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Abstract

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system in which 

the interaction between genetic and environmental factors plays an important role in disease 

pathogenesis. Although environmental factors account for 70% of disease risk, the exact 

environmental factors associated with MS are unknown. Recently, gut microbiota has emerged 

as a potential missing environmental factor linked with the pathobiology of MS. Yet, how genetic 

factors, such as HLA class-II gene(s), interact with gut microbiota and influence MS is unclear. 

In the present study, we investigated whether HLA class-II genes that regulate EAE and MS 

susceptibility also influence gut microbiota. Previously, we have shown that HLA-DR3 transgenic 

mice lacking endogenous mouse class II genes (AE-KO) were susceptible to myelin proteolipid 

protein (PLP91-110)-induced experimental autoimmune encephalomyelitis (EAE), an animal model 

of MS, while AE-KO.HLA-DQ8 transgenic mice were resistant. Surprisingly, HLA-DR3.DQ8 

double transgenic mice showed higher disease incidence and severity compared to HLA-DR3 

mice. Gut microbiota analysis showed that HLA-DR3, HLA-DQ8, and HLA-DR3.DQ8 double 

transgenic mice microbiota are compositionally different from AE-KO mice. Within HLA-class-II 

transgenic mice, the microbiota of HLA-DQ8 mice were more similar to HLA-DR3.DQ8 than 

HLA-DR3. As the presence of DQ8 on an HLA-DR3 background increases disease severity, 

our data suggests that HLA-DQ8-specific microbiota may contribute to disease severity in HLA-

DR3.DQ8 mice. Altogether, our study provides evidence that the HLA-DR and -DQ genes linked 

to specific gut microbiota contribute to EAE susceptibility or resistance in a transgenic animal 

model of MS.
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INTRODUCTION:

Multiple Sclerosis (MS) is a chronic, autoimmune inflammatory demyelinating disease of 

the central nervous system (CNS) resulting from aberrant CD4 T cell immune response to a 

number of myelin antigens, including proteolipid protein (PLP), and myelin oligodendrocyte 

glycoprotein (MOG) (1, 2). The etiology of MS is poorly understood but collective evidence 

suggests that the interaction of both genetic and environmental factors plays an important 

role (3). Furthermore, recent studies showed a greater consensus on the contribution of gene-

environment (GxE) interactions in the pathogenesis of MS (4-6). Genetic factors account 

for approximately 30% of disease risk as determined from studies of identical twins (7). In 

addition, environmental factors account for 70% of disease risk (8). However, how genetic 

and environmental factors are linked with a predisposition to induce MS or protect from it is 

unknown.

Among all the genetic factors associated with MS susceptibility, the strongest association 

has been found with major histocompatibility complex (MHC) genes. MHC genes are 

among the most polymorphic genes in vertebrates (9), also known in humans as the human 

leukocyte antigen (HLA) genes. Previous studies have reported that individuals with HLA-

DR2/HLA-DQ6, HLA-DR3/HLA-DQ2, and HLA-DR4/HLA-DQ8 class II haplotypes have 

increased frequency of MS (10, 11). Although a direct role of HLA-DR alleles in MS 

has been elucidated, the contribution of HLA-DQ alleles in disease pathogenesis is not 

known. Human studies have shown that HLA-DQ alleles may play a modulatory role in 

MS progression (12, 13). Utilizing single transgenic mice expressing HLA class II genes, 

we showed that while both HLA-DR3, and HLA-DQ8 were able to recognize and mount 

a CD4 T cell response to PLP91-110 only HLA-DR3 transgenic mice were susceptible 

to myelin proteolipid protein-PLP91-110 induced EAE, while HLA-DQ8 (DQB1*0302) 

transgenic mice were resistant (14, 15). The CD4 T cells from HLA-DR3/HLA-DQ8 double 

transgenic mice also recognized and proliferated to PLP91-110 peptide. However, the HLA-

DR3/HLA-DQ8 double transgenic mice showed higher disease incidence and severity (14, 

15) suggesting that the disease resistant HLA-DQ8 allele may synergize with HLA-DR3 to 

modulate the disease severity and progression. We have also shown that HLA-DQ8 induced 

IL-17 plays a role in modulating disease HLA-DR3.DQ8 transgenic mice. As gut microbiota 

has been shown to play a central role in development of IL-17 producing CD4 T cells (16), it 

is possible that HLA-DQ8 modulate disease through its influence on gut microbiota.

Although environmental factors account for 70% of MS risk, the identification of an exact 

environmental factor associated with MS remains unidentified. We, and others, have shown 

that the gut microbiota are an important enviromental factor linked with the etiopathogenesis 

of MS (17-22). The consensus of these studies is that MS patients exhibit gut dysbiosis, 

i.e., a change in the composition of the gut microbiota community characterized by an 
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increase in harmful bacteria (pathobionts) and a decrease in beneficial bacteria. A healthy 

gut microbiota helps to maintain healthy state of the host by multiple ways, including food 

metabolism, maintenance of intestinal barrier, energy homeostasis, inhibition of colonization 

by pathogenic organisms, regulation of host physiology, and shaping of immune responses 

(23-26). Change in gut microbiota due to various important endogenous (genetic factors) 

and exogenous factors (diets, antibiotics other drugs, lifestyle, and smoking) result in 

alterations in its metabolites’ synthesis and perturbation of normal homeostasis, even leading 

to intestinal and systemic disorders (27-29).

Although prior studies have reported a role of MHC genes in gut microbiota dysbiosis 

(30-32), the importance of HLA-DQ8 gene in modulating HLA-DR3 microbiome has not 

been studied previously. In the present study, we investigated whether changes in HLA 

Class-II molecules from HLA-DQ8 to HLA-DR3 influences gut microbiota. Additionally, 

we ask whether the HLA-DQ8 gene can modulate gut microbiota of HLA-DR3 transgenic 

mice and modulate disease severity. We found that the gut microbiota of AE-KO mice 

differ from HLA-DR3, HLA-DQ8, and HLA-DR3.DQ8 double transgenic mice. We also 

further observedthat the gut microbiota of HLA-DR3 mice are different from that of HLA-

DQ8. Furthermore, our results showed that though HLA-DQ8 confers resistance to EAE, 

its shared microbiota with HLA-DR3/HLA-DQ8 double transgenic mice increase disease 

severity. Therefore, our study, for the first time, demonstrates an important role of the HLA-

DQ8 and HLA-DR3 genes in shaping gut microbiota and the HLA-DQ8 gene’s influence on 

the gut microbiota of HLA-DR3 transgenic mice.

Materials and Methods

Generation of Single and Double Transgenic Mice and Breeding Scheme

Major Histocompatibility Complex (MHC) Class II Genes Knockout (AE-KO) 
Mice—MHC class II genes knockout (AE-KO) mice were originally generated by Mathis 

and Benoist (33). Briefly, AE-KO mice lack all four conventional MHC class II genes 

(Aα, Aβ, Eα and Eβ) due to a large (80 kb) deletion of the entire mouse class II region. 

Embryonic stem cells with deleted MHC-II locus were injected into C57BL/6 blastocysts 

following standard procedures (34). Chimeras were then crossed with C57BL/6 mice to 

generate AE-KO mice which were then interbred to generate homozygous AE-KO mice and 

maintained in homozygous condition for prolonged period by interbreeding.

