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Abstract
Objective
Based on animal models and human studies, there is now strong suspicion that host/microbiota
mutualism in the context of gut microbial dysbiosis could inﬂuence immunity and multiple
sclerosis (MS) evolution. Our goal was to seek evidence of deregulated microbiota-induced
systemic immune responses in patients with MS.
Methods
We investigated gut and systemic commensal-speciﬁc antibody responses in healthy controls
(n = 32), patients with relapsing-remitting MS (n = 30), and individuals with clinically isolated
syndromes (CISs) (n = 15). Gut microbiota composition and diversity were compared between
controls and patients by analysis of 16S ribosomal ribonucleic acid (rRNA) sequencing. Autologous microbiota and cultivable bacterial strains were used in bacterial ﬂow cytometry assays
to quantify autologous serum IgG and secretory IgA responses to microbiota. IgG-bound
bacteria were sorted by ﬂow cytometry and identiﬁed using 16S rRNA sequencing.
Results
We show that commensal-speciﬁc gut IgA responses are drastically reduced in patients with
severe MS, disease severity being correlated with the IgA-coated fecal microbiota fraction (r =
−0.647, p < 0.0001). At the same time, IgA-unbound bacteria elicit qualitatively broad and
quantitatively increased serum IgG responses in patients with MS and CIS compared with
controls (4.1% and 2.5% vs 1.9%, respectively, p < 0.001).
Conclusions
Gut and systemic microbiota/immune homeostasis are perturbed in MS. Our results argue that
defective IgA responses in MS are linked to a breakdown of systemic tolerance to gut microbiota leading to an enhanced triggering of systemic IgG immunity against gut commensals
occurring early in MS.
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Glossary
CFU = colony-forming unit; CIS = clinically isolated syndrome; EAE = experimental autoimmune encephalomyelitis; EDSS =
Extended Disability Status Scale; EI = enrichment index; GBS = Guillain-Barré syndrome; IMD = immunomodulatory; MBP =
myelin basic protein; MS = multiple sclerosis; OTU = operational taxonomic unit; PBS = phosphate buﬀer saline; PCR =
polymerase chain reaction; rRNA = ribosomal ribonucleic acid; RR = relapsing-remitting; TNF = tumor necrosis factor.

Over the years, many microbes have been proposed as potential
multiple sclerosis (MS) triggers, but ﬁrm evidence for causality
has never been provided. A seminal murine study, however,
exploiting germ-free mice engineered to develop spontaneous
experimental autoimmune encephalomyelitis (EAE) suggested
that commensal gut bacteria contribute to the disease process.1
Microbiota transfer from patients with MS into mice was then
shown to induce and/or exacerbate symptoms, using the same
spontaneous model,1 or a more classic model in which EAE is
actively induced following colonization.2
In patients with MS, increased fecal abundances of Akkermansia, Blautia, Ruminococcus, and Biﬁdobacterium genera
have been described, whereas Faecalibacterium, Parabacteroides, Prevotella, and Lactobacillus would have a relatively
low abundance compared with healthy controls.345 Most
studies supported, based on in vitro assays and murine
models, that MS microbiota composition aﬀects host immune
responses, driving an impaired T-cell diﬀerentiation to CD25+
FoxP3+ regulatory T cells and inclined diﬀerentiation toward
proinﬂammatory Th1 and Th17 cells,2,6 or proinﬂammatory
changes in monocytes.5 The eﬀect of immunomodulatory
(IMD) therapy was examined in multiple studies, indicating
that treatment might normalize the abundance of some microbial taxa such as Prevotella and Sutterella,5 yet aﬀect other
microbial taxa such as Methanobrevibacter,5,7,8 Akkermansia
muciniphila,5,7 Roseburia, and Clostridium cluster IV.8,9 We
hypothesized that such gut microbiota alterations may aﬀect
host humoral responses.
Original events leading to a breakdown of tolerance and generation of autoimmune response are still poorly understood in
MS. The molecular mimicry theory argues in favor of homologies between microbial components and human proteins likely
taking part in the development of systemic and/or CNS autoimmune diseases. Both commensal and pathogenic strains could
lead to autoimmune responses through molecular mimicry. In
neuromyelitis optica, patients develop autoantibodies against
aquaporin 4, the predominant astrocyte water channel, which
cross-react with an adenosine triphosphate-binding cassette
transporter of Clostridium perfringens.10,11 Likewise, GuillainBarré syndrome (GBS) has been associated with Campylobacter
jejuni, a leading agent of bacterial gastroenteritis.12 GBS pathogenesis would be related in some instances to the induction of
antibodies cross-reacting with C. jejuni surface polysaccharides
and similar human myelin-associated ganglioside structures.13
However, systemic immune responses to autologous microbiota
were never extensively explored in patients with MS.
2

Here, we investigated gut and systemic antibody antimicrobiota responses in patients with MS. We report that
intestinal IgA interacts with a reduced proportion of commensal bacteria in patients with severe MS. Aberrant antimicrobiota IgG responses, associated with symptoms of
bacterial translocation, are also observed.

