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Background

Gut dysbiosis and gut microbiome-derived metabolites have been implicated in both disease onset and treatment response, but this has been rarely demonstrated in pemphigus vulgaris (PV). Here, we aim to systematically characterize the gut microbiome to assess the specific microbial species and metabolites associated with PV.



Methods

We enrolled 60 PV patients and 19 matched healthy family members, and collected 100 fecal samples (60 treatment-naïve, 21 matched post-treatment, and 19 controls). Metagenomic shotgun sequencing and subsequent quality control/alignment/annotation were performed to assess the composition and microbial species, in order to establish the association between gut microbiome with PV onset and treatment response. In addition, we evaluated short-chain fatty acids (SCFAs) in PV patients through targeted metabolomics analysis.



Results

The diversity of the gut microbiome in PV patients deviates from the healthy family members but not between responder and non-responder, or before and after glucocorticoid treatment. However, the relative abundance of several microbial species, including the pathogenic bacteria (e.g., Escherichia coli) and some SCFA-producing probiotics (e.g., Eubacterium ventriosum), consistently differed between the two groups in each comparison. Escherichia coli was enriched in PV patients and significantly decreased after treatment in responders. In contrast, Eubacterium ventriosum was enriched in healthy family members and significantly increased particularly in responders after treatment. Consistently, several gut microbiome-derived SCFAs were enriched in healthy family members and significantly increased after treatment (e.g., butyric acid and valeric acid).



Conclusions

This study supports the association between the gut microbiome and PV onset, possibly through disrupting the balance of gut pathogenic bacteria and probiotics and influencing the level of gut microbiome-derived SCFAs. Furthermore, we revealed the potential relationship between specific microbial species and glucocorticoid treatment.
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Introduction

Pemphigus is a severe, recurrent, potentially fatal autoimmune bullous disease characterized by the formation of flaccid blisters and erosive lesions on the skin or mucous membranes (1). Multiple pemphigus subtypes were identified, with pemphigus vulgaris (PV) ranking at the top in terms of incidence. The production of pathogenic autoantibodies against the desmosomal adhesion glycoproteins desmoglein (Dsg)1 and Dsg3 is considered the direct cause of pemphigus (1–3). Nevertheless, the molecular mechanisms underlying the onset of pemphigus remain poorly understood. Diverse risk factors have been explored, including several HLA haplotypes as inherited predispositions and environmental factors such as adverse drug reactions, viral infections, diet, and stress (1, 2, 4–6)

Environmental factors are believed to be key determinants of gut microbial composition and function, and dysbiosis of the gut microbiome can induce local and systemic immune responses in the host, thereby influencing the onset of autoimmune diseases (7). Indeed, numerous studies have identified significant differences in the gut microbiome between healthy controls and patients with autoimmune diseases (e.g., rheumatoid arthritis, systemic lupus erythematosus, and ankylosing spondylitis) (8–10). Their immunologic process might be influenced by the disturbed gut microbiome through several hypothesized pathways, including oxidative phosphorylation and biosynthesis of branched-chain amino acids (8, 11, 12). Similarly, the association between the gut microbiome and PV onset has also been revealed (13), which suggested a few specific PV-associated microbial species due to the limitation of sample size and 16S rRNA sequencing technical. Therefore, larger sample sizes and higher-resolution approaches are required for a more comprehensive analysis. In contrast to 16S rRNA sequencing, metagenomic sequencing can locate the differential bacteria at the species level and obtain more comprehensive information on detailed functional genes and pathways (14–16).

Moreover, complex bidirectional interactions between the gut microbiome and drugs/treatment outcomes were also revealed (17). Multiple non-antibiotic drugs can alter the composition viability of the gut microbiome, while the gut microbiome may in turn regulate the therapeutic effects and toxicities of drugs (17–22). Recently, in vitro screening of the extensive impact of non-antibiotic drugs on human gut bacteria has revealed that approximately a quarter of the marketed non-antibiotic drugs exhibit an inhibitory effect on the representative gut microbial strains (23). Not surprisingly, the association between the gut microbiome and individualized drug response (e.g., anti-TNFα) has been investigated in autoimmune diseases (24–26). For PV treatment, although most patients remit and recover after receiving typical conventional treatment, some cases remain refractory and resistant to conventional therapy, which may be attributed to the individualized microbiome.

