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Abstract

Background: Multiple Sclerosis is a chronic autoimmune disease that attacks the myelin sheath
in the central nervous system, with a higher prevalence among female patients. We and others
have documented significant changes in microbial taxa in response to the induction of active
experimental autoimmune encephalomyelitis (EAE), an MS model.

Objective: To evaluate sex as a biological variable in both the host and colonic
microenvironment during active EAE.

Methods: We conducted colonic transcriptomics and microbiota analysis of colonic fecal content
in male and female EAE C57BL/6 J mice and controls at the time of disease induction, pre-onset,
and peak disease.

Results: Analysis showed significant sex-specific differences in colonic gene expression during
EAE. As disease severity increased, the profiles of colon microbiome and transcriptomics became
less distinct.
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Conclusions: Our results suggest early changes in colonic inflammatory pathways, with notable
differences between males and females associated with microbiota alterations triggered by disease
induction.

Keywords
Microbiome; Transcriptomics; Colon; Inflammation; EAE; MS

1. Introduction

Multiple Sclerosis (MS) is a chronic autoimmune disorder that causes degradation of the
myelin sheath in the central nervous system (CNS). Disease incidence of MS relevance

has increased by 30 % since 2013, with currently 1 million cases being in the US and ~3
million people globally presently diagnosed [1-5], with a prevalence of >300 individuals
per 100,00 US residents reported [5,6]. While the etiology of MS is not fully understood,
genetic and environmental factors are believed to play a role. The hallmark symptoms of
MS include dizziness, fatigue, and gait problems, progressing to visual impairment, muscle
loss, paralysis, and incontinence [7-9]. As it has been documented for other autoimmune
diseases, there are 2—-3 female MS patients for every male, a ratio that has also been reported
to be on the rise over the last few decades [6].

Growing evidence supports that the combined genetic pool of intestinal microbes (termed
the gut microbiome) is a key influence on disease incidence and symptom progression.
The gut microbiome composition is significantly different in MS patients (relapse and
remission) and healthy individuals, in both males and females [3, 10-13]. In experimental
autoimmune encephalomyelitis (EAE), the most used animal model to study MS, disease
induction modifies the gut microbiome [14-17]. Due to non-invasiveness, most clinical
and experimental studies rely on secreted fecal samples to represent the gut microbiome
composition. However, it has been demonstrated that fecal and mucosal-associated
microbiota differ significantly [18-22]. Additionally, we and others have shown that

the gut microbiome modifications and microbial products can be immunomodulatory

in EAE and comparable animal models, while changes in the microbiome composition
are associated with increased intestinal permeability and immune cell infiltration in the
CNS [15,23-25]. Evidence supports that reduced intestinal barrier integrity characterizes
EAE/MS pathology and severity, and other autoimmune diseases [26—28]. Not considering
spontaneous models of the disease, EAE can be induced in mice actively (active EAE)

by the administration of a self-peptide emulsified in complete Freund’s adjuvant (CFA)
and two doses of pertussis toxin (PTX) or passively (passive EAE) by adoptive transfer
of encephalitogenic CD4* T cells [29]. Despite the need for CFA and PTX, the literature
on EAE predominantly comprises studies conducted by active immunization, including
those assessing the microbiome. Thus, given the model’s widespread use in academic and
drug-efficacy experiments, it is relevant to assess the effects of active EAE induction and the
required reagents on the gut microenvironment.

Here, we present a descriptive study analyzing the proximal colonic transcriptomic (RNA-
seq) and colonic microbiome (V3-V4 16S rRNA amplicon sequencing) profiles of male
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and female mice with EAE across the disease course. To quantify colon-microbiome-to-
transcriptomic changes in the colon, we used an integrative mathematical analysis of raw
colonic RNA-seq data and 16S rRNA sequences. Our findings show significant differences
in the colon transcriptomics profile and colon microbiome throughout EAE at each time
point and between males and females. Furthermore, the results show that remarkable
changes in the host’s genetic profile and colon microbiome occur before the first clinical
scores even appear in mice.

2. Materials and methods

2.1. Animal housing conditions

2.2.

Ten-week-old male and female C57BL/6 J mice were purchased from Jackson Labs (Bar
Harbor, ME), with females weighing ~20 g and males weighing ~25 g. Animals were
housed in groups of five in individually vented cages on a 12-hour light and dark cycle

(22 £ 1 °C; 45 % £ 10 % humidity). Animals had access to food and water ad libitum,

in accordance with Boise State University policies and protocols for animal well-being and
overall health (IACUC #AC23-034).

EAE induction and clinical evaluation

Animals were left in their shipping containers with food and hydrogel for 3 days. Next,
they were placed in appropriate groups (7= 3-5 per cage, all-male/all-female, respectively)
and given one week to acclimate to BSU housing conditions. All experimental groups
were housed in the same room of the animal facility under identical controlled conditions
throughout the EAE experiments. EAE was induced using Hooke Laboratories induction
kits (Hooke Kit™ EK-2110, Hooke Laboratories, Lawrence, MA). MOGss_s5 emulsified
with complete Freund’s adjuvant (CFA) in pre-loaded syringes/needles with Pertussis toxin
(PTX) in a glycerol buffer in separate tubes. Animals were anesthetized with 2.0 %
isoflurane for ~5 min, then given 0.2 mL MOG35_g5 emulsified in CFA subcutaneously

on day 0 (0.1 mL along the midline of the upper and lower back). Approximately 6 h

after MOGg3s5_s5 injection on day 0, mice received 110 ng of PTX intraperitoneally (diluted
in phosphate-buffered saline), and the same PTX dose was administered 24 h later. Sham
groups were given CFA and PTX doses described above. Groups of 7-9 female and male
mice were used in this study. Two independent EAE studies were performed. The number
of mice in the first experiment, where the colon tissue, adjacent colon fecal sample, and
histology were analyzed by RNA-seq and 16S, are as follows: Female CFA+PTX (n=

7); female naive (pre-induction of disease; DO, n = 7); female pre-onset EAE (n=7);
female peak EAE (/7= 9); male CFA+PTX (7= 7); male naive (pre-induction of disease;
DO, n=7); male pre-onset EAE (7= 7); male peak EAE (7= 9). In the second EAE
experiment (samples not part of analysis but used as experimental repeat for EAE severity
and progression), animals were organized as follows: male EAE (7= 10); female EAE (n=
10). Combined, the number of mice used in the EAE experiments was the following: Female
EAE (n=14); Female CFA+PTX (n=7); Male EAE (n=19); Male CFA+PTX (n=7).