Methods
Patients
In the present study, 18 patients with clinically isolated syndromes (CISs) (feces and serum were together available for
only 12 of them), 32 patients with relapsing-remitting (RR)MS, and 30 age- and sex-matched healthy individuals have
been enrolled. Patients with CIS and RR-MS were recruited
either at the Fondation Ophtalmologique Adolphe de
Rothschild (Paris, France) or at the Department of Neurology
of Pitié-Salpêtrière Hospital (Paris, France). Patients with RRMS fulﬁlled McDonald diagnostic criteria for MS.14 Patient
disability was assessed using the Expanded Disability Status
Scale (EDSS),15 which ranges from 0 (no disability) to 10
(death), with 0.5 unit increments. EDSS of included patients
ranged between 0 and 6.5. CIS was deﬁned as a ﬁrst CNS
inﬂammatory event that lasts at least 24 hours.16,17 IMD
treatments including glatiramer acetate and IFN-β were
reported in the table. Blood and stool collection occurred
before steroid therapy in patients with CIS and RR-MS. The
inclusion criteria speciﬁed no use of corticosteroids, antibiotics, or laxative drugs in the last 3 months prior the study.
Detailed patient information is summarized in the table. Fresh
stool and blood samples were collected simultaneously at a
single time point.
Stool Processing, Microbiota Purification,
and Processing
Stool samples were collected in a container including a reagent
for the generation of an O2-depleted and CO2-enriched atmosphere (Anaerocult band, Mikrobiologie), aliquoted in an
anaerobic atmosphere, and stored at −80°C. Fecal bacteria were
puriﬁed by gradient puriﬁcation as previously described.18,19
Bacterial extracts were suspended in 1xPBS (phosphate buﬀer
saline)–10% glycerol, immediately frozen in liquid nitrogen,
and then stored at −80°C. Genomic DNA was extracted from
whole stool samples as previously described.20 Brieﬂy, 200 mg
of fecal sample was lysed chemically (guanidine thiocyanate
and N-lauroyl sarcosine) and mechanically (glass beads) followed by elimination of cell debris by centrifugation and precipitation of genomic DNA. Finally, genomic DNA was RNase
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Table Demographic and Clinical Features of the Cohort
Healthy
donors

RR-MS

CIS-MS

Sex (H/F)

12/20

11/19

5/13

BMI

21.8
(18.7–31.9)

22.6
(16.4–32.7)

22.9
(18.4–39.1)

Age

32.9
(23.6–61.3)

38.4
(18.9–60.6)

31.8
(18.1–54.8)

Age at onset

NA

29.8
(12.3–53.2)

31.5
(18–54.7)

Duration of the
disease

NA

7 (0.5–26)

NA

<3

NA

18

14

3–5

NA

10

4

>5

NA

2

0

IFN-β

0

8

NA

Glatiramer
acetate

0

6

NA

Mitoxantrone

0

1

NA

Solumedrol

0

1

NA

Natalizumab

0

1

NA

10 (3)

NA

EDSS score

Treatment

w/o (or ND)

Abbreviations: BMI = body mass index; IFN = interferon; NA = not applicable;
w/o = without.
Numbers for ages and duration of the disease refer to years.

treated. DNA concentration was estimated by Nanodrop
(Thermo Scientiﬁc).
Bacterial Strains and Culture Conditions
Prevotella oris and Fusobacterium nucleatum were isolated from
human samples and identiﬁed by matrix-assisted laser desorption
ionization–time of ﬂight mass spectrometry (Microbiology Department, Pitié-Salpêtrière Hospital, Paris). Both bacterial strains
were cultured on sheep red blood agar plates at 37°C under
anaerobic conditions for 48 hours. Ruminococcus obeum (VPI B321), Bacteroides caccae (VPI 3452A), Biﬁdobacterium longum
(E194v variant A), and Akkermansia muciniphila (DSM-22959)
were characterized at the Institut National de Recherche Agronomique (Jouy-en-Josas, France). A muciniphila was cultured in
L-YHBHI.4 medium (Liquid-Yeast extract Hemin Brain Heart
Infusion) with mucin, whereas R obeum was cultured in PYG
medium (peptone–yeast extract–dextrose) at 37°C under anaerobic conditions. Bacterial cultures were suspended in 1xPBS–10%
glycerol (109 colony-forming units [CFUs]/mL) and frozen at
−80°C. Quantiﬁcation of CFUs was performed by adding
counting beads (Beckman Coulter) to bacterial suspensions and
then analyzed by ﬂow cytometry (FACSCanto II, BD).
Neurology.org/NN