HLA-DQ8. AE-KO Transgenic Mice—Generation of DQ8 transgenic mice on B10 

background was achieved as follows: Briefly, cosmids H11A (30-kb DNA) and X10A 

(38-kb DNA fragment), which contain the DQA*0301 and DQB*0302 genes, respectively 

microinjected into (CBA/J. B10.M) F 2 embryos, as previously described (35). Transgene-

positive founders were identified by Southern blot analysis of tail DNA and subsequently 

mated to B10.M mice. The HLA-DQ8 transgenes were crossed with AE-KO mice to 

generate HLA-DQ8.AE-KO transgenic mice (36). Animals from F1 cross were genotyped 

by PCR to select mice positive for DQ8 genes and negative for endogenous MHC-class-

II genes. Mice with correct genotype were inter-crossed and maintained in homozygous 

condition by prolonged interbreeding.
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AE-KO.HLA-DR3 Transgenic Mice: Generation of transgenic mice expressing HLA-

DR3 (DRB1*0301) (gift from Dr. Gunter Hammerling, Germany) has been described 

previously (37). Briefly, 6 kilobase (kb) Nde I fragment of a HLA-DRA genomic construct 

and a 24 kb CLa I x Sal I fragment containing the HLA-DRB gene of DRBI*0301 

were co-injection into fertilized eggs from (C57B1/6 x DBA/2) F1 donors mated with 

C57BL/6j males, as described previously (37). Transgene-positive founders were identified 

by Southern blot analysis of tail DNA and subsequently mated to B10.M mice. The HLA-

DQ8 transgenes were crossed with AE-KO mice to generate HLA-DR3.AE-KO transgenic 

mice. Mice from F1 cross were genotyped by PCR to select for mice positive for DR3 

genes and negative for endogenous MHC-class-II genes. Mice with correct genotype were 

inter-crossed and maintained in homozygous condition by interbreeding.

DR3.DQ8 transgenic mice—The homozygous HLA-DQ8.AE-KO mice were mated with 

the homozygous HLA.DR3.AE-KO mice to obtain the HLA-DR3.DQ8.AE-KO double 

transgenic mice lines (14). All the HLA-DR3.DQ8.AE-KO mice used in the study were 

from F1 cross between HLA-DR3 and HLA-DQ8 transgenic mice. Double transgenic mice 

were genotyped to select pups positive for both HLA-DR3 and HLA-DQ8 genes.

HLA- transgenic as well as control AE-KO mice strains were maintained in the animal 

facility at the University of Iowa. Eight to 12-week-old male and female mice from HLA 

class-II trasnegnic strains or AE-KO control were utilized in this study. For the simplicity 

these mice strains were referred as HLA-DR3, HLA-DQ8, HLA-DR3.DQ8, and AE-KO 

mice througout the manuscript. All experiments were approved by the Institutional Animal 

Care and Use Committee (IACUC) at the University of Iowa and animals were maintained 

in accordance with NIH and institutional guidelines.

Microbiome Analysis

Mouse fecal samples were collected from naïve HLA-DR3, HLA-DQ8, HLA-DR3.DQ8 

transgenic mice and AE-KO mice groups. Microbial DNA extraction, 16S amplicon (V3-V4 

region), and sequencing were done as described previously (38). Raw 16S sequence data 

was processed by R script dada2 to generate amplicon sequence variants (ASVs) which 

were then assigned taxonomies using a naive Bayesian classifier with the Silva database as 

a reference. Functional profiling of these bacterial communities was then performed using 

PICRUSt2 (39) to generate pathway abundance tables for the samples.

Analysis of these data were then conducted using online microbiome tools METAGENassist 

(40) and MicrobiomeAnalyst (41), as well as in-house scripts. MicrobiomeAnalyst was 

used to generate relative abundance bar graphs as well as to perform LEfSe analysis. 

METAGENassist was used for ordination of the data and generation of principal components 

for analysis (PCA). Differential abundance analysis for taxonomic and pathway data was 

performed using non-parametric tests (Wilcoxon signed-rank test for 2 groups and Kruskal-

Wallis test for ≥3 groups) and FDR-adjusted for multiple comparisons using the Benjamini-

Hochberg algorithm.
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Disease Induction and Scoring

HLA-DR3, and HLA-DR3.DQ8 transgenic mice (8 to 12 weeks old) were immunized 

subcutaneously in both flanks using 25 μg of PLP91-110 peptides (GenScript, NJ, USA) 

that was emulsified in CFA containing Mycobacterium tuberculosis H37Ra (100 μg/mouse; 

Becton, Dickinson and Company, Sparks, MD, USA). Pertussis toxin (PTX) (Sigma 

Chemicals, St. Louis, MO; 80 ng) was administered intraperitoneally (i.p.) at days 0 and 

2 post immunization. Mice were observed daily for clinical disease up to day 19. Disease 

severity was scored according to the standard 0–5 scoring system described previously (42). 

Briefly, 0 score for normal; 1, loss of tail tonicity; 2, hind limb weakness; 3, hind limb 

paralysis; 4, complete hind limb paralysis and forelimb paralysis or weakness; 5, moribund/

death. Disease resistance phenotype in AE-KO and HLA-DQ8 transgenic mice have been 

previously characterized (14, 15).

Results

To analyze the effect of HLA polymorphism on EAE, we immunized AE-KO, HLA-DR3, 

HLA-DQ8 and HLA-DR3.DQ8 mice with PLP91-110 peptide (43). The HLA-DR3 mice 

began showing clinical signs of EAE disease on day 11 post-immunization, with a steadily 

increasing average EAE score that reached around 2.8±0.4 by day 19 (Fig 1A). In contrast, 

no disease was observed in mice either lacking endogenous MHC class-II (AE-KO) or 

expressing HLA-DQ8 (HLA-DQ8). However, the HLA-DR3.DQ8 double transgenic mice 

began showing symptoms at day 9 post-immunization and disease severity worsened 

quickly, reaching around 4.3±0.4 by day 19 (Fig 1A). Figure 1B further demonstrates the 

significant severity of disease, showing a mean cumulative EAE score over three times 

higher in the HLA-DR3.DQ8 group compared with the HLA-DR3 group.

To characterize the relationship between the HLA polymorphisms and microbiome 

composition, DNA was extracted from fecal samples of AE-KO (n=16; 8 male, 8 female), 

HLA-DQ8 (n=12; 5 male, 7 female), HLA-DR3 (n=18; 9 male, 9 female), and HLA-

DR3.DQ8 (n=15; 7 male, 8 female) mice. The V3-V4 region of 16S ribosomal RNA was 

then amplified, sequenced, and the sequence data was processed through the open-access, 

R-based dada2 pipeline to perform sequence quality checks, trimming, merging of paired 

reads, alignment, and taxonomy assignment of the aligned sequences. The resultant median 

read depth was 38085, ranging from 5,146 to 99,124.

Distinct Gut Microbiota among AE-KO and HLA-class II Transgenic Mice

Alpha-diversity analysis for genus richness (Chao1 index) showed significantly decreased 

richness in AE-KO mice versus the other three groups (p-values < 0.03) (Fig 2A). There 

was no significant difference in alpha diversity among HLA-DQ8, HLA-DR3, and HLA-

DR3.DQ8. Euclidean distance-based beta-diversity analysis at the genus level between 

AE-KO and each of the other groups demonstrated a clear separation between AE-KO and 

both HLA-DR3 and HLA-DR3.DQ8 (Fig 2B) while AE-KO and HLA-DQ8 exhibited some 

compositional similarity.
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A Kruskal-Wallis test was performed at all taxonomic levels from phylum to genus, 

restricted to taxa with relative abundance >0.002. At a false-discovery rate of 5%, 33 

differentially abundant taxa were identified (Fig 2C and Table 1). AE-KO mice had a higher 

overall abundance of Bacteroidota (aka Bacteroidetes; the Silva database uses the Genome 

Taxonomy Database naming convention) when compared with HLA-DQ8 and HLA-DR3 

mice. The AE-KO group also exhibited higher abundance of the phyla Campilobacterota 

and Deferribacterota when compared with HLA-DR3 but there was no difference when 

compared with HLA-DQ8. The Patescibacteria phylum was found in lower abundance in 

AE-KO mice when compared with HLA-DR3 mice, but not with HLA-DQ8 mice (Table 1).

HLA Class II Polymorphism Influences Gut Microbiota Profile

Numerous genera were depleted in AE-KO mice compared to both HLA-DQ8 

and HLA-DR3, most of which belong to the Firmicutes phylum: Acetatifactor, 
Anaeroplasma, Ileibacterium, Colidextribacter, Intestinimonas, and Lachnospiraceae 
UCG-006. Additionally, Wolinella of the Campilobacterota phylum and Rikenella of the 

Bacteroidota (more often referred to as Bacteroidetes) phylum were depleted in AE-KO. In 

the Desulfobacterota phylum, while Desulfovibrio was depleted in AE-KO, Bilophila was 

significantly overabundant compared to the other two groups (Table 1 and Fig 3).