Gut microbiome-derived metabolites are small molecules produced as intermediate or final products of microbial metabolism. They are one of the primary mechanisms by which the gut microbiome interacts with the host, and exhibit an important and diverse effect on host physiology (27, 28). Specific classes of gut microbiome-derived metabolites, such as short-chain fatty acids (SCFAs), have been implicated to act on numerous cell types to regulate many biological processes, including host metabolism and immune function (29), thus contributing to the onset of diseases and treatment response (30–32). It is worthwhile to investigate whether gut microbiome-derived metabolites play a role in the underlying mechanism of PV.

In this study, we systematically explored the gut microbiome and metabolites in PV patients through metagenomic shotgun sequencing and a targeted metabolomics approach, shedding light on their potential roles in PV onset and treatment response.



Materials and methods




Study cohort and patient information

Patients in this study were derived from the autoimmune blister disease cohort in the Department of Dermatology, West China Hospital of Sichuan University. All samples were collected from November 2017 to April 2019. The study was approved by the local ethics committee [West China Hospital, Sichuan University, approval no. 2017 (241)], and all participants signed informed consent forms.

The PV group comprised glucocorticoid-naïve patients with clinically confirmed PV between the ages of 18 and 80 years. PV was diagnosed strictly by the accepted standard (10): patients must have typical clinical manifestations of pemphigus vulgaris, intraepidermal blistering and acantholysis on histopathology, net-like immunoglobulin G (IgG), and complement component 3 (C3) deposition on mucosa and/or skin membranes detected by direct immunofluorescence and increased anti-Dsg3 antibody with or without anti-Dsg1 antibody in serum. Controls were healthy family members of some patients in the PV group who were free of skin diseases and live together with their matched pemphigus patients. The healthy controls also have similar eating habits, lifestyles, and living environments with PV patients and are generally comparable to PV patients in terms of sex, age, and body mass index (BMI) (Table S1). Individuals were excluded if they had a medication history within three months before sampling (including antibiotics, probiotics, immunosuppressors, etc.) or any other diseases (including other autoimmune diseases, metabolic diseases, malignant tumors, visceral organ dysfunction, etc.). Pregnant or lactating women were also excluded.

Detailed demographic and clinical information of all subjects was collected and presented in Table S1, including sex, age, BMI, affected skin/mucosa, pemphigus disease area index (PDAI), anti-Dsg1 antibody titers, and anti-Dsg3 antibody titers. PDAI was evaluated by two experienced dermatologists, while laboratory indexes were measured by the Department of Laboratory Medicine in our hospital according to standard procedures.

At the time of sampling, PDAI scores were evaluated for patients in the PV group. Subsequently, following the British guidelines for the management of pemphigus (33), the certain treatment option was applied for one patient based on disease severity (mild, moderate, or severe), disease stage (acute progressive or stable stage), relative restriction of large-dose GC, etc. In this cohort, 46 of them received glucocorticoid-alone therapy and 14 of them who are not suitable for large-dose glucocorticoid (e.g., elder patients) or at disease acute progressive stage received glucocorticoid combined with azathioprine/cyclosporine therapy. The PDAI scores were reassessed after one month. PDAI improvement rate (ΔPDAI) referred to the percentage of reduction in PDAI scores after one month of conventional treatment. Patients were defined as the responder group if their ΔPDAI were more than or equal to 50%, whereas refractory pemphigus vulgaris, namely the non-responder group, had PDAI scores that decreased by less than 50%. Furthermore, after one month of glucocorticoid-alone therapy, 21 patients were resampled and separated into the responder and non-responder groups to explore the gut microbial changes after glucocorticoid treatment.




Sample collection and DNA extraction

Fresh stool samples were collected in the hospital and then immediately transported to the laboratory in an ice bag. In the laboratory, the samples were divided into four 15 mL centrifuge tubes containing 1 g of stool each and stored at -80°C for further processing. DNA extraction was performed using the CTAB method. The DNA concentration was measured using a Qubit® dsDNA Assay Kit in a Qubit® 2.0 fluorometer, and its degradation degree was monitored on 1% agarose gels.




DNA library construction and sequencing

A total amount of 1 μg DNA per sample was used as input material for the DNA sample preparations. Utilizing the NEBNext® UltraTM DNA Library Prep Kit for Illumina (NEB, USA) following the manufacturer’s instructions, sequencing libraries were created, and index codes were added to assign sequences to specific samples. Briefly, after being sonicated to a fragment size of 350 bp, the DNA sample was end-polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing with further PCR amplification. Finally, libraries were evaluated for size distribution using an Agilent2100 Bioanalyzer, and quantities were determined using real-time PCR after PCR products had been purified (AMPure XP system). On a cBot Cluster Generation System, the index-coded samples were clustered in accordance with the manufacturer’s recommendations. Following cluster creation, the library preparations were sequenced on an Illumina HiSeq platform, resulting in the production of paired-end reads.




