and microbial diversity (Shannon and Simpson diversity indices) were dramatically decreased in the MCS-Abx group compared to the MCS group (Figure 4D), but not in the other groups (Supplementary Figures S2E, F).




Figure 4 | Comparison of the fecal microbial diversity and community structures in MCS patients with or without antibiotic treatment. (A) PLS-DA score plots of the relative abundances of the microbiota in the MCS and MCS-Abx groups and in the VS and VS-Abx groups. Three components explained 18.7% (12.1%, 2.9%, and 3.7%) of the variance among the four groups. Component scores are indicated as percent. Circles indicate individual samples from the four groups. (B) Beta diversity results of the MCS and MCS-Abx groups assessed using principal coordinate analysis (PCoA). A total of 32 samples were used for PCoA. Two principal components (PCs) explained 29.5% (18.6% and 10.9%) of the variance between the groups (Bray–Curtis distance: MCS vs. MCS-Abx: R = 0.2748, p = 0.001). PC scores are indicated as percent. Circles indicate individual samples from the MCS and MCS-Abx groups. (C) Taxonomic distributions of the fecal microbiota at the genus level in the MCS and MCS-Abx groups. (D) The α-diversity of the fecal microbiomes between the MCS and MCS-Abx groups depicted according to ACE, Chao1, Shannon, and Simpson indices. Each box plot represents the median, interquartile range, minimum, and maximum values. (E) Heatmap of the most abundant metabolites in the MCS and MCS-Abx groups, as identified by the VIP scores in the PLS-DA. Each sample represents a single column. Red indicates the greater abundance of metabolites. (F) Top 3 differential fecal microbiota at the genus level by MetaStat analysis. Each box represents an interquartile range (first and third quartiles) of taxon abundance, and the middle line corresponds to the median abundance. P-values were corrected using FDR. (G) Comparison of the concentrations of the differential fecal short-chain fatty acids between the MCS and MCS-Abx groups. Data represent the mean ± SEM. P-values were determined using Student’s t-test or the Kruskal–Wallis test and were corrected using FDR. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., no significant difference. MCS, minimally conscious state; VS, vegetative state; Abx, antibiotic; PLS-DA, partial least squares discriminant analysis; VIP, variable importance in projection; FDR, false discovery rate.



We found that most intestinal microbiota decreased and only a few (i.e., Enterococcus and Halomonas) were enriched in the MCS-Abx group, as shown in the heatmap (Figure 4E). We also performed MetaStat analysis to explore the most significantly different microbiota between these two groups (Supplementary Table S3). Of these, the three groups with the greatest differences included Enterococcus, which showed a higher relative abundance in the MCS-Abx group, with Blautia and Dialister showing the opposite (Figure 4F). Accordingly, most of the SCFAs in the fecal samples, including acetic, propionic, isobutyric, butyric, and isovaleric acids, dramatically decreased in the MCS-Abx group (Figure 4G) and were not significantly different in the other pairwise comparisons (Supplementary Table S4).



Behavioral Scale and EEG Reactivity Between MCS Patients Treated With and Without Antibiotics

Subsequently, we examined the differences of the brain function and prognosis of MCS patients treated with and without antibiotics. In this study, the CRS-R scores of all patients showed no significant differences between the prolonged DoC groups and their corresponding antibiotic treatment groups (Supplementary Table S1). To determine more objective evaluation indicators, we investigated the resting EEG spectral power and functional connectivity from a portion of the patients with intact skulls on the day of fecal collection. As expected, there were no significant differences in the CRS-R scores between the patients in the MCS group and those in the MCS-Abx group with intact skulls and who were selected for EEG recording (Figure 5A). Interestingly, patients in the MCS group showed higher power of the alpha band in the left hemisphere compared to those in the MCS-Abx group, especially in the frontal and parietal regions (Figure 5B). Furthermore, we screened out the relevant differential electrodes and found that their alpha power values were significantly lower in the MCS-Abx group (Figure 5C), suggesting that long-term antibiotic use may weaken the alpha band in the frontal parietal lobe of MCS patients. To better measure the differences between the two groups, we assessed functional connectivity including PLI and WPLI, which are used to evaluate the connectivity between brain regions that share functional properties (37) and are decreased in many neurological diseases (38, 39). Using the NBS approach and a connected topoplot, we observed that the PLI and WPLI were significantly higher in the MCS group than in the MCS-Abx group in the alpha band. The significantly stronger connections were mainly located in the left frontal–occipital site. In addition, these two indicators in the MCS group were also prominently higher in the beta band, and the connection of the right frontal to the left occipital was the most significant (Figures 5D–G). To further investigate the effects of long-term antibiotic use on the prognosis of MCS patients, we compared their prognostic scores followed for 6 months and found that the GOS-E scores of the MCS group were higher than those of the MCS-Abx group (Figure 5H), suggesting that long-term antibiotic use may cause poor prognosis in these patients.




Figure 5 | Comparison of the behavioral scale and EEG signals of MCS patients with and without antibiotic treatment. (A) Comparison of the CRS-R scores of the patients with EEG recordings in the MCS and MCS-Abx groups. Data represent the mean ± SD. (B) Topography of the average degree of the alpha band power for the two groups. Red indicates greater alpha band power. (C) Spectral power in the MCS and MCS-Abx groups. Averaged alpha power for the differential electrodes (number of sites: 3, 5, 6, 11, 17, 18, 20, 21, 24, 28, 30, 31, 36, 38, 42, 44, and 48). The vertical gray bar highlights the portion of the graph corresponding to the alpha frequency ranges, both of which showed a significantly decreased power in the MCS-Abx group (p = 0.013). The red line denotes the MCS group and the blue line indicates the MCS-Abx group. (D–G) Connected topoplot of the PLI and WPLI between the MCS and MCS-Abx groups in the alpha and beta bands. NBS was used to identify the interregional connectivity that significantly differed between the groups for the alpha and beta bands. Red lines indicate higher connectivity in the MCS group than that in MCS-Abx group. (D) PLI in the alpha band (p = 0.010). (E) WPLI in the alpha band (p = 0.039). (F) PLI in the beta band (p = 0.002). (G) WPLI in the beta band (p = 0.006). (H) Comparison of the GOS-E scores followed for 6 months between the MCS and MCS-Abx groups. Data represent the mean ± SD. P-values were determined using Student’s t-test or the Kruskal–Wallis test and were corrected using FDR. *p < 0.05; n.s., no significant difference. PLI, phase lag index; WPLI, weighted phase lag index; NBS, network-based statistic; CRS-R, Coma Recovery Scale—Revised scores; GOS-E, Glasgow Outcome Scale—Extended; MCS, minimally conscious state; Abx, antibiotic; FDR, false discovery rate.





Identification of Gut Microbiome-Related Biomarkers to Distinguish EMCS, MCS, and VS Patients

To evaluate the diagnostic efficacy of the intestinal microbiome in patients with different levels of consciousness, LEfSe analysis was conducted to determine and distinguish the composition of the intestinal microbiota between the EMCS and MCS groups and between the MCS and VS groups. The intestinal microbiota of the patients in the MCS group was dominated by the genus Faecalibacterium, whereas the microbiome of the patients in the VS group was dominated by the genera Enterococcus and Methanobrevibacter (Figure 6A). We established a diagnostic panel of these three genera to distinguish MCS patients from VS patients, which were all included in the model using the LASSO algorithm. Thereafter, we assessed their diagnostic performance using ROC analysis with an AUC of 0.985 (cutoff = 0.548, p < 0.0001, 95%CI = 0.951–1.018) (Figure 6B). To validate the candidate biomarkers, they were tested in the validation cohorts (Supplementary Table S5), the results of which showed that they achieved high accuracy (AUC = 0.879, cutoff = 0.443, p < 0.0005, 95%CI = 0.772–1.019) (Figure 6C). When the EMCS group was compared with the MCS group, it was found that the intestinal microbiota of the former was dominated by Streptococcus and Fusobacterium at the genus level, whereas the microbiome of the latter was dominated by the genera Lactococcus, Peptoclostridium, Phascolarctobacterium, and Megasphaera (Figure 6D). The combination of Streptococcus and Lactococcus showed the highest LDA scores distinguishing patients in the EMCS group from those in the MCS group. Finally, the AUCs were 0.844 (cutoff = 0.609, p = 0.0018, 95%CI = 0.696–0.993) in the discovery cohort and 0.821 (cutoff = 0.434, p = 0.0002, 95%CI = 0.799–1.011) in the validation cohort using the LASSO algorithm and ROC analysis (Figures 6E, F). The discrimination validity was also examined using support vector machines. However, the AUCs were 0.654 for MCS to VS patients and 0.733 for EMCS to MCS patients (Supplementary Figures S3A, B), which were not better than those of the previous method.