While numerous bacteria were differentially abundant in AE-KO we wanted to identify 

specific bacteria that could best discriminate between AE-KO, HLA-DQ8, and HLA-DR3. 

To do this, we performed a random forest algorithm to classify the samples as either AE-KO, 

HLA-DQ8, or HLA-DR3 using the genus abundance data. Important bacteria were then 

identified based on how much the random forest classification accuracy decreased when 

that bacterium was removed from the feature-set (Fig 2D). Using this approach, Rikenella 
and Wolinella were identified as the top two important features in identifying the AE-KO 

genotype, with mean decrease accuracy of 6% and 4%, respectively.

In an effort to highlight bacteria most likely to have biological relevance in the differences 

between AE-KO, HLA-DQ8, and HLA-DR3 mice, linear discriminant analysis (LDA) effect 

size (LEfSe) was performed. The effect sizes, or how well the abundance of each bacteria 

separated the groups, of the 15 most significant genera are shown in Figure 2E. This analysis 

highlights Bacteroides, Parabacteroides, Helicobacter, and Escherichia as important features 

for distinguishing AE-KO from the other two groups. Each of these genera are overabundant 

in AE-KO, though Parabacteroides was only significantly overabundant in AE-KO compared 

to HLA-DQ8, while Helicobacter and Escherichia were only significantly overabundant 

compared to HLA-DR3.

Distinct Gut Microbiota in single vs double transgenic mice

Next, microbial composition in HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 were 

characterized to highlight differences and similarities between single and double transgenic 

mice. First, beta-diversity analysis using Euclidean-based distance at the genus level 

was performed on all four groups, showing HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 

clustering together, separate from AE-KO even when stratified by sex (Fig 4A and 
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Supplemental Fig 1). Removing AE-KO from this analysis shows that HLA-DR3.DQ8 is 

compositionally distinct from HLA-DR3 but very similar to HLA-DQ8 (Fig 4B).

The Kruskal-Wallis test was performed to identify taxa that were differentially abundant 

between HLA-DQ8, HLA-DR3 and HLA-DR3.DQ8 groups at all taxonomic levels from 

phylum to genus. The p-values were adjusted using an FDR of 5%, and the 28 resulting taxa 

with relative abundance >0.006 are shown in Figure 4C. Within the Bacteroides phylum, 

the HLA-DQ8 group exhibited an overabundance of Alistipes but decreased abundance 

of Prevotellaceae UCG-001 at the genus level. The HLA-DQ8 group also had a higher 

abundance of Desulfovibrio (Desulfobacterota) and Rikenella (Bacteroidota) (Figs 4C, 5, & 

6 and Table 2).

The phyla Campilobacterota and Proteobacteria were significantly underrepresented in 

HLA-DR3 while Patescibacteria were overabundant. Within the Proteobacteria phylum, 

Helicobacter was depleted in HLA-DR3 compared to the other two groups. Several genera 

within the Firmicutes class were depleted in HLA-DR3 – Butyricicoccus, Romboutsia, 

and Turicibacter – while Intestinimonas were overabundant. Within the Bacteroidota 

phylum, both Alloprevotella and Odoribacter were significantly depleted. Additionally, 

Mucispirillum of the Deferribacterota phylum was significantly depleted. Other than 

Intestinimonas, the other genus significantly overabundant in HLA-DR3 was Enterorhabdus 
of the Actinobacteriota phylum (Figs 4C, 5, & 7 and Table 2).

Interestingly, at the phylum level the HLA-DR3.DQ8 group demonstrated significant 

overabundance of Campilobacterota, Campylobacteria, and Proteobacteria, and depletion 

of the phylum Patescibacteria, mirroring the changes opposite to those observed in the 

HLA-DR3 group. At the genus level however, most of the significant genera belong to 

the Firmicutes phylum. Within this phylum, Streptococcus and Marvinbryantia are depleted 

in HLA-DR3.DQ8 compared to the other two groups, while Roseburia, Paludicola, and 

Clostridium sensu stricto 1 were overabundant (Figs 4C, 5, & 8 and Table 2).

We again used a random forest model to identify the most discriminatory bacteria between 

HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8. Turicibacter, Roseburia, and Candidatus 
Saccharimonas were the most important features in separating these groups, all with around 

a 4% mean decrease accuracy, respectively (Figure 4D). Further analysis with LEfSe 

highlights four HLA-DR3-depleted genera with the greatest potential biological relevance 

– Alloprevotella, Helicobacter, Turicibacter, and Mucispirillum – with effect sizes greater 

than 4 (Fig 4E). Bacteroides and Parabacteroides were also identified as having a high effect 

size, though they are significantly overabundant in HLA-DR3.DQ8 only when compared to 

HLA-DR3 (Fig 4E).

Altered Short-Chain Fatty Acid Metabolism and Methanogenesis in HLA-DR3.DQ8 Mice

In order to examine potential mechanisms behind different disease phenotypes, functional 

analysis of these microbiomes was conducted from pathway profiles generated using 

PICRUSt2. Numerous pathways were significantly differentially abundant in the three 

groups (Supplemental Table 1), including four pathways related to short-chain fatty acids 

(SCFAs) (Fig 9). Three of these pathways involved SCFA production and were increased 
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in both HLA-DQ8 and HLA-DR3.DQ8 compared to HLA-DR3: TCA cycle VII (acetate 

producers) (padj = 4.3e-3), L-lysine fermentation to acetate and butyrate (padj = 0.024), 

and succinate fermentation to butyrate (padj = 2.3e-4) (Fig 9). The fourth SCFA-related 

pathway, methanogenesis from acetate (padj = 2.0e-4), was significantly more abundant 

in HLA-DR3.DQ8 compared to both HLA-DR3 and HLA-DQ8 (Fig 9). There were also 

several pathways predicted by PICRUSt2 to be relatively more abundant in the HLA-DQ8 

group compared to both HLA-DR3 and HLA-DR3.DQ8 (Supplementary Table 1), and these 

are involved in the synthesis of widely prevalent proteins and biological compounds such as 

bacteriochlorophyll (pwy-5531 and pwy-7159) and polyamines (polyamsyn-pwy), and the 

degradation of nucleotides (pwy-6608 and pwy-6353). Overall, these results demonstrate an 

association of HLA class-II polymorphisms with gut bacterial functions including several 

SCFA metabolic pathways as well as methane production.

Discussion

Both genetic as well as environmental factors have been linked with risk of autoimmune 

diseases. In MS, genetic factors account for only 30% of disease risk while the remaining 

70% is attributed to environmental factors. Development of disease only in a subset of 

individuals with susceptible HLA-class II genes points towards an important role of gene-

environment interaction (GxE) in disease susceptibility versus protection. Given that the gut 

microbiome has recently emerged as a potential environmental factor linked with MS risk, 

it is imperative to analyze its interplay with genetic factors, especially HLA genotypes. Our 

study shows that HLA-class has a direct influence on the composition of gut microbiota 

as mice lacking MHC class-II showed lower bacterial diversity. Additionally, transgenic 

mice expressing either a single (HLA-DR3 or DQ8) or double HLA class-II genes (HLA-

DR3.DQ8) showed distinct microbiota than AE-KO mice. Furthermore, clustering of the 

HLA-DQ8 microbiome with HLA-DR3.DQ8 rather than HLA-DR3 and severe disease 

in HLA-DR3.DQ8 mice points towards an important role of gut microbiota in disease 

modulation in EAE susceptible HLA-DR3 mice. Gene-environment interactions have been 

proposed to play significant role in disease susceptibility versus resistance (5) and our data 

suggest that such an interaction between HLA gene polymorphisms and gut microbiota 

contributes to disease outcome in MS.

