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ABSTRACT

Predicting the long-term outcome of multiple sclerosis (MS) remains an important challenge to
this day. As the gut microbiota is emerging as a potential player in MS, we investigated in this study
whether gut microbial composition at baseline is related to long-term disability worsening in
a longitudinal cohort of 111 MS patients. Fecal samples and extensive host metadata were
collected at baseline and 3 months post-baseline, with additional repeated neurological measure-
ments performed over (median) 4.4 y. Worsening (with EDSS-Plus) occurred in 39/95 patients
(outcome undetermined for 16 individuals). The inflammation-associated, dysbiotic Bacteroides 2
enterotype (Bact2) was detected at baseline in 43.6% of worsened patients, while only 16.1% of
non-worsened patients harbored Bact2. This association was independent of identified confoun-
ders, and Bact2 was more strongly associated with EDSS-Plus than neurofilament light chain (NfL)
plasma levels. Furthermore, using fecal sampling performed 3 months post-baseline, we observed
Bact2 to be relatively stable, suggesting its potential use as a prognostic biomarker in MS clinical
practice.
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Introduction . . .
conventionally colonized mice.>* Furthermore,

The course of multiple sclerosis (MS), a chronic
inflammatory and degenerative disease of the cen-
tral nervous system, is largely unpredictable as
currently available tools (including conventional
magnetic resonance imaging (MRI)) offer limited
prognostic value." Although blood-based candidate
biomarkers, such as neurofilament light chain
(NfL), seem to have some predictive potential,
combining different measures might improve
prognostication overall.”

Evidence from experimental autoimmune ence-
phalomyelitis (EAE) studies in animal models hints
at a role for the gut microbiota (i.e., the collection
of micro-organisms inhabiting the gastrointestinal
tract) in MS, as germ-free mice are less inclined to
develop induced or spontaneous EAE than

a study in monozygotic twin pairs discordant for
MS observed a high incidence of EAE in mice that
received a fecal transplant from MS patients,
whereas fecal transplantation from the healthy
twin was less likely to lead to EAE.” Indeed, the
gut microbiome seems dissimilar, albeit moder-
ately, between MS patients and healthy controls,®
but also diverges among different MS phenotypes.”

While cross-sectional variation of the gut micro-
biome in MS has been extensively described, long-
itudinal studies exploring associations between gut
microbiota composition and clinical outcome mea-
sures in MS remain scarce. Moreover, existing
longitudinal reports mostly focus on the potential
link between the gut microbiome and relapse activ-
ity, not disability worsening. In pediatric MS cases,
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absence of Fusobacteria® and a lower relative abun-
dance of microbial genes involved in tryptophan
metabolism”® were found to be linked to a higher
relapse risk. Another publication described several
taxa that were associated with risk for new relapses
and MRI activity over the following 2 vy, albeit also
in the context of pediatric MS.'® As of yet, only one
study has investigated whether gut microbial com-
position is associated with disability worsening."'
This study found an increased Ty,17 cell frequency
and mucosal microbiota alterations in the small
intestine of relapsing-remitting (RR) MS patients
which seemed to be related to evidence of disease
activity during 2-y follow-up (either relapse(s),
worsening, or new MRI lesion(s))."

Evidently, more research is needed to establish
whether a link exists between the gut microbiome
and MS disease course. In this study, we investigate
whether gut microbiome characteristics are asso-
ciated with sustained disability worsening in an MS
cohort that includes both patients with a relapsing
(relapsing-remitting MS, RRMS) and progressive
(primary progressive MS, PPMS) onset. We cover
well-established gut microbiome read-outs, such as
within-sample (alpha) and between-sample (beta)
diversity measures, taxonomic (absolute) abun-
dance profiles, and enterotypes'>'* (or community
types). The enterotyping approach, which allows
classifying microbiome profiles in a limited num-
ber of different gut microbiota constellations that
were shown to be relatively stable in time,"* facil-
itates linking host variables (such as disease,'>"
inflammation levels,'® medication use'”'®) with
overall gut community variation, while simulta-
neously reducing the complexity of the gut micro-
biome space.”® A recent set of studies showed the
association of one dysbiotic enterotype
(Bacteroides 2) with multiple pathologies, includ-
ing MS.” In addition, we assess several biological
variables stool characteristics, including moisture
content (a proxy for transit time), microbial loads,
and calprotectin levels.

Results
Cohort description

Fecal samples were collected from 111 adult MS
patients (RRMS N = 86; PPMS N = 25; N = 70

[63%] female; aged 48.0 + 13.50 [median + IQR] y)
at baseline and 3 months post-baseline. Several
neurological assessments were also performed on
said time points: overall disability was determined
with Expanded Disability Status Scale (EDSS);
short distance walking speed using the timed 25-
foot walk test (T25FW); and manual dexterity
through the nine-hole peg test (9-HPT)
(Figure 1la, Table 1, supplementary table 2).
Patients were either disease-modifying treatment
naive (N = 54), untreated (N = 30), or interferon-
B- (IFN-P) treated (N = 27) at baseline. After
a median follow-up time of 4.4 (£ 0.77) (median
+ IQR) y, 41.1% of patients (N = 39/95) had wor-
sened on the EDSS-Plus. The number of clinical
evaluations per patient over the study period was 6
+ 1 (median + IQR). The EDSS-Plus outcome
could not be determined in 16 patients and thus the
longitudinal analysis was performed with a sample
size of 95 individuals with MS (RRMS N = 73;
PPMS N = 22). Reasons for undetermined EDSS-
Plus outcome were as follows: patients lost to fol-
low-up (N = 5), unconfirmed worsening upon data
closure (N = 4), stable EDSS scores but lacking
9-HPT or T25FW data at baseline (N = 3) or at
the last time point (N = 2), or suspected interrater
variability interfering with EDSS
ment (N = 2).