Figure 6 | Linear discriminant analysis (LDA) effect size (LEfSe) method used for the altered fecal microbiota and the identification of candidate biomarkers in the discovery and validation cohorts. (A) The LDA scores showed significant differences in the microbiota composition between the MCS and VS groups. Only those taxa with an LDA threshold >4 are shown. (B, C) ROC curves for Enterococcus, Methanobrevibacter, and Faecalibacterium used in distinguishing between MCS and VS patients in the discovery cohort (B) and in the validation cohort (C). (D) The LDA scores showed significant differences in the microbiota composition between the EMCS and MCS groups. Only those taxa with an LDA threshold >3.5 are shown. (E, F) ROC curves for Lactococcus and Streptococcus used in distinguishing EMCS from MCS patients in the discovery cohort (E) and in the validation cohort (F). ROC, receiver operating characteristic; AUC, area under the ROC curve; EMCS, emerged from minimally conscious state; MCS, minimally conscious state; VS, vegetative state.



To further investigate whether this panel can be extended to the antibiotic cohort, we performed the LASSO algorithm and ROC analysis in the antibiotic groups. The results revealed AUC values of 0.895 (cutoff = 0.017, p = 0.0011, 95%CI = 0.758–1.033) between the MCS-Abx and VS-Abx groups (Supplementary Figure S3C) and 0.647 (cutoff = 0.821, p = 0.2235, 95%CI = 0.420–0.875) between the EMCS-Abx and MCS-Abx groups (Supplementary Figure S3D).




Discussion

In this study, we identified specific signatures of the fecal microbiota among patients with different levels of consciousness. We found that the altered intestinal microbiota was significantly correlated with the clinical behavioral scores (CRS-R scores) of the patients and the concentrations of SCFAs in their fecal samples. In the comparison of the groups with and without antibiotic treatment, only the MCS-Abx group showed dramatically different fecal microbiota and SCFAs relative to the MCS group, which is consistent with the EEG reactivity of the patients. Finally, we identified potential diagnostic biomarkers for distinguishing patients with different levels of consciousness both in the discovery and validation cohorts, which can also be extended to the antibiotic cohort. All of these findings indicate that alterations of the intestinal microbiota may play an important role in the identification of patients with different levels of consciousness and may influence the recovery of brain function in these patients, especially for MCS patients. To our knowledge, this is the first investigation of the intestinal microbiome in prolonged DoC patients and exploration of the effects of antibiotics on their intestinal microbiota and brain function. This study may provide a new perspective for the evaluation and treatment of patients with prolonged DoC.

Investigation of the intestinal microbiome can help explore its association with patients with different levels consciousness and provide a reference for nutrition-related interventions. All of the patients in our study received enteral nutrition from the hospital, which minimized the bias for gut microbiomes and lipid metabolism caused by different dietary habits. Different from that of TBI patients in the acute stage (40), the overall diversity and community richness of the intestinal microbiota were not altered among patients in the EMCS, MCS, and VS groups, and the same results have been shown in those who had experienced mild or moderate/severe TBI several years ago, but who did not fall into prolonged DoC (41, 42). However, the structure of the intestinal microbiota of the three groups was shown to be dramatically different. A few beneficial microbial communities, such as Bacteroides, Streptococcus, and Roseburia, were enriched in EMCS patients, whereas some pathogenic microbial communities were enriched in VS patients, which indicated that the intestinal microecology might not return to its original state; however, a new dynamic balance was established when severe DoC patients entered into a chronic stage. Currently, only a few probiotics including Lactobacillus or Bifidobacterium are commonly used for a number of neurological diseases in the clinic (43, 44). More specific probiotics should be developed and available for prolonged DoC patients. Furthermore, the levels of acetic, propionic, and butyric acids, which comprise more than 95% of the total SCFA pool (10, 34) and are produced primarily from dietary fiber, were decreased in VS patients. A large number of studies have shown that SCFAs regulate a growing list of physiological and biochemical functions of the host, including the gut–brain axis (45) and immunological function (46). In our previous metabolomics study, we found that most of the metabolites containing SCFAs were also decreased in the plasma of VS patients (19). Therefore, it is essential to supplement sufficient SCFAs and dietary fiber for these patients. More importantly, most of the SCFAs are produced by the intestinal microbiota and can influence the brain (47). In our results, some of the differential SCFAs in the three groups also comprised the differential microbiota in these patients. For example, Lactobacillus can produce acetic acid (48), and Roseburia can influence the production of propionic and butyric acids (47). Additionally, some differential microbiota showed a high correlation with SCFAs, as well as with the CRS-R scores of the patients, which suggested that disturbance of the intestinal microbiota and reduction of the corresponding SCFAs may influence the recovery of consciousness after brain injury.

In our study, the patients in the antibiotic cohort had been administered piperacillin or cefoperazone for a long time. Interestingly, only the intestinal microbiome of the MCS patients was significantly altered relative to those who did not receive antibiotic treatment. Broad-spectrum antibiotics may decimate the intestinal microbiome (49). Although some pathogenic microbial communities, such as Desulfovibrio and Macrococcus, were significantly inhibited, a large number of beneficial bacteria accompanied by the production of SCFAs decreased sharply, which was not conducive to the recovery of the brain function of patients. A previous study demonstrated that antibiotics may influence the brain function through the gut–brain axis (50, 51), but they may also induce impaired consciousness in some patients with metabolic disorders (52, 53). In our study, the power of the alpha band in the antibiotic cohort was decreased in the frontal and parietal regions. The alpha band is considered to have an active role in network coordination and communication (54), and an increase of power and coherence of the frontal and parietal alpha frequency band has been observed when the brain of MCS patients was activated (55). These brain regions are critical areas of the default mode network (DMN), which has been shown to reflect the level of consciousness of DoC patients (56). Therefore, it is possible that the DMN is indirectly disrupted by antibiotics, thereby affecting the recovery of patients’ consciousness. On the other hand, the brain network was damaged and the prognosis was poor in the antibiotic cohort, reflected in the weakened functional connectivity (PLI and WPLI) and GOS-E scores, suggesting that long-term antibiotic use may affect other consciousness-related networks and patient prognosis, even though this performance could not be observed in the CRS-R scale in time. Moreover, the alteration of the brain functional connectivity and the poor outcomes of MCS patients might explain the loss of abundant beneficial microbial communities caused by antibiotics. However, further work is needed to explain the causal relationship and identify the mechanisms underlying these alterations. In summary, when prolonged DoC patients are administered antibiotics for a long period in order to prevent infection, their intestinal microecology should also be protected.

Another important highlight of our study is that we identified biomarkers from the intestinal microbiome to distinguish between VS and MCS patients and between MCS and EMCS patients. Combining Faecalibacterium, Enterococcus, and Methanobrevibacter, we were able to distinguish MCS patients from VS patients with high accuracy in both the discovery and validation cohorts, and the diagnosis panel can be extended to the antibiotic cohort as well. We also used support vector machines to distinguish the three different levels of consciousness, which all showed higher accuracy, although weaker than that of the LASSO algorithm. In clinical practice, the CRS-R scale is commonly used for the diagnosis of VS or MCS patients, but lacks sufficient accuracy (57, 58). Although electrophysiology and imaging can also improve the accuracy (59–61), it is difficult to generalize their use due to the metal implants and incomplete skulls of a lot of patients. Our diagnostic indicators have some advantages, including being noninvasive and convenient to use. We also investigated potential biomarkers to distinguish EMCS patients from MCS and found two indicators with sufficient accuracy. However, this study also has some limitations. Firstly, it described the differences in the intestinal microbiome and brain function of patients with and without antibiotic treatment, but did not reveal the causal effect. We also cannot exclude some variations for the data from systemic inflammation, although there were no differences in the C-reactive protein levels in the different groups. Some variations from the diets may also influence the gut microbiomes of patients, although they were found to be similar. In addition, the sample size is limited, and the conclusion should be replicated in an independent study with a large sample size in the future.



Conclusion

In summary, we found that patients with different levels of consciousness have different intestinal microbiomes and SCFAs, which may influence brain function, especially in MCS patients. Moreover, Faecalibacterium, Enterococcus, and Methanobrevibacter were considered as potential biomarkers distinguishing MCS from VS patients with high accuracy both in the discovery and validation cohorts.
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Supplementary Figure 1 | Beta diversity and clustering analysis of the fecal microbiota among patients with EMCS, MCS and VS. Related to . (A) Beta diversity results of the three groups were assessed by principal coordinate analysis (PCoA); A total of 43 samples and used for PCoA. Two PCs explain 22.1% (18.4% and 13.7%) of variance among the groups (Bray-Curtis distances: EMCS vs. VS: R= 0.1938, P=0.004; EMCS vs. MCS: R= 0.0540, P= 0.064; MCS vs. VS: R= 0.1869, P= 0.003). PC scores are indicated as %; circles indicate individual samples from EMCS, MCS and VS groups. (B) Heatmap of the most abundant metabolites among the three groups, as identified by VIP scores in PLS-DA. Each sample represents a single column. Red color indicates the greater abundance of metabolite. PLS-DA, Partial least-squares discriminant analysis; VIP, variable importance in projection; EMCS, Emerged from Minimally Conscious State; MCS, minimally conscious state; VS, vegetative state.