The association of MHC class II genes with the risk of developing autoimmune diseases 

has been well-described. MHC Class II molecules play a central role in the maturation of T-

cells, and thus can affect the autoreactivity of an individual’s T-cell population (44). Indeed, 

multiple HLA genes in humans such as HLA-DR2, HLA-DR3, HLA-DR4, HLA-DQ6, 

and HLA-DQ8 have been associated with MS susceptibility (11, 45). We have previously 

utilized transgenic mice expressing MS-linked HLA class II molecules to authenticate 

importance of HLA polymorphisms in the pathobiology of MS (14, 15, 46-48).

Examining the relationship between HLA genotype and the microbiome, the present study 

showed that HLA class II molecules influence the composition of the gut microbiome. 

Specifically, we showed that the microbiome composition of AE-KO mice is distinct from 

transgenic mice expressing human HLA class II molecules (HLA-DQ8, HLA-DR3, and 

HLA-DR3·DQ8 mice). Additionally, the microbiome of AE-KO mice exhibits lower genus 
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richness than HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 mice, suggesting an important 

role of MHC class-II molecule in selection of gut microbiota. In the absence of MHC class-

II molecule, mice are unable to maintain a diverse microbiome, allowing select bacteria to 

flourish at the cost of bacterial richness.

Our data also suggests that MHC class II polymorphisms might influence selection of 

specific bacteria in the gut. Previously, utilizing HLA class-II transgenic mice, we have 

validated the importance of HLA-class II genes in susceptibility vs resistance. Specifically, 

we found that HLA-DR3 mice are susceptible to disease and HLA-DQ8 mice are resistance 

to disease. Interestingly, double transgenic mice expressing both HLA-DR3 and HLA-DQ8 

developed more severe disease suggesting that the disease resistant HLA-DQ8 gene also 

has a modulatory effect on disease severity (14, 46, 47). Thus, we hypothesized that the 

gut microbiome might play an important role in disease susceptibility, resistance, and/or 

severity in the context of the HLA-DR3 or -DQ8 molecule. EAE phenotypes can be broadly 

described by three characteristics, disease susceptibility or resistance and disease severity. 

As HLA-DR3 and HLA-DR3.DQ8 mice were susceptible for disease, they might be 

selecting for bacteria with a potential role in disease susceptibility. While HLA-DQ8 mice 

were resistant to disease development, the presence of HLA-DQ8 in a disease susceptible 

background can worsen the disease. Thus, we argued that HLA-DQ8 may be selecting for 

bacteria that protect from the development of disease, but also selecting for bacteria that 

can exacerbate existing disease. The distinct microbiome profile between HLA-DQ8 and 

HLA-DR3 bolsters the evidence that interaction between host genetics and microbiome 

composition may play a protective role in MS.

Desulfovibrio, Rikenella, and an uncultured genus of the Prevotellaceae family showed 

relatively higher abundances in disease susceptible HLA-DR3 and HLA-DR3.DQ8 

transgenic mice but reduced in disease resistant HLA-DQ8 mice. Desulfovibrio has 

previously been shown to be associated with MS disease state (49), and other studies 

have shown that the abundance of Desulfovibrio is positively associated with symptoms 

and intestinal damage in DSS-induced colitis mice (50, 51). In one study comparing the 

microbiome of diabetic db/db mice with nondiabetic db/m mice Rikenella was decreased 

in the gut microbiota of diabetic mice (52). Furthermore, this depletion was reversed upon 

oral administration of resveratrol, a compound that is shown to ameliorate symptoms of 

diabetic nephropathy. Another study found a decrease in Rikenella in inflammatory bowel 

disease (IBD) patients compared to controls and other gastrointestinal diseases (53). The 

depletion of an uncultured Prevotellaceae family member is interesting since Prevotella, 

another member of that family, has been characterized numerous times as being a member 

of a healthy microbiome (19, 54). It is possible that these two Prevotellaceae members may 

compete over shared resources, and a high abundance of Prevotella confers protection via 

suppression of this uncultured genus. The depletion of these three genera suggest a potential 

role in the conferring susceptibility to EAE, where HLA-DQ8 may protect against EAE 

through suppression of these genera or the HLA-DR3 molecule may promote their growth in 

the other two groups.

In the disease resistant HLA-DQ8 group there was a higher relative abundance of Alistipes 
compared to the HLA-DR3 and HLA-DR3.DQ8 groups, and this genus has previously 
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been found in decreased abundance in EAE mice (55) as well as diabetic mice (52). This 

suggests a potential protective role of Alistipes in certain inflammatory conditions including 

EAE.Meanwhile the HLA-DR3 mice had relatively lower abundance of Helicobacter and 
Mucispirillum. Due to the clinical importance of the Helicobacter pylori in gastritis and 

peptic ulcer disease, many studies have focused on this species’ role in autoimmune 

diseases as well, including MS and EAE. Most of these studies have measured the presence 

of H. pylori using levels of serum anti-H. pylori antibodies, however. Findings thus far 

suggest that H. pylori infection serves a protective role against the development of MS 

and the level of seropositivity was also negatively associated with disease severity (56, 57). 

However, studies focused on the abundance of the Helicobacter genus in the gut microbiome 

of patients with inflammatory diseases have demonstrated an increase in Helicobacter 
associated with EAE and IBD, and a decrease in butyrate-producing bacteria (55, 58). 

In fact, H. hepaticus and H. bilis have been comparable to the colitis-inducing chemical 

dextran sulfate sodium (DSS) in inducing IBD in mouse models (59, 60), and H. bilis 
abundance was associated with progression from IBD to colorectal cancer, suggesting a 

possible correlation with severity of inflammation or duration of disease (61). Similarly, 

Mucispirillum has been consistently associated with incidence and severity of DSS-induced 

colitis (50, 62). The relative increase of these bacteria in both HLA-DR3.DQ8 and HLA-

DQ8 suggests that the HLA-DQ8 molecule may select for bacteria with context-dependent 

roles disease exacerbation. Similarly, while Butyricicoccus has been inversely correlated 

with MS symptoms and generally depleted in various inflammatory states including IBD 

(63, 64). Butyricicoccus is a known butyrate-producer in the human gut and is thus thought 

to be a generally beneficial bacteria, but one study suggests that these beneficial effects vary 

between individuals as a result of overall microbiome composition (65).

Alloprevotella, a close relative of Prevotella, was also significantly depleted in HLA-DR3 

compared to the other two groups. Multiple studies have shown Prevotella to be depleted in 

MS patients and increased after treatment with disease modifying drugs (18, 19). Similarly, 

in EAE administration of Prevotella histicola has shown significant improvements in EAE 

(42, 66). Similar findings have been shown in patients with MS, and Prevotella has also been 

found to be negatively correlated with disease severity (18, 19). The relationship between 

Alloprevotella and MS is much less studied, and thus far studies have shown varying 

associations of this genus with inflammatory diseases (67, 68). Romboutsia, Odoribacter, 
and Turicibacter were all also relatively decreased in HLA-DR3. While they have not 

been studied with relation to EAE or MS, however they have been associated with various 

inflammatory diseases (69, 70).

Given the current findings in literature and our findings in this study, while bacteria such as 

Helicobacter and Mucispirillum are depleted in HLA-DR3 mice that experience moderate 

disease (Fig 1), their overabundance in mice with severe disease (HLA-DR3.DQ8) suggest 

they may be correlated with disease severity. The similar abundance in HLA-DR3.DQ8 and 

HLA-DQ8 mice further suggests that these bacteria may be positively selected for by the 

HLA-DQ8 phenotype and thus may play a specific role in modulating disease severity but 

not incidence of the disease itself.
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There have been limited studies connecting Enterorhabdus and Intestinimonas – the two 

genera overabundant in HLA-DR3 mice – with autoimmune or inflammatory diseases. Two 

studies have isolated species of Enterorabdus from gut of colitis mouse models (71, 72), 

and a few other studies have found an association between Enterorhabdus and oxidative 

stress in mice (73, 74). Similarly, there are very limited studies examining the relationship 

between Streptococcus, Roseburia, Candidatus saccharimonas, Paludicola, or Clostridium 
sensu stricto 1 with autoimmune diseases. A few studies have shown Streptococcus to be 

overabundant in patients with MS and other inflammatory diseases (75, 76). Roseburia 
has been shown to be depleted in DSS-induced colitis and RA, and one study found that 

administration of Roseburia intestinalis flagellin protein decreased colitis-associated DAI 

(77). The epistatic interaction between HLA-DR3 and HLA-DQ8 could be selecting for 

bacteria that may worsen existing disease, such as Roseburia, and suppressing bacteria that 

may be protecting or ameliorating disease, such as Streptococcus.