Mice were scored according to Hooke Laboratories on a 0-5 scale starting on day 7 and
daily until the group was sacrificed: 0- no detectable signs of EAE, 0.5- distal end of the
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tail is limp, 1.0- tail is entirely limp, 1.5- hind limb weakness with completely limp tail, 2.0-
partial unilateral hind limb paralysis, 2.5- partial bilateral hind limb paralysis, 3.0- bilateral
complete hind limb paralysis, 3.5- bilateral complete hind limb paralysis accompanied with
partial front limb paralysis, 4.0- quadriplegia. When mice exhibited a clinical score of 2.5
(unable to eat/drink from a raised food cage and water bottle), a shallow cup was placed
with water-soaked food in the bedding. Body weights were collected weekly and compared
with initial weights (100 %), expressed as a percentage of the initial body weight at that time
point. Animals were euthanized at timepoints 0 (baseline measurements at pre-induction at
day 0 (D0)), 9 (pre-onset of disease; D9), and at the peak of disease groups (days 17 and 19
for females and males, respectively, when the group average reached a clinical score of 2.5
to mitigate animal distress and not lose animals throughout the study).

2.3. Colonic tissue and fecal collection

Euthanized mice were sprayed thoroughly with 70 % ethanol and laid on their back with
their arms and legs pinned to splay outward. An incision was made into the skin from the
anus to the throat without disrupting the peritoneum. The skin was held away from the
abdomen with pins, and the peritoneum was sprayed thoroughly with 70 % ethanol. Fresh,
sterile scissors were used to make an incision up the center of the peritoneum from just
above the anus to the sternum. Three centimeters of the distal end of the colon were removed
and placed on a clean paper towel soaked in sterile PBS (pH ~7.4). The colon was cut open
lengthwise. The entire length of the extracted colon and fecal samples was collected from
the distal end of the colon. The remaining feces were removed, and the colons were cut

into three 1 cm sections. Each section was flushed clean with sterile PBS. Colons and fecal
samples within colons from all experimental groups of mice were collected at the same time
across the described experimental timepoints.

2.4. Colonic histological analysis

One cm distal sections of the colons were placed into microcassettes and then submerged
into ~20:1 vol (fixative: tissue) of 10 % neutral buffered formalin (NBF) solution. Tissues
were fixed in solution for 12-14 h. Fixed tissues were removed from the NBF solution,
washed with 100 % ethanol, and then with 70 % ethanol. Washed tissues were then
submerged in ~20:1 vol of 70 % ethanol and stored in a parafilm-sealed container at 4

°C until processed. Hooke Laboratories performed histology sample preparation, staining,
and analysis.

2.5. RNA-seq Transcriptomics Analysis

2.5.1. Tissue preparation: Colon tissue used for RNA sequencing was collected from
the section of the colon 2 cm distal to the anus. After cleaning as described above, tissues
were placed into cryopreservation tubes and submerged in liquid nitrogen for snap freezing.
Tubes were removed from liquid nitrogen and stored at —80 °C until ready for processing.

2.5.2. RNA extraction and sequencing: Colon tissue samples were sentto LC
Sciences, LLC (Houston, TX, USA) for RNA extraction, sequencing, and bioinformatics
analysis. Poly (A) RNA sequencing library was prepared following Illumina’s TruSeq
stranded-mRNA sample preparation protocol. RNA integrity was assessed using the Agilent
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Technologies 2100 Bioanalyzer. Poly(A) tails containing mRNAs were purified using
oligo-(dT) magnetic beads with two rounds of purification. Purified poly(A) RNA was
fragmented using a divalent cation buffer at elevated temperature. Quality control analysis
and quantification of the sequencing library were performed using Agilent Technologies
2100 Bioanalyzer High Sensitivity DNA Chip. Paired-end sequencing was performed on
Illumina’s NovaSeq 6000 sequencing system.

2.5.3. Transcripts assembly: Cutadapt [30] and Perl scripts (LC Sciences, LLC,
Houston, TX, USA) were used to remove low-quality base calls, undetermined base calls,
and reads with adaptor contamination. Sequence quality was verified using FastQC (https:/
www.bioinformatics.babraham.ac.uk/projects/fastqc/). HISAT2 [31] was used to map reads
to a reference genome (ftp://ftp.ensembl.org/pub/release101/fasta/mus_musculus/dna/), and
these mapped reads were assembled using StringTie [32]. All transcriptomes were merged to
reconstruct a comprehensive transcriptome using Perl scripts and Gffcompare. After the final
transcriptome was generated, Stringtie [32] and ballgown (https://www.bioconductor.org/
packages/release/bioc/html/ballgown.html) were used to estimate expression levels of all
transcripts.

2.5.4. Differential expression analysis: Differential expression analysis of mRNA
between two groups was performed using R and the edgeR [33] and DESeq2 package [34].
The mRNAs with a false discovery rate (FDR) below 0.05 and an absolute fold change of

2 or greater were considered differentially expressed genes. Top ten differentially expressed
genes ordered by FDR significance compiled into a table using the knitr R package (v1.50)
[35].

2.5.5. Functional analysis: Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway and Gene Ontology (GO) enrichment visualized using gene-level outputs provided
by LC Sciences. Summarization and visualization were performed using the clusterProfiler
(v4.16.0) [36] and enrichplot (v1.28.4) [37] packages in R. Background sizes were derived
from the Bioconductor package org.Mm.eg.db annotation database and KEGG database for
Mus musculus. Significance was determined using the Benjamini-Hochberg (BH) method
for FDR bias correction at g< 0.05with extremely low p-values floored at 1 * 107300,

2.6. Gut microbiome analysis

2.6.1. DNA extraction and 16 s rDNA sequencing: Fecal samples were sent

to LC Sciences, LLC (Houston, TX, USA) for 16 s rDNA extraction, sequencing, and
bioinformatics analysis. DNA was extracted from fecal samples, and the 341F/805R primers
were used to amplify the V3 and V4 regions of 16S rDNA, producing an amplicon of
approximately 465 bp. The amplified library was sequenced on a NovaSeq platform with
250 bp paired-end reads.