The distribution of worsened and non-worsened
participants was similar among onset types and treat-
ment groups (i tests; N = 95, y* = 0.23 and 1.68,
respectively, false-discovery rate (FDR) adjusted
Pvalue = .89 and 0.72) (Figure 1b to ¢, supplementary
table 3). Assessed diet and lifestyle variables did not
significantly differ between worsened and non-
worsened patients either (x° and Wilcoxon rank
sum tests, FDR > 0.1; supplementary table 3).
Likewise, no significant difference in annualized
relapse rate was observed between RRMS patients
who worsened (0.2 + 0.37; median + IQR) and
those who did not (0.0 + 0.25) (Wilcoxon rank sum
test, N = 73, P = .67). In contrast, T25FW (N = 95,
effect size = —0.29, FDR = 0.06) and 9-HPT scores
(N = 89, both dominant hand [effect size = —0.24,
FDR = 0.096] and non-dominant hand values [effect
size = —0.33, FDR = 0.06] for the latter variable),
Hauser ambulation index (N = 95, effect size = —0.29,
FDR = 0.06), NfL concentration in plasma (effect
size = —0.25, FDR = 0.096), self-reported feelings of
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Figure 1. Study cohort and prevalence of sustained disability worsening, using the EDSS-Plus endpoint. (a) The cohort consisted of
111 MS patients (86 relapsing-remitting (RR), 25 primary progressive (PP)). At baseline, patients were either disease-modifying
treatment naive (RRMS N = 33, PPMS N = 21), untreated (RRMS N = 26, PPMS N = 4), or treated with interferon- (IFN-B, RRMS N = 27).
(b) EDSS-Plus worsening was observed in 39/95 patients (RRMS N =29/73, PPMS N = 10/22; undetermined in 16 patients) and was not
associated with onset (x? test; N = 95, x* = 0.23, false-discovery rate (FDR) adjusted P value = .89). (c) Distribution of treatment groups
was similar in patients with and without worsening (IFN-B N = 11/39 & N = 15/56; untreated N = 8/39 & N = 18/56; naive N = 20/39 &
23/56, respectively) (x? tests; N = 95, 1.68, FDR = 0.72). n.s. = non-significant.

anxiety (as measured with HADS; N = 95, effect
size = —0.24, FDR = 0.096), and the proportion of
individuals taking vitamin D (N = 95, x> = 8.71,
FDR = 0.04) were significantly higher at baseline in
the worsened versus non-worsened group (supple
mentary table 3).

The T25FW score and Hauser ambulation index
are both measures of mobility and correlated sig-
nificantly with each other as expected (Spearman
test, N = 95, tho = 0.68, P = 3.613 x 10™'*). Given
its use in defining EDSS-Plus, baseline T25FW
score was used for further analysis. For the distinct
9-HPT values, which also showed great correlation
(N = 89, rho = 0.82, P < 2.2e-16), the non-
dominant hand score was retained as it was more
strongly associated with the EDSS-Plus outcome.

Association between gut microbiota composition
and EDSS-Plus outcome

To explore how gut microbiota features at baseline are
related to the EDSS-Plus outcome, we studied relative

(RMP) and quantitative (QMP) microbiome profiles
based on amplicon sequencing, combined with flow
cytometry for the latter."> None of the determined
alpha diversity indices (i.e. microbial richness,
Inverse Simpson diversity index, and Pielou evenness
index) were associated with EDSS-Plus worsening
(Wilcoxon rank sum tests; N = 93, QMP taxa abun-
dances missing due to unavailable microbial load
values for N = 2 participants; effect sizes = —0.15,
—0.01, —0.04 respectively; FDR = 0.44, 0.91, 0.91
respectively, supplementary table 4, supplementary
figure 1).

In terms of global gut community composition
(beta diversity), samples from worsened patients
did not separate from those of non-worsened indi-
viduals (permutational multivariate analysis of var-
iance (MANOVA) Adonis test, Bray-Curtis
dissimilarity, N = 93, adjusted R* = 0.01, P = .41,
supplementary table 4, supplementary figure 1).
We also checked for distinct compositional differ-
ences between groups but found no evidence of
specific genera being related to either worsening
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Table 1. Description of study participants.