Since we have previously observed that HLA-DQ8 caused an increase in disease severity 

through production of IL-17 and GM-CSF (14), we reasoned that gut microbiota can play 

an important role in disease modulating effect of HLA-DQ8 as the latter has been shown 

to regulate levels of Th17 cells in mice. A rapidly growing body of literature is elucidating 

the mechanistic connections between the gut microbiome and autoimmune diseases such 

as MS (78, 79). Another recent study demonstrated that a strain of the Erysipelotrichaceae 
family introduced into the gut of germ-free mice enhances Th17 response, and a strain of 

Lactobacillus reuteri may present peptides that mimic MOG (80). Additionally, H. hepaticus 
(increased in HLA-DR3.DQ8 mice at genus level) promotes the development of IL-17 

and IFNγ producing CD4 T-cells as a mechanism of causing colitis in mice (55, 81). 

Other species of Helicobacter specifically H. hepaticus can induce severe IBD disease 

through IL-12 and IL-23 production (82). Similarly, a few studies have shown Mucispirillum 
associated with increased Th1 responses and the pro-inflammatory cytokine MCP-1 in 

the pathogenesis of DSS-induced colitis in mice (62, 83). Additionally, Desulfovibrio 
is a significant contributor to hydrogen sulfide production in the gut, enabling mucosal 

inflammation (84, 85), and has also been shown to induce a Th17 response in germ-free 

mice (86). Thus, HLA-DQ8 selected gut bacteria can modulate disease through induction of 

pro-inflammatory Th1 and Th17 pathways. Understanding how HLA polymorphisms affect 

the abundance of immunomodulatory bacteria in the gut could shed light on potential targets 

for affecting disease pathogenesis and progression.

Functional profiling with PICRUSt2 revealed differential abundance of four pathways 

related to short-chain fatty acid metabolism. Interestingly, the pathways involved in 

generating acetate and butyrate had higher relative abundance not only in HLA-DQ8, 

but HLA-DR3.DQ8 as well. Butyrate is generally regarded as a protective metabolite 

in inflammatory diseases (87-90). While serum acetate has been associated with higher 

Expanded Disability Status Scale (EDSS) scores in MS (91), it can be further metabolized 

to butyrate by various gut bacteria (92-95). However, the HLA-DR3.DQ8 group in this 

study possessed a uniquely high relative abundance of a pathway that uses acetate to 

generate methane, suggesting a potential shift towards higher gut methane-to-butyrate ratios 

compared to HLA-DQ8 and HLA-DR3. Previous studies have demonstrated increased 

methane production in a subset of MS patients using breath tests (18). Elevated gut methane 
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has also been shown to increase colonic transit time (96, 97), and thus posited to increase 

nutrient absorption and heighten risk for obesity (98). Obesity is a known driver of systemic 

inflammation and has also been linked with higher EDSS scores in MS patients (99). 

These findings together raise the possibility that epistatic interaction between HLA class 

II alleles such as HLA-DR3 and HLA-DQ8 could contribute to MS susceptibility and 

severity via modulation of gut bacterial metabolic pathways. Potential relationships between 

inflammation and the pathways uniquely increased in HLA-DQ8 have yet to be elucidated.

There are some limitations to our findings on differences in microbiome among different 

strains. As AE-KO, HLA-DR3 and HLA-DQ8 mice were maintained through inbreeding for 

a prolonged period, there is a possibility that the observed differences in microbiota among 

these genetically modified strains were due to so-called strain founder effect (100, 101). 

Previously, Goodrich et al showed that although different TLR deficient mice strains and 

their respective wild-type littermate controls, harbored distinct microbiota, post-antibiotic 

treatment, all strains had similar microbial community (101). Additionally, microbiota of 

mice within same litter were more similar than mice from different litter. Based on these 

results, the study concluded that maternal transmission of microbiome is dominant over 

TLR signaling. However, all HLA-DR3.DQ8 transgenic mice used in the study were from 

F1 cross between HLA-DR3 to HLA-DQ8 mice. Thus, future studies exploring the role of 

antibiotics on gut microbiota among different HLA transgenic lines or rederivation of these 

transgenic lines in Germ-free environment will be able to help in determining the precise 

role of strain founder effect on the composition of gut microbiota.

Previously we have shown that HLA class II allele such as HLA-DR3 and HLA-DQ8 can 

modulate disease susceptibility, severity, and resistance through modulation of pro and anti-

inflammatory cytokines. Future studies on dissecting the interaction between gut microbiota, 

immune system, cytokines0, and disease phenotypes will help in a better understanding the 

role of gut microbiome in the pathobiology of MS.
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Figure 1. PLP91-110-induced EAE in AE-KO, HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 
transgenic mice.
A) Daily average EAE scores of AE-KO, HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 mice 

19 days after immunization. P-values determined by multiple t tests B) Averaged cumulative 

EAE score for both groups of mice across all 19 days. P-value determined by Mann-Whitney 

unpaired U test (B).
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Figure 2. Distinct gut microbiota among AE-KO and HLA transgenic mice
A) Boxplot showing unfiltered genus richness (Chao1 index) of AE-KO, HLA-DQ8, HLA-

DR3, and HLA-DR3·DQ8 groups. Overall p-value: 0.0049. B) Pairwise principal coordinate 

analysis of beta-diversity using Euclidean distance at the genus level. Distinct separation 

between AE-KO and both HLA-DR3 and HLA-DR3·DQ8 while there is overlap between 

AE-KO and HLA-DQ8. PC1 and PC2 are the first and second principal components, 

respectively, and represent the most and second-most amount of variation in the bacterial 

abundance data between all the samples. C) Square root scaled bar plots of relative 

abundances of significant taxa at each taxonomic level with relative abundance >0.002. 

D) Top 15 important features selected by random forest. Removing Rikenella from the 
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feature-set available to the model led to approximately a 16% decrease in classification 

accuracy. Removing Desulfovibrio led to around a 10% decrease in accuracy. E) Top 15 

significant genera selected by LEfSe analysis, LDA score reflecting their effect sizes, and 

the heatmap on the right depicting whether they were high, medium, or low in AE-KO, 

HLA-DQ8, and HLA-DR3 groups from left to right.
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Figure 3. Differentially abundant bacteria in AE-KO, HLA-DQ8, and HLA-DR3 mice
Colors indicate relative abundance increasing in value from gray to red. Bacteria were 

grouped into 3 groups based on k-means clustering.
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Figure 4. Distinct microbiota in single and double transgenic mice
A) PCA plot comparing beta-diversity of all four groups at the genus level demonstrating 

separation of AE-KO from the other three groups. B) PCA plot comparing Euclidean 

distance-based beta-diversity of DQ8, DR3, and DR3.DQ8 at the genus level. C) Square 

root scaled bar plots of relative abundances of significant taxa at each taxonomic level 

with relative abundance >0.006. D) Top 15 important features selected by random forest. 

