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Advantages and limitations of
experimental autoimmune
encephalomyelitis in breaking
down the role of the gut
microbiome in multiple sclerosis
Esther Melamed*, Jamie L. Palmer and Cara Fonken

Department of Neurology, Dell Medical School, University of Texas at Austin, Austin, TX,
United States

Since the first model of experimental autoimmune encephalomyelitis (EAE)

was introduced almost a century ago, there has been an ongoing scientific

debate about the risks and benefits of using EAE as a model of multiple

sclerosis (MS). While there are notable limitations of translating EAE studies

directly to human patients, EAE continues to be the most widely used model

of MS, and EAE studies have contributed to multiple key breakthroughs in

our understanding of MS pathogenesis and discovery of MS therapeutics. In

addition, insights from EAE have led to a better understanding of modifiable

environmental factors that can influence MS initiation and progression. In this

review, we discuss how MS patient and EAE studies compare in our learning

about the role of gut microbiome, diet, alcohol, probiotics, antibiotics,

and fecal microbiome transplant in neuroinflammation. Ultimately, the

combination of rigorous EAE animal studies, novel bioinformatic approaches,

use of human cell lines, and implementation of well-powered, age- and

sex-matched randomized controlled MS patient trials will be essential for

improving MS patient outcomes and developing novel MS therapeutics to

prevent and revert MS disease progression.
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Introduction

Multiple sclerosis (MS) is a chronic autoimmune neurological disease that results
in demyelination of the central nervous system (CNS), with symptoms ranging from
motor and sensory dysfunction to visual and cognitive deficits, among others (Smith
and McDonald, 1999). MS primarily affects individuals in their 20’s and 30’s (Dunn
et al., 2015) and is the leading cause of neurological disability in young adults (Koch-
Henriksen and Sørensen, 2010). Interestingly, although MS is more common in
Northern hemispheres, multiple studies have revealed that the disease affects women
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more commonly than men across different countries (Ahlgren
et al., 2011; Harbo et al., 2013; Bargagli et al., 2016; Almasi-
Hashiani et al., 2020).

The incidence of MS has continued to dramatically increase
over the past decade, especially in developed countries (Larsen
et al., 1984; Svenningsson et al., 1990; Barnett et al., 2003;
Koch-Henriksen et al., 2018; Wallin et al., 2019; Walton et al.,
2020). Since genetic factors only account for approximately
30% of MS risk, various environmental factors have emerged
as potential contributors to MS pathogenesis (Ascherio and
Munger, 2008; Alfredsson and Olsson, 2019). Commonly
associated environmental factors include latitude, vitamin D
deficiency, Westernized diet, gut microbiome dysbiosis, and
viral infections, such as Epstein-Barr infection (Alfredsson and
Olsson, 2019; Zarghami et al., 2021). It has also been noted
that individuals moving from one country to another acquire
the risk of MS of the new place of residence, suggesting that
environmental factors play an important role in MS disease
pathogenesis (Gouider et al., 2022).

Experimental autoimmune encephalomyelitis (EAE) is
the most widely used animal model in the development
and testing of MS immune therapies and in studying MS
disease pathogenesis. Indeed, most of the FDA-approved
MS disease-modifying therapies (DMTs) including interferon
beta, glatiramer acetate (Teitelbaum et al., 1996), natalizumab
(Yednock et al., 1992; Steinman, 2005), sphingosine 1-phosphate
modulators (Fujino et al., 2003; Tsai et al., 2016), dimethyl
fumarate (DMF) (Schilling et al., 2006), and B cell depletion
therapies (Matsushita et al., 2008; Weber et al., 2010) have
demonstrated benefits in EAE.