2.6.2. 16 s rDNA sequence cleaning and filtering: Raw FASTQ files underwent
read merging by overlapping sequences, data quality control, and chimera filtering,
resulting in high-quality clean data. Divisive Amplicon Denoising Algorithm (DADAZ2)
[38] was used for dereplication and generation of representative sequences at single-base
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resolution yielding Amplicon Sequence Variant (ASV) tables. The resulting characteristic
representative ASV sequences were used for downstream analyses.

2.6.3. Bioinformatic analysis: Alpha and beta diversity were calculated and visualized
in R using the QIIME2 package after rarefying all samples to an equal sequencing depth.
Then, according to SILVA (release 132) classifier, feature abundance was normalized

using the relative abundance of each sample. Blast was used for sequence alignment [39],
and feature sequences were annotated with the SILVA database for each representative
sequence. Differential abundance of bacterial genera was performed using an Analysis of
Composition of Microbiomes with Bias Correction 2 (ANCOM-BC2) using the ANCOMBC
package (v2.10.1) [40] in R (v4.5.0). ASV count data were aggregated to the genus level
using the phyloseq R package (v1.52.0) [41], and sex or experimental timepoint was
modeled as a fixed effect. Analyses were run separately for each comparison, including
between sex at each timepoint and within-sex comparisons across timepoints. Differentially
abundant genera were visualized as forest plots using the ggplot2 R package (v4.0.0) [42]
and significance was determined using the BH method [43] for bias correction at g <

0.05. Firmicutes to Bacteroidota (F/B) ratios were calculated using phylum-level bacterial
counts aggregated from ASV data using phyloseq. A pseudocount of 1 was applied to the
numerator and denominator when calculating F:B ratio to avoid division by zero. Sex and
timepoint-specific comparisons were assessed with two-sided Mann-Whitney U tests and
visualized using GraphPad Prism (v10.6.1). Significance was determined at *p < 0.05; **, p
< 0.01; *** p<0.001.

RNA-seq-16S rRNA concatenated visualization

RNA or DNA sequence count features were transformed using the variance stabilizing
transformation (VST) implemented in the R package DESeq?2 [34]. We next min-max scaled
and median-centered each feature (DNA or RNA sequence) onto the real interval [-0.5,

0.5] to give each feature equal distance weighting in the high-dimensional feature space for
PHATE Algorithm analysis [44]. Finally, the PHATE algorithm was applied twice to each
of the colon RNA sequence data alone, the fecal microbiome DNA sequence data alone,

and the concatenated RNA and DNA sequencing data to obtain both a two-dimensional

and three-dimensional reduction. Finally, we used the PHATE algorithm to produce two-
dimensional and three-dimensional visualizations of the colon RNA sequences, the fecal
microbiome DNA sequences, and the concatenated RNA and DNA sequencing data.

2.8. Statistical analysis for in vivo studies

For EAE clinical scores and percent body weight vs. initial (100 %) statistical analysis,
Two-way ANOVA and Sidak’s multiple comparisons test were used. The Mann-Whitney test
was used for statistical analysis of disease onset and severity index. *, p< 0.05; **, p<

0.01; *** p< 0.001. Additionally, BioRender (biorender.com) was used to create a graphic
abstract of the mouse Gl tract. Sample size: EAE Female (n= 14); EAE Male (n=19);
CFA+PTX Female (n=7); CFA+PTX Male (n=7).
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3. Results
3.1. EAE induction and progression in male and female mice

3.2.

Ten-week-old female and male C57BL/6 mice were then used for an active EAE experiment
(Fig. 1). The experimental approach and timeline for the study, including baseline DO
timepoint, are shown in Fig. 1A. Disease progression in males and females did not
significantly differ (Fig. 1B). EAE induced significant reductions in body weights in both
males and females compared to their respective control (o < 0.001 for both sexes), with
EAE-males losing a higher percentage of body weight percentage compared to EAE-females
(p<0.001) (Fig. 1C). No significant differences in the onset of disease were found between
male and female mice (Fig. 1D). There was no significant difference in disease severity, with
female EAE reaching a severity index of 1.8 and 1.6 for male EAE (Fig. 1E). Additionally,
there was no significant differences in colon histology analysis between sexes, or throughout
disease progression (Supplementary Figure 1A-D). Overall, as expected for the C57BL/6
strain, no differences in the EAE profile of male and female mice were observed (Fig.
1B-E).

Male and female colon microbiome and transcriptomic profile at EAE induction

We first compared baseline differences in the colon microbiome of 10-week-old male

and female C57BL/6 mice at EAE induction or sham treatment (CFA+PTX), used

in animal autoimmune disease models [45, 46]. Animals were randomly divided into
groups before a week of acclimation period. Next, mice were administered MOGgs5_

55 and CFA+PTX, or CFA+PTX alone, with experimental and sham mice housed

in the same room and under identical controlled housing conditions. Stool samples

were collected from all animals, and groups were named according to the injections
administered and labeled as DO (pre-induction) for baseline comparisons. RNA-seq and

16S sequencing were performed on DO and collected before EAE induction in all
experimental groups at this timepoint. Males had a higher Firmicutes-to-Bacteroidetes
(F/B) ratio at baseline than females (Fig. 2D), consistent with previous work analyzing
secreted fecal samples in the EAE model [47,48]. Additionally, we found significant
differences at baseline in the Simpson and Shannon Indices, but not in Chaol (Fig.

2A—-C and Supp. Fig. 2A). Alpha diversity indices (Simpson, Shannon, and Chaol)

for all groups and time points are shown in Supplementary Figure 2. At the genus

level, males had increased relative abundance of 7yzzerella, Turicibacter, Helicobacter,
Acetatifactor, and NK4A214_group (Ruminococcaceae) (Fig. 2E). In addition, we found
males had increased relative abundance of various Lachnospiraceae subtypes compared to
baseline females; specifically, Lachnospiraceae UCG-006, Lachnospiraceae_ UCG-001, and
Lachnospiraceae FCS020_group (Fig. 2E). Females at DO, compared to pre-onset EAE also
had higher levels of Lachnospiraceae_unclassified, though was not found in males at the
same timepoint (Supplementary Fig. 3A/D). Interestingly, another group recently reported
that Lachnospiraceae from the ileum of MS twins induce an EAE-like disease in transgenic
TCR MOGgg_195 Mice in germ-free conditions, but no mice developed disease when treated
with fecal material from the healthy twin [17]. Comparatively, females had a noticeable
increase in relative abundance of the genus Duncaniellaand Muribaculum in the colon
compared to the colon of baseline males (Fig. 2E). Additionally, compared to baseline
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males, baseline females had increased relative abundance of the genus Weissela, Kosakonia,
and Eisenbergiella (Fig. 2E). Of note, E/senbergiella was also a dominant genus from the
ileum of MS twins, and also relevant in inducing an EAE-like disease in the study previously
mentioned [17].