Gene catalog construction

Following quality control, the sequencing reads were de novo assembled into contigs using Megahit v1.2.9 (11). Gene prediction from the assembled contigs was performed using Prokka v1.13 (12). Using CD-hit (13), redundant genes with 90% coverage and 95% similarity were eliminated. Finally, we used Salmon v1.4.0 (14) to quantify the relative abundances of the genes and obtained a nonredundant gene catalog comprising 4045593 genes.




Taxonomical annotation

For the accuracy of taxonomical annotation, we used MetaPhlAn2 (15) for alignment and annotation based on bacterial marker genes. After obtaining a taxonomical relative abundance profile, we used the Galaxy online platform (http://huttenhower.sph.harvard.edu/galaxy) to perform the linear discriminant analysis effect size (LEFSe) and visualized the result using boxplots (R v3.6.1, ggplot2 package).




Rarefaction curve analysis, diversity analyses, and enterotypes

To evaluate the gene richness in PV patients and healthy controls, a rarefaction curve was created. By randomly subsampling the cohort 30 times with replacement, we were able to calculate the gene richness from a given number of samples. We discovered that the gene richness progressively increased and leveled out as the sample size increased, demonstrating that the sample size was adequate. The process was implemented using the vegan package in R v3.6.1. α-Diversity was calculated based on the taxonomical abundance profile of each sample according to the Shannon index, while β-diversity was calculated using the Bray–Curtis distance. Furthermore, the genus abundance profile of the samples was subjected to permutational multivariate analysis of variance (PERMANOVA) (16) in order to compare the group of PV with healthy controls. We used Bray–Curtis distance and 9,999 permutations (R v3.6.1, vegan package). The enterotypes of each sample were analyzed by the Dirichlet multinomial mixture model-based method (17) using the DirichletMultinomial package in R v3.6.1.




Co-occurrence network

Spearman’s rank correlation coefficient between differential species was calculated based on the species abundance profile. A network was then constructed by using the method implemented in Cytoscape v3.8.2. In the network, the edges indicate the correlation between two species, following the standard that Spearman’s rank correlation coefficient > 0.25 (blue line of the edge) or < -0.25 (red line of the edge).




Random forest classifier

The random forest model with 10-fold cross-validation was established (R v3.6.1, randomForest package) using the differential species abundance profile. The average error curves from five trials of the 10-fold cross-validation were calculated. The cutoff was determined using the average curve’s smallest error plus the standard deviation at that point. We compiled a list of all species marker sets with errors lower than the cutoff value, and the set with the fewest species was chosen as the optimal set (18). The receiver operating characteristic curves were drawn using the pROC3 package in R v3.6.1.




Functional analysis

For KEGG analysis, we first determined the KEGG Orthologs (KO) name of each gene by aligning the gene catalog to the eggNOG database using Diamond v2.0.5 (19) to expedite the protein sequence alignment procedure. By adding up the identical KOs, the relative abundance profile of KOs was obtained (a KO name contains multiple genes). Next, we downloaded the latest KEGG pathway list from the KEGG database (https://www.kegg.jp/keggbin/show_brite?ko00001.keg), enriched the KOs to the KEGG pathways, and screened the B- and C-level differential KEGG pathways between the PV and healthy control groups. The detailed screening method was as follows: 1) the KOs only expressed in less than 5 samples were removed, 2) different KOs were identified between the PV and healthy control groups (Benjamin–Hochberg q-value < 0.2, two-tail Wilcoxon sum-rank test), 3) the percentages of KO markers belonging to each KEGG category out of the total PV-enriched or control-enriched KO markers were calculated, and 4) Fisher’s exact test was used to calculate the significance level (20). Finally, KEGG with a P value < 0.05 was considered a different KEGG pathway between the PV and healthy control groups. Furthermore, we obtained significant MetaCyc pathways based on HUMAnN2 pipeline (34) and showed the contribution of specific microbial species to these pathways using the ggplot2 package in R v3.6.1.