RR vs. PP
Variable Visit MS N RRMS N PPMS N P
Age, y B 48.0+13.50 111  46.0£12.0 86 54.0 £ 8.0 25 0.0003
(Median + IQR)
Females, No. (%) B 70 (63.0) 111 59 (68.6) 86 11 (44.0) 25 0.67
Disease duration, y B 130140 111 13.0 £ 14.0 86 8.0 +13.0 25 0.21
(Median + IQR)
NfL, ng/L B 124+768 106 113=x7.14 81 16.21 £ 870 25 0.0002
(Median + IQR)
GFAP, ng/L B 827 £408 108 79.20+39.0 85 99.3+490 23 0.009
(Median + IQR)
EDSS B 300+£275 111 250+150 86 550+250 25 1.76e78
(Median + IQR) Y4.5 3.5+ 3.00 106 3.0 £2.00 102 6.00+250 24 331e”
P (B vs. Y4.5) 3.93¢78 - 6.42e78 - 0.19 - -
T25FW B 50+ 231 110 48 +£1.40 85 7.6 +8.30 25 1.89¢78
(Median + IQR) Y4.5 5.0 +2.80 102 4.8 £ 1.65 78 83+17427 24 485¢™
P (B vs. Y4.5) 0.13 - 0.18 - 0.38 - -
9-HPT (Dom) B 20.5 £ 7.00 97 19.6 = 4.74 76 250745 21 0.0004
(Median + IQR) Y4.5 200+£6.73 103 193 £5.65 79 258+2073 24 899%™
P (B vs. Y4.5) 0.45 - 0.86 - 0.09 - -
9-HPT (Non-dom.) B 20.8 £ 7.05 97 19.9 £ 5.57 76 247 £11.60 21 0.0003
(Median + IQR) Y4.5 206+753 103 19.8+6.75 79 240+2208 24 0.004
P (B vs. Y4.5) 0.13 - 0.09 - 0.74 - -
EDSS-plus worsening, No. (%) Y4.5 39 (41.1) 95 29 (39.7) 73 10 (45.4) 22 0.80
Time to initial worsening, y Y4.5 2.00 £ 2.29 38 2.05 £ 274 30 123+ 1.14 8 0.26
(Median + IQR)
Time between worsening and last confirmation, y Y4.5 227+207 39 195+227 30 295+198 9 0.21
(Median + IQR)
Annualized relapse rate Y4.5 0+0.26 106 0+0.26 82 00 24 0.003

(Median + IQR)

RRMS: relapsing-remitting multiple sclerosis PP: primary progressive
IQR: interquartile range

NfL: neurofilament light chain GFAP: glial fibrillary acidic protein
EDSS: expanded disability status scale T25FW: timed 25-foot walk
9-HPT: nine-hole peg test (Non-)Dom: (Non-)dominant hand

or non-worsening of patients (Wilcoxon rank sum
test, N = 93, number of genera tested = 55, FDR >
0.1, supplementary table 5).

Next, we investigated whether baseline enterotype
(i.e., microbial community type'*) was associated with
EDSS-Plus worsening. Using the Dirichlet multino-
mial mixtures method (performed on a combined
genus-level matrix of both study and Flemish Gut
Flora Project20 (FGFP) reference samples), we identi-
fied the previously observed Prevotella (Prev; preva-
lence of 9.1% at baseline in study cohort [N = 111] vs.
18.1% in FGFP [N = 1106]), Ruminococcaceae (Rum
[25.2% vs. 31.9%]), Bacteroides 1 and 2 (Bactl [39.6%
vs. 37.1%], Bact2 [26.1% vs. 12.9%]) en’cerotypes13
(supplementary figure 2). Microbial load differed
among the enterotypes, with lower counts observed
in Bact2 versus Bactl (Dunn test, N = 108, n = 216
[including baseline and 3 months post-baseline sam-
ples, microbial load values missing for N = 3 indivi-
duals], Z = -3.75, FDR = 0.001; supplementary table
6). The Bact2 enterotype was also characterized by

lower absolute abundances of short-chain fatty acid
producing genera such as Faecalibacterium,
Coprococcus, and Roseburia (n = 216, FDR > 0.1;
supplementary figure 3, supplementary table 6). In
addition, fecal moisture content was found to be
higher in Bact2 than in the Rum enterotype
(N =111, n = 222; Z = 3.58, FDR = 0.001), but lower
compared to Prev (Z = -3.27, FDR = 0.003).