We then investigated transcriptomic changes in the colon following EAE induction using
RNA-seq and the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases [49,50]. GO analysis highlighted that compared to females at baseline,
males exhibited upregulation of pathways involving DNA binding, short-chain fatty acid
catabolic process, sterol esterase activity, and regulation of bile acid biosynthetic process
(Fig. 2F). KEGG analysis found at baseline, male colons had upregulation of pathways
associated with maturity onset diabetes of the young, pancreatic secretion, arachidonic
acid metabolism, and hypertrophic/dilated cardiomyopathy (Fig. 2G). Additionally, males
at baseline had downregulation of pathways involving organic acid metabolic process and
nucleosome (assembly) according to GO (Fig. 2F); KEGG highlighted baseline males had
downregulation of pathways associated with systemic lupus erythematosus and alcoholism
compared to baseline females (Fig. 2G). Interestingly, both males and females at DO
showed downregulation of extracellular matrix/region, cell adhesion molecules (CAMs),
and Staphylococcus aureus infection compared to pre-onset EAE (Supp. Fig. 3 B/C and
E/F). Overall, the colonic microenvironment differs between male and female mice, with
intrinsic changes that occur upon EAE induction. Histologically, no significant differences
were observed in colon sections of healthy male and female mice (Supp. Fig. 1).

3.3. Male and female colon microbiome and transcriptomics at pre-onset EAE

Next, we investigated changes in the colon microbiome in male and female mice prior to the
onset of EAE symptoms. Mice were euthanized on D9, since previous work from our lab
found that the first signs of EAE symptoms occur on D10-11 [15,23]. At pre-onset EAE,

the colon microbiomes of males and females showed no significant differences in F/B ratio,
although males had greater variation than females (Fig. 3D), with significant differences

in Simpson and Shannon Indices but not in Chaol (Fig. 3A-C). Pre-onset EAE males

had significant differences in Simpson and Shannon Indices compared to DO and peak,
although this was not observed in females (Supp. Fig. 2A-C). At the genus level, compared
to pre-onset females, pre-onset males had increased relative abundance of Alistipes, A2,
Bacteroides, Clostridiales_unclassified, and Mediterraneibacter (Fig. 3E). Pre-onset males
also had increased relative abundance of Anaerostipes and Roseburia (Fig. 3E), which are all
short-chain fatty acid (SCFA) producers, which have anti-inflammatory properties [51,52].
Additionally, pre-onset males had increased relative abundance of Lachnospiraceae FCS020
and Lachnospiraceae_unclassified (Fig. 3E), following what was seen at baseline (Fig.

2E). Comparatively, pre-onset females had increased relative abundance of the genus
Muribaculum, Lactobacillus, and Lactococcus (Fig. 3E).

At pre-onset EAE, we found significant differences in the colon transcriptomics between
males and females before EAE symptoms occurred. GO analysis showed that pre-onset
males had downregulation of pathways associated with the regulation of cellular ketone
metabolic process and response to bacterium compared to pre-onset females (Fig. 3F).

Clin Immunol Commun. Author manuscript; available in PMC 2026 May 09.
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Downregulation of histone demethylase activity (H3-K27 specific) was also reported

(Fig. 3F), but sexual dimorphism regarding this has already been described [53]. In
addition, compared to pre-onset females, pre-onset males had upregulation of pathways
corresponding to G protein-coupled purinergic nucleotide receptor signaling pathway and
activity, lipoprotein metabolic process, and extracellular region (Fig. 3F). Interestingly, GO
found males had upregulation of CCR2 chemokine receptor binding and inflammatory
response (Fig. 3F); KEGG analysis found pre-onset males had upregulation of genes
associated with complement and coagulation cascades, Staphylococcus aureus infection,
and prion disease compared to pre-onset females (Fig. 3G). Differentially expressed genes
between males and females at DO, pre-onset EAE, and peak EAE are shown in Table 1.
Colonic microbiome differential abundance (genus) and colon RNA-sequencing, comparing
DO to pre-onset EAE in males and females, are shown in Supplementary Fig. 4. Overall, we
found that both males and females had increased colonic inflammation and changes in the
colon microbiome compared with their respective baselines. However, sexual dimorphism
remained evident in colon microbiome composition and inflammatory pathways, indicating
that the sexual dimorphism in the colon microenvironment undergoes key changes before the
onset of EAE symptoms.

3.4. Male and female colon microbiome at peak EAE

We then investigated the transcriptomic and colon microbiome composition at peak EAE.
No significant differences in F/B ratio or Chaol in the colon of male and female

mice at peak EAE (Fig. 4C/D), though there were significant differences in Simpson

and Shannon indices (Fig. 4A/B). At the genus level, peak EAE males had increased
relative abundance of the genus Paramuribaculum, Eisenberiella, Kineothrix, Tyzzerella,
Phascolarctobacterium, Acetivibrio, and Christenselellaceae_R-7_group (Fig. 4E). Females
at peak EAE had increased relative abundance of the genus Muribaculum, Murimonas,
Clostridium_sensu_stricto_1, Lactobacillus, Bacteroides, and Ligilactobacillus compared to
males at peak EAE (Fig. 4E).

RNA-seq analysis of the colon at peak EAE revealed less pronounced differences compared
to baseline and pre-onset EAE between male and female mice. Notably, KEGG found no
significant difference in peak EAE between males and females. GO highlighted peak EAE
males had upregulation of genes associated with T-helper 17 cell chemotaxis, chemokine
(C-C motif) ligand 2 binding, and plasmacytoid dendritic cell antigen processing and
presentation (Fig. 4F). In addition, peak EAE males had downregulation of antigen
transcytosis by M cells in mucosal-associated lymphoid tissue and humoral immune
response (Fig. 4F). Interestingly, males had upregulation of pathways associated with
negative regulation of insulin-like growth factor receptor signaling pathway, phospholipase
C-activating G protein-coupled receptor signaling pathway, and calcium mediated signaling
compared to peak EAE females (Fig. 4F). Differentially expressed genes between males and
females at DO, pre-onset EAE, and peak EAE can be seen in Table 1. Overall, the differences
in the colon microbiome and transcriptomics between males and females at the peak of EAE
are less apparent than at baseline, indicating that EAE mitigates the sexual dimorphism in
the colon microbiome.