Although EAE is the closest model that approximates
human MS, there are important limitations of this model. For
example, rodent EAE is primarily confined to the spinal cord
with fewer brain lesions (Ransohoff, 2012). In comparison, MS
patients develop lesions either in the spinal cord and/or in
the brain (Nijeholt et al., 1998). Further, rodent size precludes
easy administration of IV preparations of DMTs, evaluation of
longitudinal brain volume and cognitive changes, which are all
important aspects of human MS. Rodent immune system is also
not identical to humans, with differences both in the innate and
adaptive immune system (Mestas and Hughes, 2004), potentially
limiting some of the immune finding translatability. Side effects
of DMTs, such as progressive multifocal leukoencephalopathy
(PML), may not be as apparent in EAE animal models (Rudick
et al., 2013), making it challenging to design mitigation strategies
for DMT side effects without direct human testing. As a result,
biological differences between rodents and humans have been
implicated in the failure of some of the MS therapeutics in
humans, despite initial success in EAE (Weiner et al., 1993).

Given the diverse risk factors for MS, variation in disease
presentation and clinical course, different involved immune cell
types, and genetic and environmental risk factors, there is not
one EAE animal model that can entirely recapitulate all of MS

phenotypes. To best capture vital aspects of MS, multiple EAE
models have been developed (Figure 1). For example, EAE
induction with myelin oligodendrocyte glycoprotein (MOG) in
C57BL/6 (B6) mice, has been utilized to study chronic disease
(Amor et al., 1994; de Rosbo et al., 1995). Induction of SJL/J
mice with proteolipid protein (PLP139−151), leads to a relapsing
remitting EAE course (McRae et al., 1992), approximating
relapsing remitting MS (RRMS). In PL/J mice, immunization
with MOG, induces a chronic relapsing EAE course, similar
to progressive relapsing MS (Amor et al., 1994). Use of non-
obese diabetic mice (NOD) mice immunized with MOG can
emulate secondary progressive MS (SPMS) course (Degenhardt
et al., 2009; Simmons et al., 2013). Studies of shiverer mice, with
deletion of myelin basic protein (MBP) exons 7–11, have helped
to investigate the role of central tolerance in MS (Harrington
et al., 1998). B cell deficient mice have helped to learn about
the contribution of B cells in MS pathophysiology (Smith et al.,
2005). Spontaneous EAE, which emulates genetic predisposition
in MS, has been best studied in T-cell receptor (TCR) transgenic
mice specific for MOG92−106 (2D2) (Goverman et al., 1993;
Brabb et al., 1997; Bettelli et al., 2003). Of note, addition of
MOG-specific B cells by crossing 2D2 mice to MOG-specific Ig
heavy chain knock-in mice can increase spontaneous EAE up to
60% (Bettelli et al., 2006).

Several models have also been developed to understand
the process of demyelination and remyelination in MS. These
models include the use of dietary cuprizone, a copper-chelating
agent that leads to demyelination (Hiremath et al., 1998;
Matsushima and Morell, 2001), whereby cessation of dietary
cuprizone prompts remyelination. In addition, surgical model
of focal demyelination with lysolecithin can be a powerful
way to examine local demyelination in context of traumatic
injury (Keough et al., 2015). Further, given the importance
of viral infections in MS (Marrodan et al., 2019), Theiler’s
murine encephalomyelitis virus (TMEV) models have been
used to study how preceding viral infections can model MS-
related neuroinflammation (McCarthy et al., 2012). The use
of germ-free (GF) animals has allowed to examine the role of
gut microbiome in MS (Berer et al., 2011; Lee et al., 2011).
Also, researchers have used connexin 32 or 47 knockout mice
in EAE to study the role of the blood brain barrier (BBB) in
MS pathogenesis (Stavropoulos et al., 2021). The availability of
multiple EAE models has allowed access to mechanistic studies
that can inform human MS pathophysiology.