Detection of short-chain fatty acids

First, a 2 mL EP tube was filled with a 20 mg fecal sample that had been precisely weighed. The EP tube was filled with a milliliter of phosphoric acid solution (0.5% v/v) and a tiny steel ball. The mixture was three times ground for 10 seconds each, vortexed for 10 minutes, and ultrasonically heated for 5 minutes. The mixture was then centrifuged at 12000 rpm for 10 min at 4°C before being put into a 1.5 mL centrifuge tube with 0.1 mL of the supernatant. The centrifuge tube was filled with 0.5 mL of MTBE solution (including internal standard). The combination underwent 3 minutes of vortexing and 5 minutes of ultrasonication. The mixture was then centrifuged for 10 minutes at 4°C at a speed of 12000 rpm. GC-MS/MS analysis was performed using the supernatant that was obtained (21).

Then, an Agilent 7890B gas chromatograph coupled to a 7000D mass spectrometer with a DB-FFAP column (30 m length × 0.25 mm i.d. × 0.25 μm film thickness, J&W Scientific, USA) was employed for GC–MS/MS analysis of short-chain fatty acids (SCFAs). Helium was used as a carrier gas at a flow rate of 1.2 mL/min. The injection volume was 2 L, and the injection was performed in split mode. The oven temperature was kept at 90°C for one minute, then increased by 25°C every minute to 100°C, 20°C every minute to 150°C, held for 0.6 minutes, and then increased by 25°C every minute to 200°C, and held for 0.5 minutes after running for 3 minutes. All samples underwent numerous modalities of reaction monitoring analysis. The transfer line and injector inlet temperatures were 200 and 230 degrees Celsius, respectively (21, 22).

Finally, SCFA contents were detected by MetWare (http://www.metware.cn/) based on the Agilent 7890B-7000D GC–MS/MS platform.




Statistical analysis

A significant difference in the study was determined if the P value was less than 0.05 (different KOs were identified based on the adjusted P value was less than 0.2 using the Benjamin-Hochberg method). The P value of α- and β-diversities were calculated by two-tail Wilcoxon sum-rank test and PERMANOVA, respectively. The two-tail Wilcoxon sum-rank test was also used to compare species and SCFAs in PV-healthy control groups and responder-non-responder groups, while paired t-test was performed to compare the pre- and post-treatment groups. We utilized the Kruskal-Wallis test for comparisons involving more than two groups. The difference in KEGG pathways between PV and healthy controls was determined using Fisher’s exact test. All correlation analyses were performed by using Spearman’s correlation analysis.




Results




Gut microbial dysbiosis in pemphigus vulgaris

We enrolled 60 PV patients and 19 healthy controls, who were comparable in age, sex, and body mass index (BMI) (Table 1). In addition, the patients and healthy controls shared their eating habits, lifestyles, and living environments to minimize the influence of non-PV-related factors. The characteristics of PV patients were summarized, including anti-Dsg 1/3 antibodies and affected skin/mucosa (Table 1). A total of 100 fecal samples were prospectively collected for metagenomic shotgun sequencing (treatment-naïve, n=60; post-treatment, n=21; healthy control, n = 19). The high-quality sequencing reads were aligned to a taxonomical database and then assembled de novo, and the identified genes were compiled into a nonredundant catalog of 4045593 genes for further functional analysis. Rarefaction analysis based on the 60 treatment-naïve PV patients and 19 healthy controls revealed that the gene richness approached saturation in each group, implying that the sample size of each group was adequate (Figure S1A).


Table 1 | Demographic and clinical information of patients with PV and healthy controls.



Next, we investigated the microbial community differences between PV and controls in terms of microbiome diversity. Differences were not observed for α-diversity (P=0.77, Wilcoxon sum-rank test, Figure 1A), whereas β-diversity reached statistical significance (P=0.002, PERMANOVA, Figure 1B), suggesting that the compositions of the gut microbiome rather than the species richness of microbial communities were altered in PV patients compared to healthy family members. We also performed enterotype analysis to assess the global alterations of the gut microbiome, dividing these participants into three different enterotype groups: (i.e., E1, E2, and E3) (Figures 1C, S1B). Despite all three enterotypes being present in both PV patients and healthy controls, E2 and E3 were significantly enriched in PV patients and controls, respectively (P = 0.02, Chi-squared test) (Figure 1D). Specifically, these three enterotypes were attributed to the relative abundance of different microbial species, such as Faecalibacterium (predominant in E1), Escherichia (predominant in E2), and Bacteroides (predominant in E3) (Figure 1E), confirming that the composition of the gut microbiome in PV deviated from that of healthy controls.