Bacterial Flow Cytometry
Systemic IgG and secretory IgA binding to microbiota was
assessed by bacterial ﬂow cytometry as previously described.21
Brieﬂy, thawed microbiota or bacterial strains (107 bacteria/
conditions) were ﬁxed in a solution of 4% paraformaldehyde and
stained with Cell Proliferation Dye eFluor 450 (eBioscience).
After washing with 1xPBS (10 minutes, 4,000g, 4°C), cells were
suspended in 1xPBS, 2% bovine serum albumin (Sigma), and
0.02% sodium azide (Sigma) and incubated in a 96-V bottom
well plate with a 10 μg/mL IgG solution (from either human
serum or pooled human IgG Hizentra–CSL Behring France or
human anti-tumor necrosis factor (TNF) Remicade–MSD
France) per condition. All buﬀers were passed through sterile
0.22-μm ﬁlters before use. After washing, secondary conjugated
antibodies (goat anti-human IgA-FITC and goat anti-human
IgG-A647) or isotype controls (both from Jackson ImmunoResearch Laboratories, West Grove) were added for 20 minutes at
4°C. Then, bacteria were suspended in sterile PBS. Thirty
thousand bacterial events were acquired on a FACSCanto II ﬂow
cytometer (Becton Dickinson). Analysis was performed with
FlowJo software (Treestar). Frequencies of Ig-bound microbiota
were expressed as percentages, median, minimum, and maximum
values throughout the article. Medians of ﬂuorescence were used
to measure IgG-binding levels for pure bacterial strains.
16S Ribosomal RNA Phylogenetic Analysis of
Total Gut Microbiota and IgG-Coated Fractions
Puriﬁed microbiota (108/condition) was washed in 1xPBS
and stained with secondary conjugated antibodies (goat antihuman IgA-FITC and goat anti-human IgG-A647) or isotype
controls (both from Jackson ImmunoResearch Laboratories,
West Grove). After washing, sorting was performed using a
microbiota-dedicated single laser S3 cell sorter (Bio-Rad
Laboratories, CA). 105 bacteria per fraction was collected in
1xPBS, centrifuged, and immediately stored as dry pellets at
−80°C. Purity for both fractions was systematically veriﬁed
after sorting. DNA was extracted, and the V3–V4 region of
the 16S ribosomal ribonucleic acid (rRNA) gene was ampliﬁed by seminested polymerase chain reaction (PCR). Primers
V3fwd (+357): 59 TACGGRAGGCAGCAG 39 and V4rev
(+857): 59 ATCTTACCAGGGTATCTAATCCT 39 were
used during the ﬁrst round of PCR (10 cycles). Primers
V3fwd and X926_Rev (+926) 59 CCGTCAATTCMTTTRAGT 39 were used in the second PCR round (40 cycles).
PCR amplicon libraries were sequenced using a MiSeq Illumina platform (Genotoul, Toulouse, France). The resulting
sequences from whole microbiota were analyzed using the
open source software package Quantitative Insights Into
Microbial Ecology22 as previously described.23 Demultiplexed
reads from IgG-coated bacteria were processed using MGRAST analysis pipeline. Sequencing artifacts, host DNA
contamination, and sequences less than 200 bp in length were
removed. Insuﬃcient quality reads were discarded (<5% of
total reads). Sequences were then clustered into operational
taxonomic units (OTUs) with a 97% homology using
Greengenes database. OTUs containing only a single sequence were discarded. OTUs detected at >0.1% relative
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abundance in at least 2 samples were ﬁnally conserved. This
process reduced the total OTU count from 297 down to 102.
OTU table was rareﬁed to the minimum sample’s depth
(18,727 reads). Shannon index was calculated according to
the following equation: Shannon index = −Σpiln(pi) where pi is
the relative abundance of the ith OTU in the data set. In
calculating the enrichment index (EI), we scored a pseudorelative abundance equal to 0.0001, which was the lower limit
of detection, if a taxon was not detected in a given fraction.
IgA−IgG+ EI refers to:


− IgG + taxon abundance
log10 IgA
IgA − IgG − taxon abundance

+

+

and IgA IgG EI to log10

IgA + IgG + taxon abundance
IgA − IgG − taxon abundance


.

Statistical Analysis
Statistical analysis was performed using Graphpad Prism v6.
The Wilcoxon paired rank test was used when comparing
paired groups, whereas the Mann-Whitney test was used
when comparing 2 independent groups. For multiple comparisons, the Kruskall-Wallis test with post hoc Dunn test was
conducted. Signiﬁcant p values are indicated on plots (*p <
0.05; **p < 0.01; ***<0.001).
Standard Protocol Approvals, Registrations,
and Patient Consents
The study had been approved by the local ethics committee of
Pitié-Salpêtrière Hospital (CPP Ile de France VI). A prior
written consent was obtained from all the patients and controls before inclusion in the study.
Data Availability
All relevant data are available within the article. Anonymized
data are available and will be shared on request from any
qualiﬁed investigator.

