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Abstract

Objective: The relationship between multiple sclerosis and the gut microbiome
has been supported by animal models in which commensal microbes are
required for the development of experimental autoimmune encephalomyelitis.
However, observational study findings in humans have only occasionally con-
verged when comparing multiple sclerosis cases and controls which may in part
reflect confounding by comorbidities and disease duration. The study of micro-
biome in pediatric-onset multiple sclerosis offers unique opportunities as it is
closer to biological disease onset and minimizes confounding by comorbidities
and environmental exposures. Methods: A multicenter case—control study in
which 35 pediatric-onset multiple sclerosis cases were 1:1 matched to healthy
controls on age, sex, self-reported race, ethnicity, and recruiting site. Linear
mixed effects models, weighted correlation network analyses, and PICRUSt2
were used to identify microbial co-occurrence networks and for predicting
functional abundances based on marker gene sequences. Results: Two microbial
co-occurrence networks (one reaching significance after adjustment for multiple
comparisons; q < 0.2) were identified, suggesting interdependent bacterial taxa
that exhibited association with disease status. Both networks indicated a poten-
tially protective effect of higher relative abundance of bacteria observed in these
clusters. Functional predictions from the significant network suggested a contri-
bution of short-chain fatty acid producers through anaerobic fermentation
pathways in healthy controls. Consistent family-level findings from an indepen-
dent Canadian-US study (19 case/control pairs) included Ruminococaccaeae and
Lachnospiraceae (p < 0.05). Macronutrient intake was not significantly different
between cases and controls, minimizing the potential for dietary confounding.
Interpretation: Our results suggest that short-chain fatty acid producers may
be important contributors to multiple sclerosis onset.
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Pediatric Multiple Sclerosis and Gut Microbiome

Introduction

Multiple sclerosis (MS) affects over 2.8 million people
worldwide, resulting in chronic disability and high socio-
economic burden." The risk of developing MS is thought
to be driven by genetic and environmental factors.””
Recently, the gut microbiome has been proposed as not
only a mediator of the effect of known environmental risk
factors but also as an independent risk factor for MS.°
This relationship has been supported by animal models
where commensal microbiota were required for the devel-
opment of experimental autoimmune encephalomyelitis.”
Observational studies typically have not identified dif-
ferences in gut microbiome diversity when comparing MS
cases and controls.*” Despite occasional convergence in
findings suggesting individual taxa differing in their rela-
tive abundance, there is still a considerable amount of
variability studies  that  may
confounding.®'® The instrinsic interindividual heterogene-

between reflect
ity of healthy gut microbiome composition is further
broadened by differences in human lifestyle and physio-
logical factors, limiting our ability to identify causal
relationships.'® Studying pediatric-onset MS (POMS),
which may be diagnosed closer to the biological onset of
the disease, potentially minimizes the effect of comorbid-
ities and environmental exposures, offering a unique
opportunity to unravel the microbiome’s contribution to
MS pathogenesis.’

Therefore, we aimed to characterize the bacterial taxo-
nomic profile of POMS patients in a multicenter,
matched case—control study utilizing 16S rRNA gene
sequencing of stool samples collected shortly after MS
symptom onset and replicate findings in a second dataset.

Methods

Study population

Individuals with MS onset before age 18 years and
healthy controls were recruited from seven sites in the
U.S. Network of Pediatric MS Centers including the Uni-
versity of California San Francisco, State University of
New York at Buffalo, University of Alabama at Birming-
ham, Boston Children’s Hospital, Stony Brook University
Medical Center, Children’s Hospital of Philadelphia, and
New York University between 2012 and 2018. Healthy
controls attended general pediatric clinics at the partici-
pating institutions and did not have a personal or familial
history of autoimmune disorders. POMS cases were
within 5 years of symptom onset and met the 2010
McDonald criteria for MS.'"" All participants were tested
for the presence of myelin oligodendrocyte glycoprotein
antibodies at the Mayo Clinic neuroimmunology
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laboratory (Rochester, MN) using a live cell-based flow
cytometry assay. Those with positive results were excluded
and cases with low titers had their final diagnosis ascer-
tained by two MS experts, as previously described.'?
Additionally, individuals exposed to systemic antibiotics,
probiotics, or steroids within 30 days before sample col-
lection were excluded. POMS cases on a disease-
modifying therapy (DMT) were invited to enroll if on
stable dosing for more than three months. POMS patients
were 1:1 matched with healthy controls by their age at
stool sample collection (+£3 years), sex, self-reported race,
ethnicity, and recruiting site. Institutional Review Board
approval was obtained from all participating institutions.
Participants and their parent or legal guardian provided,
respectively, assent and informed consent.