Supplementary Figure 2 | Comparison of the fecal microbial diversity and community structures in VS and EMCS patients treated with or without antibiotics. Related to. (A) Beta diversity results of the VS and VS-Abx groups were assessed by principal coordinate analysis (PCoA); A total of 33 samples and used for PCoA. Two PCs explain 35.1% (24.1% and 11.0%) of variance between the groups (Bray-Curtis distances: VS vs. VS-Abx: R= 0.0059, P=0.453). PC scores are indicated as %; circles indicate individual samples from VS and VS-Abx groups. (B) Beta diversity results of the EMCS and EMCS-Abx groups were assessed by PCoA; A total of 24 samples and used for PCoA. Two PCs explain 28.5% (17.2% and 11.3%) of variance between the groups (Bray-Curtis distances: EMCS vs. EMCS-Abx: R= 0.1336, P=0.063). PC scores are indicated as %; circles indicate individual samples from EMCS and EMCS-Abx groups. (C, E): Taxonomic distributions of fecal microbiota of genus level in VS and VS-Abx groups, EMCS and EMCS-Abx groups. (D, F) The α-diversity of the fecal microbiome between VS and VS-Abx groups, EMCS and EMCS-Abx groups depict according to ACE, Chao 1, Shannon index and Simpson index. Each box plot represents the median, interquartile range, minimum, and maximum values. n.s., no significant difference; EMCS, Emerged from Minimally Conscious State; VS, vegetative state; Abx, treated with antibiotics.

Supplementary Figure 3 | ROC analysis of the candidate biomarkers in the antibiotic cohorts. (A) Matrix Diagram and AUC calculated by support vector machine between MCS and VS groups. (B) Matrix Diagram and AUC calculated by support vector machine between EMCS and MCS groups. (C) ROC curves for Enterococcus, Methanobrevibacter and Faecailbacterium for use in distinguishing MCS patients and VS patients in discovery cohort; (D) ROC curves for Lactococcus and Streptococcus for use in distinguishing MCS patients and VS patients in antibiotics cohort. AUC, area under the receiver-operating characteristic curve. EMCS, Emerged from Minimally Conscious State; MCS, minimally conscious state; VS, vegetative state; Abx, treated with antibiotics.
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Introduction: Dysbiosis of gut bacteria has been discovered in a large number of autoimmune diseases. However, the influence of the gut bacteria in the mice model of chronic sclerodermatous graft-versus-host disease (Scl-GVHD), a disease that resembles an autoimmune disease characterized by chronic inflammation of multiple organs, such as skin, remains elusive. Here, we explore the role of gut bacteria in an Scl-cGVHD mice model.

Methods: We established a mouse model of Scl-cGVHD, collected fecal flora, analyzed the composition, and diversity of intestinal flora using 16S rDNA amplicon sequencing, and detected the proportion of Treg and Th1 cells in splenocytes of Scl-cGVHD mice. To verify the immunoregulatory effect of Scl-cGVHD intestinal flora, we prepared bacterial extracts, co-cultured with splenocytes in vitro, and used flow cytometry to detect T cell differentiation and cytokine secretion.

Results: By examining T-cell differentiation in splenocytes of cGVHD mice, we found that Treg cells were significantly reduced (15.27 ± 0.23 vs. 12.23 ± 0.47, p = 0.0045) and Th1 cells were increased (1.54 ± 0.18 vs. 6.68 ± 0.80, p = 0.0034) in cGVHD mice. Significant differences were observed in the composition and diversity of the gut bacteria in mice with Scl-cGVHD versus without GVHD. Analysis of mice fecal bacteria samples (n = 10, 5 Scl-cGVHD and 5 Non-GVHD) showed significant separation [R = 0.732, p = 0.015, non-parametric analysis (ANOSIM)] in Scl-cGVHD and non-GVHD mice. The abundance of the family and genus Ruminococcaceae bacteria decreased and the family Lachnospiraceae and limited to the species Lachnospiraceae_bacterium_DW17 increased in Scl-cGVHD mice. In vitro results of the cellular level study suggest that the bacteria extracts of gut microbiota from Scl-cGVHD mice modulated the splenic T cells toward differentiation into CD4+IFN-γ+ Th1 cells (14.37 ± 0.32 vs. 10.40 ± 2.19, p = 0.036), and the percentage of CD4+CD25+Foxp3+ Tregs decreased (6.36 ± 0.39 vs. 8.66 ± 0.07, p = 0.001) compared with the non-GVHD mice. In addition, the secretion of proinflammatory interferon- γ (IFN-γ) cytokine in the supplement of cellular culture was increased (4,898.58 ± 235.82 vs. 4,347.87 ± 220.02 pg/ml, p = 0.042) in the mice model of the Scl-cGVHD group, but anti-inflammatory interleukin (IL)-10 decreased (7,636.57 ± 608.05 vs. 9,563.56 ± 603.34 pg/ml, p = 0.018).

Conclusion: Our data showed the different composition and diversity of gut bacteria in the Scl-cGVHD mice. The dysbiosis of gut bacteria may regulate the differentiation ratio of Treg and Th1 cells, which was associated with Scl-cGVHD.

Keywords: chronic graft-versus-host disease, gut bacteria, dysbiosis, Treg, Th1


INTRODUCTION

Graft-versus-host disease (GVHD) is a life-threatening complication characterized by multi-organ dysfunction due to immune dysregulation after allogeneic hematopoietic stem cell transplantation (allo-HSCT) (Im et al., 2016; Annalisa et al., 2018; Zeiser et al., 2021), which is a potentially curative treatment for hematologic malignancies. According to the clinic manifestations and the time of occurrence, GVHD was classified as acute GVHD (aGVHD) and chronic GVHD (cGVHD), which the former inducing acute inflammatory reaction and the latter mediates the fibrotic pathological damage of various tissues and organs throughout the whole body (Ferrara et al., 2009; Min, 2011). Although the pathogenesis of cGVHD remained to be somewhat ill-defined, there were several T-helper lineages associated with the targeted tissue damage in chronic GVHD (Sarantopoulos et al., 2015; Jin et al., 2016). Th1 cells were reported to be the predominant cytotoxic effectors in sclerodermatous cGVHD (Im et al., 2016; Lai et al., 2018). Treg cells have been demonstrated to maintain the balance between autoimmunity and tolerance by suppressing the proliferation and effector functions of T, B, NK cells, and antigen presenting cells (APCs) (Sakaguchi et al., 2008; Kumar et al., 2019). A reduced percentage of Treg cells was shown to induce the development of cGVHD (Koreth et al., 2011; Du et al., 2017). Furthermore, in our previous studies, we also found that the therapy targeted to increase the ratio of the number of Treg cells and decrease the differentiation of T-helper lineages cells was shown to be effective in alleviating sclerodermatous cGVHD (Wang et al., 2017; Chen et al., 2018). Some factors have been reported to induce the pathophysiology of cGVHD, such as HLA-type, conditioning regimen, and the prolongation of aGVHD (Ringdén et al., 2017; Santoro et al., 2018; Saraceni et al., 2019). Recently, the dysbiosis of gut microbiota was demonstrated to play an important role in the development of acute gastrointestinal graft-versus-host disease (Mathewson et al., 2016; Peled et al., 2016) and a variety of autoimmune diseases, such as multiple sclerosis (MS) (Jangi et al., 2016), inflammatory bowel disease (IBD) (Chu et al., 2016), type 1 diabetes (Forbes et al., 2018), rheumatoid arthritis (RA) (Vatanen et al., 2018), systemic lupus erythematosus (SLE) (Luo et al., 2018) via modulating the differentiation of T-helper lineages in human and mice.

In multiple sclerosis, Akkermansia muciniphila and Acinetobacter calcoaceticus increased in patients with MS, which induced proinflammatory responses that revealed a pronounced effect on stimulating Th1 differentiation, but Parabacteroides distasonis stimulated anti-inflammatory Treg cells was reduced in patients with MS (Cekanaviciute et al., 2017). In the mice model of SLE, a decrease in Lactobacillaceae and an increase in Lachnospiraceae were observed. In patients with SLE, the relative abundance of Lachnospiraceae was significantly greater. In the aGVHD mice model, dysbiosis including decreased Clostridiales and increased Enterobacteriales was observed (Jenq et al., 2012; Simms-Waldrip et al., 2017). In human aGVHD, a previous retrospective study has indicated that the relative abundance of Lachnospiraceae and Ruminococcaceae was positively correlated to the percentage of Treg cells, influencing the development of acute gut GVHD (Han et al., 2018). Accordingly, a large number of gut bacteria species have been demonstrated to have immunomodulatory effects on the differentiation of T-helper lineages, which are devoted to the pathogenesis of cGVHD. The gut microbiota played a vital role in the development of aGVHD, but whether gut bacteria differ in chronic sclerodermatous GVHD versus non-GVHD individuals has not been reported. Taken together, we analyzed the relative abundance of gut microbiota in the mice model of chronic sclerodermatous GVHD and the immunoregulation of microbiota on the differentiation of Treg and Th1 cells.