Clin Immunol Commun. Author manuscript; available in PMC 2026 May 09.
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3.5. Comparison between EAE and CFA+PTX treatments in male mice

At the peak of EAE for each respective sex, colon fecal samples and adjacent colon

tissue were collected from sham mice (females/males day 17/19) to evaluate the effects of
CFA+PTX compared to EAE. Sham-treated and peak EAE males had significant differences
in the Simpson and Shannon Indices (Fig. 5A/B/D), but no significance in the F/B ratio or
Chaol Index (Fig. 5C). Sham-treated males also reported significant differences compared
to EAE induced males on DO in F/B ratio and Simpson Index (Supp. Fig. 2A). Compared

to sham-treated males, peak EAE males had increased relative abundance of the genus
Eisenbergiella and Escherichia-Shigella (Fig. 5E); with the ileum of MS patients having
increased relative abundance compared to healthy controls [17]. Males at peak EAE

also had increased relative abundance of Runococcaceae_unclassified, Anaerostipes, and
Christensenellaceae_unclassified compared to sham-treated males (Fig. 5E). Comparatively,
sham-treated males had increased relative abundance of the genus Alistipes, Faecalibaculum,
Bacteroidetes, and Enterorhabdus compared to peak EAE males (Fig. 5E).

RNA-seq analysis revealed that compared to sham treated males, peak EAE males had
upregulation of genes associated with extracellular region and space, and downregulation of
genes associated with defense response to virus (Fig. 5F). KEGG analysis showed that peak
EAE males had upregulation of genes associated with the diseases African trypanosomiasis
and Malaria compared to sham treated males (Fig. 5F). Peak EAE males also showed
downregulation of genes associated with the diseases Rheumatoid arthritis, Measles,
Hepatitis C, and Influenza A compared to sham treated males (Fig. 5F). Interestingly, males
at the peak of EAE had upregulation of genes associated with pathways for ECM-receptor
interaction, focal adhesion, and PI3K-Akt signaling pathway (Fig. 5F).

3.6. Comparison between EAE and CFA+PTX treatments in female mice

We then investigated transcriptomic and colon microbiome changes in female mice at
peak EAE compared with sham-treated mice. No significant difference was observed in
Simpson, Shannon, Chaol, or F/B ratio for sham-treated vs. peak EAE in female mice
(Fig. 6A-D). At the peak of EAE, female mice had increased relative abundance of the
genus Romboutsia, Lactiplantibacillus, Oscillospiraceae_unclassified, and A2 compared to
sham-treated females (Fig. 6E). Sham-treated mice had increased relative abundance of the
genus Wejssellacompared to peak EAE females (Fig. 6C).

We found that peak EAE females (compared to sham-treated females) had downregulation
of genes associated with the pathways for immunoglobulin complex (circulating),
phagocytosis (engulfment), complement activation (classical pathway), and B cell receptor
signaling pathway (Fig. 6F). Additionally, downregulation of pathways associated with
primary immunodeficiency, hematopoietic cell lineage, systemic lupus erythematosus, and
autoimmune thyroid disease was also reported for females at peak EAE compared to
sham-treated (Fig. 6G). This trend continued with viral-associated pathways in peak EAE
females; downregulation of viral myocarditis and Epstein-Barr virus infection was also seen
compared to sham-treated females (Fig. 6G). Differentially expressed genes between sham-
treated and peak EAE for males and females, respectively, are shown in Table 2. Overall,

in male and female mice, CFA+PTX treatment altered the colon microbiome and colonic
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transcriptomic profile compared to EAE-induced mice at disease peak, with sex-specific
differences in the colonic microenvironment in the context of CFA+PTX compared to the
peak of EAE.

3.7. Concatenated visualization of transcriptomics and microbiome profiles during EAE
progression provides sex-dependent sample clustering

Finally, we aimed to simplify the visualization of colon profiles by combining RNA-seq
and microbiome sequencing analysis (Fig. 7A/B and Supp. Fig. 4A-D). The points in

Fig. 7A/B are as follows: Male samples are represented by squares and female samples

by triangles; Colors correspond to the day of tissue collection; sham (gray), dO (green),
pre-onset EAE (orange), and peak EAE (red). In 3-D plots, more transparent points indicate
the data point is farther from the viewer, corresponding to the compositional differences in
microbiome/transcriptomic profiles. Male and female concatenated profiles were distinctly
separated at pre-induction baseline (D0) when the colon-RNA-seq and microbiome data
were concatenated (Fig. 7A/B). We also observed a separation between females at pre-
induction (D0) and at the disease peak (Fig. 7A/B). In males, we observed a less distinct
separation between time points in the concatenated RNA-seq and microbiome analyses, with
the only clear distinction being pre-onset EAE compared to other male time points (Fig.
7A/B). Supplementary Fig. 5 shows PHATE reductions for colon RNA-seq and 16S rDNA
microbiome sequencing in 2D and 3D, each independent of the others.

Our concatenated analysis revealed spatial similarity between females at pre-onset EAE
and sham females (note that sham groups were collected at the disease peak of their
respective sex) (Fig. 7A/B), indicating that sham treatment in females induces colonic
microbiome and transcriptomic changes comparable to those in females at pre-onset

EAE. The relative abundance analysis revealed that pre-onset EAE female mice had
increased relative abundance of Lactobacillus and Romboutsia, while sham-treated female
mice had increased relative abundance of Clostridium sensu stricto 1, Monoglobus, and
Colidextribacter (Supplementary Fig. 6). RNA-seq KEGG analysis revealed pre-onset EAE
females had reduced RF for genes associated with primary immunodeficiency, innate
immune response, cell adhesion molecules (CAMs), and the external side of the plasma
membrane (Supplementary Fig. 7). Overall, we found that when we concatenated our colon
RNA-seq and colon fecal samples and used PHATE analysis, females had more defined
clusters at each time point compared to males throughout EAE progression.