Gut microbiota profiling

The participant’s first stool of the day was collected by a
parent and shipped overnight on ice to the University of
California, San Francisco and stored at —80°C before pro-
cessing. DNA was extracted, and the V4 region of the
bacteria 16S ribosomal RNA (rRNA) gene was amplified
for sequencing as previously described.”> 16S rRNA
sequencing data were processed as previously described.'*
Forward and reverse reads were processed separately and
quality filtered using the DADA2 package version 1.9.0."
in R, version 4.2.1 (the R Foundation). Reads with more
than two expected errors were removed and forward and
reverse reads were confirmed to be of at least 150 base
pairs in length. Error rates of the filtered and dereplicated
reads were estimated using 100,000 sequences. Paired end
reads with a minimum overlap of 25 base pairs were
merged to obtain the full denoised sequences. Chimeras
and any abnormally short or long sequences (5 bases
from the median number of reads) were removed. Ampli-
con sequence variants (ASVs), which permit analysis of
16S RNA variants that differ by as little as one nucleotide,
were used for downstream analysis. Taxonomy was
assigned using the naive Bayesian classifier method (King-
dom to Family) and exact string matching (Genus and
Species) utilized the SILVA v132 reference database.'> "’
It is important to note that while an ASV has a unique
nucleotide sequence, it might not be assigned a unique
species due to the limited capacity of short-read 16S
rRNA sequencing to differentiate phylogenetically related
species or strains. Using the decontam package with previ-
ously described parameters,'® ASVs with a contaminant
classification threshold p < 0.1 were removed.'” ASVs
containing <1/1000th of a percent of total reads were
removed. Sequencing reads were representatively rarefied
to the minimum sequencing depth (84,818 reads/sample)
100 times, and the rarefied sample profile closest to the
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sample-specific centroid was selected, as described
previously.'” The resulting tables included 1482 ASVs.

Covariates

Participants’ basic demographics and clinical history were
collected with standardized forms completed by the par-
ent or legal guardian and assisted by a research coordina-
tor. Patients with POMS had their MS-related data
extracted from a prospective pediatric MS registry. The
season at stool sample collection variable was defined as
winter (December, January, and February), spring
(March, April, and May), summer (June, July, and
August), and autumn (September, October, and Novem-
ber). Exposure to breastfeeding was deemed present if the
individual was ever breastfed, irrespective of duration.
The DMT variable was defined as treatment naive versus
ever exposed. Recent intake of foods and nutrients was
standardized for all participants based on their responses
to the Block Kids Food Screener, a food frequency ques-
tionnaire (FFQ) developed by NutritionQuest.?° All cov-
ariates were measured at stool sample collection (i.e.,
study baseline), except for body mass index (BMI) and
the expanded disability status scale (EDSS), which were
measured at the visit date closest to when the stool sam-
ple was received.

Microbial diversity

For microbial diversity analysis, o-diversity was measured
by Shannon,”' Chaol,** and Faith’s phylogenic diversity
indexes. P-diversity was assessed using Weighted
UniFrac” distances and visualized using principal coordi-
nates analysis (PCoA). The referred analyses were per-
formed with QIIME2.%* A linear mixed effects model was
applied to estimate the difference of a-diversity indexes
between individuals with POMS and healthy controls,
adjusting for a priori-defined fixed effects of age (contin-
uous), BMI (continuous), and sex and random effects of
recruiting site, season, and matching pairs. The PERMA-
NOVA test” was used to assess the effect of host con-
founding factors on the
abundance and was performed by using the “adonis2”

variation of microbiome

function implemented in R package vegan.”® Weighted
UniFrac distances were compared individually for each
reported host factors (disease status (cases/controls), site,
age, race, ethnicity, sex, BMI, DMT usage, breastfeeding,
birth delivery mode, season at sample collection, macro-
nutrients consumption, HLA-DRB1 genotype, serum vita-
min D levels, Epstein—Barr virus (viral capsid antigen)
(EBV-VCA), herpes simplex virus type 1 (HSV1), and
cytomegalovirus (CMV) serostatus). The variance of
microbial abundance between POMS and controls was
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estimated after adjusting for sample collecting site, season,
and matching pairs. The empirical p-value was obtained
by running 999 permutations.