Results
Collapsed IgA Interactions With Fecal
Microbiota in Patients With Severe MS
We postulated that not only microbiota composition345 but
also the immune/microbiota interface could be perturbed in
MS. We ﬁrst compared IgA-bound fecal microbiota levels in
healthy donors and patients with MS. In accordance with
previous studies,19 we observed in the control group used for
the present study that IgA binds a median percentage of 7.6%
(0.8%–18.8%, n = 30) of the whole fecal microbiota (ﬁgure 1, A
and B). The proportion of IgA-bound fecal microbiota is not
signiﬁcantly decreased in patients with MS (median [min–
max]%; 5.1 [0.2–27.2]%; n = 32, ﬁgure 1, A and B) compared
with controls (p = 0.33). We then evaluated whether the IgA/
microbiota interface could be more perturbed in severely affected patients. Disease severity at the time of serum and
microbiota sampling was evaluated using the Extended Disability Status Scale (EDSS).24 We observed that disabled
4

patients with RR-MS (EDSS score >4) had signiﬁcantly reduced
proportions of IgA-bound fecal bacteria compared with patients
with RR-MS without disability (EDSS score <2) (1.02
[0.24–6.02]% vs 12.3 [1.49–27.23]% respectively, p < 0.001,
ﬁgure 1, C). Strikingly, disease severity is inversely correlated with
the IgA-coated fecal microbiota fraction at the individual level (r =
−0.647, p < 0.0001; ﬁgure 1, D). Because the majority of severe
patients were on immunosuppressive treatment, we sought to
explore whether IMD therapies might alter IgA responses. We
found no diﬀerence in IgA-coated proportions of fecal microbiota
between untreated and treated patients (ﬁgure e-1, A, links.lww.
com/NXI/A468). Moreover, interferon- and glatiramer-treated
patients exhibited similar IgA-bound fecal microbiota levels
compared with untreated patients with MS (ﬁgure e-1, A, links.
lww.com/NXI/A468). These results argue for a defective survey
of the gut microbiota by IgA in disabled patients with MS.
MS-Associated Gut Microbiota Dysbiosis
We reasoned that defective IgA responses in disabled patients
with MS might be related to diﬀerences in gut microbiota
composition. We therefore performed 16S rRNA sequencing
and identiﬁed bacterial taxa at the genus level. We ﬁrst examined
the microbial diversity by calculating the Shannon index. We
found that alpha-diversity, i.e.,: the number of diﬀerent species
within a sample, was not diﬀerent between healthy donors and
patients with MS (median [min–max]; 0.51 [0.30–0.59] vs 0.53
[0.39–0.61]; p = 0.19, ﬁgure e-2, A, links.lww.com/NXI/A469).
However, neither disease severity nor treatments appeared to
aﬀect bacterial diversity (ﬁgure e-2, A, links.lww.com/NXI/
A469). We next investigated the frequency of prevalent genera
(>1% in any sample group). Consistent with previous ﬁndings,8
the relative abundance of Clostridium cluster IV was increased in
patients with MS compared with healthy donors (5.1 × 10−3 [5.4
× 10−4–0.03] vs 0.02 [1.5 × 10−3 × 0.11]; p = 0.02, ﬁgure e-2, B,
links.lww.com/NXI/A469). This diﬀerence was mainly driven
by a drastic increase of Clostridium cluster IV in disabled patients
(0.022 [3.1 × 10−3–0.11] in patients with EDSS score >2, p =
0.0011; ﬁgure e-2, C, links.lww.com/NXI/A469). As previously
described,5 we found that Prevotella tended to be underrepresented in patients with MS (1.5 × 10−3 [0–0.36] vs 0.04
[0–0.6]; p = 0.09, ﬁgure e-2, B, links.lww.com/NXI/A469). We
also observed a decrease in the genus Coprococcus (0.01 [2 ×
10−4–0.07] vs 0.017 [0–0.08]; p = 0.12, ﬁgure e-2, A, links.lww.
com/NXI/A469). In both cases, these alterations tended to be
more profound in severe cases (ﬁgure e-2, C, links.lww.com/
NXI/A469). Previous reports described eﬀects of IMD therapies
on gut microbiota composition.5,8,9 We therefore compared
most prevalent genera in untreated, interferon-, and glatiramertreated patients and healthy donors. Although unclassiﬁed Clostridiales tended to be increased in interferon-treated patients
(0.08 [1.7 × 10−4–0.14] vs 0.009 [9.3 × 10−5–0.06] in healthy
donors; p = 0.06, ﬁgure e-3, links.lww.com/NXI/A470), we did
not observe statistically signiﬁcant diﬀerences between groups,
which is likely explained by the limited number of patients in
each subgroup. Taken together, these results indicate subtle
diﬀerences in the gut microbial communities in patients with MS
that might modulate gut IgA responses.
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Figure 1 IgA-Coated Bacteria Are Reduced in Patients With Severe MS