Figure 1 | Diversities, enterotypes and differential microbial species between PV and healthy controls. (A, B) The α-diversity and β-diversity of the gut microbiome in the PV and healthy control groups; (C) The distribution of the three enterotypes is shown in descending order using non-metric multidimensional scaling; Red, green and blue represent enterotype1, enterotype2, and enterotype3 respectively, while the triangle represents patients with PV and the circle represents healthy controls; (D) Proportion of enterotypes distribution in PV and healthy controls; (E) The dominant genus of each enterotype; (F, G) Results of differential bacteria between PV and healthy controls by LEFse analysis; (H) Main differential species between the healthy control and PV groups (* represents statistical significance with the P value <0.05 using Wilcoxon sum-rank test); (I) The interaction of differential species between patients with PV and healthy controls, with the red line representing negative correlations and the blue line representing positive correlations; only species with absolute values of correlation coefficients greater than 0.25 are shown; (J) Species-based identification of pemphigus vulgaris; ROC curve for the set with an AUC of 84.56% and the 95% CI of 75.99% to 93.13%. PV, pemphigus vulgaris; PCoA, principal coordinates analysis; LEFse, LDA effect size analysis; LDA, linear discriminant analysis; ROC, receiver operating characteristic curve; AUC, the area under the receiver operating curve; CI, confidence interval.



To further elucidate the specific bacteria that differed between PV patients and healthy controls, we performed LEfSe analysis and identified PV- and control-enriched bacteria at each level (Figures 1F, G; Table S2). For instance, at the phylum level, Actinobacteria and Bacteroidetes were more abundant in the PV patients and healthy controls, respectively (Figures S1C, E; Table S2). At the genus level, Bacteroides was enriched in the healthy control whereas Escherichia was enriched in the PV patients, which is consistent with a previous report on the gut microbiome of PV (13) (Figures S1D, F; Table S2). Finally, at the species level, we found a significant decrease in the relative abundance of probiotics in PV patients compared to healthy controls, including Bacteroides ovatus, Bacteroides uniformis, and some SCFA-producing bacteria, such as Eubacterium rectale, Eubacterium ventriosum, Roseburia intestinalis, and Roseburia inulinivorans (Figure 1H; Table S2), whereas the number of enriched bacteria in PV patients were small, mainly including Escherichia coli (Figure 1H and Table S2). Moreover, the control/PV-enriched microbial species exhibited positive internal correlations with each other, whereas they tended to have negative correlations between the two groups (Figure 1I), suggesting an antagonistic or mutually exclusive relationship. Finally, we constructed a random forest classifier to demonstrate the diagnostic potential of the gut microbiome for PV. Five repeats of 10-fold cross-validation on the training set led to the optimal selection of 28 species markers with an area under the receiver operating curve (AUC) of 84.56% (Figure 1J, S1G).

Noteworthy, we obtained consistent results in the subgroup analysis specifically with PV and their matched family member controls, as shown by the fact that the gut microbiome between the two groups revealed substantial variations in β-diversity (P=0.01, PERMANOVA, Figure S2A) but not in α-diversity (P=0.78, Wilcoxon sum-rank test, Figure S2A). Moreover, the different species between the two groups were consistent with those indicated above between the PV and healthy control groups (Figures S2B, C), including Escherichia coli, Bacteroides ovatus, Eubacterium rectale, Eubacterium ventriosum, Roseburia intestinalis, and Roseburia inulinivorans. This consistent finding demonstrates the accuracy of the analysis results and eliminates the possible association of these specific bacteria with characteristics unrelated to disease, such as sample size, eating habits, lifestyles, and living environments.




Correlation of gut microbiome with clinical features of PV

Since disease severity in PV patients positively correlates with PDAI scores and anti-Dsg antibody titers, we estimated the correlation of differential species with clinical indexes of PV (Figure 2A). Only a few of the varied microbial species exhibited significant association, including a positive correlation of Lachnospiraceae bacterium 5.1.57FAA abundance with anti-Dsg3 antibodies (R = 0.35, P = 0.005, Spearman) and PDAI scores (R = 0.32, P=0.02, Spearman), and negative correlation of PDAI scores with the abundance of Eubacterium rectale (R = -0.26, P = 0.04, Spearman) and Roseburia inulinivorans (R = -0.36, P = 0.01, Spearman) (Figure 2A), which also exhibited the same trend with categorical division (Figure 2B). Therefore, these findings demonstrated the possible link between the gut microbiome and PV severity.