MATERIALS AND METHODS


Chronic Sclerodermatous Graft-Versus-Host Disease Mice Model

The male B10.D2 mice (10–12 weeks old, Jackson Laboratory) and female BALB/cJ mice (10–12 weeks old, Beijing Vital River Laboratory Animal Technology Co., Ltd.) were used to establish the mice model of sclerodermatous cGVHD that could simulate Scl-GVHD and systemic sclerosis in humans as described previously (Wang et al., 2017; Lai et al., 2018). Briefly, recipient female BALB/cJ mice received total body irradiation with 700 cGy Cs137 ray and were transplanted by tail vein injection with 8 × 106 bone marrow cells and 8 × 106 spleen cells from B10.D2 mice (1:1, Scl-cGVHD mice model; 1:0, non-GVHD). The clinical score, body weight loss, and activities of the recipient mice were monitored every 3 days beginning at Day 14 after bone marrow transplantation (BMT). Chronic sclerodermatous GVHD was assessed using an established system as reported previously (Lai et al., 2018). All experiments used on mice in this study were approved by the animal experimental ethics committee of Guangdong Provincial People’s Hospital.



Hematoxylin-Eosin Staining of Skin Tissues

Skin tissues from mice were collected and fixed in 10% formaldehyde and then embedded in paraffin. Hematoxylin-Eosin (HE) staining was conducted to examine histopathological changes in the skin. The results of the HE staining were observed by light microscopy.



Microbiota Sampling, DNA Extraction and Sequencing, and Metagenome Analysis

Fecal pellets were collected from chronic sclerodermatous GVHD or non-GVHD mice 35 days after bone marrow transplantation. All fecal pellets were stored at –80°C until they were processed for DNA extraction and sequencing. The fecal bacterial genomic DNA was extracted by cetyltrimethylammonium bromide (CTAB) or sodium dodecyl sulfate (SDS) method, and the purity and concentration of the DNA were detected by agarose gel electrophoresis. The appropriate amount of fecal bacterial genomic DNA was diluted to 1 ng/μl with sterile water (n = 5 per group). PCR amplification was performed using the diluted genomic DNA as a template and 16S V4 region primers, the forward primer: GTGCCAGCMGCCGCGGTAA, and the reverse primer: GGACTACHVGGGTWTCTAAT. Phusion® High-Fidelity PCR Master Mix with GC Buffer and high-efficiency high-fidelity enzyme. The intestinal flora DNA library was constructed by using the Thermofisher’s Ion Plus Fragment Library Kit 48 rxns library kit. The constructed library was sequenced using the Thermo Fisher’s Ion S5TMXL by Novogene bioinformatics Technology Co., Ltd. Uparse software was used to cluster all clean reads of all samples. By default, the sequence is clustered into Operational Taxonomic Units (OTUs) with 97% identity. At the same time, the representative sequence of OTUs is selected according to the algorithm principle. The most frequently occurring sequences in OTUs were screened as representative sequences of OTUs. The UniFrac distance was calculated with Qiime software (Version 1.9.1). Diluted curves, beta diversity index analysis, principal component analysis (PCA), and principal coordinates analysis (PCoA) diagram drawing were performed by R software (Version 2.15.3). Analysis of similarities (Anosim) analysis was used by the R vegan package. The LEfSe analysis was analyzed with LEfSe software.



Bacterial Extracts Preparation

We prepared bacterial extracts using an experimental approach based on a report by Cekanaviciute E. (Cekanaviciute et al., 2017). Briefly, total microbiota were isolated from cGVHD and non-GVHD mice stool samples by suspending 1–2 mg stool sample in 3 ml of PBS, removing the precipitate at low-speed centrifugation (40 g, 3 min), passing the supernatant through a 40 μm cell strainer and washing with 1.5 ml of PBS for two times by centrifuging at 8,000 rpm. Isolated bacteria were heat-inactivated at 65°C for 1 h, lysed with protease inhibitor and phosphatase inhibitor, and sonicated at 4°C for 2–3 min. Extracted bacteria protein concentrations were measured with the BCA protein assay kit.



Mice Splenocytes Isolation, Cultures, and Activation

The splenocytes were isolated from female BALB/cJ mice and cultured in RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 1% penicillin/streptomycin (Sigma) at 37°C with 5% CO2. The splenocytes were counted and planked at 1 × 106 cells/ml concentration and activated with IL-2 (40 ng/ml), anti-CD3 (5μg/ml), and anti-CD28 (2μg/ml) for 5 days, in the presence of bacterial extracts (1μg/ml) from Scl-cGVHD mice or non-GVHD mice.



Flow Cytometry for Splenocytes

The Th1 and Treg cells were determined by CD4+IFNγ+, CD4+CD25+Foxp3+. The following antibodies were used to stain mice splenocytes: anti-CD4-FITC (eBioscience), anti-IFN-γ-APC (eBioscience), anti-CD25-APC (eBioscience), and anti-Foxp3-PE (eBioscience). Transcription factors Foxp3 were stained with antibodies after being formulated by the Foxp3/transcription factor staining buffer set. For interferon- γ (IFN-γ) detection, cells were cultured with a 1 × cell stimulation cocktail (plus protein transport inhibitors) for 4–6 h, fixed and permeabilized with a fixation and permeabilization buffer before staining with antibodies. Flow cytometry was performed on a BD CantoII cell analyzer and analyzed by FlowJo software (TreeStar). The percentage of Th1 and Treg cells was defined as Th1 and Treg cells within the CD4+ T cells.



Cytokines Analysis

The proinflammatory cytokine IFN-γ and the immunoregulatory mediators IL-10 levels were detected using the BD™ Cytometry Bead Array kit.



Statistical Analysis of in vitro Data

Statistical significance of expression of CD4+ T lymphocyte differentiation was determined using a two-tailed Student’s t-test. If the data were non-normally distributed, a two-tailed non-parametric Mann–Whitney test was applied instead. The percentage of Th1 and Treg cells was analyzed with FlowJo. SPSS 20.0 was used to analyze and GraphPad Prism 6 software was applied to plot the data. A p-value of < 0.05 was determined to be statistically significant.




RESULTS


Successful Establishment of Sclerodermatous Chronic Graft-Versus-Host Disease Mice Model

To analyze the role of gut microbiota and the relationship with the differentiation of Treg and Th1 cells on the sclerodermatous cGVHD, we established the mice model of sclerodermatous cGVHD (B10D2H2d♂→BALB/cJH2d♀). The clinical manifestation of the sclerodermatous cGVHD mice is characterized by ulceration, escharotic, depilation, and sclerosis. Skin histopathological analysis with HE staining showed that the epidermal layer thickened, subsclerodermatous fat decreased, collagen deposited, a large number of inflammatory cells infiltrated the dermis, and hair follicles decreased (Figure 1).
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FIGURE 1. Histopathological HE staining analysis of skin from sclerodermatous chronic graft-versus-host disease (cGVHD) mice. Compared with the control group, the pathological damage to the skin in cGVHD mice was mainly manifested by obvious hyperplasia of the epidermis, massive collagen deposition in the dermis, extensive lymphocyte infiltration, severe subsclerodermatous fat atrophy, and a significant decrease in the number of hair follicles.




The Differentiation Proportion of Treg and Th1 Cells in the Splenocytes of Sclerodermatous Chronic Graft-Versus-Host Disease Mice

To understand the differentiation of Treg and Th1 cells in splenocytes of sclerodermatous cGVHD mice, we detected the proportion of CD4 + CD 25+Foxp3+ Tregs (Figure 2A) and CD4+IFN-γ+ Th1 cells (Figure 2B) by flow cytometry and found a decreased proportion of Treg cells and increased Th1 cells in splenocytes of sclerodermatous cGVHD mice.
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FIGURE 2. Decreased proportion of Treg cells and increased Th1 cells in splenocytes of sclerodermatous cGVHD mice. (A) The proportion of Treg cells in the spleen cells of cGVHD mice was significantly reduced (n = 3, **p < 0.01). (B) Increased Th1 cells in splenocytes of sclerodermatous cGVHD (n = 3, **p < 0.01).




