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Abstract

Multiple sclerosis (MS) is an autoimmune inflammatory disease of the CNS driven by the
inflammatory activity of peripheral immune cells recruited to the CNS and by CNS-resident glial
cells. MS pathogenesis has been linked to both genetic and environmental factors. In addition, the
commensal flora have been shown to modulate immune processes relevant to MS pathogenesis.
We discuss the effects of the gut microbiota on T cells and glial cells, and their relevance for the
control of inflammation and neurodegeneration in MS. A better understanding of the gut—-CNS
axis will shed new light on the mechanisms of disease pathogenesis, and may help to guide the
development of efficacious therapies for MS.

The Gut—-CNS Axis in Multiple Sclerosis

The concept of a ‘gut—CNS axis’ linking the gut and the CNS was put forward more than
200 years ago when physicians acknowledged that the gastrointestinal and mental status
were somehow connected [1]. Recent advances in neuroimmunology, gastroenterology, and
microbiology support this concept and have provided several mechanistic insights, which we
discuss below in the context of MS.

MS is an autoimmune disease which targets the CNS [2]. Genetic and environmental factors,
as well as the microbiome, play important roles in MS pathogenesis (Box 1). Indeed, recent
studies suggest that the course of MS is influenced by the effects of the commensal
microbiome on the gut—-CNS axis. Although specific microorganisms, cell types, and
metabolites that participate in this gut—-CNS axis have been identified, little is known about
the underlying mechanisms. ldentifying these mechanisms may guide the development of
novel therapeutic approaches for MS and other neurologic disorders. In this review we
discuss our current understanding of the role of the gut-CNS axis in MS and the
mechanisms involved.

"Correspondence: fquintana@rics.bwh.harvard.edu (F.J. Quintana).
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Autoimmune Pathogenesis of MS: Role of T Cells and Glia

Genetic and immunologic studies in MS and its animal model experimental autoimmune
encephalomyelitis (EAE, see Glossary), as well as the clinical success of therapies targeting
the immune system, have established T cell autoimmunity as an important contributor to
MS pathogenesis.

Approximately 100 billion nonregenerative neurons form complex circuits in the CNS, and
these are difficult to repair following damage. Consequently, inflammatory responses that
could potentially trigger neurodegeneration are tightly controlled. Following their
maturation in the thymus, CD4" T cells circulate systemically as ‘naive’ T cells that lack
effector function. Despite the elimination of self-reactive clones in the thymus, the mature T
cell repertoire includes clones that are reactive against self-antigens present in myelin and
other CNS structures. When naive T cells are stimulated by antigens presented by
professional antigen-presenting cells (APCs), cytokines and other signals provided by the
microenvironment in lymphoid tissues promote the differentiation of T cells into multiple
subsets. Each T cell subset is characterized by the expression of specific transcription
factors, cytokines, and immune-regulatory and tissue-homing molecules that contribute to
physiological functions of adaptive immunity, such as combating pathogenic
microorganisms or regulating the immune response to prevent immunopathology.

In the context of MS, myelin-reactive T cells with a proinflammatory phenotype,
particularly type 1 (Th1) and type 17 (Th17) T helper cells, gain access to the CNS where
they are reactivated to initiate tissue damage [3,4]. Conversely, regulatory T cells (Tregs)
such as Foxp3* or Trl cells limit CNS inflammation [5-12]. Thus, the balance between
myelin-reactive effector and Tregs is thought to control CNS lesion formation in MS. Other
cell types such as CD8* T cells, y& T cells, B cells, natural killer T (NKT) cells, and
mucosa-associated invariant T (MAIT) cells may also participate in the control of CNS
inflammation [13-17]. This balance between pro- and anti-inflammatory immune elements
is continuously influenced by the gut microbiome. In the following we provide a brief
overview of recruited and CNS-resident cell types involved in inflammation and
neurodegeneration in MS.

T cells play important roles in MS pathogenesis, particularly during the relapsing-remitting
MS (RRMS) phase of the disease (Box 1 for overview of MS and disease phases). However,
CNS-resident glial cells, especially astrocytes and microglia, also contribute to MS
pathogenesis [9,18-25], particularly during the secondary progressive MS (SPMS) phase of
the disease [2]. Indeed, the ‘plaques’ that characterize MS — focal lesions of active
demyelination, neurodegeneration, and leukocyte infiltration — are characterized by the
accumulation of activated microglia and reactive astrocytes [26,27]. The gut microbiota has
also emerged as an environmental regulator of astrocytic and microglial function.