Microbial composition and disease status

Microbial composition was normalized as relative abun-
dance and further transformed using an arcsine square
root transformation.”” > Linear mixed effects models
were applied to the transformed data to identify ASVs
associated with disease status. The model had ASV abun-
dance as its outcome and was adjusted by fixed effects of
breastfeeding (after assessing the effect of host confound-
ing factors in PERMANOVA analyses) and a priori-
defined random effects of recruiting site, season, and
matching pairs. The fixed effects were reassessed after
determining the effect of host confounding factors on the
variance of microbiome abundance (Adonis R?). The
inclusion of season at sample collection as a random
effect was done a priori to account for expected variations
in dietary habits that could have influenced microbiome
composition. Additionally, stratification by treatment sta-
tus was performed using separate models. Linear regres-
sion was performed using Imer function from R package
“Ime4.” To reduce the effect of zero-inflation in micro-
biome data, a variance filtering step was applied to
remove species features with very low variance (lower
than the median variance).

Microbial co-abundance network

Co-abundance network inference of ASVs present in at
least 20% of samples (resulting in 268 ASVs) was per-
formed using the SparCC method in R using the SpiecEasi
package.”™'  Microbial modules identified by
weighted correlation network analysis (WGCNA) as
described."*** Briefly, the SparCC correlation matrix was
generated and transformed to an adjacency matrix using

were

soft thresholding, and a topology overlap matrix was gen-
erated. The topology overlap matrix was hierarchically
clustered using an average linkage in hclust. The resulting
dendrogram was cut using dynamicTreeCut in the stats
package to generate clusters with at least three ASVs. Cor-
related modules (r > 0.5) were combined, generating a
dissimilarity matrix for further hierarchical clustering.
The quantitative values of each module were calculated
for each participant from module eigengenes, defined as
the first principal component of the abundance matrix of
a respective module. Each module eigengene was exam-
ined for its association with disease status using linear
mixed effects models adjusting for fixed effect of breast-
feeding and random effects of recruiting site, season, and
matching pairs.
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Metagenomic prediction

Metagenomic functional profiling of conserved 16S rRNA
from microbial communities was predicted using
PICRUSt2.” Significant modules identified from the
microbial co-abundance network analysis were grouped
into MetaCyc metabolic pathways.”® Pathway abundances
were dichotomized by their respective median abundance.
The association between the predicted metabolic pathways
and the disease status was estimated by conditional logis-
tic regression models adjusted by the a priori-defined set
of covariates BMI and season, and conditioned on match-
ing pairs using the survival package. The predicted meta-
bolic pathways are thought to be mediators of the
association between co-abundance networks and disease
status, thus a different set of confounders for this rela-
tionship was a priori defined and independent from the
set adapted after the PERMANOVA test findings.™

Diet analysis

Four dietary components (carbohydrate, protein, fiber
and fat) were extracted from the FFQ, and the amount of
each dietary component consumed in grams was com-
pared between cases and controls with paired t-tests.
Associations between each dietary component and each
ASVs were estimated using linear mixed effects models
adjusted for the a priori-defined fixed effects of age and
BMI, as well as random effects of recruiting site, season,
and matching pairs.

Complementary analysis

An external dataset comprised of POMS cases and healthy
controls recruited from four Canadian and one American
site was used for assessing the reproducibility of findings.
POMS were 1:1 matched on sex, self-identified race
(grouped as white/other/missing), site (Canada/United
States), and age (43 years) at sample collection. Gut
microbiome profiling was performed as previously
described.” Analytical procedures were replicated as
described under the sections “Microbial composition and
disease status” and “Microbial co-abundance network,”
except for season and breastfeeding adjustment since vari-
ables were not available. The linear mixed effect models
were adjusted for random effects of site and matching
pairs. As per privacy and data sharing agreements, these
analyses were conducted in Canada.

Statistical considerations

All statistical analyses were conducted using two-sided
tests and the alpha level was set at 0.05, unless otherwise
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specified. Tests of microbial composition, microbiome
networks or metagenomic predictions and disease status
or food intake were controlled with Benjamini-Hoch-
berg’s false discovery rate (FDR).” Given the limited
sample size and expected high interindividual variability,
a less conservative FDR threshold of 0.2 was used. Results
are presented as coefficients when estimated by linear
mixed effects models and odds ratios (OR) when esti-
mated by conditional logistic regression alongside their
respective 95% confidence intervals (CI).