Composition and Diversity of Gut Bacteria in Mice Model of Sclerodermatous Chronic Graft-Versus-Host Disease

To determine the composition and diversity of gut bacteria on the sclerodermatous cGVHD mice, we analyzed fecal pellets collected at a diseased time point (35 days) after transplantation. The gut bacteria communities in the mice model of sclerodermatous cGVHD changed compared with non-GVHD mice by 16S rDNA sequencing (Figure 3). The rarefaction analysis curves in the Scl-cGVHD and non-GVHD groups were smooth and approached to saturation (Figure 3A). It indicated that the sequencing data had high quality and adding more data would only produce a very small number of new species. Analysis of community structure between the groups showed a significant separation [R = 0.732, p = 0.015, non-parametric analysis (ANOSIM)] (Figure 3B), suggesting a clear difference in the gut bacteria composition in the Scl-cGVHD and non-GVHD mice. PCA and PCoA (weighted_UniFrac distances) of beta diversity showed a clear distinction of gut bacteria between the sclerodermatous cGVHD and non-GVHD mice (Figures 3C,D).
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FIGURE 3. The composition and diversity of gut bacteria in mice model of sclerodermatous cGVHD. Fecal pellets were collected 35 days after transplantation [n = 10, 5 sclerodermatous cGVHD (MD group) and 5 non-GVHD mice (MC group)] and were subjected to 16S rDNA sequencing analysis. (A) Rarefaction curves of the species number in the sclerodermatous cGVHD (MD group) and non-GVHD mice (MC group). (B) ANOISM analysis of the beta diversity of the samples significantly separated the groups when R > 0 and p < 0.05. (C,D) Principal component analysis (PCA) and principal coordinates analysis (PCoA) plot (weighted_UniFrac distances) of beta diversity showed the difference in overall community structures between sclerodermatous cGVHD and non-GVHD mice.


To determine whether the absence or presence of specific bacterial taxa was associated with sclerodermatous cGVHD, we compared the gut bacteria composition of the sclerodermatous cGVHD and non-GVHD mice (Figure 4). The top10 microbes at the phylum (Figure 4A), family (Figure 4B), and genus (Figure 4C) levels and the specific bacterial taxa by LEfSe analysis were shown in Figures 4D,E, indicating the variations in the composition of the gut bacteria. Analyses of microbes at the phylum level revealed the dominance of Bacteroidetes, Firmicutes, and Proteobacteria in both GVHD and non-GVHD mice. The relative abundance of the phylum Bacteroidetes, Firmicutes, and Proteobacteria was not different between the non-GVHD and sclerodermatous cGVHD mice. The Phylum Melainabacteria was lower in the sclerodermatous cGVHD mice. At the family level, the gut microbiota Lachnospiraceae was enriched in the fecal of sclerodermatous cGVHD mice compared with the non-GVHD mice, and the dominant specific species in Lachnospiraceae, such as Lachnospiraceae_bacterium_DW17, Lachnospiraceae_bacterium_615, Lachnospiraceae_bacterium_C OE1, and Lachnospiraceae_bacterium_DW59 were increased in Scl-cGVHD mice. Whereas, the gut bacteria community in the sclerodermatous cGVHD mice was decreased in the family Ruminococcaceae, Rikenellaceae, Tannerellaceae, and Bifidobacteriaceae. At the genus level, the genus unidentified_Ruminococcaceae, Alistipes, Parabacteriodes, and Bifidobacterium were lower and Blautia, Ralstonia, and Parasutterella were higher in sclerodermatous cGVHD mice. Specifically, we also observed other gut bacteria species, such as Ruminiclostridium_sp_KB18, Clostridium_papyrosolvens, and Parabacteroids_distasonis were decreased in sclerodermatous cGVHD mice (Supplementary Material).
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FIGURE 4. The specific bacterial taxa associated with sclerodermatous cGVHD. (A–C) The top 10 relative abundances of bacteria at phylum (A), family (B), and genus (C) levels in fecal samples from the mice with or without sclerodermatous cGVHD. (D,E) LEfSe analysis indicated that the listed microbiomes were significantly different (p < 0.05).




Sclerodermatous Chronic Graft-Versus-Host Disease-Associated Gut Bacteria Inhibit Tregs and Promote Th1 Cells Differentiation in vitro

To validate the hypothesis that gut bacteria taxa altered in sclerodermatous cGVHD mice play functional roles in regulating immune responses. To validate the hypothesis, we established an in vitro model system by exposing splenocytes from healthy female BALB/cJ mice to a suspension of bacterial extracts that were heat-killed and sonicated gut microbes of Scl-cGVHD and non-GVHD mice and used the flow cytometry to test T-cells differentiation. We found that the bacterial extracts from the sclerodermatous cGVHD mice reduced the proportions of CD 25+Foxp3+ Tregs within CD4+ T cells (Figures 5A,B) and promoted the differentiation of Th1 (CD4+IFN-γ+) cells (Figures 5C,D). These results indicated that gut bacteria from sclerodermatous cGVHD mice restrains immunoregulatory T-cell development and potentially exacerbates inflammation. Furthermore, we examined the proinflammatory (IFN-γ) and anti-inflammatory (IL-10) cytokines in three sclerodermatous cGVHD and three non-GVHD plates after incubating SPC for 5 days with bacteria extracts. The bacterial extracts from sclerodermatous cGVHD mice tended to induce an increased concentration of IFN-γ production from T cells but decreased anti-inflammatory IL-10 levels in comparison with non-GVHD mice (Figures 5E,F).
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FIGURE 5. Sclerodermatous cGVHD-associated gut bacteria inhibit Tregs and promote Th1 lymphocytes Differentiation in vitro. (A,B) Representative flow cytometry plots and quantification of CD25+Foxp3+ Tregs within CD4+ T cells differentiated in response to bacterial extracts from sclerodermatous cGVHD and non-GVHD mice (n = 3, **p < 0.01). (C,D) The percentage of interferon- γ (IFN-γ+) in CD4+ T cells significantly increased by stimulating bacterial extracts from sclerodermatous cGVHD compared with the non-GVHD group (n = 3, **p < 0.01). (E,F) The concentration of anti-inflammatory interleukin-10 (IL-10) and IFN-γ was detected by the CBA kit. The secretion of IL-10 decreased but IFN-γ increased markedly in the supernatant stimulated by bacterial extract from sclerodermatous cGVHD mice (n = 3, *p < 0.01).





DISCUSSION

Numerous studies on microbes have demonstrated that the gut bacteria community was involved in the etiopathogenesis of several inflammatory autoimmune diseases (Forbes et al., 2018; van der Meulen et al., 2019). However, the diversity and composition of the gut bacteria on sclerodermatous cGVHD were not reported. In our study, we analyzed the gut bacteria from sclerodermatous cGVHD mice by using 16S rDNA sequencing. In sclerodermatous cGVHD mice, significant difference in the gut bacteria community was observed versus non-GVHD mice. The microbiota from sclerodermatous cGVHD mice tended to be less diverse. Fewer relative abundance of Ruminococcaceae and more Lachnospiraceae were found in the sclerodermatous cGVHD mice. The studies of Ruminococcaceae were consistent with other studies (Han et al., 2018), which reported that Ruminococcaceae was negatively corrected with severe aGVHD by regulating the differentiation ratio of Treg cells in human aGVHD. A significantly lower relative abundance of the Lachnospiraceae was shown in gut aGVHD. However, we observed a higher relative abundance of the Lachnospiraceae in Scl-cGVHD mice. This is possibly due to differences in the study, such as (1) there may be similarities in the gut bacteria of patients with sclerodermatous cGVHD versus non-GVHD; (2) our mouse model is mainly characterized by scleroderma, which is different from gut aGVHD and may be more likely to the SLE, which was also characterized with autoimmune antibodies and it was reported that Lachnospiraceae was increased in patients with SLE and mice.

A study by Im A showed that Th1 was the predominant cytotoxic effector on the skin in cGVHD (Im et al., 2016), and we found that the percentage of Treg cells was decreased in the sclerodermatous cGVHD mice in our previous study (Wang et al., 2017). In addition, we found a decreased percentage of Treg cells and an increased percentage of Th1 cells in splenocytes of Scl-cGVHD mice. While it was always consistent with the studies previously reported. Interactions between the differentiation of CD4+ T cells and commensal gut bacteria were not well understood. Recently, it was shown that the Bacteroidales regulated the differentiation of Treg cells and A. calcoaceticus and A. muciniphila induced the differentiation of Th1 cells. Rumminococaceae was found to be positively associated with the differentiation of Treg cells and Enterobacteriaceae was negatively associated with it. In this study, we prepared the bacterial extracts of the microbiota from sclerodermatous cGVHD mice to validate the regulatory function in vitro. We first examined the ratio of Th1 cells and Treg cells and proinflammatory IFN-γ and immunoregulatory IL-10 cytokines in three sclerodermatous cGVHD and three non-GVHD mice after incubating spleen cells with bacterial extracts. We found that the bacterial extracts from sclerodermatous cGVHD mice demonstrated the regulatory effect on the differentiation of Th1 and Treg cells by inducing the secretion of immunosuppressive cytokine IFN-γ and inhibiting immunoregulatory IL-10. It will be important in further studies that we try to enroll a population of sclerodermatous cGVHD patients and analyze the gut microbiotas. In vitro, we will prepare the bacterial extracts of gut bacteria from patients with sclerodermatous cGVHD and non-GVHD and culture the specific microbiome to verify the function of the differentiation of CD4+ T cells. Furthermore, in the sclerodermatous cGVHD mice model, we will evaluate the curative effect on fecal microbiota transplantation by gavaging the bacteria extracts from non-GVHD mice to the sclerodermatous cGVHD mice. In this way, the influence of gut bacteria on patients with sclerodermatous cGVHD patients and mice models may be achieved, enabling us to understand whether fecal microbiota transplantation may be used as a new target treatment for sclerodermatous cGVHD.