(A) Representative Flow Cytometry Dot Plot Showing Endogenous Secretory IgA Coating on Indicated Fractions of Fecal Microbiota From a Healthy Donor or a
Patient With RR-MS (B) Flow cytometry analysis of the fraction of fecal microbiota bound by secretory IgA in healthy donors (n = 32) and patients with RR-MS (n
= 32). Median values are indicated, and groups were compared with a nonparametric Mann-Whitney test (ns, not significant). (C) Flow cytometry analysis of
the fraction of fecal microbiota bound by secretory IgA in healthy donors (n = 32) and patients with RR-MS classified according to disease severity, measured
by the EDSS. Median values are indicated. Error bars represent minimum and maximum values. p Values were calculated using the nonparametric MannWhitney test (*p < 0.05; ***p < 0.001). (D) Disease severity evaluated by the EDSS correlated with the percentage of secretory IgA-bound microbiota in patients
with MS-RR. Spearman coefficient (r) and p values are indicated. MS = multiple sclerosis; RR = relapsing-remitting.

Exacerbated Antimicrobiota IgG Response in
Patients With MS
We then postulated that the perturbed gut IgA/microbiota interface observed above could translate into abnormal systemic
anticommensal immune responses in patients. Indeed, the humoral response to microbiota is not gut conﬁned, as high anticommensal IgGs are detected in healthy donor’s serum.23,25,26
We used a previously described ﬂow cytometric assay21 to concomitantly detect secretory IgA and serum IgG binding to autologous fecal microbiota (ﬁgure 2, A). Of note, IgG is about 5
times more abundant in serum than IgA; consequently, this
protocol allows us to detect serum IgG, but not serum IgA
binding to fecal microbiota, as shown in ﬁgure e-4, A, links.lww.
com/NXI/A471. Moreover, IgG is not transferred in the gut
lumen leading to a negligible IgG-bound bacteria fraction in
human feces (ﬁgure e-4, B, links.lww.com/NXI/A471).23 Altogether, this assay measured speciﬁcally secretory IgA prebound
locally in the gut and serum IgG binding without interference of
serum IgA, nor intestinal IgG. We found both quantitative and
qualitative antimicrobiota IgG alterations in patients with MS
regardless of disease severity. As shown, MS serum IgG interacts
with a broader proportion of fecal microbiota compared with
controls (6.7 [0.5–17.1]%, n = 32 vs 1.1 [0.2–3.2]%, n = 30, p <
0.0001, ﬁgure 2, B).
To investigate whether IgG binding to fecal bacteria is rather
Fc or Fab dependent, we tested the reactivity of an irrelevant
Neurology.org/NN

human IgG (chimeric anti-human TNF) against MS fecal
microbiota. As shown, irrelevant human IgG binding to MS
microbiota is signiﬁcantly reduced compared with autologous
serum IgG (0.6 [0–2.2]% vs 6.7 [0.5–17.1]%, p < 0.0001,
ﬁgure 2, C), indicating that serum IgG targets fecal microbiota
in a mostly Fab-mediated manner.
We then asked whether disease duration or treatments could skew
antimicrobiota IgG response. As shown, recently diagnosed and
untreated patients with CIS also exhibit an enhanced antimicrobiota IgG response compared with controls (5.5 [3.4–8.4]%,
n = 12 vs 1.1 [0.2–3.2]%, n = 30, p < 0.0001, ﬁgure 2, B). Finally,
IgG+ proportions of autologous microbiota did not signiﬁcantly
diﬀer between treated and untreated patients with RR-MS (7.2
[0.5–17.1]% n = 16 vs untreated patients 5.4 [0.5–8.5]% n = 10, p
= 0.41, ﬁgure e-1, B, links.lww.com/NXI/A468). Taken together,
these data reveal an enhanced triggering of systemic IgG immunity
against gut microbiota occurring early in MS.
Loss of Antimicrobiota IgA/IgG Convergence
in MS
We previously observed that serum antimicrobiota IgG converges with secretory IgA to target the same bacterial cells in
healthy individuals.23 As expected, serum IgG exclusively
colabels secretory IgA-bound fecal bacteria in healthy donors,23
but preferentially targets IgA-unbound bacteria in patients with
MS (1.9% [0.2–6.9] in healthy donors (n = 30) vs 4.1%
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Figure 2 Enhanced IgG Antimicrobiota Response in Patients With MS

(A) Procedure (top) and representative flow cytometry detection (bottom) of endogenous secretory IgA and autologous systemic IgG (10 μg/mL) coating on
healthy or RR-MS fecal microbiota is presented (middle panels). (B) Proportions of IgG+IgA± (left) and IgG+IgA− (right) coated bacteria are compared in healthy
donors (n = 30), patients with RR-MS (n = 32), or patients with CIS (n = 12). Median values are indicated. p Values were calculated using the nonparametric
Mann-Whitney test (***p < 0.001). (C) Representative flow cytometry dot plot (left) and analysis (right) of irrelevant IgG (anti-TNFα 10 μg/mL) binding to RR-MS
and CIS fecal microbiota (n = 44). (D) Procedure (top), representative flow cytometry dot plot (middle panel) and analysis (bottom) of autologous IgG or pooled
healthy IgG binding to RR-MS fecal microbiota (n = 32). Proportions of IgG+IgA± coated bacteria (bottom left), IgG+IgA+ and IgG+IgA− coated bacteria (bottom
right) are shown. p Value was calculated by using the Wilcoxon paired test (****p < 0.0001; ns = nonsignificant). CIS = clinically isolated syndrome; MS =
multiple sclerosis; RR = relapsing-remitting.
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Figure 3 MS IgG Binds a Diverse Repertoire of Commensals