Baseline enterotype distribution was significantly
different between patients who worsened and those
who did not (¢ test, N = 95, x* = 11.20, P = .009;
Figure 2a), with a striking prevalence of 43.6% for the
Bact2 enterotype in worsened patients versus 16.1% in
patients without sustained disability worsening (Post-
hoc x* test, N = 95, Pearson standardized resi-
duals = -2.96). Similarly, a higher proportion of
patients with EDSS-Plus worsening was found
among individuals harboring a Bact2 enterotype
(65.4% worsened) than in non-Bact2-enterotyped
patients (31.9% worsened) (X2 test, N = 95, X2 = 8.76,
P = .003; Figure 2b).
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Figure 2. Baseline enterotype is associated with sustained worsening as defined with EDSS-Plus. (a, d) Enterotype distribution was
significantly different between patients with and without EDSS-Plus worsening (x> tests; x> = 11.20, N = 95, P = .009 for total MS
group; X° = 13.18, N = 73, P = .003 for relapsing-remitting (RR) MS group), even after partialling out effects of timed 25-foot walk
(T25FW) and nine-hole peg test (9-HPT, non-dominant) scores (Generalized Linear Models (GLMs); N = 89, R? enterotype = 0.16,
P = .001 for total MS group; N = 69, GLM, R? enterotype = 0.19, P = .015 for RRMS group). (Bacteroides 1 (Bact1) N = 38 & N = 32,
Bacteroides 2 (Bact2) N = 26 & N = 18, Prevotella (Prev) N =8 & N = 5, Ruminococcaceae (Rum) N = 23 & N = 18 for total MS group and
RRMS group, respectively) (b, e) Group distribution was significantly different between Bact2 and non-Bact2 enterotypes (x° tests;
N =95, x2 = 8.76, P = .003 for total MS group; N =73, )(2 =13.18, P =.003 for RRMS group). (c, f) ROC (receiver operating characteristic)
curve of the logistic regression models (with area under the curve (AUC)) with (red) and without (black) enterotype to predict
sustained worsening with the EDSS-Plus (N = 95 and N = 73 for total MS group and RRMS group, respectively). (g) No association
between enterotype at baseline and sustained worsening as defined with EDSS-Plus was found for primary progressive (PP) MS (x*
test, N = 22, x* = 1.03, P = .832). (h) No significant difference in enterotype distribution (at baseline) between onsets was found (x°
test, N = 95, x* = 2.96, P = .404). (i) The Bact2 enterotype is more prevalent in interferon-B- (IFN-) treated RRMS than untreated and
naive (UNTR/NAI) RRMS ()(2 test, )(2 =4.82, N =95, P =.04). The percentage of Bact2-enterotyped individuals within the IFN-B-treated
RRMS group (N = 25/95) and untreated RRMS group (N = 48/95) was 40% and 16.7%, respectively. n.s. = non-significant.
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dentification of confounders and deconfounding and sustained disability worsening, we investigated

To identify features that may potentially confound =~ whether baseline metadata variables that were
the reported relationship between Bact2 prevalence  altered between patients with and without
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worsening (i.e., T25FW and 9HPT [non-dominant
hand] values, self-reported anxiety, NfL plasma
concentration and vitamin D supplementation)
were also associated with Bact2. This was indeed
the case for T25FW and 9-HPT scores (Dunn tests,
N = 95 for T25FW, N = 89 for 9-HPT, FDR < 0.1,
supplementary table 7). The association between
baseline enterotype and disability accumulation
remained significant after adjusting for baseline
T25FW and 9-HPT scores (nested Generalized
Linear Models (GLM), N = 89, R* = 0.16, 0.008,
0.07 for enterotype, T25FW, and 9-HPT, respec-
tively, P = .001). Furthermore, the model including
enterotype had an area under the curve (AUC) of
0.796, compared to 0.707 when solely using base-
line T25FW and 9-HPT scores to predict EDSS-
Plus outcome (Figure 2c).

Subgrouping the cohort according to onset type,
this association was only significant in the RRMS
group (x° test, x> = 13.18, N = 73, P=.003; GLM, R*
enterotype = 0.19, N = 69, P = .015; AUC = 0.874;
Figure 2d to g), with 44.8% of RRMS patients with
sustained disability worsening having the Bact2
enterotype.

Enterotype distribution was similar for RRMS
and PPMS groups (N = 95, x* = 2.96, P = .404;
Figure 2h), indicating that a higher Bact2 preva-
lence within the RRMS was not the cause of this
discrepancy between onsets. Because we have
previously shown that the Bact2 enterotype
occurs more frequently in IFN-fB-treated than in
untreated RRMS patients,” a finding that was
corroborated in this dataset (x* = 4.82, N = 95,
P = .04; Figure 2i), we examined whether the
discovered association was driven by IFN-f use.
This was not the case — a similar proportion of
patients on IFN-P at baseline was observed in
both the worsened (28.2%) and non-worsened
(26.8%) group.

Then, we evaluated whether adding NfL plasma
concentration, a blood-based candidate prognostic
biomarker for MS, would improve our model’s
performance in discriminating worsened from
non-worsened patients. Enterotype distribution
was still significantly associated with the EDSS-
Plus outcome when NfL was added to the GLM as
an additional predictor (N = 88 MS patients,
P = .001; N = 68, P = .01). Moreover, including
NfL in the GLM resulted in a higher AUC (0.82)

when considering the total MS population but
remained almost identical (0.871) for the RRMS
subset. Of all predictors for sustained disability
worsening, enterotype (specifically being Bact2 or
not) had the largest relative risk ratio, being 6.19
(95% confidence interval (CI) = 2.38-14.40).
Relative risk ratio values were 1.06 (95% CI 1.01-
1.13), 1.07 (95% CI 1.01-1.15), 1.00 (95% CI 0.97-
1.02) for plasma NfL concentration, 9-HPT score,
and T25FW score, respectively.

Stability of the baseline sample

To evaluate the stability of the baseline sample, we
compared its microbial community features with
those of the fecal sample collected 3 months post-
baseline. Measures of alpha and beta diversity
showed that overall, no major shifts in gut micro-
biota composition had occurred between visits
(Wilcoxon signed-rank and permutational
MANOVA Adonis tests, RRMS N = 84,
PPMS = 24, FDR > 0.1 and P > .05 for indices of
alpha and beta diversity respectively, Figure 3a-e,
supplementary table 8). Bray-Curtis distances
between samples of each participant showed
a similar amount of variation for both RRMS and
PPMS (Kruskal-Wallis test, N = 111,
X’ =107, P = .3).