Microglia are brain-resident macrophages that originate from yolk sac precursors that seed

the CNS during fetal development [28]. Under homeostatic conditions, microglia participate
in synapse maturation and myelinogenesis, secrete neurotrophic factors, phagocytose debris,
and generally survey the CNS environment searching for pathogenic insults. However, in the
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context of CNS inflammation, microglia produce inflammatory cytokines and chemokines,
and upregulate co-stimulatory molecules such as MHC class I/11, suggesting their
involvement in the recruitment and activation of T cells, monocytes, and other leukocytes,
although the role of these molecules in microglia activation during CNS pathology has not
been fully characterized [28-30]. In this respect, deletion of MHC class 1l molecules in
microglia does not affect the development of acute EAE, suggesting that microglia
participate in MS pathology through mechanisms other than regulating the T cell response
[31]. For example, microglia induce proinflammatory and neurotoxic activities in astrocytes
during T cell-mediated autoimmune inflammation [21,32,33].

Astrocytes are the most abundant glial cells in the CNS, and play active roles in
development, ion homeostasis, pH and neurotransmitter regulation, control of synaptic
function, and brain metabolism, as well as in regulating blood flow and the blood—brain
barrier (BBB) [34,35].

Astrocytes have also been identified as key players in pro- and anti-inflammatory processes
[20,34,36,37]. Astrocytes form the ‘glia limitans’ that lines all interfaces between the CNS
paren-chyma and the pia matter, and that regulates the access of immune cells and small
molecules to the CNS [38]. Indeed, astrocytes produce various chemokines such as CCL2
and CXCL10 that recruit T cells, monocytes, and other immune cells to the CNS [39,40].
Astrocytes also control BBB stability and function by producing molecules such as vascular
endothelial growth factor (VEGF) and nitric oxide (NO) to facilitate leukocyte extravasation.
Astrocytes produce proinflammatory cytokines such as tumor necrosis factor (TNF)-a.,
interleukin (IL)-6, and IL-1p, as well as the immunoregulatory cytokines IL-10, IL-27, and
transforming growth factor (TGF)-B, to boost or suppress inflammation, respectively [34]. In
addition, ‘reactive’ astrocytes driven by STAT3 [41] respond to CNS damage by forming an
astrocytic scar that limits inflammation and damage [42—-44]. However, reactive astrocytes
can also adopt a neurotoxic phenotype in response to soluble factors secreted by microglia,
and this is thought to contribute to the pathogenesis of MS and other neurologic diseases
[32]. Finally, astrocytes may also limit neuronal damage by their ability to support the
metabolic needs of neurons, and also through the production of neurotrophic factors [18,45—
47]. Thus, astrocytes have complex proinflammatory/neurotoxic and anti-inflammatory/
neuroprotective roles during CNS inflammation.

In summary, complex interactions between CNS-resident and recruited peripheral cells
control inflammation and neurodegeneration in MS. The activity of each of these cell types,
as well as their interactions, are controlled by the microbiome. Thus, changes in the
commensal flora are likely to impact on multiple aspects of MS pathology.

The Gut Microbiota in MS and EAE

Mammals coevolved with a vast number of commensal gut microbiota. It is estimated that,
in humans, the internal surface area of the gastrointestinal tract harbors >100 trillion
microbial cells belonging to >1000 bacterial species [48]. Thus, it is not surprising that the
microbiome plays important roles in multiple aspects of physiology, including the regulation
of immune system development and function [49]. Indeed, perturbations in commensal
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communities (referred to as dysbiosis) have been linked to multiple inflammatory conditions
[50].

The development of new sequencing technologies has enabled the analysis of bacterial 16S
rRNA sequences to identify components of the microbiota without the need to culture them.
This technological development has facilitated comprehensive investigation of the gut
microbiome in MS (Table 1) [51-59] and EAE.

Alterations in the gut environment can augment or suppress EAE development [60-63].
Early studies showed that depletion of the gut microbiota with broad-spectrum oral
antibiotics leads to suppression of EAE [61,63]. Thereafter, studies using germ-free (GF)
mice showed that components of the gut microbiota can promote CNS autoimmune
inflammation. Indeed, using a spontaneous EAE model based on transgenic myelin-reactive
T cell receptor (TCR) mice, it was shown that spontaneous EAE does not develop in GF
mice [60]. Another group reported the identification of segmented filamentous bacteria
(SFB) as major inducers of Th17 cell differentiation [64]. It was also shown that actively
induced EAE is diminished in GF mice, but is restored by gut colonization with SFB [65].
Of note, most SFB-induced Th17 cells react with SFB antigens, highlighting the role of
microbial antigens in effector T cell induction in the gut [66]. Indeed, following colonization
with SFB, SFB-specific CD4* T cells are primed to become Th17 cells in the mesenteric
lymph nodes (MLNSs) [67]. SFB may activate CNS-reactive T cells via crossreactivity
between SFB and so far uncharacterized CNS antigens, or by mechanisms of bystander
activation [68]. Following priming in MLNs, SFB-specific Th17 cells may directly reach the
CNS via the systemic circulation, or recirculate to the CNS after trafficking to intestinal
tissue (Figure 1, Key Figure). Interestingly, gut nociceptor neurons, that are usually
associated with protective reflexes, were recently shown to control SFB levels [69],
suggesting that their activity may regulate indirectly the generation of CNS-reactive Th17
cells.