(A) Sorting strategy of IgG+IgA+ and IgG+IgA−-coated bacteria in 5 patients with RR-MS. Composition of sorted fractions was next analyzed by using 16S rRNA
sequencing. (B) Genera diversity in IgG+IgA+ and IgG+IgA−-sorted fractions calculated by using the Shannon index. (C) Median relative abundance of the 30
most frequent genera in sorted fractions from 1 representative RR-MS patient. MS = multiple sclerosis; RR = relapsing-remitting.

[0.1–16.4] and 2.5% [1.3–5.4] in patients with RR-MS (n =
32) and CIS (n = 12), respectively; p < 0.001; ﬁgure 2, B).
We then asked whether this observed loss of convergence was
related to IgG responses only found in MS or to an increased
MS microbiota reactivity to IgG in general. To address this
issue, we compared MS and pooled healthy IgG reactivity to
MS microbiota. As shown in ﬁgure 2, D, although pooled
healthy IgG bound a smaller fraction of RR-MS microbiota,
compared with autologous RR-MS IgG (1.9 [0–10]% vs 6.7
[0.5–17.1]%; n = 32; p < 0.0001; ﬁgure 2, D), pooled healthy
IgG targets not only in vivo IgA-bound but also IgA-free RRMS microbiota (0.7 [0–6.4]% vs 0.6 [0–6.2]%; p = 0.79;
ﬁgure 2, D), suggesting that MS microbiota are more prone to
interact with IgG, regardless of their origin.
From this part, we conclude that the IgA/IgG convergence
rule does not apply to MS. A previously IgA-ignored fraction
of MS microbiota is able to interact with IgG.
Neurology.org/NN

Antimicrobiota IgG Spreading in MS
It could be deduced from above that IgG binding to MS
microbiota might extend beyond the usual bacterial repertoire
of IgA targets that we and others previously deﬁned.23,27 To
decipher antimicrobiota IgG speciﬁcities in patients with MS
with higher resolution, we next isolated IgG-bound bacteria by
ﬂow cytometry sorting and identiﬁed their taxonomy using 16S
rRNA sequencing (ﬁgure 3, A). To avoid confounding factors
from IMD therapies, we sorted IgG-bound bacteria from untreated patients. We ﬁrst examined microbial diversity by calculating the Shannon index and found a similar diversity in
IgG-only and Ig-negative bacteria (2.06 [1.14–2.7] vs 2.12
[1.8–2.32]; n = 5; ﬁgure 3, B). In contrast, dually coated bacteria
tended to exhibit a decreased microbial diversity in comparison
with the previous fractions (0.74 [0.53–1.35]; n = 5; p = 0.062;
ﬁgure 3, B), suggesting a state of restricted antimicrobiota secretory IgA diversity in MS. We observed that individual
IgA+IgG+ and IgA−IgG+ bacterial repertoires were remarkably
distinct in all tested patients (ﬁgure 3, C for back-to-back
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Figure 4 IgG-Bound Commensal Shift in Patients With MS

(A) Relative abundance of the 30 most frequent genera in IgG+IgA+ and IgG+IgA−-sorted fractions, in blue and red, respectively. (B) EI of the 30 most frequent
genera in IgG+IgA+ and IgG+IgA−-sorted fractions compared, in blue and red, respectively. (C) Blautia, Clostridium, and Eubacterium frequencies in IgG+IgA+ and
IgG+IgA− fractions. For all box plots, each dot represents 1 donor, errors bars represent maximum and minimum values, and medians are indicated. p Values
were calculated by using the nonparametric Mann-Whitney test (*p < 0.05; **p < 0.01). EI = enrichment index; MS = multiple sclerosis.