4. Discussion

Active EAE is the most widely used animal model for studying CNS demyelinating
inflammatory diseases, such as MS, and is fundamental to understanding the disease’s
immunopathology and developing immune-modifying therapies against MS. More recently,
many laboratories, including ours, have used EAE as an experimental model to study the
bidirectional relationship between gut microbes and the CNS in the context of autoimmunity
[1,54]. In this study, we conducted a descriptive analysis of the effects of EAE induction

and the adjuvants used in the model on the colon microbiome and transcriptomics profiles
of male and female mice throughout disease progression. Overall, we observed fundamental
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differences at baseline; however, as EAE progressed, these changes became less pronounced
at the disease peak.

The administration of CFA and PTX is well known to induce inflammation [55-57]. CFA
injection has been shown to partially alter the intestinal immune response, increasing serum
levels of IgA and 1gG, enhancing the production of inflammatory cytokines I1L-17 and
IFN-vy, and promoting Th1/17 differentiation [58,59]. We found that at the peak of EAE,
males showed upregulation of T helper 17 cell chemotaxis compared to females (Fig.

4F). Previous work has also shown that CFA/EAE induction alters the microbiome in
secreted fecal samples from female mice [46,59,60]. Finding that the relative abundance of
Lactobacillus decreases, while the relative abundance of Romboutsia and various Clostridia
populations increases as EAE progresses [60]. Additionally, they found that CFA treatment
alone induced similar changes to secreted fecal pellets, albeit to a lesser extent than EAE-
induced mice [60]. Overall, our findings indicate that CFA+PTX treatment induces changes
in colon transcriptomics and the colon microbiome, and we and others have elucidated that
this confounding variable warrants further investigation in the context of animal autoimmune
disease models [46, 59,61].

The role of biological sex, the composition of the gut microbiome, and its relationship to
inflammation are also topics of growing interest [10,62,63]. It has been established that

the gut microbiome of male and female mice differs, with males having lower microbial
diversity and richness compared to females [64,65], with our findings showing males
having significant changes in the colon microbiome throughout EAE progression, but

not females (Fig. 2A). The microbiome of the ileum in MS patients can induce EAE

in transgenic TCR (MOGgg_105) mice, with a higher incidence in females compared to
males, and Lachnospiraceae being the likely inducer [17]. Our findings show that at
pre-induction baseline, males had a higher relative abundance of Lachnospiraceae than
females, and females had reduced relative abundance at pre-onset EAE compared to DO
(Fig. 2E and 3E). Female germ-free mice that received a male fecal microbiome transfer had
increased intestinal inflammation and weight loss [65]. Furthermore, testosterone induces
interleukin-33 (1L-33), contributing to protection in male EAE-SJL mice by promoting a
Th2 response rather than a Th1/17 response [63]. IL-33 is essential for innate immune cell
activity and is protective in EAE; however, conflicting findings exist regarding its role in
intestinal inflammation [66—68]. Interestingly, males exhibit a more robust inflammatory
response when it is induced with EAE or treated with CFA+PTX; however, this is mitigated
by higher baseline percentages of anti-inflammatory and regulatory adaptive and innate
immune cells in the spleen and spinal cord [62].

The concatenated space between pre-onset females and shams does not necessarily

indicate a sudden loss of microbial diversity. Instead, it might indicate a shared gut
microenvironmental shift triggered by adjuvant immunization with the active EAE adjuvants
(CFA+PTX) before CNS-specific pathology takes over at the severe stages of the disease.
The specific differences in bacterial taxa between pre-onset and sham (CFA+PTX) female
mice could actively drive the observed clustering, a possibility we are currently evaluating.
Published works suggest that specific bacteria could influence an immunological shift that
skews the host toward an inflammatory, encephalitogenic stage [69-71].
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Our study has several limitations: 1) A limited number of samples per group were analyzed
(n =7 for sham treatment, pre-induction, and pre-onset EAE, and 7= 9 for peak EAE

for each sex). Larger, more powerful comparisons will establish whether the pathways

and microbial profiles observed in our study are translatable to larger populations; 2) Our
study only included samples isolated from a single section of the colon and not sections

of the small intestine. There are known differences in gut microbiome biodistribution and

in the chemical and physiological characteristics across sections of the gastrointestinal tract
[72,73]. Because of that, follow-up microbiome sequencing, transcriptomics, and subsequent
concatenated studies are worth performing; 3) Our microbial analysis only included
bacterial/archaeal 16S rDNA sequencing, and did not consider the potential effects of sex
and disease progression on the mycobiome, observed to be impacted in MS individuals
[74,75] and the EAE model [76]; 4) Technological advances allow us to discern the cell
type-specific transcriptome by single cell RNA-seq (SCRNA-seq), which was not performed
in our study; Importantly, 5) our study compared samples from different mice for analyzing
specific timepoints within EAE progression, which adds potential interindividual variability;
6) EAE mice experience significant weight loss as disease progresses as a result of reduced
eating and drinking (Fig. 1C). Although we ease access to food and water ad libitum to all
EAE mice, the reduction in caloric and water intake affects significantly the physiology of
the gut, which could result in reduced fecal content and altered microbiome composition,
constituting a cofounding factor for transcriptomics and microbiome analyses. An increasing
body of evidence indicates that constipation is present in the EAE model and in MS patients,
with recent reports highlighting that reducing anaerobic microbes induces constipation in
taxa associated with MS and the EAE model [77,78]. It has also been reported that changes
in the microbiome composition can alter metabolite and neurotransmitter production, hence,
altering intestinal motility [79,80]. As a result, differences in profiles between sexes could
become less relevant as the disease progresses due to fasting. Thus, fasting is an inherent
characteristic of the model and should be acknowledged; 7) Active EAE requires CFA+PTX
administration. We cannot rule out that the differences in omics profiles observed between
the CFA+PTX controls and EAE mice, particularly at the peak of the disease, are due to
differences in intake levels. Intermittent fasting before symptom onset attenuates disease
severity in EAE mice [81,82]. In addition, it was shown that mice given ~30 % of their
average caloric intake had reduced EAE severity compared with the regular-diet EAE group
[82]. A future, more rigorous approach will incorporate a CFA/PTX control group with

a diet restricted to the intake volume consumed by EAE groups; Finally, 8) the study is
entirely descriptive and does not recapitulate CNS neuroinflammation and demyelination,
which have been described extensively in active EAE [83-85]. For instance, we recently
published the effects of active EAE induction on the transcriptomics profile of EAE mice
[23].