Conversely, the commensal flora has also been shown to promote the differentiation of
regulatory T cells via the production of multiple metabolites. For example, polysaccharide A
(PSA) produced by the human colonic commensal Bacteroides fragilis promotes the
expansion of anti-inflammatory IL-10-producing CD4* T cells via Toll-like receptor 2
(TLR2) activation, in co-operation with TLR1 and Dectinl signaling [70-76]. However, the
specific mechanisms involved in the amelioration of EAE by PSA-induced IL-107CD4* T
cells remain to be identified. PSA-driven immunoregulation also involves the ectoenzyme
CD39, which plays a central role in the control of CNS inflammation by modulating
purinergic signaling in APCs and T cells [11,72,73]. Short-chain fatty acids (SCFASs), a
main bacterial fermentation product of dietary fiber especially in the colon [77], also induce
Tregs [78] in the colon and in the small intestine [79], and the latter class has been shown to
suppress CNS inflammation [79]. Relatedly, both in humans and mice, clostridial strains in
the colon have been shown to induce Tregs through a mechanism linked to the production of
SCFAs [80,81]. These findings suggest an important role for the commensal flora in the
control of pro- and anti-inflammatory T cells that target the CNS and contribute to MS
pathogenesis.
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Studies in MS patients further corroborate the involvement of the commensal flora in the
pathogenesis of the disease. In a study using 16S rRNA pyrosequencing to analyze 40
healthy control (HC) and 20 MS patients, the authors detected moderate dysbiosis in MS
patients, with significant decreases in Bacteroidetes and the Clostridia clusters XIVa and IV
[51,82] (Table 1). Similarly, a study of pediatric MS patients detected decreased levels of the
Clostridia Faecalibacterium prausnitzif [52]. Interestingly, decreased abundance of £~
prausnitzif was associated with higher recurrence of ileal Crohn’s disease [83]. Another
study, analyzing 43 HC and 60 MS patients, detected increased abundances of
Methanobrevibacter and Akkermansia, and decreased Butyricimonas spp. [53]. These
changes were correlated with variations in the expression of genes involved in dendritic cell
maturation, interferon signaling, and NF-xB signaling pathways in circulating T cells and
monocytes. However, little is known about the mechanisms linking the gut microbiome to
specific immune processes relevant to the pathogenesis of MS.

Two recent studies attempted to link the gut microbiome in MS to immune processes
relevant to disease pathogenesis. One study examined 34 monozygotic twin pairs discordant
for MS, and detected increased Akkermansia spp. in MS twins compared with their
nondiseased counterpart [56]. A second, related study used myelin-specific TCR transgenic
mice, that spontaneously develop EAE when kept under specific pathogen free (SPF) but not
under GF conditions [60]. The authors demonstrated that fecal microbiota transplants (FMT)
from MS twins induce a higher incidence of spontaneous EAE than transplants from healthy
twins, concomitant with reduced IL-10 production in splenic CD4* T cells [56]. These
findings suggest that components of the gut MS microbiome boost T cell-dependent CNS
autoimmunity. However, these results should be carefully interpreted because it is not clear
to what extent the commensal human bacteria transplanted into mice recapitulate the
physiological interactions between the microbiota and the human immune system.

In related studies, fecal samples from 71 HC and 71 MS patients were examined; the authors
detected increased abundance of Akkermansiaspp., and also of Acinetobacter, in MS
[57,59]. Of note, antibodies reactive with Acinetobacter were previously reported to be
elevated in MS serum [84]. Moreover, bacterial extracts from MS stool samples, relative to
their counterparts isolated from HC subjects, showed an impaired ability to promote the
differentiation of Tregs in peripheral blood mononuclear cell (PBMC) cultures [57]. In
addition, individual culture extracts of Akkermansia muciniphila and Acinetobacter
calcoaceticus boosted the differentiation of Thl cells and suppressed Treg differentiation
under T cell polarizing conditions /in vitro [57]. The authors also found that extracts of
Parabacteroides distasonis, a gut commensal whose abundance is decreased in MS patients,
enhance the differentiation of 1L-10* Tregs under Treg-polarizing conditions. These results
suggest that components of the MS gut microbiota may boost the polarization of
proinflammatory T cells. However, it should be kept in mind that these studies use bacterial
extracts and /n7 vitro PBMCs; future studies should evaluate the physiological interactions
between live bacteria and mucosal cells such as epithelial cells and specialized intestinal
APCs [85].