taxonomic analysis of fecal IgA+IgG+, IgA−IgG+, and IgA−IgGfractions in a representative patient), supporting an IgG response spread beyond IgA-surveyed taxa. To quantitatively
compare IgA−IgG+ and IgA+IgG+ microbial compositions in the
studied population, we thereafter narrowed the analysis down to
the 30 most frequent genera that were present in at least 80% of
the Ig-sorted fractions. Three genera derived from Firmicutes:
Blautia, Clostridium, and Eubacterium appeared preferentially
targeted by MS serum IgG alone, as deduced from their compared frequencies in IgA−IgG+ bacteria and IgA+IgG+ sorted
fractions (0.06 [0.02–0.2] vs 0.004 [0.002–0.033]; 0.07
[0.055–0.45] vs 0.003 [0.009–0.041] and 0.023 [0.003–0.04] vs
0.002 [0.001–0.003]; respectively, p < 0.05; ﬁgure 4, A–C). We
sought to validate these observations by calculating a log-based
EI that is not inﬂuenced by genera representation in the studied
samples. We conﬁrmed that both Clostridium and Eubacterium
were predominant in IgA−IgG+- compared with IgA+IgG+8

sorted fractions (EI −0.6 [−0.83 to 0.22] vs −1.37 [−1.66 to
0.64] and −0.18 [−0.39 to 1.05] vs −0.93 [−1.74 to 0.19]; for
Clostridium and Eubacterium, respectively; p < 0.05; ﬁgure 4, B).
Taken together, these results demonstrate that MS is associated
with a broad antimicrobiota systemic IgG response, with a
variety of bacterial genera being preferentially targeted by MS
IgG, compared with MS IgA. Because systemic IgG could reﬂect silent gut microbiota translocation episodes,23,28,29 these
observations could support an enhanced bacterial translocation
from the gut lumen to systemic compartments in patients
with MS.
Increased MS IgG Antibacterial Responses
Confirmed at the Strain Level
Bacterial identiﬁcation remains at the genus level using 16S
rRNA sequencing. Using bacterial ﬂow cytometry, we sought
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Figure 5 MS Antimicrobiota IgG Signature Measured on Cultivable Bacterial Strains

(A) Representative flow cytometry analysis of
serum IgG binding to F nucleatum. Gray histogram represents isotype control; blue, red, and
red dotted lines represent a healthy control,
patient with RR-MS, and patient with CIS, respectively. (B) Flow cytometry analysis of serum
IgG binding to IgA-unbound bacteria (from left
to right: F nucleatum and P oris) in healthy donors (n = 30), patients with RR-MS (=32), and
patients with CIS (n = 12). (C) Flow cytometry
analysis of serum IgG binding to IgA-bound
bacteria (from left to right: A muciniphila and R
obeum) in healthy donors (n = 30), patients with
RR-MS (=32), and patients with CIS (n = 12). Dark
bars represent medians. p Values were calculated by using the nonparametric Mann-Whitney test (*p < 0.05; **p < 0.01; ***p < 0.001);
****p < 0.0001). MS = multiple sclerosis; RR =
relapsing-remitting.

to determine whether increased antimicrobiota IgG reactivities could also be measured at the species level in patients
with MS. We therefore selected representative bacterial
strains that were previously described as secretory IgA targets
in humans (A muciniphila, B longum, and R obeum) and 3
others that are not preferentially bound by IgA in humans (B
caccae, F nucleatum, and P oris).30-33 A majority of strains
tested (4 of 6) tended to be more brightly stained by MS (RR
and/or CIS) IgG that by control serum IgG (ﬁgure 5, A–C).
Preferred MS IgG targets are not systematically preferred
control IgA targets, as neither B longum nor B caccae were
preferentially bound by MS IgG compared with control IgG
(ﬁgure e-5, links.lww.com/NXI/A472). Of interest, we observed that F nucleatum is particularly well opsonized by CIS
serum, compared with healthy control serum, but also compared with RR serum (IgG median ﬂuorescence intensity 518
[146–5.505] vs 126 [40.7–414] and 156 [42.1–3.350] in CIS,
healthy control, and RR serums, respectively, ﬁgure 5, A–B).
We conclude from this part that MS serum contains high titers
of antimicrobiota IgG that can be measured against speciﬁc
bacterial strains.

Discussion
We report an imbalance between systemic and secretory
antimicrobiota antibody responses in patients with MS.
Neurology.org/NN