In conclusion, we present a preliminary analysis of the proximal colon, distinct from

other studies of the microbiome based on stool samples and immunological studies of

the small intestine in EAE mice, and offer a new perspective on the effects of active

EAE on the gut microbiome and colonic transcriptomics profiles. We observed that the
colonic microenvironment is sexually dimorphic in C57BL/6 J mice before EAE induction.
As EAE progresses, the differences in colon transcriptomics and microbiome become less
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apparent. The study presents a novel perspective on sex dimorphism of disease in the colon’s
microenvironment. Future mechanistic studies will ascertain the biological relevance of the
interactions between colonic microbes and the host’s mucosal barriers.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Evaluation of active EAE in male and female C57BL/6 (B6) wild-type (WT) mice. A)
Experimental plan: EAE was actively induced on day 0. Colon samples and lumen fecal
contents were collected on day 0, day 9 (before EAE symptoms appeared), and at the peak
of the disease (day 19 for males and day 17 for females). Colon and lumen fecal samples
from mice treated with CFA and PTX were collected on day 19. B) EAE clinical scores in
female and male mice. C) EAE clinical scores in female and male mice. D) Disease onset.
E) Severity index. F) Body weight of female mice relative to initial weight (100 %). G)
Body weight of male mice relative to initial weight (100 %). B and C: Two-way ANOVA
followed by Sidak’s multiple comparisons test. D and E: Mann-Whitney test. *, p < 0.05; **,
p<0.01; *** p<0.001. Mouse Gl tract illustration created with BioRender. Sample sizes:
Female EAE (7= 14); Female CFA+PTX (n=7); Male EAE (= 19); Male CFA+PTX (n=
7.
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Fig. 2.
Comparison of male and female EAE mice colon microbiome and RNA-seq of adjacent

colon section on day 0 (DO) of EAE induction. A) Simpson Index; B) Shannon Index;

C) Chaol Index; D) Firmicutes to Bacteroidetes ratio in colon fecal samples at DO; Mann-
Whitney test: *, p< 0.05; **, p< 0.01; ***, p< 0.001. E) Differentially abundant genera

in colon fecal samples on DO, comparing male and female mice. Positive log, fold changes
indicate genera enriched in males; negative values indicate enrichment in females. Only
genera with a false discovery rate (FDR) < 0.05 are shown. Male vs. female DO RNA-seq
analysis using GO (F) and KEGG (G). Only significant enrichments with FDR < 0.05

are displayed. The shape of the point indicates regulation (triangle: upregulation; circle:
downregulation), the size corresponds to gene count, and the color indicates FDR value.
Sample size: female naive (pre-induction; DO, 7= 7); male naive (pre-induction; DO, n=7).
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Comparison of male and female EAE mice colon microbiome and RNA-seq of adjacent
colon section at pre-onset EAE (D9), post-induction of EAE. A) Simpson Index; B)
Shannon Index; C) Chaol Index; D) Firmicutes to Bacteroidetes ratio of colon fecal
samples at D9 timepoint; Mann-Whitney test: *, p< 0.05; **, p< 0.01; ***, p<0.001.
E) Differentially abundant genera of colon fecal samples on D9, comparing male and
female mice. Positive log, fold changes indicate genera enriched in males, and negative
values indicate enrichment in females. Only genera with a false discovery rate FDR <
0.05 are shown. Male vs. female at D9. RNA-seq analysis using GO (F) and KEGG (G).
Only significant enrichment, FDR < 0.05, was displayed. The shape of the point indicates
regulation (triangle: upregulation; circle: downregulation), the point size corresponds to gene
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B) Shannon Index; C) Chaol Index; D) Firmicutes to Bacteroidetes ratio in colon fecal
samples at peak EAE; Mann-Whitney test: *, p< 0.05; **, p< 0.01; ***, p<0.001.

E) Differentially abundant genera in colon fecal samples at peak EAE, comparing males

and females. Positive log, fold changes show genera enriched in males, negative values
indicate enrichment in females. Only genera with a false discovery rate (FDR) < 0.05 are
displayed. F) RNA-seq analysis comparing male and female mice at peak EAE using GO;
only significant enrichments (FDR < 0.05) are shown. The shape of each point indicates
regulation (triangle: upregulation; circle: downregulation), point size reflects gene count, and
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and male peak EAE groups. Sample sizes: Female peak EAE (n=9); Male peak EAE (n=

9).
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Comparison of male colon microbiome and RNA-seq of adjacent colon section at peak
EAE versus male CFA+PTX. A) Simpson Index; B) Shannon Index; C) Chaol Index; D)
Firmicutes to Bacteroidetes ratio in colon fecal samples comparing male peak EAE to
male CFA+PTX group; Mann-Whitney test: *, p< 0.05; **, p< 0.01; ***, p< 0.001. E)
Differentially abundant genera in colon fecal samples comparing the male peak EAE group
with the male CFA+PTX group. Positive log, fold changes indicate genera enriched in the
male peak EAE group, while negative values indicate enrichment in the male CFA+PTX
group. Only genera with a false discovery rate (FDR) < 0.05 are shown. Male peak EAE
versus male sham RNA-sequencing analysis, GO (F) and KEGG (G). Only significant
enrichment, FDR < 0.05, is displayed. The shape of the point indicates regulation (triangle:
upregulation; circle: downregulation), the point size corresponds to gene count, and the point
color indicates the FDR value. Sample sizes: male CFA+PTX (n=7); male peak EAE (n=

9).
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Comparison of the female colon microbiome and RNA-seq of an adjacent colon section

at peak EAE versus female CFA+PTX. A) Simpson Index; B) Shannon Index; C) Chaol
Index; D) Ratio of Firmicutes to Bacteroidetes in colon fecal samples comparing female
peak EAE with female CFA+PTX group; Mann-Whitney test: *, p< 0.05; **, p< 0.01; ***,
p<0.001. E) Bacterial genera with differential abundance in colon fecal samples comparing
female peak EAE to female CFA+PTX group. Positive log, fold changes indicate genera
enriched in the female peak EAE group; negative values indicate enrichment in the female
CFA+PTX group. Only genera with FDR < 0.05 are shown. Female peak EAE versus female
sham RNA-sequencing analysis: GO (F) and KEGG (G). Only significant enrichment with
FDR < 0.05 is displayed. The shape of the point indicates regulation (triangle: upregulation;
circle: downregulation), the size of the point reflects gene count, and the color represents the
FDR value. Sample sizes: Female CFA+PTX (n=7); female peak EAE (n=9).
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Combined visualization of the colon microbiome and colon RNA-seq for males and females
at DO, pre-onset EAE, peak EAE, and CFA+PTX treatment. Concatenated colon RNA and
microbiome DNA sequencing data in 2D (A) and 3D (B) using PHATE reduction. Male
samples are represented by squares and female samples by triangles; colors correspond to
the day of tissue collection: sham (gray), DO (green), pre-onset EAE (orange), and peak
EAE (red). In 3D plots, more transparent points indicate that the data point is farther