Removing Turicibacter from the feature-set available to the model leads to approximately an 

11% decrease in accuracy. E) Top 15 significant genera selected by LEfSe analysis. LDA 
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score reflects their effect sizes, and the heatmap on the right depicts whether they were high, 

medium, or low in HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 groups from left to right.
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Figure 5. Differentially abundant bacteria among HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 
mice
Colors indicate relative abundance increasing in value from gray to red. Bacteria were 

grouped into 3 groups based on k-means clustering.
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Figure 6. Differentially abundant bacteria in HLA-DQ8 mice
Abundance values are Sum-scaled to one million. The three lines represent the lower 

quartile, median, and upper quartile from lowest to highest, respectively. Significance labels: 

**** indicates p-value < 0.001, *** indicates 0.01>p>0.001, ** indicates 0.05>p>0.01, and 

* indicates p<0.05.
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Figure 7. Differentially abundant bacteria in HLA-DR3
Abundance values are sum-scaled to one million. The three lines represent the lower 

quartile, median, and upper quartile from lowest to highest, respectively. Significance labels: 

**** indicates p-value < 0.001, *** indicates 0.01>p>0.001, ** indicates 0.05>p>0.01, and 

* indicates p<0.05.
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Figure 8. Differentially abundant bacteria in HLA-DR3.DQ8
Abundance values are sum-scaled to one million. The three lines represent the lower 

quartile, median, and upper quartile from lowest to highest, respectively. Significance labels: 

**** indicates p-value < 0.001, *** indicates 0.01>p>0.001, ** indicates 0.05>p>0.01, and 

* indicates p<0.05.
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Figure 9. Short-chain fatty acid metabolism and methane production differ between HLA-DQ8, 
HLA-DR3, and HLA-DR3.DQ8 mice
Abundance values are sum-scaled to one million. The three lines represent lower quartile, 

median, and upper quartile from lowest to highest, respectively. Significance labels: **** 

indicates p-value < 0.001, *** indicates 0.01>p>0.001, ** indicates 0.05>p>0.01, and * 

indicates p<0.05.

Shahi et al. Page 29

Immunohorizons. Author manuscript; available in PMC 2022 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shahi et al. Page 30

Table 1:

Significant taxa at between AE-KO, HLA-DQ8, and HLA-DR3 at the phylum through genus levels

Taxa

Mean (Standard Error) Relative Abundance

P-value Q-valueAE-KO HLA-DQ8 HLA-DR3

Phylum

Bacteroidota (Bacteroides) 5.66E-1 (3.32E-2) 4.82E-1 (3.53E-2) 4.22E-1 (3.21E-2) 1.21E-02 1.93E-02

Campilobacterota 8.82E-2 (1.55E-2) 8.15E-2 (1.29E-2) 4.45E-2 (1.05E-2) 3.45E-02 4.59E-02

Deferribacterota 2.45E-2 (6.33E-3) 1.96E-2 (6.40E-3) 5.65E-3 (2.33E-3) 1.31E-03 2.62E-03

Desulfobacterota 1.83E-3 (4.62E-4) 1.32E-3 (4.10E-4) 9.07E-3 (2.39E-3) 1.94E-04 6.17E-04

Firmicutes 2.44E-1 (2.12E-2) 3.59E-1 (3.99E-2) 4.50E-1 (3.43E-2) 2.31E-04 6.17E-04

Patescibacteria 7.58E-3 (1.93E-3) 1.59E-2 (2.55E-3) 3.06E-2 (3.38E-3) 2.07E-05 1.66E-04

Proteobacteria 6.11E-2 (1.15E-2) 3.03E-2 (8.53E-3) 2.46E-2 (4.55E-3) 4.76E-02 5.44E-02

Class

Bacilli 1.12E-1 (1.50E-2) 2.07E-1 (3.55E-2) 3.09E-1 (4.19E-2) 1.07E-03 3.26E-03

Bacteroidia 5.66E-1 (3.32E-2) 4.82E-1 (3.53E-2) 4.22E-1 (3.21E-2) 1.21E-02 2.01E-02

Campylobacteria 8.82E-2 (1.55E-2) 8.15E-2 (1.29E-2) 4.45E-2 (1.05E-2) 3.45E-02 4.92E-02

Coriobacteriia 2.90E-3 (6.10E-4) 2.57E-3 (4.55E-4) 7.15E-3 (1.23E-3) 1.63E-03 3.26E-03

Deferribacteres 2.45E-2 (6.33E-3) 1.96E-2 (6.40E-3) 5.65E-3 (2.33E-3) 1.31E-03 3.26E-03

Desulfovibrionia 1.83E-3 (4.62E-4) 1.32E-3 (4.10E-4) 9.07E-3 (2.39E-3) 1.94E-04 9.71E-04

Gammaproteobacteria 6.11E-2 (1.15E-2) 3.03E-2 (8.53E-3) 2.46E-2 (4.55E-3) 4.76E-02 5.95E-02

Saccharimonadia 7.58E-3 (1.93E-3) 1.59E-2 (2.55E-3) 3.06E-2 (3.38E-3) 2.07E-05 2.07E-04

Order

Acholeplasmatales 4.47E-4 (4.47E-4) 2.54E-2 (5.61E-3) 8.05E-3 (2.20E-3) 2.22E-07 4.00E-06

Bacteroidales 5.66E-1 (3.32E-2) 4.82E-1 (3.53E-2) 4.22E-1 (3.21E-2) 1.21E-02 2.17E-02

Clostridiales 2.86E-3 (6.17E-4) 1.05E-3 (4.84E-4) 2.09E-3 (7.96E-4) 2.54E-02 4.15E-02

Coriobacterales 2.90E-3 (6.10E-4) 2.57E-3 (4.55E-4) 7.15E-3 (1.23E-3) 1.63E-03 4.19E-03

Deferribacterales 2.45E-2 (6.33E-3) 1.96E-2 (6.40E-3) 5.65E-3 (2.33E-3) 1.31E-03 3.92E-03

Desulfovibrionales 1.83E-3 (4.62E-4) 1.32E-3 (4.10E-4) 9.07E-3 (2.39E-3) 1.94E-04 8.74E-04

Enterobacterales 4.17E-2 (9.63E-3) 1.40E-2 (7.07E-3) 1.13E-4 (4.85E-5) 6.41E-07 5.77E-06

Lactobacillales 6.74E-2 (1.13E-2) 1.29E-1 (3.17E-2) 2.21E-1 (3.60E-2) 1.24E-03 3.92E-03

Oscillospirales 1.53E-2 (2.30E-3) 3.00E-2 (6.35E-3) 2.56E-2 (3.53E-3) 1.02E-02 2.17E-02

Peptococcales 3.12E-4 (9.98E-5) 3.25E-4 (6.94E-5) 1.12E-4 (4.46E-5) 1.09E-02 2.17E-02

Saccharimonadales 7.58E-3 (1.93E-3) 1.59E-2 (2.55E-3) 3.06E-2 (3.38E-3) 2.07E-05 1.24E-04

Family

Acholeplasmataceae 4.47E-4 (4.47E-4) 2.54E-2 (5.61E-3) 8.05E-3 (2.20E-3) 2.22E-07 6.22E-06

Deferribacteraceae 2.45E-2 (6.33E-3) 1.96E-2 (6.40E-3) 5.65E-3 (2.33E-3) 1.31E-03 5.23E-03

Desulfovibrionaceae 1.83E-3 (4.62E-4) 1.32E-3 (4.10E-4) 9.07E-3 (2.39E-3) 1.94E-04 1.09E-03

Eggerthellaceae 1.86E-3 (3.42E-4) 2.28E-3 (3.94E-4) 6.94E-3 (1.17E-3) 1.16E-04 8.09E-04

Enterobacteriaceae 4.17E-2 (9.63E-3) 1.40E-2 (7.07E-3) 1.13E-4 (4.85E-5) 6.41E-07 8.97E-06

Lactobacillaceae 6.70E-2 (1.13E-2) 1.27E-1 (3.17E-2) 2.20E-1 (3.59E-2) 1.24E-03 5.23E-03

Immunohorizons. Author manuscript; available in PMC 2022 January 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shahi et al. Page 31

Taxa

Mean (Standard Error) Relative Abundance

P-value Q-valueAE-KO HLA-DQ8 HLA-DR3

Peptococcaceae 3.12E-4 (9.98E-5) 3.25E-4 (6.94E-5) 1.12E-4 (4.46E-5) 1.09E-02 3.38E-02

Prevotellaceae 1.00E-1 (1.08E-2) 1.39E-1 (2.76E-2) 6.28E-2 (8.58E-3) 9.70E-03 3.38E-02