Results

Stool samples from 60 individuals with POMS and 43
healthy individuals were obtained. The matching proce-
dure identified 35 pairs including 24 exact (age £3 years,
with same sex, self-reported race, ethnicity, and recruiting
site) and 11 close matches (age +3 years, different site,
race, and/or sex). Baseline characteristics stratified by dis-
ease status are outlined in Table 1. Cases and controls
presented a similar proportion of females (77.1% vs.
74.3%), white race (71.4% vs. 80%), Hispanic/Latino eth-
nicity (28.6% vs. 28.6%), and median age at stool sample
collection (15.7 vs. 16.1 years). POMS cases had a median

Table 1. Baseline characteristics of individuals with pediatric-onset
MS and matched healthy control participants.

Control

Characteristics POMS (n =35) (n=35)

27 (77.1%)
25 (71.4%)
10 (28.6%)

26 (74.3%)
28 (80%)
10 (28.6%)

Sex (female), n (%)

Race (White), n (%)

Ethnicity (Hispanic or Latino), n
(%)

Age (years), median (IQR) 15.9 (14.5, 16.0 (15.1,
16.8) 17.5)
Body mass index, median (IQR) 23.8 (20.6, 22.4 (20.1,
30.1) 28.3)
EDSS, median (IQR) 1.5(0, 1.5)
Disease duration (years), median 0.9(0.3, 1.4)
(IQR)
DMT usage (yes), n (%) 19 (54%) -
Breastfed, n (%)
Yes 24 (68.6%) 27 (77.1%)
No 6(17.1%) 8 (22.9%)
Unknown 5(14.3%) 0
Birth delivery mode, n (%)
Vaginal 28 (80%) 27 (77.1%)
Cesarean section 6(17.1%) 4 (11.4%)
Unknown 1(2.9%) 4 (11.4%)

Disease modifying therapies (DMTs) included glatiramer acetate
(Copaxone, n = 12), interferon beta-1a (Avonex, n = 2), interferon
beta-1a (Rebif, n = 1), interferon beta-1b (Betaseron, n = 1), natalizu-
mab (Tysabri, n = 1), peginterferon beta-1a (Plegridy, n = 1).

EDSS, Expanded Disability Status Scale; IQR, interquartile range.
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disease duration of 0.9 years (IQR 0.3-1.4) and 54% were
on stable DMT. POMS cases that were on DMTs at base-
line had similar median age (14.4 vs. 14.2 years) and dis-
ease duration (0.86 vs. 0.87 years) as DMT-naive POMS.

Microbial diversity

a-diversity, or within-individual diversity, was measured
at both the species and phylogenetic level. Species diver-
sity, the total number of different species, measured by
the Shannon index and Chaol, was not significantly dif-
ferent between POMS individuals and controls (respec-
tively, p=0.23 and p=0.08). However, using
phylogenetic-based distance measures, that quantify the
evolutionary relatedness of groups of microbes within a
community, the mean diversity became significantly dif-
ferent when measured by Faith’s PD index (p = 0.02).
POMS cases presented consistently lower levels of phylo-
genetic diversity than controls after adjustment for poten-
tial confounders, study design, and clustering by site and
season of sample collection (Fig. 1A).

The effect of host confounding factors on the variance
of microbiome abundance was significantly different for
the study site and larger, but not significantly different,
for season of sample collection, use of DMTs and history
of breastfeeding (Fig. 1B). This observation prompted the
inclusion of breastfeeding as a fixed effect for model
adjustment as opposed to BMI when estimating the asso-
ciation between microbial diversity or co-abundance net-
work and disease status.

B-diversity, or between-individual diversity, using a
phylogenetic distance-based measure was not significantly
different between POMS cases and controls after adjust-
ment (p = 0.25) and no clustering patterns are observed
in the PCoA (Fig. 1C).