Finally, gut microbiota transplants from MS patients into GF mice worsened EAE induced
by active immunization [57]. Multiple mechanisms are likely to contribute to these effects,
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and these may include functional alterations in intestinal APCs [11,85-90] and/or direct
effects of microbial metabolites such as PSA [71,73], aryl hydrocarbon receptor (AHR)
agonists [91,92], and SCFAs [62] on T cells, eventually impacting on T cell activation,
polarization, and migration. The antigen specificity of the microbiota-altered T cells /in vivo
and their modes of action remain to be determined. Taken together, these findings suggest
that the MS microbiome promotes pathogenic T cell responses, but has an impaired ability
to induce 1L-10* Tregs.

Of note, Akkermansia spp. were found to be abundant in MS stool samples in three different
cohorts (Table 1) [53,56,57]. Akkermansia is an oval-shape, nonmotile, strictly anaerobic
bacterium that has previously been linked to obesity [93]. Interestingly, it was recently
reported that the levels of the miRNA miR-30d are increased in MS and EAE feces [94].
Moreover, miR-30d increases Akkermansia abundance in the gut, and Akkermansia
promotes the expansion of Tregs that suppress CNS inflammation [94].

Although changes in some commensal bacteria were detected consistently across different
MS microbiota studies, many of the results vary between the different reports. These
discrepancies may reflect differences in the genetic backgrounds and lifestyles of the patient
cohorts being analyzed. Additional confounding factors may be the methods used for sample
collection, preservation, and processing, as well as the procedures used for 16S rRNA
sequencing. Efforts to establish uniform methods for microbiome analysis will help to
overcome these discrepancies [95-97]. In addition, future studies should also investigate the
microbiome associated with different regions of the gastrointestinal tract because each
region harbors a distinct microbiome that is controlled by specific regulatory mechanisms,
and may have different effects on the immune system [98].
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Role of T Cells and Glial Cells in the Gut—CNS Axis in the Context of Multiple Sclerosis
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In MS, naive CD4* T cells are polarized into proinflammatory phenotypes (Thl and Th17 T
helper cells) in peripheral lymphoid organs (bottom right). Proinflammatory CD4* T cells,
which overcome regulatory mechanisms such as regulatory T cell (Treg) suppression, traffic
to the CNS and initiate inflammation. Antigen-presenting cells (APCs) in gut-associated
lymphoid tissue (GALT) present gut-derived antigens and promote the differentiation of
CCR9* memory CD4* T (CCR9* Tm) cells. CCR9™ Tm cells circulate systemically (bottom
left), and reach the CNS (top right) to suppress inflammation; they also recirculate to the gut
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to become CD4" intraepithelial lymphocytes (IELs) and CD4* lamina propria lymphocytes
(LPLs). Small intestine CD4* IEL cells migrate to the CNS and suppress inflammation, and
their differentiation depends on the AHR agonist indole-3-carbinol (13C) and the gut
microbiota. The terminal differentiation of CCR9* Tm cells into IEL and LPL cells depends
on the microbiota. Some bacteria preferentially induce specific Th subtypes. For example,
segmented filamentous bacteria (SFB) induce Th17 cell differentiation in the ileum, and
Clostridia strains and Bacteroides fragilis favor Treg differentiation in the colon. In the
figure, gut T cells (CD4" IELs and LPLs) and CCR9* Tm cells are depicted as ‘gut-induced
T cells’. Metabolites controlled by the commensal flora such as short-chain fatty acids or
tryptophan derivatives may reach the CNS directly or after further processing in other
organs. For example, bacterially produced indole is further metabolized to indoxyl-3-sulfate
(13S) in the liver. Once in the CNS, microbe-controlled metabolites can modulate the activity
of astrocytes and microglia.

Cells Participating in the Gut—CNS Axis in MS

To investigate the Gut—-CNS axis in MS, it is central to identify the mechanisms that link the
gut microenvironment to CNS inflammation. Based on the important roles of CD4* T cells
in MS, the effects of the gut microbiome on T cells are likely to play major roles in MS
pathogenesis [99]. Indeed, the gut microbiota and the diet provide multiple antigens and
small molecules which can mimic self-antigens [84,100,101] and stimulate innate immunity
[85], potentially promoting the activation of autoreactive T cells.

Studies in mice have indicated that CD4* T cells modulated by the gut microbiome link the
gut environment and CNS inflammation in MS [102,103] (Figure 1). Using myelin
oligodendrocyte glycoprotein (MOG)-specific TCR transgenic mice, myelin-specific CD4*
T cells were reported to manifest an activated phenotype in the small intestinal epithelium as
induced intraepithelial lymphocytes (IELs) that are driven by the gut microbiota. These
CD4* IELs proliferate in MLNSs and the gut, but not in other lymphoid organs, suggesting
that they react with intestinal antigens. Furthermore, CD4* IELs showed increased
expression of AHR signaling pathway-related genes. Indeed, CD4* IEL number was
increased following feeding with the AHR agonist indole-3-carbinol (I13C). Strikingly,
although these gut-induced T cells have a Th17 cell phenotype, they migrate to the CNS
where they arrest inflammation through a LAG3-dependent mechanism. Indeed, previous
studies of parabiotic mice detected recirculation of CD4* IELs and lamina propria CD4* T
cells [104], and analysis of mice harboring photoconvertible reporters showed that gut T
cells traffic to secondary lymphoid organs and the CNS [105-107], where they can have
direct effects on inflammation [60,65,108]. Taken together, these studies show that the
intestinal environment favors the induction of myelin-reactive CD4* T cells that suppress
CNS inflammation.