Saccharimonadaceae 7.58E-3 (1.93E-3) 1.59E-2 (2.55E-3) 3.06E-2 (3.38E-3) 2.07E-05 1.94E-04

Genus

Lachnospiraceae:Acetatifactor 5.71E-5 (4.48E-5) 1.73E-3 (5.41E-4) 1.41E-3 (6.47E-4) 1.65E-04 8.27E-04

Rikenellaceae;Alistipes 4.89E-2 (1.09E-2) 6.44E-2 (7.74E-3) 2.89E-2 (4.92E-3) 1.50E-02 3.29E-02

Prevotellaceae;Alloprevotella 8.45E-2 (1.04E-2) 1.38E-1 (2.77E-2) 4.85E-2 (7.01E-3) 2.13E-03 6.88E-03

Bacteroidetes;Bacteroides 2.67E-1 (3.56E-2) 1.46E-1 (2.82E-2) 1.83E-1 (1.67E-2) 2.84E-02 4.88E-02

Proteobacteria;Bilophila 1.77E-3 (4.45E-4) 2.96E-4 (1.00E-4) 3.28E-4 (1.38E-4) 2.83E-03 8.19E-03

Clostridiaceae;Candidatus Arthromitus 2.86E-3 (6.17E-4) 1.05E-3 (4.84E-4) 2.09E-3 (7.96E-4) 2.54E-02 4.88E-02

Eubacteriales;Colidextribacter 4.47E-3 (8.08E-4) 1.14E-2 (2.07E-3) 1.12E-2 (1.42E-3) 2.40E-04 1.10E-03

Proteobacteria;Desulfovibrio 6.95E-5 (3.34E-5) 1.03E-3 (3.63E-4) 8.75E-3 (2.40E-3) 6.33E-08 1.74E-06

Proteobacteria;Escherichia 4.17E-2 (9.63E-3) 1.40E-2 (7.07E-3) 1.13E-4 (4.85E-5) 6.41E-07 8.81E-06

Helicobacteraceae;Helicobacter 8.82E-2 (1.55E-2) 8.00E-2 (1.27E-2) 4.31E-2 (1.02E-2) 2.70E-02 4.88E-02

Firmicutes;Ileibacterium 7.95E-4 (4.61E-4) 1.61E-2 (5.81E-3) 1.17E-2 (4.10E-3) 1.64E-03 5.63E-03

Lachnospiraceae;Lachnoclostridium 1.22E-2 (2.33E-3) 1.43E-2 (1.86E-3) 2.78E-2 (4.73E-3) 2.77E-02 4.88E-02

Lachnospiraceae;Lachnospiraceae UCG 006 2.26E-3 (1.06E-3) 4.56E-3 (1.44E-3) 6.38E-3 (2.01E-3) 6.59E-03 1.65E-02

Lactobacillaceae;Lactobacillus 6.70E-2 (1.13E-2) 1.27E-1 (3.17E-2) 2.20E-1 (3.59E-2) 1.24E-03 4.80E-03

Deferribacteraceae;Mucispirillum 2.45E-2 (6.33E-3) 1.96E-2 (6.40E-3) 5.65E-3 (2.33E-3) 1.31E-03 4.80E-03

Porphyromonadaceae;Odoribacter 1.67E-2 (3.68E-3) 2.93E-2 (5.67E-3) 1.12E-2 (1.62E-3) 2.67E-02 4.88E-02

Bacteroidetes;Parabacteroides 8.89E-2 (8.27E-3) 5.38E-2 (7.64E-3) 7.11E-2 (1.00E-2) 2.57E-02 4.88E-02

Bacteroidetes;Rikenella 2.20E-4 (1.83E-4) 6.49E-3 (9.47E-4) 1.49E-2 (1.98E-3) 1.82E-08 1.00E-06

Proteobacteria;Wolinella 1.29E-5 (8.96E-6) 1.50E-3 (3.16E-4) 1.41E-3 (3.54E-4) 2.76E-06 2.53E-05

Kruskall-Wallis test with Benjamini-Hochberg adjustment was performed on sample-scaled counts at a significance level of 0.05 to identify 
differentially abundant taxa. Q-values are the adjusted P-values.
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Table 2:

Significant taxa at between HLA-DQ8, HLA-DR3, and HLA-DR3.DQ8 at the phylum through genus ranks

Taxa

Mean (Standard Error) Relative Abundance

P-value Q-valueHLA-DQ8 HLA-DR3 HLA-DR3.DQ8

Phylum

Campilobacterota 8.04E-2 (1.28E-2) 4.47E-2 (1.04E-2) 1.26E-1 (1.87E-2) 9.95E-04 1.99E-03

Deferribacterota 1.93E-2 (6.35E-3) 5.65E-3 (2.32E-3) 3.00E-2 (6.99E-3) 4.32E-04 1.15E-03

Desulfobacterota 1.31E-3 (4.10E-4) 9.15E-3 (2.39E-3) 4.35E-3 (1.21E-3) 3.91E-04 1.15E-03

Patescibacteria 1.57E-2 (2.54E-3) 3.08E-2 (3.41E-3) 6.35E-3 (8.80E-4) 1.29E-06 1.03E-05

Proteobacteria 1.45E-2 (5.56E-3) 2.46E-2 (4.57E-3) 3.24E-2 (3.20E-3) 5.95E-03 9.52E-03

Class

Campylobacteria 8.04E-2 (1.28E-2) 4.47E-2 (1.04E-2) 1.26E-1 (1.87E-2) 9.95E-04 1.99E-03

Coriobacteriia 2.22E-3 (3.69E-4) 7.01E-3 (1.18E-3) 2.25E-3 (3.47E-4) 3.67E-04 1.08E-03

Deferribacteres 1.93E-2 (6.35E-3) 5.65E-3 (2.32E-3) 3.00E-2 (6.99E-3) 4.32E-04 1.08E-03

Desulfovibrionia 1.31E-3 (4.10E-4) 9.15E-3 (2.39E-3) 4.35E-3 (1.21E-3) 3.91E-04 1.08E-03

Gammaproteobacteria 1.45E-2 (5.56E-3) 2.46E-2 (4.57E-3) 3.24E-2 (3.20E-3) 5.95E-03 9.92E-03

Saccharimonadia 1.57E-2 (2.54E-3) 3.08E-2 (3.41E-3) 6.35E-3 (8.80E-4) 1.29E-06 1.29E-05

Order

Acholeplasmatales 2.55E-2 (5.69E-3) 8.12E-3 (2.21E-3) 1.14E-2 (1.46E-3) 5.24E-03 1.11E-02

Burkholderiales 1.45E-2 (5.56E-3) 2.46E-2 (4.57E-3) 3.24E-2 (3.20E-3) 5.95E-03 1.12E-02

Campylobacterales 8.04E-2 (1.28E-2) 4.47E-2 (1.04E-2) 1.26E-1 (1.87E-2) 9.95E-04 2.42E-03

Clostridiales 4.99E-3 (1.94E-3) 2.50E-3 (8.39E-4) 1.81E-2 (3.53E-3) 5.47E-05 3.10E-04

Coriobacteriales 2.22E-3 (3.69E-4) 7.01E-3 (1.18E-3) 2.25E-3 (3.47E-4) 3.67E-04 1.22E-03

Deferribacterales 1.93E-2 (6.35E-3) 5.65E-3 (2.32E-3) 3.00E-2 (6.99E-3) 4.32E-04 1.22E-03

Desulfovibrionales 1.31E-3 (4.10E-4) 9.15E-3 (2.39E-3) 4.35E-3 (1.21E-3) 3.91E-04 1.22E-03

Peptococcales 3.19E-4 (6.51E-5) 1.13E-4 (4.46E-5) 2.95E-4 (8.24E-5) 8.71E-03 1.48E-02

Peptostreptococcales_Tissierellales 3.40E-3 (1.22E-3) 7.74E-4 (1.68E-4) 1.02E-2 (2.45E-3) 3.47E-06 2.95E-05