CONCLUSION

In conclusion, our results demonstrate an altered gut bacteria community in our established sclerodermatous cGVHD mice. Further, the abnormal gut bacteria extracts from the sclerodermatous cGVHD mice would inhibit the differentiation ratio of Tregs and promote the differentiation of the Th1 cells by regulating the secretion of proinflammatory cytokine IFN-γand the anti-inflammatory cytokine IL-10. Our data provide evidence that dysbiosis of the gut bacteria community may be a potential risk factor for the development of cGVHD. Regulation of the gut bacteria community would be a novel therapy for cGVHD treatment.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Dryad, https://doi.org/10.5061/dryad.zs7h44jd1.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Experimental Ethics Committee of Guangdong Provincial People’s Hospital.



AUTHOR CONTRIBUTIONS

YW, PL, XD, and JW conceived and designed the experiments and wrote the manuscript. YW, LH, TH, XC, SG, and XH performed the experiments. YW and PL analyzed the data. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Natural Science Foundation of China (grant no. 81870121) and the Guangdong Basic and Applied Basic Research Foundation, China (grant nos. 2019A1515012049 and 2019A1515010094).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.813576/full#supplementary-material



REFERENCES

Annalisa, R., Myriam, L., Andrea, B., Boris, A., Jan, J., Cornelissen, A. E., et al. (2018). Post-transplant cyclophosphamide for graft-versus-host disease prophylaxis in HLA matched sibling or matched unrelated donor transplant for patients with acute leukemia, on behalf of ALWP-EBMT. J. Hematol. Oncol. 11:40. doi: 10.1186/s13045-018-0586-4

Cekanaviciute, E., Yoo, B. B., Runia, T. F., Debelius, J. W., Singh, S., Nelson, C. A., et al. (2017). Gut bacteria from multiple sclerosis patients modulate human T cells and exacerbate symptoms in mouse models. Proc. NatI. Acad. Sci. U.S.A. 114, 10713–10718. doi: 10.1073/pnas.1711235114

Chen, X., Lai, P., Wang, Y., Luo, C., Ling, W., Zeng, L., et al. (2018). Emerging role of C5a/C5aR IL-17A axis in cGVHD. Am. J. Transl. Res. 10, 2148–2157.

Chu, H., Khosravi, A., Kusumawardhani, I. P., Kwon, A. H. K., Vasconcelos, A. C., Cunha, L. D., et al. (2016). Gene-microbiota interactions contribute to the pathogenesis of inflammatory bowel disease. Science 352, 1116–1120. doi: 10.1126/science.aad9948

Du, J., Paz, K., Thangavelu, G., Schneidawind, D., Baker, J., Flynn, R., et al. (2017). Invariant natural killer T cells ameliorate murine chronic GVHD by expanding donor regulatory T cells. Blood 129, 3121–3125. doi: 10.1182/blood-2016-11-752444

Ferrara, J. L., Levine, J. E., Reddy, P., and Holler, E. (2009). Graft-versus-host disease. Lancet 373, 1550–1561. doi: 10.1016/S0140-6736(09)60237-3

Forbes, J. D., Chen, C., Knox, N. C., Marrie, R. A., El-Gabalawy, H., de Kievit, T., et al. (2018). A comparative study of the gut microbiota in immune-mediated inflammatory diseases-does a common dysbiosis exist? Microbiome 6, 221–235. doi: 10.1186/s40168-018-0603-4

Han, L., Jin, H., Zhou, L., Zhang, X., Fan, Z., Dai, M., et al. (2018). Intestinal microbiota at engraftment In?uence acute graft-versus-host disease via the Treg/Th17 Balance in Allo-HSCT recipients. Front. Immunol. 9:669. doi: 10.3389/fimmu.2018.00669

Im, A., Hakim, F. T., and Pavletic, S. Z. (2016). Novel targets in the treatment of chronic graft-versus-host disease. Leukemia 31, 543–554. doi: 10.1038/leu.2016.367

Jangi, S., Gandhi, R., Cox, L. M., Li, N., von Glehn, F., Yan, R., et al. (2016). Alterations of the human gut microbiome in multiple sclerosis. Nat. Commun. 7:12015. doi: 10.1038/ncomms12015

Jenq, R. R., Ubeda, C., Taur, Y., Menezes, C. C., Khanin, R., and Dudakov, J. A. (2012). Regulation of intestinal inflammation by microbiota following allogeneic bone marrow transplantation. J. Exp. Med. 209, 903–911. doi: 10.1084/jem.20112408

Jin, H., Ni, X., Deng, R., Song, Q., Young, J., and Cassady, K. (2016). Antibodies from donor B cells perpetuate sclerodermatous chronic graft-versus-host disease in mice. Blood 127, 2249–2260. doi: 10.1182/blood-2015-09-668145

Koreth, J., Matsuoka, K., Kim, H. T., McDonough, S. M., Bindra, B., Alyea, E. P., et al. (2011). Interleukin-2 and regulatory t cells in graft-versus-host disease. N. Engl. J. Med. 365, 2055–2066. doi: 10.1056/NEJMoa1108188

Kumar, P., Saini, S., Khan, S., Lele, S. S., and Prabhakar, B. S. (2019). Restoring self-tolerance in autoimmune diseases by enhancing regulatory T-cells. Cell. Immunol. 339, 41–49. doi: 10.1016/j.cellimm.2018.09.008

Lai, P., Chen, X., Guo, L., Wang, Y., Liu, X., Liu, Y., et al. (2018). A potent immunomodulatory role of exosomes derived from mesenchymal stromal cells in preventing cGVHD. J. Hematol. Oncol. 11:135. doi: 10.1186/s13045-018-0680-7

Luo, X. M., Edwards, M. R., Mu, Q., Yu, Y., Vieson, M. D., Reilly, C. M., et al. (2018). Gut microbiota in human systemic lupus erythematosus and a mouse model of lupus. Appl. Environ. Microbiol. 844:e02288–17. doi: 10.1128/AEM.02288-17

Mathewson, N. D., Jenq, R., Mathew, A. V., Koenigsknecht, M., Hanash, A., Toubai, T., et al. (2016). Gut microbiome-derived metabolites modulate intestinal epithelial cell damage and mitigate graft-versus-host disease. Nat. Immunol. 17, 505–513. doi: 10.1038/ni.3400

Min, C. K. (2011). The pathophysiology of chronic graft-versus-host disease: the unveiling of an enigma. Korean J. Hematol. 46, 80–87. doi: 10.5045/kjh.2011.46.2.80

Peled, J. U., Hanash, A. M., and Jenq, R. R. (2016). Role of the intestinal mucosa in acute gastrointestinal GVHD. Blood 128, 2395–2402. doi: 10.1182/blood-2016-06-716738

Ringdén, O., Labopin, M., Sadeghi, B., Mailhol, A., Beelen, D., Fløisand, Y., et al. (2017). What is the outcome in patients with acute leukaemia who survive severe acute graft-versus-host disease? J. Intern. Med. 283, 166–177. doi: 10.1111/joim.12695

Sakaguchi, S., Yamaguchi, T., Nomura, T., and Ono, M. (2008). Regulatory T Cells and immune tolerance. Cell 133, 775–787. doi: 10.1016/j.cell.2008.05.009

Santoro, N., Labopin, M., Giannotti, F., Ehninger, G., Niederwieser, D., Brecht, A., et al. (2018). Unmanipulated haploidentical in comparison with matched unrelated donor stem cell transplantation in patients 60 years and older with acute myeloid leukemia: a comparative study on behalf of the ALWP of the EBMT. J. Hematol. Oncol. 11:55. doi: 10.1186/s13045-018-0598-0

Saraceni, F., Labopin, M., Brecht, A., Kröger, A., Eder, M., Tischer, J., et al. (2019). Fludarabine-treosulfan compared to thiotepa-busulfan-fludarabine or FLAMSA as conditioning regimen for patients with primary refractory or relapsed acute myeloid leukemia: a study from the acute leukemia working party of the European society for blood and marrow transplantation (EBMT). J. Hematol. Oncol. 12:44.

Sarantopoulos, S., Blazar, B. R., Cutler, C., and Ritz, J. (2015). B Cells in chronic graft-versus-host disease. Biol. Blood Marrow Transplantat. 21, 16–23.