In terms of enterotypes, these were not
deemed unstable between visits (McNemar-
Bowker test, N = 111, x> = 9.98, P = .12,
Figure 4a, b). In the total MS population, 72.4%
of patients who harbored Bact2 at baseline had
the same enterotype 3 months later (77.8% for
PPMS, 70% for RRMS). Except for Prev, which
had a stability of 100%, switching community
types occurred more frequently for the other
enterotypes (Rum = 46.5%, Bactl = 38.6%). In
addition, we found no indications of a change in
microbial load, moisture content and fecal cal-
protectin levels between baseline and 3 months
post-baseline for either the PPMS or RRMS
group (Wilcoxon signed-rank test, N = 108 for
microbial load, N = 111 for moisture content and
fecal calprotectin, FDR > 0.1, Figure 4c-e, supple
mentary table 9). Finally, we assessed whether the
aforementioned association between Bact2 and
EDSS-Plus worsening could be corroborated in
the sample collected 3 months post-baseline.
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distribution and the median line. Whiskers extend from quartiles to the last data point within 1.5x the interquartile range, outliers lie

beyond. n.s. = non-significant.

Again, among RRMS patients with EDSS-Plus
worsening, the percentage of Bact2-enterotyped
patients (64.7%) was significantly higher than the
percentage of patients harboring non-Bact2
enterotypes (31.2%) (X2 test, N = 67 (six indivi-
duals excluded due to antibiotic use), x> = 4.92,
P = .047, supplementary figure 4).

Discussion

The main finding of our study relates to the asso-
ciation of the dysbiotic, inflammation-associated
Bact2 enterotype with sustained disability worsen-
ing in (RR)MS over four to 5 y of follow- up. We
believe this finding to be robust for several reasons.
First, the observed association remained significant

after partialling out effects of identified confoun-
ders (i.e., T25FW and 9-HPT (non-dominant
hand) scores). Other clinical variables (including
EDSS, annualized relapse rate, DMT) and major
covariates of gut microbiome composition®® (age,
BMI, sex, dietary habits, antibiotic use, stool con-
sistency (a proxy for transit time)) were not signif-
icantly different between the worsening and the
non-worsening  group. Second, we used
a composite measure, the EDSS-Plus, to increase
the sensitivity to detect disability accumulation in
a study population including both relapsing and
progressive MS patients.?'

By requiring this worsening to be sustained for
at least 6 months and to persist until the last study
visit, we reduced the potential impact of relapses
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Figure 4. Enterotypes and distinct stool characteristics are similar at baseline and 3 months post-baseline. (a) Bar plots representing
enterotype distribution (based on relative microbiota profiles (RMP)) per visit. Enterotype distribution was similar in MS patients at
both visits (x* test, MS N = 111, x* = 3.73, P = .29). (b) Bar plots representing the frequency of enterotype switches between baseline
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and inter- or intra-rater variability. Third, the find-
ing of a relative stability of the baseline sample
(with 72.4% of patients still having a Bact2 enter-
otype 3 months post-baseline) strengthens our
conclusion. Lastly, a substantial proportion of
patients in this study were untreated (and even
treatment-naive) at baseline, reducing potential
confounding by immunomodulation or
immunosuppression.

Even though no formal causal relationship can
be established at this moment, the link between the
prevalence of the inflammation-associated Bact2
enterotype and subsequent disability worsening in
RRMS presumably refers to mechanisms related to
CNS inflammation. Bact2 is thought to be
a dysbiotic enterotype, characterized by lowered

microbial load and diversity, as well as a reduced
abundance of Faecalibacterium, which is thought
to exert anti-inflammatory functions through the
production of short chain fatty acids.'”
Prevalence of Bact2 has been shown to be
increased in multiple inflammatory conditions
(such as inflammatory bowel disease, primary
sclerosing cholangitis, and obesity’>'®!'7) but also
in depression.”” We previously found indications
of a higher Bact2 prevalence in certain MS
phenotypes,” a finding that was corroborated in
this study. While the name of the Bact2 enterotype
seems to focus on high Bacteroides, it is defined as
an aberrant microbiome structure overall, and thus
not only denoted by the abundance of this specific
taxon."” Therefore, our findings are not



contradictory to the results of previous gut micro-
biome studies in EAE** and individuals with
MS,'"**** which have suggested potentially bene-
ficial properties of certain Bacteroides species
in MS.

There are a multitude of cross-sectional studies
on the gut microbiome in MS, but the number of
longitudinal studies is rather limited. Three stu-
dies - all in pediatric MS - investigated the associa-
tion of the gut microbiota with subsequent disease
activity (relapses and/or new or enhancing lesions
on brain MRI).%*?°

To our knowledge, only one small-scale study
has previously investigated disability worsening
over time in relation to gut microbial
composition.'" In this work, authors reported dif-
ferential abundances of certain members of the
small intestine mucosal microbiota at baseline
(i.e., lowered Prevotella and higher Streptococcus)
in patients who either experienced a relapse, pro-
gressed based on the EDSS, or developed a new
MRI lesion during 2 y of follow-up versus patients
who remained stable.'’ As this study used small
intestinal biopsies and ours used fecal samples,
a detailed comparison of findings remains difficult.