Microbial composition and disease status

Among the 1482 ASVs identified, 31 were associated with
disease status after adjusting for confounders and are pre-
sented in Figure 2A (p < 0.05). However, none remained
significant after adjustment for multiple comparisons.
Taxa with regression coefficients greater than zero such as
those observed in Blautia obeum/provencis/wexlerae (ASV
4) and Prevotella (ASV 84) indicate higher abundance of
those taxa in POMS cases while those with coefficients
lower than zero, such as Subdoligranulum (ASV 5, ASV
8), represent a lower abundance in POMS cases relative
to controls. After stratifying the models by POMS treat-
ment status, Blautia (ASV 4), Faecalibacterium prausnitzii
(ASV 75), and Subdoligranulum (ASV 5) remained signifi-
cantly associated with disease status but only for those
that were DMT-naive (p < 0.05, Fig. 2B). Of note, Blautia
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(ASV 4) presented a higher mean relative abundance in
DMT-naive POMS (n = 16) when compared to controls
(p < 0.01, Fig. 2B,C). The opposite was observed for Sub-
doligranulum (ASV 5), where a lower relative abundance
was observed in DMT-naive POMS relative to controls
(p < 0.05, Fig. 2B,C). Despite presenting a less pro-
nounced difference, the direction of the association was
persistent for the difference in relative abundance of Blau-
tia (ASV 4), Faecalibacterium prausnitzii (ASV 75), and
Subdoligranulum (ASV 5) between POMS exposed to
DMTs and controls. Akkermansia (ASV 208) presented
higher relative abundance in POMS that was driven by
patients on DMTs. Due to the low variance of Akkerman-
sia (ASV 208) among DMT-naive cases and controls, this
genus was filtered (reducing the effect of zero-inflation, as
a priori defined) and no estimates were provided for this
subgroup.

Microbial co-abundance network

WGCNA clustering of the SparCC correlation matrix gen-
erated 17 modules of ASVs for co-abundance analysis.
Those modules aim to identify dependencies between spe-
cies, suggesting natural microbial communities. Each was
tested for association with disease status; two were signifi-
cantly associated with disease status, although only one
remained significant after multiple comparisons adjust-
ment. In both networks, POMS cases had lower abun-
dances of the microbes in each cluster: pink (p < 0.05,
q <0.2) and purple (p <0.05, g =0.22). The clusters
comprised 18 ASVs, some of which were identified above
to be individually associated with disease status. Of note,
Subdoligranulum (ASV 5, ASV 8) was present in one of
the significant modules (pink), while Blautia (ASV 177)
was in the other (purple) (Table 2, modules were arbi-
trarily identified using color names and do not reflect
colors used in figures).

Metagenomic functional pathways
prediction

The metabolic pathways predicted from the significant
gut microbial co-abundance network modules (pink and
purple) are depicted in Figure 3. Of the 150 predicted
pathways for the ASVs from the pink module, 11 were
significantly associated with disease status (p < 0.05,
Fig. 3A). All 11 had a higher pathway abundance among
controls than POMS cases. The largest effect sizes (point
estimates farther away from the null value of 1) were
observed in pathways associated with anaerobic fermenta-
tion leading to the production of short-chain fatty acids
(SCFA) and lower odds of having POMS. Namely, pyru-
vate fermentation to butanoate (OR: 0.10 95% CI 0.01—
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Figure 1. Microbial diversity in pediatric MS and healthy controls (A) Boxplot of microbiome a-diversity measured by Shannon, Chao and Faith’s
PD index in POMS cases and controls, statistical test by mixed linear regression adjusting for fixed effects of age, body mass index, sex, and
random effects of sample collecting season, site, and matching pairs. (B) Bar plot showing the effect size (Adonis R?) of potential confounders
and their association with gut microbial variations (weighted UniFrac distance, PERMANOVA *p < 0.05). (C) PCoA of weighted UniFrac
community distance between POMS individuals and controls. BMI, body mass index; CMV, cytomegalovirus; EBV-VCA, Epstein-Barr virus-viral

capsid antigen; HSV1, herpes simplex virus type 1.

0.71, p = 0.02), pyruvate fermentation to acetone (OR:
0.10 95% CI 0.01-0.80, p = 0.03), superpathway of Clos-
tridium acetobutylicum acidogenic fermentation (OR: 0.10
95% CI 0.01-0.71, p = 0.02), L-1,2-propanediol degrada-
tion (OR: 0.10 95% CI 0.01-0.80, p = 0.03), and acetyl-
CoA fermentation to butanoate (OR: 0.23 95% CI 0.06—
0.89, p = 0.03). Of the 165 predicted pathways for the

purple module, four were marginally significantly associ-
ated with POMS status (p < 0.05, Fig. 3B).