Despite the observations discussed above, the recirculation of the gut-resident T cells (IELs
and lamina propria lymphocytes, LPLSs) requires further investigation. For example, because
previous studies relied on the use of photoconvertible reporter mice [105-107], the
migration of T cells from gut tissue to the CNS should be further confirmed with reliable
markers to identify gutenvironment experienced T cells in clinical samples. To investigate
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gut-tropic CD4™ T cells in humans, a recent study focused on the C-C chemokine receptor
type 9 (CCR9) [109,110]. Interactions between CCR9 and its ligand CCL25 in the small
intestine epithelium are crucial for T cell migration to the gut [111]. CCR9 is upregulated by
conventional CD4* T cells after activation in gut-associated lymphoid tissues, such as
Peyer’s patches and MLNSs, in which APCs are educated under the influence of microbial
products and other modulators in the gut microenvironment [85,112]. After activation,
CCR9* CD4™* T cells acquire a memory phenotype and recirculate through the peripheral
blood to the small intestine for terminal differentiation into gut IELs and LPLs (Figure 1).
Therefore, CCR9*CD4* T cells can be considered to be precursors of gut-resident T cells,
and may possibly also contain recirculating CD4* IELs because all IELs express CCR9
[113]. In the peripheral blood of SPMS patients, reduction in CCR9™ memory T (Tm) cells
was detected, as well as the adoption of a proinflammatory Th17 phenotype [109,110].
CCR9* Tm cells expressed high levels of c-MAF, produced anti-inflammatory IL-4 and
IL-10, expressed the CNS-homing receptor CCR6, and upregulated LAG3 in cerebrospinal
fluid during MS relapses. Of note, c-MAF mediates the production of IL-10 triggered by
AHR activation in T cells [5,7,8,12], and was recently found to contribute to Treg-driven
immune tolerance in the gut [114]. In addition, the frequency of CCR9" Tm cells in
peripheral blood is reportedly influenced by aging and alterations in the gut microbiota.
Indeed, the increase in circulating CCR9* Tm cells induced by treatment with antibodies to
mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) or antibiotics
alleviated EAE. Although inhibition of myelin-specific Th17 cell trafficking and
proliferation in the colon is also thought to suppress EAE [115], these findings suggest that
CCR9* Tm cells participate in the control of CNS inflammation, and that changes in their
frequency or function contribute to MS pathogenesis.

Studies on CD4* IEL and CCR9* T cells illustrate one of multiple mechanisms by which the
gut—-CNS axis controls CNS inflammation, specifically by promoting the generation of anti-
inflammatory cells in the gut that migrate to the CNS to limit inflammation (Figure 1).
Therefore, the gut may offer an avenue for therapeutic manipulation of the balance between
pro-and anti-inflammatory T cells in immunological diseases by using probiotics or
alternative approaches. These therapies could potentially activate additional anti-
inflammatory cell populations such as B cells [116]. Indeed, it was recently reported that
IgA* plasma cells originating in the gut migrate to the CNS to limit inflammation via the
production of IL-10 [17].

Effects of the Microbiome on CNS-Resident Cells

Alterations in the gut microbiome have been described in a variety of neurologic disorders,
including disorders in which peripheral immune cells are not generally thought to play a
central role in disease pathogenesis. These include social behavior disorders [117],
Parkinson’s disease (PD) [118], and amyotrophic lateral sclerosis (ALS) [119]. It seems
likely that the involvement of the gut microbiome in these disorders is via direct effects of
the microbiome on CNS-resident cells, rather than through intermediary changes in
peripheral immune cells, as discussed earlier in the context of MS. Indeed, metabolomic
studies identified multiple circulating metabolites that are controlled by the microbiome
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[120], some of which may cross the BBB and thereby participate in the gut—-CNS axis
(Figure 1).