Sustained disability worsening in our cohort was
not related to relapse frequency. The rather low
annualized relapse rate is in line with the study
participants’ age and longer disease duration.
While differences in relapse-associated worsening
between worsened and non-worsened patients
remain possible, findings from both the EPIC
cohort' and a pooled analysis of two randomized
clinical trials*' suggest that disability accumulation
in RRMS is not primarily driven by cumulative
injury from relapses, but rather by diffuse inflam-
matory and neurodegenerative processes (i.e. silent
progression). The lacking association between Bact2
and disability accrual in the subgroup of PPMS
could be due to the small sample size of this group
(N = 22) or other reasons, such as less prominent
inflammatory mechanisms within this phenotype.

We realize that our study population has
a relatively modest size and is rather heteroge-
neous, with relapsing and progressive patients,
including patients exhibiting a rather mild and
longstanding disease and patients with a more
severe disease course. We therefore stratified all
analyses by onset type and used a composite
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measure that has been shown to be sensitive to
detect worsening not only in relapsing,”’ but also
in progressive patients.”® Other limitations include
the lack of brain MRI data and absence of an
independent validation cohort. However, based
on our information, there are no (published) stu-
dies of gut microbiome composition in relation to
similar long-term clinical follow-up. The fact that
enterotype remained significant in a model includ-
ing plasma-NfL, which has shown potential as
prognostic biomarker for MS in previous studies,”
indicates that Bact2 and NfL have a non-redundant
explanatory power for disability worsening in MS.

Although enterotype-based diagnostics would
certainly need some development before its imple-
mentation in (MS) clinical practice, this finding is,
if validated in larger cohorts, indeed promising. To
conclude, our results implicate the gut microbiota
as a potential prognostic biomarker and underline
the importance of large-scale follow-up studies of
the gut microbiota in association with disease
course modifiers in MS.

Patients and methods
Cohort and study design

In 2014-2015, patients with MS (diagnosed with 2010
McDonald criteria®’) were recruited at the National
MS Center Melsbroek (NMSC) and University
Hospital of Brussels (UZB) for a prospective study.
To participate in the study, patients needed to be
either treatment naive, currently untreated (having
stopped treatment for at least 3 months if previously
treated with glatiramer acetate and at least 6 months if
previously treated with fingolimod or natalizumab) or
being treated with interferon-p (IFN-f). Antibiotic
use 4 weeks before baseline, chronic gastrointestinal
disease, and systemic corticosteroid use 2 months
before baseline were exclusion criteria for this study.
At baseline and 3 months post-baseline, participants
provided a fecal sample, filled in questionnaires, and
underwent clinical neurological assessments includ-
ing the expanded disability status scale (EDSS)**
score, the nine-hole peg test (9-HPT)* and the
timed 25-foot walk (T25FW).*® At baseline, patients
had a blood draw for neurofilament light chain (NfL)
measurement. Neurological assessments were
repeated during study visits at 1, 2 and 4-5 y post-
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baseline. In in-between study visits, clinical assess-
ments were performed in the context of regular fol-
low-up at the NMSC or UZB.

Clinical data

We assessed clinical neurological disability
worsening with a composite measure, the
EDSS-Plus.?® EDSS-Plus worsening was defined
as worsening in one or more out of three mea-
sures (EDSS,”® 9-HPT,*® T25FW°>°) which
needed to be sustained, i.e., confirmed after 6
or more months and persistent throughout the
last study visit. In view of the non-linearity of
the EDSS, the relevance of observed changes
depended on baseline values' (if EDSS = 0 at
baseline, a 1.5-point increase was needed to
indicate worsening; if EDSS >1.0 and <6.0,
a 1l-point increase in the EDSS was required;
it EDSS > 6, an increase by 0.5 point suf-
ficed). Short distance walking speed and man-
ual dexterity were measured with the T25FW>°
and 9-HPT,*” respectively, with meaningful
worsening defined as a > 20% increase in
scores. Additional EDSS, T25FW and 9-HPT
assessments obtained during regular follow-up
in-between study visits were used to confirm
worsening if applicable. Based on a careful con-
sideration of all available clinical data, patients
were categorized into groups: patients with sus-
tained disability worsening over the study per-
iod as defined with the EDSS-Plus, patients
without sustained disability worsening, and
patients for whom it was not possible to deter-
mine the outcome (e.g., patients lost to follow-
up). Relapses (defined as new or worsening
focal neurological symptoms lasting for more
than 24 h and usually followed by at least
some recovery over time') were assessed for
each patient during study visits and regular
follow-up in-between and were allowed to be
patient-reported. Atypical symptoms or wor-
sening of symptoms in the context of infection
were not considered relapses. Annualized
relapse rate (ARR) was determined by dividing
the total number of relapses experienced during
the study period by the number of years of
study follow-up.'