Diet analysis

The mean carbohydrate, fiber, protein, and fat intake was
not significantly different between POMS and controls
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Figure 2. Disease status and treatment associated microbes. (A) Significantly differential ASVs identified between POMS cases (n = 35) and
matched controls examined by linear mixed effects model adjusting for a fixed effect of breastfeeding and random effects of sample collecting
season, site, and matching pairs (p < 0.05). Regression coefficients were shown with 95% confidence intervals. Positive indicates higher microbial
abundance in POMS cases than controls; negative indicates lower. (B) ASVs altered in DMT-naive POMS (n = 16), and POMS exposed to DMT
(n = 19) versus their control (linear mixed effects model adjusting for a fixed effect of breastfeeding and random effects of sample collecting
season, site, and matching pairs). *p < 0.05, **p < 0.01. (C) Arcsine square root transformed relative abundance of one species that is higher
and one that is lower in DMT naive POMS versus matched controls.
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Figure 3. Metagenomic prediction. Odds of having POMS for high vs low levels of each significant (p < 0.05) metagenomic predicted pathway
adjusted by BMI, season, and matching pairs. Values >1 indicate a higher odds of POMS compared to controls, below 1 indicate a lower odds.

(A) Pink module. (B) Purple module. TCA, tricarboxylic acid cycle.

(Fig. 4). The ASVs with relative abundance significantly
associated with different levels of macronutrients intake
(p < 0.05, g > 0.2) are represented in Figure 5. The larger
effects on relative abundance were associated with higher
fiber intake driving lower relative abundances of Rumino-
coccaceae (ASV 66) and Methanobrevibacter (ASV 86) and
higher abundances of Ruminoclostridium (ASV 62), Bac-
terioides uniformis (ASV 20), and Bifidobacterium (ASV
41). In addition to Ruminoclostridium (ASV 62), Rumino-
coccaceae (ASV 151) also belonged to the pink module
and was associated with fiber intake levels, but with a less
pronounced difference. Further ASVs associated with diet
in the pink module included Subdoligranulum (ASV 8)
and Coprococcus comes (ASV 58) both had higher relative
abundances with higher fat and protein intake. From the
purple module, only Dorea longicatena (ASV 22) abun-
dance was associated with diet, slightly increasing with
carbohydrate consumption.

Complementary analysis

The matching procedure identified 19 pairs of POMS and
healthy controls in the replication dataset. Cases and con-
trols presented the same proportion of females (78.9%),
White race (42.1%), site origin (84.2% from Canada),
and similar median age at stool sample collection (17.6
vs. 15.5 years) (Table 3). ASVs associated with disease sta-
tus after adjustment for potential confounders are pre-
sented in Figure 6 (p < 0.05). None remained significant
after multiple comparisons adjustment. Multiple ASVs
from the Ruminococcaceae family (UCG-010, UCG-005,
Ruminiclostridium 9, and Anaerotruncus) present a lower
abundance in POMS cases relative to controls. The same
was observed for three ASVs from the Lachnospiraceae
family (GCA-900066575, Ruminococcus gauvreauii, and
Eubacterium ventriosum) while three ASVs from this fam-
ily presented a higher abundance (Lachnoclostridium,
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Figure 4. Diet and disease status. Boxplot of macronutrient intake (g) compared between POMS individuals and controls (paired t-test p-values).

Coprococcus 3, and Blautia). Akkermansia presented lower
relative abundance in POMS. The WGCNA clustering
procedure yielded 31 modules of ASVs, none being asso-
ciated with disease status (data not shown).

Discussion

In this matched case—control study, POMS individuals
with recent disease onset had different relative abun-
dances of several gut bacteria in comparison to healthy
controls. Stratified analysis by DMT status preserved the
directionality of the association of most ASVs with disease
status and had minor influence on their effect magnitude.
There is no evidence that these results were affected by
variation in disease duration or age at stool sample collec-
tion when comparing DMT treated to untreated POMS
patients. The two microbial co-occurrence networks iden-
tified by WGCNA, suggesting interdependent bacterial
taxa, exhibited an association with disease status, one
after adjustment for multiple comparisons. This finding,
in turn, suggested a potentially protective effect of having
more of the bacteria observed in these clusters. The meta-
genomic predictions from the significant network (pink)
suggested a prominent contribution of SCFA production
through anaerobic fermentation pathways. Among these
known SCFA producers, bacteria from the Ruminococca-
ceae family were consistently observed in the main and
complementary analyses. SCFA are primarily produced in
the proximal colon of healthy subjects by bacterial fer-
mentation of nondigestible carbohydrates and have been
associated with anti-inflammatory properties.*®