Microglia are among the CNS-resident cell types that respond to changes in the gut
microbiome. One study, for instance, described an immature microglia phenotype in GF and
antibiotic-treated mice [121]. In particular, the authors detected increased expression of
CSF1R, F4/80, and CD31, molecules whose expression is usually reduced during
development. Histopathological analyses detected longer microglial processes and increased
numbers of segments, branching, and terminal points in GF mice. These phenotypically
immature microglia showed reduced inflammatory responses following challenge with
lipopolysaccharide or lymphocytic choriomeningitis virus, suggesting a priming role for the
commensal flora in microglial responses to microbial challenge [121]; the role of these
immature microglia in the context of autoimmunity remains incompletely understood. Of
note, SCFA oral administration partially reversed the immature phenotype of microglia,
suggesting that SCFA-producing gut microbiota may play a role in controlling microglial
responses during CNS inflammation. A study using a-synuclein (a-Syn)-overexpressing
mice, which model multiple aspects of PD, reported that absence of the gut microbiota
reduces motor dysfunction, microglial activation, and inflammatory cytokine production in
the CNS; these effects were reversed by SCFA administration [118]. Thus, microbial SCFAs
seem to support homeostatic microglial function. However, SCFASs also act on peripheral
immune cells such as Tregs [79], which have been shown to regulate the activity of CNS-
resident cells [9,122], suggesting complex direct and indirect effects of commensal
metabolites on CNS-resident cells [77].

A recent study in Sod1 transgenic mice, a model of familiar ALS, reported that Akkermansia
muciniphila ameliorates whereas Ruminococcus torques and Parabacteroides distasonis
exacerbate ALS-like symptoms in this model [119]. Furthermore, Sod1 mice treated with A.
muciniphila accumulate A. muciniphila-associated nicotinamide in the CNS, and systemic
supplementation with nicotinamide improves motor symptoms and gene expression patterns
in the spinal cord of Sod1 mice.

AHR is another mediator between the gut microbiome and its effects on CNS-resident cells.
AHR is a ligand-activated transcription factor that integrates environmental, dietary,
microbial, and metabolic cues to control complex transcriptional programs in a ligand- and
cell type-specific manner [92]. Tryptophanase (TnAse) expressed in commensal bacteria
catalyzes the conversion of dietary tryptophan to indole, which is used in the liver as a
precursor for the synthesis of the AHR agonist indoxyl-3-sulfate (13S) [123,124]; additional
microbial metabolites capable of regulating AHR activity have also been identified. Our
group recently reported that AHR signaling triggered by gut microbial metabolites regulates
microglia and astrocyte function in the context of CNS inflammation [21,23]. In particular,
AHR limits NF-xB-driven proinflammatory responses in astrocytes through a SOCS2-
dependent mechanism, and A/rdeletion in astrocytes exacerbates EAE [37]. Oral
administration of TnAse or AHR-activating tryptophan metabolites recapitulated some of
the anti-inflammatory effects of the gut microbiome in astrocytes. Similar anti-inflammatory
effects of AHR were also detected in microglia [33]. Moreover, modulation of AHR
signaling by microbial metabolites was found to control microglial production of TGF-a
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and VEGF-B, which regulate astrocyte responses in EAE. Together with reports of reduced
AHR agonistic activity in serum samples from MS patients [37,125,126], these findings
suggest that AHR operates as a checkpoint molecule that limits the proinflammatory
activities of CNS-resident cells in response to microbial cues. Interestingly, this
immunomodulatory pathway is exploited by glioblastoma to dampen antitumor immunity
[127,128], and also by Zika virus to evade antiviral immunity and cause CNS pathology
[129]. Taken together, these findings illustrate how the gut—-CNS axis controls CNS-resident
cells via the activity of microbial immunomodulatory metabolites that reach the CNS.

Concluding Remarks and Future Perspectives

The multiple mechanisms by which the gut—~CNS axis controls CNS inflammation identify
guttargeting approaches as novel avenues for therapeutic intervention in MS and other
neurologic diseases. The targeting of ‘oral tolerance’ [130], the phenomenon by which oral
administration of myelin antigens suppresses CNS inflammation, was one of the first
attempts to therapeutically target the gut—-CNS axis (Box 2). Several clinical studies have
investigated the therapeutic potential of probiotics (Box 2), but the lack of consistency in
study design and the limited number of studies preclude clear conclusions regarding the
efficacy of this approach [131]. However, it was recently reported that probiotic
administration suppressed peripheral inflammatory responses in MS patients, as shown by
decreased expression of co-stimulatory and MHC class 11 molecules in monocytes and
dendritic cells [132]. Deeper understanding of the mechanisms by which the gut microbiota
controls CNS inflammation, in combination with the development of engineered
microorganisms optimized for their anti-inflammatory and neuroprotective activities, will
guide the development of probiotic-based approaches to MS and other neurologic disorders.

FMT is used for the treatment of dysbiosis (Box 2), and represents another candidate
approach to target dysbiosis in MS. Although adverse events associated with FMT are rare,
it should be kept in mind that this approach has been linked to serious adverse events such as
life-threatening infection by donor-derived antibiotic-resistant bacteriali:iii [133].
Alternative approaches for targeting dysbiosis and the expansion of disease-promoting
microbiota in MS may involve the use of miRNAs [94], antibiotics [61,63], or dietary
interventions [134] as stand-alone therapies or in combination with FMT. However, our
limited understanding of the connection between the diet, the gut microbiota, and CNS
inflammation limits successful therapeutic targeting of the gut—~CNS axis in neurologic
disorders (see Outstanding Questions). Progress in these areas will guide the development of
novel therapies for MS and other disorders affecting the CNS.
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immune response mediated by antigen-specific receptors in T cells and B cells.