Metadata

To assess potential confounders, participants filled
out questionnaires (baseline, 3 months post-base-
line, and approximately 1, 2, 4.5 y post-baseline)
regarding anthropometrics/general health, current
medication (prescription drugs, supplements, vita-
mins, probiotics), bowel and dietary habits, and
lifestyle. For the medication metadata class, only
medication taken by 210% of the participants were
included in further analysis (as described in
Reynders et al.”). Fatigue, anxiety, depression, and
quality of life were assessed with the Fatigue Scale
for Motor and Cognitive functions (FSMC) and
Hospital Anxiety and Depression Scale (HADS)
self-reporting questionnaires, respectively.

Biological variables

At baseline, a venous blood sampling was per-
formed. EDTA tubes were centrifuged at
3500 rpm during 15 min at 3-5°C. Plasma super-
natant was transferred to 1-ml cryotubes and
stored at —80°C. Biomarker analyses were per-
formed blinded to clinical data by a board-certified
laboratory technician. Neurofilament light chain
(NfL) and glial fibrillary acidic protein (GFAP)
were determined using the Single-Molecule Array
(Simoa®) HD-1 platform (Simoa® NF-light™
Advantage Kit; Quanterix, MA, USA) following
manufacturer’s instructions. All samples were
within the measurement range of the assays.
High- and low-quality control (QC) samples were
analyzed in duplicates in the beginning, middle and
end of each run. Cortisone and testosterone levels
were measured (in hair, approximately 15.5 mg was
collected per participant) wusing Liquid
Chromatography Mass Spectrometry (based on
methodology described in Fiers et al.’"?) at the
laboratory of Dr Tom Fiers (University of Ghent,
Belgium).

Stool sample collection

Stool samples were collected at baseline and 3
months post-baseline. Fecal collection kits, consist-
ing of a plastic tube (without stabilizing agents)
into which fecal material was transferred with
a spatula, were provided to participants during



clinical consultation. Fecal samples were stored at
—-20°C immediately after sampling in the partici-
pants’ home freezer and were transferred in frozen
condition to the NMSC or UZB within 48 h for
storage at —80°C. In case of inpatient care at the
NMSC, fecal samples of participants were immedi-
ately stored at —80°C. From there, fecal samples
were transported on dry ice, without breaking the
cold chain, to the Raes lab for processing.
Participants were asked to note down date and
time of stool sampling, time since last defecation,
and the Bristol Stool Score immediately after
defecation.

DNA extraction, library preparation, sequencing,
preprocessing

Microbial DNA was extracted from frozen (—80°C)
fecal aliquots (0.15-0.20 g) with the MagAttract
PowerMicrobiome DNA/RNA kit (Qiagen), using
a slightly altered protocol as described in Sabino
et al.”> and Falony et al.* Specifically, a 10-min
heating (90°C) step was added before centrifuga-
tion to increase yield of extracted DNA.** Nucleic
acid concentration was subsequently measured
with DropQuant, after which the V4 region of the
16S rRNA gene was amplified with 515 F/806 R
primers modified to contain Illumina adaptors and
dual-index barcodes. PCR amplicons were quanti-
tied with Fragment Analyzer (Advanced Analytical
Technologies) and sequenced on the Illumina
MiSeq platform (V2 Reagent kit) to generate 250
bp paired-end reads. Sequencing reads were de-
multiplexed with LotuS®* (version 1.565) and pro-
cessed further with the DADA2’” pipeline (version
1.6.0), using the RDP classifier’® version 2.12 for
taxonomy assignment (default parameters).

Relative microbiome profiling

Samples were rarefied to 10,000 randomly
selected reads, with exclusion of samples with
<10 000 reads. Enterotyping (or community typ-
ing) was performed based on the Dirichlet-multi-
nomial Model (DMM) approach in R (dmn
function) as previously described’” on
a combined genus-level abundance matrix con-
taining the study samples as well as 1106 Flemish
Gut Flora Project (FGFP)*° samples to increase
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accuracy. The DMM method applies probabilistic
models to bin samples into (a non-predetermined
number of) clusters based on their similarity in
microbiota  composition. = The  Bayesian
Information Criterion (BIC) was used to deter-
mine the optimal number of clusters (k = 4;
minimum BIC = 429,086.9), and the probability
for enterotype assignment was calculated for all
samples. Mean probability + standard deviation
for community-type assignment was 0.97 + 0.089.
The four clusters were named after their entero-
type-discriminating predominant taxa,"> being
Ruminococcaceae (Rum; 29% of samples),
Prevotella (Prev; 17% of samples), and
Bacteroides 1 and 2 (Bactl and Bact2; 38% and
16% of samples, respectively).

Microbial load measurement by flow cytometry

Microbial load measurement was performed as
described by Vandeputte et al."> and Vieira-Silva
et al.'® In short, frozen (—80°C) fecal aliquots were
weighed [average weight *+ standard deviation:
0.197 g + 0.038] and dissolved in physiological
solution to a total volume of 100 ml (8.5 g/l NaCl;
VWR International). The fecal slurry was then
diluted 10,000 times, and 2 ml per sample was
filtered with a sterile syringe filter (5 um pore
size; Sartorius Stedim Biotech).