Figure 2 | The correlation between differential microbial species and clinical indexes. (A) Heatmap of correlation coefficients between differential microbial species and PDAI, anti-Dsg1 antibody titers, anti-Dsg3 antibody titers, and ΔPDAI; The *means the P value is less than 0.05 using Spearman’s correlation analysis; (B) Positive correlation between PV-enriched gut microbiome and PDAI scores and negative correlation between the healthy control-enriched gut microbiome and PDAI scores (*represents statistical significance with the P value <0.05 using Kruskal-Wallis test); (C) The graph on the left shows the change in PDAI scores before and after treatments in the responder and non-responder groups; The graph on the right shows the ΔPDAI for the responder and non-responder groups; (D) The positive correlation between the relative abundance of Eubacterium ventriosum and ΔPDAI (*represents statistical significance with the P value <0.05 using Kruskal-Wallis test); (E–G) Results of differential bacteria between the responder and non-responder groups by LEFse analysis; (F) Boxplots of the relative abundance of Escherichia coli in the responder and non-responder groups (*represents statistical significance with the P value <0.05 using Wilcoxon sum-rank test). PV, pemphigus vulgaris; PDAI, pemphigus disease area index; Dsg: desmoglein; ΔPDAI: PDAI improvement rates; LEFse, LDA effect size analysis; LDA, linear discriminant analysis.



Given that the response to conventional glucocorticoid-based treatment can be reflected by the ΔPDAI (Figure 2C), we estimated the correlation between ΔPDAI and each microbiota component to evaluate the potential prognostic value of the microbial species with response outcomes. In the linear model, Eubacterium ventriosum exhibited the strongest positive correlation with the ΔPDAI (R=0.36, P=0.01, Spearman) (Figure 2A), consistent with the categorical division (Figure 2D). With LEfSe analysis in a categorical model, Escherichia coli was found to be the predominant microbial species in the responder group, compared to the non-responder group (Figures 2E, F). Paradoxically, Escherichia coli is a pathogenic bacterium that is enriched in PV patients compared to healthy controls and showed higher abundance in responders than non-responders, suggesting its possible bi-directional role in PV onset and treatment response.




Glucocorticoid partially altered the gut microbiome in PV patients

To examine the effect of glucocorticoid treatment on the gut microbiome in PV patients, we compared the gut microbiome of 21 pairs of matched fecal samples collected before and after one month of treatment, particularly focusing on the relative abundance of PV-related bacteria. Both α-diversity and β-diversity did not differ significantly between pre-and post-treatment samples (Figures 3A, B), suggesting the weak overall interaction of glucocorticoid treatment and microbiome. However, some PV-related bacteria were altered after treatment, particularly in responders. For instance, the relative abundance of Escherichia coli decreased in responders after treatment (P=0.05, paired t-test, Figure 3C), whereas the probiotics abundance (e.g., Eubacterium ventriosum) was specifically elevated in responders (P=0.01, paired t-test, Figure 3D), implying that glucocorticoid treatment might help inhibit Escherichia coli and reestablish a healthy gut microbiome in responders. However, such an impact might not be achievable in non-responders because they were resistant to glucocorticoid medication. The precise mechanisms underlying resistance to glucocorticoid therapy in these patients remain to be further explored in the future.




Figure 3 | Glucocorticoids aid in reestablishing a healthy gut microbiome in patients with PV. (A, B) The α-diversity and β-diversity of the gut microbiome in the pre-treatment and post-treatment groups; (C) After one month of glucocorticoid therapy, Escherichia coli decreased in relative abundance in the responder group and increased in the non-responder group (* represents statistical significance with the P value <0.05 using paired t-test); (D) The relative abundance of probiotics (Eubacterium ventriosum) reduced in the PV group increased after treatment with glucocorticoids (*represents statistical significance with the P value <0.05 using paired t-test). PV, pemphigus vulgaris; PCoA, principal coordinates analysis.