from the viewer, reflecting the differences in microbiome and transcriptomic profiles.
Supplementary Fig. 5 shows PHATE reductions for colon RNA-seq in 2D (A) and 3D (B),
as well as for 16S rDNA microbiome sequencing in 2D (C) and 3D (D), each independent of
the others. Sample sizes: female CFA+PTX (7= 7); female naive (pre-induction of disease;
DO, n=7); female pre-onset EAE (7= 7); female peak EAE (7= 9); male CFA+PTX (n=
7); male naive (pre-induction of disease; DO, n=7); male pre-onset EAE (= 7); male peak

EAE (n=9).
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Top 10 differentially expressed genes in the colon, comparing males and females at day 0, pre-onset, and

disease peak ranked by FDR value ™.

Table 1

Comparison (male vs Female)  Gene Symbol Regulation log2FC  FDR value p-value
Day 0 Eif2s3y Up 17.57 <1e-300 <1e-300
Ddx3y Up 17 <1e-300 <1e-300
Kdm5d Up 14.68 <1e-300 <1e-300
Uty Up 14.95 <1e-300 <1e-300
Gm28588 Up 16.08 <1e-300 <1e-300
Gm29650 Up 14.98 <1e-300 <1e-300
Gm2098 Up 11.6 <1e-300 <1e-300
Rbm3 Up 1.06 <1e-300 <1e-300
Xist Down -10.1 <1e-300 <1e-300
Kdméa Down -1.08 <1e-300 <1e-300
Pre-onset Eif2s3y Up 17.2 <1e-300 <1e-300
Ddx3y Up 16.22  <1e-300 <1e-300
Kdm5d Up 14.52 <1e-300 <1e-300
Uty Up 14.79 <1e-300 <l1e-300
Gm28588 Up 16.69 <1e-300 <1e-300
Gm29650 Up 14.35 <1e-300 <1e-300
Gm2098 Up 11.87 <1e-300 <1e-300
Xist Down -11.3 <1e-300 <1e-300
Kdméa Down -1.07 <1e-300 <1e-300
Sec14l4 Down -24 <1e-300 <1e-300
Peak Ddx3y Up 12.32 <1e-300 <1e-300
Eif2s3y Up 17.07 <1e-300 <1e-300
Kdm5d Up 14.6 <1e-300 <1e-300
Uty Up 14.91 <1e-300 <1e-300
Gm28588 Up 16.1 <1e-300 <1e-300
Gm49909 Up 16.82 <1e-300 <1e-300
Gm29650 Up 13.49 <1e-300 <1e-300
Gm45062 Up 12.33 <1e-300 <1e-300
Ugtla9 Up 13.16 <1e-300 <1e-300
Xist Down -13.26  <1e-300 <1e-300

Page 27

*
Only significant genes are shown (FDR < 0.05, |log2FC| > 1). Positive fold change indicates increased expression in males (upregulation - Up)

and negative fold change indicates increased expression in females (downregulation - Down).
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Table 2

Page 28

Top 10 differentially expressed genes in the colon, comparing CFA+PTX (Sham) and peak EAE in males and
females, respectively.

Comparison (Peak vs Sham)  Gene Symbol Regulation log2FC FDR value p-value
Female Cesld Up 1.46 <1e-300 <1e-300
Gm20458 Up 12.52 <1e-300 <1e-300
Dclrela Down -1.2 <1e-300 <1e-300
Crybb3 Down -17 <1e-300 <1e-300
Als2 Down -1.08 <1e-300 <1e-300
Rdh16f1 Down -12.82  <1e-300 <1e-300
Gm20521 Down -12.87  <1e-300 <1e-300
Gm49909 Down -16.95 <1e-300 <1e-300
Ifi2712a Down -1.44 <1e-300 <1e-300
Ighv7-3 Down -3.25 <le-300 <1e-300
Male Tppp Up 1.41 <1e-300 <1e-300
Cdcp3 Up 1052 <1e-300 <1e-300
Gm43738 Up 12.25 <1e-300 <1e-300
Oas2 Down -3.29 <1e-300 <1e-300
Rtp4 Down -2.5 <le-300 <1e-300
Ciart Down -1.27 <1e-300 <1e-300
FbxlI120s Down -1.12 <1e-300 <1e-300
Gm4779 Down -12.03  <1e-300 <1e-300
Afm Down -1.1 <1e-300 <1e-300
Gm20431 Down -10.8 <1e-300 <1e-300

*
Only significant genes are shown (FDR ¢ 0.05, |log2FC| ) 1), with genes ranked by FDR value. Positive fold change indicates increased

expression in the peak EAE group (upregulation - Up) and negative fold change indicates increased expression in CFA+PTX group

(downregulation - Down).

Clin Immunol Commun. Author manuscript; available in PMC 2026 May 09.



	Abstract
	Introduction
	Materials and methods
	Animal housing conditions
	EAE induction and clinical evaluation
	Colonic tissue and fecal collection
	Colonic histological analysis
	RNA-seq Transcriptomics Analysis
	Tissue preparation
	RNA extraction and sequencing
	Transcripts assembly
	Differential expression analysis
	Functional analysis

	Gut microbiome analysis
	DNA extraction and 16 s rDNA sequencing
	16 s rDNA sequence cleaning and filtering
	Bioinformatic analysis

	RNA-seq-16S rRNA concatenated visualization
	Statistical analysis for in vivo studies

	Results
	EAE induction and progression in male and female mice
	Male and female colon microbiome and transcriptomic profile at EAE induction
	Male and female colon microbiome and transcriptomics at pre-onset EAE
	Male and female colon microbiome at peak EAE
	Comparison between EAE and CFA+PTX treatments in male mice
	Comparison between EAE and CFA+PTX treatments in female mice
	Concatenated visualization of transcriptomics and microbiome profiles during EAE progression provides sex-dependent sample clustering

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Table 1
	Table 2