Saccharimonadales 1.57E-2 (2.54E-3) 3.08E-2 (3.41E-3) 6.35E-3 (8.80E-4) 1.29E-06 2.19E-05

Family

Acholeplasmataceae 2.55E-2 (5.69E-3) 8.12E-3 (2.21E-3) 1.14E-2 (1.46E-3) 5.24E-03 1.28E-02

Bacteroidaceae 1.47E-1 (3.04E-2) 1.83E-1 (1.65E-2) 1.14E-1 (9.09E-3) 1.85E-02 3.24E-02

Butyricicoccaceae 2.33E-3 (6.39E-4) 1.37E-3 (3.02E-4) 3.24E-3 (4.03E-4) 5.97E-03 1.28E-02

Clostridiaceae 4.99E-3 (1.94E-3) 2.50E-3 (8.39E-4) 1.81E-2 (3.53E-3) 5.47E-05 5.10E-04

Deferribacteraceae 1.93E-2 (6.35E-3) 5.65E-3 (2.32E-3) 3.00E-2 (6.99E-3) 4.32E-04 2.01E-03

Desulfovibrionaceae 1.31E-3 (4.10E-4) 9.15E-3 (2.39E-3) 4.35E-3 (1.21E-3) 3.91E-04 2.01E-03

Eggerthellaceae 2.22E-3 (3.69E-4) 7.01E-3 (1.18E-3) 2.25E-3 (3.47E-4) 3.67E-04 2.01E-03

Helicobacteraceae 8.04E-2 (1.28E-2) 4.47E-2 (1.04E-2) 1.26E-1 (1.87E-2) 9.95E-04 3.48E-03

Marinifilaceae 2.89E-2 (5.44E-3) 1.13E-2 (1.66E-3) 2.73E-2 (4.44E-3) 8.73E-04 3.48E-03

Peptococcaceae 3.19E-4 (6.51E-5) 1.13E-4 (4.46E-5) 2.95E-4 (8.24E-5) 8.71E-03 1.63E-02

Peptostreptococcaceae 3.20E-3 (1.21E-3) 3.28E-4 (1.46E-4) 1.00E-2 (2.44E-3) 6.94E-07 1.80E-05
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Taxa

Mean (Standard Error) Relative Abundance

P-value Q-valueHLA-DQ8 HLA-DR3 HLA-DR3.DQ8

Prevotellaceae 1.38E-1 (2.75E-2) 6.32E-2 (8.57E-3) 1.12E-1 (9.97E-3) 2.58E-03 8.02E-03

Saccharimonadaceae 1.57E-2 (2.54E-3) 3.08E-2 (3.41E-3) 6.35E-3 (8.80E-4) 1.29E-06 1.80E-05

Streptococcaceae 1.25E-3 (4.37E-4) 4.93E-4 (9.65E-5) 1.72E-4 (5.96E-5) 6.39E-03 1.28E-02

Sutterellaceae 1.45E-2 (5.56E-3) 2.46E-2 (4.57E-3) 3.24E-2 (3.20E-3) 5.95E-03 1.28E-02

Tannerellaceae 5.37E-2 (7.87E-3) 7.14E-2 (9.97E-3) 3.24E-2 (7.21E-3) 4.83E-03 1.28E-02

Genus

Rikenellaceae;Alistipes 6.39E-2 (7.60E-3) 2.91E-2 (4.90E-3) 2.96E-2 (3.61E-3) 1.04E-03 3.29E-03

Prevotellaceae;Alloprevotella 1.37E-1 (2.76E-2) 4.88E-2 (7.02E-3) 1.01E-1 (1.01E-2) 2.88E-04 1.83E-03

Anaeroplasmataceae;Anaeroplasma 2.55E-2 (5.69E-3) 8.12E-3 (2.21E-3) 1.14E-2 (1.46E-3) 5.24E-03 1.30E-02

Bacteroidetes;Bacteroides 1.47E-1 (3.04E-2) 1.83E-1 (1.65E-2) 1.14E-1 (9.09E-3) 1.85E-02 3.77E-02

Clostridiaceae;Butyricicoccus 1.63E-3 (6.27E-4) 2.05E-4 (8.03E-5) 1.21E-3 (2.59E-4) 6.34E-05 5.17E-04

Candidatus Saccharimonas 1.57E-2 (2.54E-3) 3.08E-2 (3.41E-3) 6.35E-3 (8.80E-4) 1.29E-06 3.67E-05

Clostridiaceae;Clostridium sensu stricto 1 3.96E-3 (1.96E-3) 3.87E-4 (3.21E-4) 1.33E-2 (3.48E-3) 1.05E-05 1.50E-04

Proteobacteria;Desulfovibrio 1.02E-3 (3.64E-4) 8.82E-3 (2.41E-3) 4.20E-3 (1.23E-3) 3.22E-04 1.84E-03

Eggerthellaceae;Enterorhabdus 1.44E-3 (2.58E-4) 3.71E-3 (7.55E-4) 1.57E-3 (2.20E-4) 3.79E-03 1.03E-02

Helicobacteraceae;Helicobacter 7.90E-2 (1.25E-2) 4.33E-2 (1.02E-2) 1.24E-1 (1.84E-2) 1.04E-03 3.29E-03

Eubacteriales;Intestinimonas 8.09E-4 (1.34E-4) 2.27E-3 (3.48E-4) 8.77E-4 (9.55E-5) 1.80E-03 5.39E-03

Lachnospiraceae;Marvinbryantia 2.69E-3 (8.47E-4) 6.32E-3 (1.55E-3) 6.30E-4 (2.91E-4) 1.75E-05 2.00E-04

Deferribacteraceae;Mucispirillum 1.93E-2 (6.35E-3) 5.65E-3 (2.32E-3) 3.00E-2 (6.99E-3) 4.32E-04 2.06E-03

Porphyromonadaceae;Odoribacter 2.89E-2 (5.44E-3) 1.13E-2 (1.66E-3) 2.73E-2 (4.44E-3) 8.73E-04 3.11E-03

Oscillospiraceae;Paludicola 1.04E-4 (2.56E-5) 1.21E-4 (5.75E-5) 3.00E-4 (7.30E-5) 1.40E-02 2.96E-02

Bacteroidetes;Parabacteroides 5.37E-2 (7.87E-3) 7.14E-2 (9.97E-3) 3.24E-2 (7.21E-3) 4.83E-03 1.25E-02

Sutterellaceae;Parasutterella 1.45E-2 (5.56E-3) 2.46E-2 (4.57E-3) 3.24E-2 (3.20E-3) 5.95E-03 1.41E-02

Peptococcaceae;Peptococcus 3.19E-4 (6.51E-5) 1.13E-4 (4.46E-5) 2.95E-4 (8.24E-5) 8.71E-03 1.91E-02

Prevotellaceae UCG 1 1.14E-3 (9.72E-4) 1.44E-2 (3.02E-3) 1.11E-2 (2.07E-3) 4.46E-04 2.06E-03

Bacteroidetes;Rikenella 6.41E-3 (9.18E-4) 1.50E-2 (1.97E-3) 1.45E-2 (1.21E-3) 1.18E-04 8.39E-04

Peptostreptococcaceae;Romboutsia 3.20E-3 (1.21E-3) 3.28E-4 (1.46E-4) 1.00E-2 (2.44E-3) 6.94E-07 3.67E-05

Lachnospiraceae;Roseburia 2.55E-3 (5.37E-4) 4.21E-3 (1.60E-3) 9.73E-3 (1.56E-3) 4.69E-04 2.06E-03

Streptococcaceae;Streptococcus 1.25E-3 (4.37E-4) 4.93E-4 (9.65E-5) 1.72E-4 (5.96E-5) 6.39E-03 1.46E-02

Erysipelotrichaceae;Turicibacter 1.73E-2 (6.46E-3) 2.00E-4 (2.00E-4) 9.91E-3 (2.25E-3) 2.13E-06 4.05E-05

Kruskall-Wallis test with Benjamini-Hochberg adjustment was performed on sample-scaled counts at a significance level of 0.05 to identify 
differentially abundant taxa. Q-values are the adjusted P-values.
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