Simms-Waldrip, T. R., Sunkersett, G., Coughlin, L. A., Savani, M. R., Arana, C., Kim, J., et al. (2017). Antibiotic-induced depletion of anti-inflammatory clostridia is associated with the development of graft-versus-host disease in pediatric stem cell transplantation patients. Biol. Blood Marrow Transplantat. 23, 820–829. doi: 10.1016/j.bbmt.2017.02.004

van der Meulen, T. A., Harmsen, H. J. M., Vilac, A. V., Kurilshikovd, A., Lieferse, S. C., Zhernakovad, A., et al. (2019). Shared gut, but distinct oral microbiota composition in primary Sjögren’s syndrome and systemic lupus erythematosus. J. Autoimmun. 97, 77–87. doi: 10.1016/j.jaut.2018.10.009

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

Wang, Y., Lai, P., Chen, X., He, C., Huang, X., Geng, S., et al. (2017). Attenuation of cGVHD by C5a/C5aR blockade is associated with increased frequency of Treg. Sci. Rep. 7:3603. doi: 10.1038/s41598-017-03700-1

Zeiser, R., Polverelli, N., Ram, R., Hashmi, S. K., Chakraverty, R., Middeke, J. M., et al. (2021). Ruxolitinib for glucocorticoid-refractory chronic graft-versus-host disease. N. Engl. J. Med. 385, 228–238. doi: 10.1056/NEJMoa2033122


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

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

Copyright © 2022 Wang, Huang, Huang, Geng, Chen, Huang, Lai, Du and Weng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



[image: image]


OPS/images/fmicb-13-813576/fmicb-13-813576-g005.jpg
A non-GVHD cGVHD B
8.64 5.77
o -
E o,
5
S
1WI L) LU Il U | 'f T llm U L Bl U |
CD25
C non-GVHD cGVHD D
Z0 801 =0 14.6

4500-

IFN-y (pg/mL)
(&%)
o
o
s

1500+

Non-GVHD cGVHD

F

IL-10(pg/mL)

10- .

CD4+CD25+Foxp3+ Treg (%)

Non-GVHDcGVHD

CD4+IFNy + Thl (%)

Non-GVHDcGVHD

12000+ *

9000-

6000-

3000-

0-

Non GVHD cGVHD





OPS/images/fmicb-13-813576/fmicb-13-813576-g004.jpg
>

~ Others
M Fusobacteria
W Actinobacteria
M unidentified_Bacteria
M Melainabacteria
- Oxyphotobacteria
M Tenericutes
W Verrucomicrobia
M Proteobacteria
M Firmicutes
M Bacteroidetes

0.754

Relative Abundance
o
i

0.254

QO
Group Name

~ Others

M Lactobacillaceae

W Desulfovibrionaceae

M Rikenellaceae

I Prevotellaceae
Akkermansiaceae

M Enterobacteriaceae

W Ruminococcaceae

M Bacteroidaceae

M Muribaculaceae

B Lachnospiraceae

Relative Abundance
o
o

Group Name

e

~ Others
W Muribaculum
W Lachnoclostridium
M Oscillibacter
I Alloprevotella
Alistipes
M unidentified_Enterobacteriaceae
W unidentified_Ruminococcaceae
M unidentified_Lachnospiraceae
B Akkermansia
M Bacteroides

0.75-

Relative Abundance
o
b

0.254

&

Group Name

D

B MD

1 l I

B MC

. f Lachnosplraceae

s Lachnosplraceae bactenum DW17
. : g_. Blautia

s Lachnospwaceae bacterlum 615

S Lachnosp1raceae bacterlum _COE1
S Clostrldlum tolmum

s_ | Clostrldlales bacterlum CIEAF 020
g_ | Ralstonla

: g Parasutterella

S Lachnosplraceae bacterlum DW59
s_: Clostrldlum _Sp_ Clone 17

s Clostrldlum sp CuIture_Jar 13

S Allstlpes Sp N15MGS 157

s Clostrudlum _Sp_: ‘ASF356
s Clostrldlum | 'SP ‘ASF502

C | unndéntlfled Actlnobacterla
p_unudgntlfled_Bacterla :
c_unidéntified_Bacteria
p_MeIa:inabactéria
o_Bifidfobacteriafales

g__ Bifidobacterium

[ Bifidobacteridceae

f Tannferellaceeée
g__Parabacteroides

s Parabacteroides dista:sonis

Clostrldnum papyrosolvens .

U!

g Allstapes

fi leenellaceae

s_ | Rummlclostrldlum _Sp_ KBlS
g__ umdentlfled Rummococcaceae

f Rumrnococcaceae

i | | | |
—6.0—4.8—3.6—2.4—1.2 0.0 1.2 2.4 3.6 4.8 6.0
LDA SCORE (log 10)

Cladogram
E Il a: f__Lachnospiraceae
- MC Il b: f__Ruminococcaceae
. V]
% [
W
N\
@ \
\
.
e ll
9 N
%v
7 W





OPS/images/fmicb-13-813576/fmicb-13-813576-g003.jpg
A 8 | —e— MD
© —A— MC
g |
S DRI
o) /
£ 8- /
- <
Z /
()
K2
D 8-
o ™
n
©
(O]
S o
O -
3 1Y
@]
@)
o
9 =l
ol @
T | | [ |
0 20000 40000 60000 80000
Sequences Number
C PCA Plot
®
20 -
—_ ®
3
~
S
=
5 e
a
-20 "
-40 -20 20

0
PC1 (25.61% )

R=0.732, P=0.015

Between

MC

MD

0.10-

0.05+

0.00

PCQA- PC1 vs PC2

(15.092%)

PC2

=
o
o

-0.10+

0.0 pc1(65.09%) 0.2

0.4





OPS/images/fmicb-13-813576/fmicb-13-813576-g002.jpg
CD4
Foxp3

IFNYy

non-GVHD

cGVHD

0.40

15.6

10.35

124

non-GVHD

1.20

CD4

cGVHD

6.86

CD4+CD25+Foxp3+ Treg (%>

CD4+IFNy Th1 (%)

N>
T

-
4]
1

10-

Non-GVHDcGVHD

Non-GVHDcGVHD





OPS/images/fmicb-13-813576/fmicb-13-813576-g001.jpg
Sor.
B
-
{ T ¢4 K : . :
- ‘ M
5%,
/

A Sy '
e J
C + - . ‘.
2 W(M.~ (] \
W > -
- . - ’
<3 lnu:k A, » SO TA
Reeaios ) Oy
o e - ek n /
TR . AT w3
.
" .
’ o S o /e .
» - ' .
K e
- o g
AN [ :
o e U .
C it R
~ oy - e - .
V s ..OCr:n. “"le : ’ c.
\.u e .ﬂ v e .’ . -\ .
/ R .’ .
R e B . . .
g ERS - CLipriys .
ﬁ. S . 7 " . ¢ 4
"\ - ¢ F 4 .
-
) g ‘e N ¥
W - - 7 o3~ e .
s > . 6 /-
R L . ’
L . . 3 \\
& <. 0 .
W 0 Ve~ < ‘o
ek ) LV s
0y tew . . o
. .7. .
' %4 4 ., () ’ ,
| ¢ .
# &3 . .
ISR o 2 L4 ’
L B “ o .
m,., (e o el B . N
¥ . ’ \ A . v
5 . tm\ 4 ’ .-

—r
— 7
[

&
. )
ety
.
S

o
-
-
o
‘e
.

)
s





OPS/images/fmicb-13-813576/cross.jpg
3,

i





OPS/images/fimmu.2022.781148/table2.jpg
Pathway EMCS mean% (SD%) MCS mean% (SD%) VS mean% (SD%) p-values

EMCS vs. MCS EMCS vs.VS MCS vs. VS

Gondoate biosynthesis 0.827 + 0.088 0.836 + 0.080 0.741 + 0.059 0.782 0.005* 0.001*
cis-Vaccenate biosynthesis 0.768 + 0.078 0.769 + 0.068 0.701 + 0.053 0.994 0.013* 0.007*
L-Threonine biosynthesis 0.681 + 0.054 0.680 + 0.061 0.609 + 0.056 0.973 0.002* 0.004*
Folate transformations IIl 0.627 + 0.046 0.625 + 0.048 0.570 + 0.047 0.901 0.003* 0.005*
L-Arginine biosynthesis Il 0.537 + 0.071 0.585 + 0.061 0.510 + 0.069 0.061 0.317 0.006*
L-Arginine biosynthesis | 0.540 + 0.066 0.580 + 0.053 0.503 + 0.065 0.076 0.152 0.002*
L-Arginine biosynthesis IV 0.543 + 0.000 0.579 + 0.052 0.502 + 0.064 0.079 0.138 0.002*
L-Tryptophan biosynthesis 0.528 + 0.098 0.555 + 0.067 0.481 £ 0.070 0.380 0.150 0.008"
L-Aspartate and L-asparagine biosynthesis 0.529 + 0.071 0.520 + 0.061 0.450 + 0.066 0.724 0.005* 0.007*
Flavin biosynthesis 0.483 + 0.091 0.529 + 0.066 0.433 + 0.051 0.128 0.080 <0.001*

Data are given as mean% (SD%). A * was considered statistically significant.
VS, vegetative state; MCS, minimally conscious state; EMCS, emerged minimal conscious state; PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States.
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Without antibiotic treatment