Amyotrophic lateral sclerosis (ALS)
a progressive neurodegenerative disease which usually affects upper and lower motor
neurons, causing muscle weakness and eventually loss of muscle control.

Antigen
a molecule capable of inducing a specific immune response.

Chemokines
a family of cytokines which induce chemotaxis towards producing cells.

Co-stimulatory molecules
cellsurface molecules expressed by antigen-presenting cells (APCs) to modulate T cell
activation

Cytokines
secreted proteins that are involved in modulating the immune response.

Dendritic cells
specialized APCs that process and present antigens in MHC molecules together with co-
stimulatory molecules to induce T cell activation.

Experimental autoimmune encephalitis (EAE)
a preclinical animal model of multiple sclerosis (MS) induced by immunization with myelin
antigens and adjuvant or by the transfer of myelin-specific T cells.

Induced intraepithelial lymphocytes (IELS)
T cells in the gut epithelium that are generated by the activation of naive T cells in gut-
associated lymphoid tissues. By contrast, natural IELs are activated in the thymus.

MHC class I/11

major histocompatibility complex (MHC) molecules that bind to antigenderived peptides
and present them to CD8* (MHC class 1) and CD4* T cells (MHC class I1) to induce T cell
activation via interactions with their T cell receptors.

Mucosal vascular addressin cell adhesion molecule 1 (MadCAM-1)
a mucosal endothelial adhesion molecule that preferentially interacts with leukocyte a4p7
integrin.

Parkinson’s disease (PD)

a progressive neurological disorder that usually affects movement coordination. Lewy bodies
composed of aggregated a-synuclein are detected in the brain of patients, and are thought to
be associated with loss of dopaminergic neurons.

Short-chain fatty acids (SCFAS)
fatty acids with fewer than six carbon atoms that are produced by the fermentation of dietary
fibers by anaerobic intestinal microbiota.
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16S rRNA
the RNA component of the 30S small subunit of a prokaryotic ribosome. 16S rRNA
sequencing is used for phylogenetic studies.

T cell autoimmunity
a T cell-mediated immune response directed against self-antigens that is associated with
autoimmune diseases such as MS, type 1 diabetes, and rheumatoid arthritis.
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Highlights

MS is an autoimmune inflammatory disease characterized by CNS inflammation and
damage to myelin.

T cells, B cells, and CNS-resident cells including astrocytes and microglia contribute to
MS pathogenesis.

MS pathogenesis has been linked to genetic and environmental factors, as well as to the
gut microbiome.

The microbiome modulates the differentiation and function of peripheral immune cells
that control CNS inflammation.

Microbial metabolites that reach the CNS can modulate the activity of resident glial cells
such as astrocytes and microglia.
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Box 1.
MS Is a Multifactorial Inflammatory Disease Targeting the CNS

MS is the most prevalent chronic inflammatory disease of the CNS, and affects more than
2 million people worldwide. Most MS patients initially experience relapsing-remitting
(RRMS) neurological symptoms at between 20 and 40 years of age [2]. Within 10 years
from disease onset, ~30-40% of MS patients transition into secondary progressive MS
(SPMS) that is characterized by irreversible and progressive accumulation of
neurological disability [135]. Various genetic and environmental factors have been linked
to MS development. For example, genetic studies have identified SNPs that are
associated with adaptive immunity in MS [136-138]. However, the concordance rate for
monozygotic twins is ~30%, highlighting the role of environmental factors in disease
development. Multiple environmental factors associated to MS have been identified in
epidemiological studies, including geographic latitude, smoking, obesity, and infection
by viruses such as Epstein—Barr virus [139,140]. In addition, the gut microbiome has
been identified as an important factor contributing to MS pathogenesis by modulating the
gut—-CNS axis, and likely contributes to the increased MS prevalence in developed
countries [141].
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Box 2.
Potential Therapies Targeting the Gut—CNS Axis
Oral Tolerance

Involves suppression of the immune response directed against antigens fed orally. This
mechanism may have evolved to prevent aberrant immune reactivity to food. Although
effective in experimental models of autoimmunity including EAE [130], this approach
has not yet been successfully applied for the treatment of MS.

Probiotics and Prebiotics

‘Probiotics’ are live microorganisms (e.g., bacteria) that are intended to provide health
benefits when consumed or applied to the body. The most commonly used probiotics now
belong to the genera Lactobacillus and Bifidobacterium. ‘Prebiotics’ are nondigestible
food components that selectively stimulate the growth or activity of beneficial
microorganisms.