In past studies, microbial diversity, particularly o-
diversity, has been frequently reported as not significantly
different between MS cases and controls.>”” In the pre-
sent study, only one measure of a-diversity that incorpo-
rated phylogenetically derived distances was significantly
lower among POMS cases compared to controls. Phyloge-
netic diversity is expected to predict functional similarity,
given that species more closely related are morphologi-
cally similar and assume similar functional roles in their
respective ecosystems.”® Our careful matching procedure
and the age range of our cohort may have allowed for
uncovering this finding, as a prior study in adult MS dis-
cordant twins found no significant differences.>® Overall,
a lower o-diversity characterizes a less healthy gut micro-
biota community.*

Given the modest sample size in POMS studies, ASVs
associated with disease status that presented large effect
sizes but did not reach the multiple comparisons thresh-
old were reported in this study. Among those, a lower rel-
ative abundance of taxa from the Lachnospiraceae
(unclassified genera) and Ruminococcaceae families
(Faecalibacterium prausnitzii, Subdoligranulum, and UCG-
004) were observed in POMS cases. These families are
known for their important contribution to butyrate and
propionate production from carbohydrate fermentation.*'
Our complementary analysis observed a similar and con-
sistent directionality of effect for significant ASVs from
the Ruminococcaceae family. Diminished relative abun-
dances from one taxa of Lachnospiraceae relative to
healthy controls has only been previously reported by the
Canadian group.” Our complementary analysis has
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Figure 5. Diet and gut microbes. Macronutrient significantly associated ASVs in cases and controls (combined) by linear

mixed effects model

adjusting for fixed effects of age, body mass index and random effects of site, season, and matching pairs. *p < 0.05, **p < 0.01, ***p < 0.001.

expanded this finding to six significant taxa from this
family, although distinct abundance patterns were
observed. More consistently, a lower relative abundance
of Faecalibacterium prausnitzii has been reported in case—
control studies in relapsing-remitting MS.*>*”** Of note,
their reduced abundance of this species has also been fre-
quently reported in other immune-mediated disorders
such as Crohn’s disease.*’ Similarly to another Canadian
study, a lower abundance of Subdoligranulum in individ-
uals with MS compared to healthy controls was found in
the present study but was not reproduced until now.**
Consistent with prior studies, Akkermansia, a mucin-
degrading bacteria capable of producing acetate and pro-
pionate, was found at a higher relative abundance in

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

POMS than controls.*”” Nevertheless, this finding was
not significant when comparing the subset of DMT-naive
POMS to controls, which, alongside other subgroup ana-
lyses, should be interpreted with caution due to the lim-
ited sample size. Additionally, a lower relative abundance
of Akkermansia in POMS than controls was observed in
the complementary analysis. In contrast to a study from
the International Multiple Sclerosis Microbiome Study
consortium, we found Blautia had a higher relative abun-
dance in POMS relative to controls.”” Notably, the 1152
subject consortium study enrolled older adults and used
household controls (averaging 50.6 years) which, despite
being well matched on the intended covariates, resulted

in highly sex-discordant pairs, thereby limiting
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Table 3. Baseline characteristics of pediatric-onset MS and matched
healthy controls in complementary analysis.

Characteristics POMS (n = 19) Control (n = 19)

Sex (female), n (%) 15 (78.9%) 15 (78.9%)

Race (White®), n (%) 8 (42.1%) 8 (42.1%)
Age (median, IQR) 17.6 (16.3, 18.3) 15.5 (14.9, 16.3)
Disease duration (years), 0.7 (0.4, 4.0) -

median (IQR)

Site (Canada), n (%) 16 (84.2%) 16 (84.2%)

IQR, interquartile range; NA, not applicable.
“Three subjects were matched on race at the missing category.

comparability.'” In line with our findings, which were
further reproduced in the complementary analysis, is a
study of adults that found higher abundances in 31 MS
patients and 36 age and sex-matched healthy controls.*’
However, comparisons were restricted to the genus level,
and different species could exert different effects. Regard-
less of belonging to the colonic dominant phylum Firmi-
cutes, which is composed of many SCFA-producing
species, Blautia cannot produce butyrate from
carbohydrates.*'