Functional changes in the gut microbiome

We conducted KEGG analysis and found that PV-enriched KO markers were typically involved in the KEGG B-level categories of membrane transport and protein families involving signaling/cellular processes, whereas healthy control-enriched KO markers were frequently involved in translation and protein families involved in metabolism (Figure 4A). At the level of KEGG class C, 13 and 6 pathways were enriched in the healthy family members and PV patients, respectively (Figure 4B). Intriguingly, the phosphotransferase system (PTS) pathway, which can regulate the virulence of pathogenic bacteria, was highly presented in PV patients, and had the strongest correlation with Escherichia coli (R=0.59, P=1.58e-10, Spearman, Figure 4C), whereas fatty acid biosynthesis pathway was enriched in healthy controls and had the strongest correlation with Bacteroides ovatus (R=0.41, P= 2.67e-05, Spearman, Figure 4C), suggesting the two functional pathways attributed to Escherichia coli/Bacteroidetes dominant effects. Furthermore, among MetaCyc pathways, we also found Bacteroidetes mainly contributed to the fatty acid biosynthesis pathway, and apart from PTS, Escherichia coli had predominance in enterobactin biosynthesis pathways (Figures S3A, B). We further performed SCFA-targeted metabolomics analysis to investigate the relationship between SCFA components and PV onset and treatment outcomes. With available leftover fecal samples from metagenomic sequencing (treatment-naïve, n = 59; post-treatment, n = 20, healthy relatives, n = 13) (Figure 4D), healthy controls had higher or comparable SCFA levels compared to PV patients (Figure 4E). Particularly, butyric acid (P = 0.02, paired t-test) and valeric acid (P = 0.05, paired t-test) rebounded significantly after one month of glucocorticoid treatment in PV patients (Figure 4F). However, there were no significant differences in any SCFA levels between the responder and non-responder of PV patients (Figure 4G). It is worth mentioning that healthy control-enriched probiotics had significant correlations with SCFA levels (Figure 4H), which suggests that the vital function of these probiotics might to produce SCFA.




Figure 4 | Functional changes in the gut microbiome. (A) Level B differential KEGG pathways, horizontal coordinates represent pathway names, vertical coordinates represent the number of differential KOs involved in each pathway (*represents a P value less than 0.05, **represents a P value less than 0.005, ***represents a P value less than 0.0005); (B) C-level difference KEGG pathway between PV patients and healthy controls, horizontal coordinate represents the P value of -log10; (C) The top five microbial species with the strongest association with fatty acid biosynthesis and phosphotransferase system pathways; (D) Heatmap of short fatty acids contents in each sample; (E–G) SCFA levels in the (E) PV and healthy control groups, (F) pre-treatment and post-treatment groups, and (G) responder and non-responder groups; (H) Heatmap of correlation coefficients between healthy control-enriched probiotics and SCFA levels; The *means the P value is less than 0.05 using Spearman’s correlation analysis. PV, pemphigus vulgaris; KEGG, Kyoto encyclopedia of genes and genomes; KO, KEGG Orthology; SCFA, short chain fatty acid.






Discussion

In this study, we explored the PV-related gut microbiome alteration that are associated with both onset and treatment response. Moreover, the decreased SCFA level revealed by targeted metabolomics is strongly correlated with decreased SCFA-producing probiotics in fecal samples from PV patients. To the best of our knowledge, this is the first comprehensive investigation of the gut microbiome and microbiome-derived metabolites of PV, which provide a basis for the possible noninvasive diagnostic approach and interventions for the risk reduction and treatment of PV.

Among all differential gut microbial species, Escherichia coli tends to play the most significant role in PV, as it was not only abundant in PV patients and decreased after conventional treatment, but also enriched in responders compared to non-responders, suggesting that PV onset in some patients may be attributed to Escherichia coli and sensitive to glucocorticoid treatment. Escherichia coli is a member of the Proteobacteria phylum, gamma-Proteobacteria class, and Escherichia genus, the level of which has been consistently linked to PV onset in a previous study (13). As a gram-negative bacterium, the outer membrane surface of Escherichia coli is coated with lipopolysaccharide (LPS), a complex glycolipid that is a major bacterial virulence factor. LPS can induce a robust proinflammatory response and the secretion of proinflammatory cytokines, which may lead to the disruption of the intestinal barrier. The impaired intestinal barrier allows the passage of toxins, antigens, and bacteria to pass into the lumen and enter the bloodstream, triggering the onset and progression of autoimmune disease (35–37). Moreover, we observed that Escherichia coli played a dominant contribution role in the enrichment of PTS pathway in PV patients. The PTS pathway has been proved to modulate the expression of virulence genes in pathogenic bacteria, such as Vibrio cholerae (38) and Bacillus anthracis (39). Therefore, we speculated that PTS may also increase the virulence gene expression of Escherichia coli, which increases its pathogenicity and then exacerbates the disruption of the intestinal barrier in PV patients. Given that glucocorticoid (e.g., prednisolone) does not exhibit direct in vitro antibacterial activity against Escherichia coli (23), the decrease of gut Escherichia coli after glucocorticoid treatment are more likely to be influenced by its regulatory role in the immune system, but the mechanism remains to be elucidated.