Fecal Microbiota Transplantation (FMT)

First described as ‘yellow soup’ derived from human feces that was used in 4th Century
China to treat food poisoning and diarrhea. In 1958, investigators in Denver first reported
the successful administration of feces by enema to treat fulminant life-threatening
pseudomembranous enterocolitis [142], an infectious disease caused by Clostridium
difficile that is often accompanied by dysbiosis after antibiotic treatments. Fifty years
later, a clinical study was conducted to evaluate the effects of fecal transplantation on C.
difficile infection. Duodenal infusion of gut microbiota from healthy donors to recurrent
C. difficile-infected patients outperformed the cure rate of the standard treatment,
vancomycin (81% vs 31%)i [143]. Microbiota diversity in fecal samples, that is usually
reduced in C. difficile-infected patients, was also restored in the fecal infusion group,
suggesting that FMT corrects dysbiosis. FMT capsules administered by the oral route are
now used in clinical trials. Although the frequency of adverse events associated with
FMT is low, the severity of some of the rare complications raises concerns about the
approach, and it was recently reported that two patients who had undergone FMT died as
a result of complications associated with extended-spectrum p-lactamase-producing

Escherichia colibacteremia,""" [133].
Oral Antibiotics

Oral antibiotics modulate the gut microbiota, and have been shown in experimental
models to alleviate EAE [37,61,63,109]. However, the doses and spectra of the antibiotics
used in EAE are high and broad. Thus, further studies should develop approaches to
target specific components of the gut microbiota without causing dysbiosis.

Diet-Based Microbiota Therapies

!vaw.trialregister.nl/trial/1135
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Hhttps://clinicaltrials.gov/ct2/show/NCT03420482
https://clinicaltrials.gov/ct2/show/NCT03720392
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The diet has strong effects on the gut microbiota [134,144,145]. However, the diet—
microbiota—host crosstalk is extremely complex, making it difficult to develop dietary
interventions to treat CNS inflammation.

Page 23
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Outstanding Questions

What factors are responsible for the high prevalence of MS in developed countries? Do
gut microbiome-dependent mechanisms contribute to it?

Does the dysbiosis detected in MS patients play a causal role in the disease, or is it
merely a consequence of it? Which are the crucial commensal bacteria that promote or
limit MS development?

Which cellular mechanisms participate in the gut—-CNS axis in MS?
Which immunomodulatory microbial metabolites reach the CNS?

Can one therapeutically target the gut—-CNS axis as a treatment avenue for MS?
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Microbiome Studies in MS?

Table 1.

Page 25

Country/ Subjects Methods for 16S Gut microbiota changes in MS Immunological findings Refs
region rRNA sequencing
Japan 20 RRMS Roche 454, V1-V2 | | Clostridial species (such as N/A [51]
40 HCs regions Faecalibacterium prausnitzii)
belonging to Clostridia clusters
X1Va and IV and Bacteroidetes
North Children under 18 Illumina MiSeq, 1 Desulfovibrionaceae N/A [52]
America 18 RRMS V4 region | Lachnospiraceae
17 HCs I Ruminococcaceae
North 60 RRMS Roche 454, V3-V5 | 1 Methanobrevibacter Bacterial changes in MS [53]
America 43 HCs regions * Akkermansia correlated with inflammatory
Illumina MiSeq, \ Butyricimonas gene expression in peripheral
V4 region blood T cells and monocytes
North 31 RRMS Illumina MiSeq, " Pseudomonas N/A [54]
America 36 HCs V3-V5 regions * Mycoplana
* Haemophilus
" Blautia
* Dorea
\ Parabacteroides
\ Adlercreutzia
| Prevotella
North Children under 18 Illumina MiSeq, N/A Bacterial richness positively, and | [55]
America 15 RRMS V4 region Bacteroidetes abundance
9 HCs inversely, correlated with Th17
in peripheral blood of MS.
Fusobacteria correlated with
regulatory T cells in HCs
Germany Monozygotic twins Roche 454, V3-V5 | 1 Akkermansia muciniphila Higher incidence of spontaneous | [56]
34 MS (3 CIS, 22 regions EAE upon MS fecal transfer.
RRMS, 7 SPMS, 2 IL-10 reduction from peripheral
PPMS) blood CD4* T cells in MS
34 HCs compared with HCs
(counterparts)
North 71 RRMS (untreated) | Earth Microbiome " Akkermansia muciniphila Exacerbated EAE by MS fecal [57]
America 71 HCs Project standard " Acinetobacter calcoacetius transfer to GF mice compared

protocol, V4 region

\ Parabacteroides distasonis

with HC. Decreased IL-10*
regulatory T cells in mesenteric
lymph nodes of MS fecal
transferred EAE mice.

aSymboIs and abbreviations: 1 increased abundance; | decreased abundance; CIS, clinically isolated symptom; EAE, experimental autoimmune
encephalomyelitis; GF, germ-free; HC, healthy control; PPMS, primary progressive MS; N/A, not available; RRMS, relapsing-remitting MS;
SPMS, secondary progressive MS.
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