Antimicrobiota secretory IgA responses are impaired, whereas, at
the same time, systemic IgG responses directed against autologous microbiota are increased, compared with healthy controls.
Importantly, although we found MS-associated gut microbiota
alterations, the systemic IgG responses observed were not directed to taxa overrepresented in MS microbiota. Furthermore,
low proportions of IgA-coated bacteria among fecal microbiota
are associated with disease severity. Consistently with the latter
observation, Rojas et al.34 have recently reported that proportions
of IgA-coated bacteria among fecal microbiota are decreased in
patients with relapsing MS compared with inactive patients. Reduced proportions of fecal IgA+ bacteria might result from reduced secretory IgA levels in relation with IgA-secreting cells
egress out of the gut mucosa. Previous works indeed shed light on
the dynamic traﬃcking of intraepithelial CD4 T cells between gut
and an inﬂamed CNS,35 and also of IgA-producing cells between
gut and bone marrow.36 In the EAE model, commensal-reactive
IgA-producing cells regulate inﬂammation via the production IL10 after their migration in the CNS. Pröbstel et al. recently
demonstrated that gut microbiota IgA-producing cells inﬁltrate
the CNS in patients with MS leading to an increase in in situ IgA
production during MS relapses. However, commensal-speciﬁc
IgA does not cross-react with brain tissue.37 Further studies are
required to assess the role of gut-derived IgA-producing cells in
MS pathophysiology. Defective IgA binding to gut microbiota in
disabled patients with MS might be also related to microbial
community alterations.
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Impaired IgA-mediated microbiota survey might also favor
bacterial translocation and induction of systemic IgG responses, as we previously described in patients with IgA deﬁciency.23 Numerous studies underline that IgG typically
present in the CSF of the patients might play a role in MS
pathogenesis.38-40 IgG puriﬁed from patients with MS increases
mouse CNS demyelination and exacerbates EAE.41 The main
clinical evidence for a potential pathogenic role for antibodies
in MS is the beneﬁt of antibody removal in a subset of patients
with acute neurologic symptoms.42,43 However, what triggers
oligoclonal antibody responses observed in MS CSF remains a
mystery.38-40 Antimicrobiota antibodies are frequently crossreactive with self-antigens.44-46 Cross-reactivity is probably an
essential antimicrobial antibody feature, enabling control of a
large diversity of gut commensals and invading pathogens47,48
but is also associated with a theoretical risk of autoimmunity. It
has indeed been very recently proposed that some pathogenic
immune responses associated with lupus49,50 or myocarditis51
can be triggered by commensal bacteria through a molecular
mimicry mechanism. Of interest, more than 20 bacterial species, well represented in human gut microbiota, express proteins that contain potentially encephalitogenic peptides, i.e.,:
highly homologous to myelin basic protein (MBP) or myelin
oligodendrocyte protein. In particular, 4 proteins expressed by
F nucleatum have been identiﬁed as potentially encephalitogenic.52 Moreover, 3 proteins expressed by members of the
Clostridium genera were described to be homologous to
MBP.52 We report that RR-MS, and even more so CIS IgG,
very brightly stain F nucleatum. We also report that the Clostridium genus is signiﬁcantly more targeted by systemic MS IgG
than by IgA. These observations open new avenues for exploring the hypothesis that immune responses induced by
commensal antigens might play a role in MS pathogenesis.
Enhanced induction of antimicrobiota IgG could also be a
consequence of intestinal barrier dysfunction in MS. Indeed,
not only blood-brain barrier defects have been reported in MS
but also a state of increased intestinal permeability characterized by higher lactulose/mannitol urinary ratios, increased
lipopolysaccharide plasma levels and associated with increased plasma zonulin, a regulator of epithelial and endothelial barrier functions.53-55 In the EAE model, such
alterations preceded the onset of neurologic symptoms.56 It is
therefore conceivable that bacterial translocation could occur
at early stages of the disease and account for the increased
antimicrobiota IgG responses we observe as early as the CIS
stage. Systemic antimicrobiota IgG responses are likely to
mirror microbiota composition at the individual level. We
therefore tested some of the bacterial species diﬀerentially
identiﬁed between MS and healthy donor gut microbiota.2,4,5
We observed that patients with RR-MS and CISharbor elevated serum anti–A muciniphila IgG reactivities compared
with controls. These results are in line with the higher levels of
anti–A muciniphila antibodies detected in CSF of patients
with MS.57 Of interest, a greater A muciniphila prevalence in
MS gut microbiota has been shown in previous reports.2,5 A
positive correlation between A muciniphila abundance and
10

gene expression in T cells and monocytes involved in key
pathways previously implicated in MS pathogenesis was also
reported.5 Located in close vicinity with the intestinal cells, A
muciniphila has also been reported to promote
Th1 lymphocyte diﬀerentiation, a T-cell subset classically
associated with MS pathogenesis.2,58 Altogether, although
only correlative, these observations suggest a role for A
muciniphila in driving exacerbated host immune response
in MS.
As mentioned above, signs of increased intestinal permeability
preceded the onset of neurologic symptoms in the EAE
model.56 It would now remain to determine to which extent
antimicrobiota IgG monitoring could represent a tool to
predict MS progression. Not all patients with CIS progress to
full blown MS. Baseline lesions, age at onset, and short time
delay between the ﬁrst 2 relapses provide some predictive
value for disease progression, yet remain ﬂawed.59,60 Whether
microbial/host signatures including immune responses to
commensals could help to distinguish between stable cases
and future progressive cases should be now tested in larger
studies.
In summary, we have found quantitative and qualitative alterations of the antimicrobiota antibody response in patients
with MS involving peculiar bacterial taxa. We propose that
such peculiar IgG responses associated with MS could represent a lead in the quest for antigenic drivers, possibly implicated in MS pathogenesis through a molecular mimicry
mechanism. We also propose that antimicrobiota ﬁngerprints
should be more widely used in further studies to seek for
correlates with disease status. Finally, microbiota manipulation is now a recognized therapeutic option in the clinic.61
How our results could translate into treatments should
therefore be tested in murine MS models.
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Département de
Neurologie, AP-HP Hôpital
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