Next, 1 ml (2 replicates per sample) of the
filtered microbial cell suspension was stained
with SYBR Green (1:100 dilution in dimethyl
sulfoxide, 10,000x concentrate, Thermo Fisher
Scientific) and dark-incubated at 37°C for
15 min. Flow cytometry analysis was carried out
using a C6 Accuri flow cytometer (BD
Biosciences) following a previously published
method."” Fluorescence events were monitored
using the FL1 533/30 nm and FL >670 nm optical
detectors, and forward and sideward-scattered
light were collected as well. With BD Accuri
CFlow software, microbial fluorescence events
were gated and separated from background events
on the FL1/FL3 density plot. A threshold value of
2 000 was applied on the FL1 channel. In order to
obtain an accurate microbial cell count per sam-
ple, gated fluorescence events were evaluated on
the forward and sideward density plot and
remaining background events were excluded.
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Instrument and gating settings were kept identical
for all samples (i.e. fixed staining/gating strategy;
illustration of flow cytometry gating strategy can
be found in supplementary figure 5). Fecal aliquot
weight was used to convert microbial cell counts
to microbial loads per gram of fecal material.

Quantitative microbiome profiling

Quantitative microbiome profiling (QMP) was car-
ried out by combining sequencing data and micro-
bial load calculation via flow cytometry, with
procedures performed as described by Vandeputte
et al.'"’> and Vieira-Silva et al.'® Briefly, samples
were downsized to an even sampling depth, i.e.
the ratio between sampling size (sequencing depth
corrected for the number of 16S rRNA gene copies
per genus) and microbial load (average total cell
count per gram of frozen fecal aliquot). 16S rRNA
gene copy numbers were extracted from the rRNA
operon copy number database rrnDB.*® The copy
number-corrected sequencing depth per sample
was then downsized to the level necessary to
match the minimum observed sampling depth in
the cohort. Samples with read counts <150 after
rarefaction were excluded from QMP analyses.
Rarefied genus abundances were subsequently con-
verted to cell count per gram to obtain a QMP
matrix.

Fecal moisture content

Fecal moisture content was obtained through lyo-
philization of frozen (-80°C), non-homogenized
aliquots (0.1-0.2 g) and calculated as the percen-
tage of lost mass after said process. Lyophilization
of fecal samples was performed at the laboratory of
Kristin Verbeke, KU Leuven, Belgium).

Fecal calprotectin levels

Concentration of fecal calprotectin was measured
in frozen (-80°C) fecal aliquots (0.075-0.1 g) with
the fCAL ELISA kit (Biihlmann) following manu-
facturer’s instructions. Based on the weight of the
collected fecal aliquots, fecal calprotectin concen-
tration was converted to pg/g.

Statistical analyses

All statistical analyses and graphical representations
were performed in R* version 3.6.0, using packages
phyloseq,*’ vegan,*' DirichletMultinomial,** FSA,*
ggplot2,** pROC,* rsq.*® Multiple testing correction
was applied where necessary using the Benjamini-
Hochberg procedure (FDR), with significance
defined as FDR < 0.1. All analyses were performed
at genus level.

Analysis of metadata

Demographics were compared between groups and
visits using Wilcoxon rank-sum and Wilcoxon
signed-rank tests, respectively. Effect sizes for
Wilcoxon-Rank Sum tests were calculated as the
ratio of the obtained Z-statistic and the square root
of the number of observations. Potential confoun-
ders were identified with Wilcoxon rank-sum and
Kruskal-Wallis tests for numeric variables, and
Chi-square tests for categorical variables.

Alpha and beta diversity

Measures of alpha diversity (i.e. observed richness,
Simpson’s diversity index and Pielou’s evenness
index) were determined with phyloseq and vegan
packages. Microbiome inter-individual variation
was visualized by principal coordinate analysis
using Bray—-Curtis dissimilarity on the genus-level
abundance matrix. Vegan’s adonis function was
used to test for differences in community structure
between visits.

Associations with taxa and enterotypes

For genus abundance analysis, the following pre-
valence and abundance thresholds were set: only
genera that were present in 220% of samples and
with median relative abundance over all QMPs in
which it was detected >1% were included. Taxa that
were unclassified at genus level were excluded.
Associations between enterotype (at baseline and
3 months post baseline) and disability accumula-
tion were tested with (pairwise) Chi-square tests
(chi.sq function). Generalized linear models (GLM;
glm function) and subsequent log-likelihood tests
were used to assess the significance of enterotype
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contribution to prediction of disability accumula-
tion after factoring out effects of potential confoun-
ders. In these nested GLMs, disability
accumulation (binomial, link = logit) was used as
a response variable, while timed 25-foot walk, nine-
hole peg test (non-dominant) scores at baseline
were used as explanatory variables in the null
model. In the alternative model, baseline entero-
type was included as an additional explanatory
variable. The same approach was used to evaluate
whether the association between EDSS-Plus out-
come and Bact2 prevalence was independent of
NfL. GLM (partial) R? values were determined
with rsq’s rsq function. Receiver operating charac-
teristic (ROC) curves and area under the curve
(AUC) for regression models were obtained with
pROC’s roc function. Risk ratio estimates and
(their associated 95% confidence interval) were
obtained using the odds_to_riskratio function of
the effect size R package.
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