Microbial communities are expected to naturally occur
and share functional dependencies. In this study, we have
identified clusters of bacteria from the Ruminococcaceae
and Lachnospiraceae families associated with disease status
that contained some of the individual ASVs highlighted
above in the main (species level) and complementary
(family level) analysis. Among the shared predicted meta-
bolic pathways expressed by those microbes, more abun-
dant and exerting a larger effect were those leading to the
production of SCFA. In preclinical studies, SCFAs have

been shown to exert anti-inflammatory effects modulating

Lachnospiraceae Lachnoclostridium NA 1

Lachnospiraceae Blautia NA A

Bacteroidaceae Bacteroides NA

Lachnospiraceae Coprococcus 3 NA -

Ruminococcaceae Anaerotruncus NA A

Lachnospiraceae [Eubacterium] ventriosum group NA -
Veillonellaceae Veillonella NA A

Ruminococcaceae Ruminococcaceae UCG-005 metagenome
Ruminococcaceae Ruminiclostridium 9 NA -

Ruminococcaceae Ruminococcaceae UCG-010 metagenome 1
Ruminococcaceae Ruminococcaceae UCG-010 NA 1
Rikenellaceae Alistipes NA 1

Lachnospiraceae GCA-900066575 NA 1

Akkermansiaceae Akkermansia NA -

Lachnospiraceae [Ruminococcus] gauvreauii group NA -
Peptococcaceae uncultured metagenome 1

Ruminococcaceae NA NA 1
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the systemic immune response at the gut barrier level
positively affecting the experimental autoimmune enceph-
alomyelitis disease course.”® As PICRUSt only predicts
conserved functional traits and cannot distinguish strain-
specific functionality,” these data should be viewed
mostly as hypothesis-generating.** However, in an open
label non-randomized trial, propionic acid was adminis-
tered to 97 MS patients for 2 weeks before DMT initia-
tion, and findings suggested a lesser disease progression
compared to 57 historical MS controls.”’ Baseline levels
of propionic acid were lower in serum and stool samples
of MS patients compared to healthy controls and baseline
regulatory T cells were also lower in MS patients.*’

Diet can be an important source of interindividual het-
erogeneity in the gut microbiota profile.'® All participants
filled out a pre-validated FFQ, and the mean intake of
macronutrients was similar between cases and controls.
Thus, while diet was associated with differences in some
taxa, diet was less likely to explain the differences in the
gut microbiota between our cases and controls. Interest-
ingly, two of the taxa identified in the significant co-
occurrence networks were associated with macronutrients,
where fiber intake was associated with higher relative
abundances. These findings are aligned with prior obser-
vations that SCFA production is determined by the sup-
ply of nondigestible carbohydrates.*'

Among the limitations of our study is the modest sam-
ple size. However, given the expected high inter-
individual variability, a thoughtful matching procedure by
multiple covariates was performed, which increased the
robustness of findings. Nevertheless, the use of MS discor-
dant siblings sharing the same household could have
potentially improved confounding control except it may
have limited matching for sex and age. Further, despite

Peptococcaceae uncultured NA -
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Figure 6. Disease status associated microbes in complementary analysis. Significantly differential ASVs identified between POMS (n = 19) and
matched control tested by mixed linear regression model adjusting for random effects of site and matching pairs (p < 0.05).
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the minor influence of DMTs observed in the present
work, we cannpt rule out its contribution to our findings.
Additionally, due to the rarity of POMS, a more conser-
vative threshold for the FDR was used, and significant
associations that did not reach multiplicity adjustment
threshold were also reported and could represent false-
positive findings. Nonetheless, this possibility was mini-
mized by reproducing the study design and analytical
procedures in an external cohort. The comparisons
between the two datasets could only be made on the
genus level since species-level data were annotated as
unnamed or uncultured for most of the significant taxa
in the complementary set. Additionally, differences in var-
iable collection resulted in slight differences in model
adjustment for each dataset limiting result comparability.
Last, despite having arisen from a large U.S. nationwide
sample of cases and controls, selection bias, a common
concerns in case—control studies, cannot be excluded.
Moreover, samples were collected close to symptom onset
minimizing but not eliminating concerns for reverse cau-
sation. Although resource-intensive, population-based
approaches with prospective exposure assessment could,
in the future, overcome those uncertainties.

Leveraging the unique window of POMS to study dis-
ease pathogenesis allowed for the identification of several
bacteria that are, either individually or in network clus-
ters, associated with disease status. The contribution of
known and predicted SCFA taxa producers had lower
abundance in MS cases. Blood and stool measurements of
the related metabolites in future studies are warranted to
confirm those findings. In summary, our results suggest
SCFA producers may be important contributors to MS
onset.
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