With antibiotic treatment

EMCS MCs Vs p-value EMCS-Abx MCS-Abx VS-Abx p-value
Patients (n) 15 15 13 - 9 17 21 -
Men, n (%) 12 (80.0) 10 (66.7) 9(69.2) 0.691 5 (65.6) 12 (70.6) 15(71.4) 0.668
Age (years) 52.7 £10.2 49.0 +9.8 583 +9.7 0.058 61.0+£116 53.4 £ 6.5 549+ 118 0.058
GCS 71+14 6.7 1.2 70+1.6 0.707 61+1.2 69+1.0 7115 0.114
CRS-R 22408 11.7 £ 31 60+ 1.3 <0.001* 22114 11.9+29 52+13 <0.001*
GOS-E 3305 27+08 21+06 <0.001* 3000 21+06 21+04 <0.001*
Length of hospital stay (days) 172.5 £ 124.9 168.7 £ 92.5 101.0 £ 55.5 0.155 79.7 £ 49.6 120.3 + 112.3 169.5 + 142.7 0.248
Leukocytes (109L) 5417 6.1+20 65+1.8 0.184 60+14 6.5 +2.1 6.3 +2.1 0.817
Neutrophils (10%L) 37x15 42+18 43+1.4 0.503 37+12 47 +20 44+18 0.415
Lymphocytes (10%/L) 1304 1304 1304 0.931 1405 13205 12+05 0.649
Monocytes (10%L) 04+0.2 0.4 +0.2 05+0.2 0.134 05+01 05+0.3 07+1.2 0.805
Hemoglobin (g/L) 1243 £ 14.9 1249 + 16.4 1118 £ 10.3 0.045* 117.0£10.9 106.6 + 12.6 1155+ 13.3 0.030*
Platelets (10%/L) 219.8 + 45.9 199.1 £ 71.3 236.4 + 58.3 0.263 209.2 + 80.9 252.6 + 89.0 2215 +70.0 0.335
C-reactive protein (mg/L) 35+37 32+33 55+43 0.142 40+44 6.7 +4.0 46+35 0.133
GPT (IUL) 40.7 £31.5 39.3 £ 14.6 376+254 0.601 243 +£10.9 242 £14.2 27.3+15.6 0.775
GOT (UL) 21.1+£106 21.3£6.0 221 £10.0 0.677 189+6.6 221 £14.9 213+ 153 0.880
LDH (U/L) 1721 £ 345 201.4 +62.7 165.4 + 49.0 0.135 159.3 + 38.3 168.4 + 59.8 153.5 + 42.9 0.831
Creatinine (umol/L) 50.7 £ 16.1 472 +129 36.7 + 10.0 0.025* 434 +69 44.5 + 191 382+ 111 0.279
Homocysteine (umol/L) 120+22 99+35 109+16 0.101 9622 78+29 87+39 0.370
Cause T8I T8I T8I / T8I TBI T8I /

Continuous variables are expressed as the mean + SD. A * was considered statistically significant.
GCS, Glasgow Coma Scale; CRS-R, Coma Recovery Scale— Revised scores; GOS-E, Glasgow Outcome Scale—Extended; GPT, glutamic-pyruvic transaminase; GOT, glutamic-
oxaloacetic transaminase; LDH, lactate dehydrogenase; TBI, traumatic brain injury; VS, vegetative state; MCS, minimally conscious state; EMCS, emerged minimal conscious state;

Abx, antibiotic.
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Potential Endogenous Ligands Source in the intestine EC50 (human) EC50 (mouse) EC50 (rat) References
Kynurenic acid Host, Microbiota 217 uM Not available 66 uM (23, 42, 43)
LPA Host, Microbiota Not available Not available Not available (20, 24)
CXCL17 Host Not available Not available Not available (25)
DHICA Host 22 uM Not available Not available (44)
Reverse T3 Host, Microbiota 100 uM Not available Not available (44, 45)
cGMP Host 131 uM Not available Not available (46)
Synthetic Agonists EC50 (human) EC50 (mouse) EC50 References
(rat)
Zaprinast 2-8 uM 1uM 100 nM (19, 42)
Lodoxamide 4 nM Not available 13 nM 47)
Pamoic acid 30-50 nM No response >100 uM (17, 42)
Amlexanox Not available Not assessed ~ Not available (48, 49)
Bufrolin 13 nM Not available 10 nM 47)
Compound 1 26 nM 17 uM 8uM (50)
Cromolyn disodium Not available Not available Not available (42, 49)
6-bromo-8-(4-methoxybenzamido)-4-oxo-4H-chromene-2-carboxylic acid Not available Not assessed  Not available (51)
Antagonists IC50 IC50 IC50 References
(human) (mouse) (rat)

ML-145 ~25nM No response No response (42)
CID2745687 ~200 nM No response No response (17, 42)
ML-194 ~200 nM Not assessed ~ Not assessed 52)
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Variant ID Variant type Position (ch2): Substitution MAF Linked Diseases References

rs4676410 Intron 240624322 G>A 0.272 Ankylosing spondylitis, IBD, PSC, systemic lupus erythematosus (27, 28, 56-59)
rs3749171 Missense 240630275 C>T (T108M) 0.151 CD, UC (69-62)
rs3749172 Missense 240630832 C>A (S294R) 0.484 CD, coronary artery calcification (63, 64)
(65)
rs4676408 Intergenic 240634984 ASG 0.4 uc, Cb (66)
rs4676406 Intergenic 240639691 T>G 0.374 Ankylosing spondylitis, psoriasis, PSC (60, 67)
rs34236350 5" UTR 240628909 C>T 0.261 Ankylosing spondylitis, psoriasis 68)

MAF, Minor Allele Frequency; UTR, Untranslated region.
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RS Number

Position (GRCh37) Allele Frequencies Haplotypes
rs4676410 chr2:241563739 G=0.728, A=0.272 G A A
rs3749171 chr2:241569692 =0.849, T=0.151 C T C
Haplotype Count 3636 744 617
Haplotype Frequency 0.726 0.1486 0.1232
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Characteristic Patient with microbiome analyses Patients without microbiome analyses P-value
N (%) or median (range) N=15 N=22

Female 7 (47%) 15 (68%) 0.19
Age (year) 46.4 (19.3 -70.1) 39.5 (21.9-62.7) 0.26
Height SDS -1.5(-29 - +1.3) -1.2(-26-+1.4) 0.13
BMI (kg/m?) 227 (17.7 - 40.7) 22.3 (15.0 - 36.6) 0.87
AIRE genotype

c.769C>T / ¢.769C>T 12 (80%) 18 (82%)

C.769C>T / ¢.967_979del13 2 (13%) 2 (9%)

c.769C>T / other 1(7%) 2 (9%)

Diarrhea 6 (40%) / 6 (40%) / 3 (20%) 9 (41 %) /10 (45%) / 3 (14%) 0.82
(No / episodic / chronic)

Obstipation 4 (27%) 10 (46%) 0.31
Failure of exocrine pancreas 0 4(18) 0.13
Anti-fungal medication 1(73%) / 3 (20%) / 1 (7%) 15 (68%) / 3 (14%) / 4 (18%) 0.65
(No / preventive / treatment dose)

Probiotics in use 4 (27%) 1 (5%) 0.14

Their clinical and genetic features did not differ from the 22 patients with APECED for whom no data on stool microbiome was available.
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Phylum

Firmicutes
Actinobacteria
Proteobacteria
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Bacteroidetes
Firmicutes
Bacteroidetes
Actinobacteria
Bacteroidetes

Class

Clostridia
Coriobacteriia
Gammaproteobacteria
Clostridia
Negativicutes
Clostridia
Actinobacteria
Bacteroidia
Clostridia
Bacteroidia
Coriobacteriia
Bacteroidia

Order

Clostridiales
Coriobacteriales
Pasteurellales
Clostridiales
Selenomonadales
Clostridiales
Actinomycetales
Bacteroidales
Clostridiales
Bacteroidales
Coriobacteriales
Bacteroidales

Family

Lachnospiraceae
Coriobacteriaceae
Pasteurellaceae
Lachnospiraceae
Veillonellaceae
Christensenellaceae
Actinomycetaceae
Prevotellaceae
Ruminococcaceae
Porphyromonadaceae
Coriobacteriaceae
Bacteroidaceae

Genus

Butyrivibrio
Atopobium
Haemophilus
Lachnospira
Veillonella
Christensenella
Actinomyces
Prevotella
Faecalibacterium
Parabacteroides
Collinsella
Bacteroides

Mean (%)

0.30
1.38
0.45
0.52
0.78
0.24
0.03
2.70
12.41
0.36
2.24
5.90

Fold change was estimated with age as a counfounder. P-value was adjusted for multiple testing with Benjamini-Hochber method.

Fold Change

15.14
18.77
17.27
4.41
5.40
7.05
5.08
2.00
0.45
2.90
3.21
2.08

Log2 FC

3.92
4.23
4.1
2.14
2.43
2.82
2.34
1.00
-1.16
1.53
1.68
1.05

FDR-P

1.1E-05
7.2E-05
0.0003
0.0003
0.02
0.02
0.03
0.04
0.05
0.07
0.07
0.12
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