On the other hand, we observed a consistent decrease in the relative abundance of multiple probiotics, including Bacteroides (e.g., Bacteroides uniformis, Bacteroides ovatus) and several SCFA-producing bacteria (e.g., Eubacterium ventriosum), which might be due to the inhibitory effect of Escherichia coli. Our results demonstrated that these probiotics had a mutually exclusive relationship with Escherichia coli, which could be explained by the speculation that Escherichia coli-dominated enterobactin biosynthesis pathway was enriched in PV patients and the production of which could promote the own growth of Escherichia coli by ingesting iron while inhibiting the growth of other bacteria (40). Previous studies have shown that many species of Bacteroides can alleviate LPS-induced inflammation and improve gut barrier function (37, 41, 42). Therefore, a lack of Bacteroides can exacerbate the inflammation induced by LPS in Escherichia coli, resulting in a worsening of intestinal barrier disruption and an increase in intestinal inflammation levels. Meanwhile, we noted a decline of SCFAs in PV patients, which was significantly correlated with the decreased abundance of healthy control-enriched probiotics. The important roles of SCFA have been established in modulating immune/inflammatory responses and intestinal barrier function (29). Particularly, butyric acid can act as an anti-inflammatory agent and maintain the balance of tolerance to commensals and immunity to pathogenic bacteria in the intestinal immune system (43). The decline of SCFA levels in PV patients could further impair intestinal barrier function and promote the disease progression, while glucocorticoids can partially restore the SCFA-producing bacteria and the SCFA level (e.g., butyric acid) in responders. Our results suggested that glucocorticoids may effectively improve microbial and metabolite dysbiosis and strengthen the intestinal barrier, thereby aiding in the restoration of intestinal homeostasis in PV patients. Also, it is worth determining whether supplementing SCFAs can render refractory PV patients responsive to conventional treatment in the future.

This is the first study to combine the use of metagenomic and metabolomic technologies to investigate the relationship between the gut microbiome/metabolites and onset/treatment response of PV. We concluded a potential mechanism for PV onset: increased pathogenic Escherichia coli secreting toxins and enterobactin could disrupt the intestinal barrier and inhibit numerous probiotics. As a result, the gut microbiome is imbalanced and SCFA levels significantly decrease in PV patients, which further impairs the intestinal barrier function. We speculated that pathogenic bacteria/toxins might then pass through the damaged intestinal barrier and trigger the initiation and development of PV through antigen mimicry, inducing immune responses, etc. However, our study still has several limitations. First, since the research is cross-sectional, we were only able to determine the correlation, not the causality of the gut microbiome. Second, as a single-center study with relatively small sample sizes, our findings need further support and verifications by independent studies. Thirdly, due to the lack of a control group for other autoimmune diseases in this study, the differential species identified in this study may be shared by other autoimmune diseases but not unique to PV. Finally, the mechanisms by which Escherichia coli and toxins subsequently trigger the immune process of PV and the implications of SCFA supplementation for PV treatment will need to be further explored in subsequent studies.

In conclusion, our comprehensive investigation of the gut microbiome in PV patients suggests an association of PV onset with the enrichment of pathogenic bacteria and a lack of probiotics (e.g., SCFA-producing bacteria), which can be partially restored towards healthy individuals after glucocorticoid treatment. Future in vivo and in vitro experiments are required to elucidate the causal relationship between the gut microbiome and PV, as well as possible mechanisms.
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Healthy controls (n=19)

Sex
Female, n (%) 33 (55.00) 9 (47.37)
0.75

Male, n (%) 27 (45.00) 10 (52.63)
Age, years, mean (S.D.) 4738 (12.82) 41.00 (14.81) 0.10
BMI, kg/m? mean (S.D.) 22.52 (2.81) 23.44 (3.28) 028
Mocosa affected

Yes, n (%) 53 (88.33) \

No, n (%) 7 (11.67) \ '
Skin affected

Yes, n (%) 57 (95.00) \

No, n (%) 3 (5.00) \ '
PDAI
Before treatment, mean (S.D.) 2009 (14.43) \ \
After treatment, mean (S.D.) 8.65 (8.67) \ \
Anti-Dsgl antibody, /mL, mean ($.D.) 108.85 (66.56) \ \
Anti-Dsg3 antibody, p/mL, mean (S.D.) 123.8 (63.72) \ \

PV, pemphigus vulgaris; BMI, body mass index; PDAIL pemphigus disease area index; Dsg, desmoglein. The symbol "\" means healthy controls did not have these PV related features.
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Association of gut microbiome and
metabolites with onset and treatment
response of patients with pemphigus

vulgaris