In addition to lessons gleaned from EAE studies about MS
pathophysiology and DMTs, EAE has also been a useful tool to
learn about modifiable environmental MS factors and discover
opportunities for therapeutics based on these factors. In this
review, we will discuss how MS and EAE studies compare in
our understanding of environmental factors in MS, focusing
on the gut microbiome, dietary factors, alcohol, probiotics,
and antibiotics, as well as potential risks and benefits of fecal
microbiome transplants (FMT).
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FIGURE 1

A myriad of experimental autoimmune encephalomyelitis (EAE) models have been developed to capture varied aspects of the clinical course of
multiple sclerosis (MS) [C57BL/6 (B6), SJL/J, and PL/J mice]. Genetic models have allowed the study of T and B cells in MS in TCR and B-cell
receptor (BCR) transgenics. Germ-free models have enabled the study of the gut microbiome. Viral models, such as Theiler’s murine
encephalomyelitis virus (TMEV), have elucidated viral contribution to MS. MS-related demyelination and remyelination has been studied in
cuprizone and lysolecithin models. Connexin knockouts have been used to study the role of the blood brain barrier (BBB) in neuroinflammation.
Central tolerance has been examined in shiverer transgenic mice.

Gut microbiome

The gut microbiome is composed of trillions of bacteria,
viruses, and fungi whose collective genes outnumber human
genes by 150 times (Qin et al., 2010; Ochoa-Repáraz et al.,
2018). Not only does the gut microbiome help to maintain
gastrointestinal (GI) homeostasis, but the microbiota have
important influences on the rest of the body and the brain
(Dantzer et al., 2008; Duerkop et al., 2009; Forsythe and
Bienenstock, 2010; Cryan and Dinan, 2012). For example, there
is bidirectional communication between the gut and the central
nervous system (CNS), with the microbiota considered to be
essential for the development of the immune system and playing
a major role in influencing the nervous system (Cryan and
O’Mahony, 2011; Bhuiyan et al., 2021) via bacterial metabolites
(Kaur et al., 2019), neurotransmitters (Barrett et al., 2012; Erny
et al., 2015) and short-chain fatty acids (SCFAs) (Hoyles et al.,
2018; Spichak et al., 2021). In turn, the CNS has a critical role
in modulating gut-related metabolism and physiology via the
vagus nerve (Wang et al., 2002; Miyauchi et al., 2022).

Alterations in the gut microbiome have been widely
documented both in patients with MS and animals with EAE.
Specifically, multiple studies have now established dynamic
alterations in the gut microbiome taxa at different stages
of MS and in response to treatment with different DMTs.
In turn, EAE studies have contributed to our evolving
understanding of mechanisms behind microbiota influences
in MS. Potential therapeutic interventions targeting the gut
microbiome in MS and EAE, such as dietary interventions,
probiotics, antibiotics, SCFAs, and FMT may offer an exciting
avenue for treating MS in addition to or in concert with DMTs.
In the following sections, we will review the evolving landscape
of gut microbiome mechanisms and therapeutics in MS
and EAE.

Gut microbiome studies in
multiple sclerosis

Multiple sclerosis patients have been documented to
have a decreased biodiversity (Swidsinski et al., 2017;
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Navarro-López et al., 2022) of microbiome as well as gut
dysbiosis (Miyake et al., 2015), or alteration in gut microbiota
from homeostatic commensal species. Specifically, there is a
reduction in Prevotella (Chen et al., 2016; Berer et al., 2017;
Cekanaviciute et al., 2017; Cosorich et al., 2017; Ventura et al.,
2019; Duscha et al., 2020; Takewaki et al., 2020), Bacteroidetes,
especially in the butyrate producer, Butyricimonas, Clostridia
clusters IV and XIV (Miyake et al., 2015; Duscha et al., 2020),
Bacteroidaceae family, Faecalibacterium genera (Miyake et al.,
2015), and Ruminococcus genera (Takewaki et al., 2020). Several
studies have also documented an overrepresentation of gut
bacteria such as Streptococcus (Miyake et al., 2015; Cosorich
et al., 2017; Takewaki et al., 2020), Methanobrevibacter smithii
(Jangi et al., 2016), and Akkermansia genera (Jangi et al., 2016;
Berer et al., 2017; Cekanaviciute et al., 2017; Ventura et al.,
2019; Duscha et al., 2020; Takewaki et al., 2020) compared to
healthy controls. In pediatric MS patients, increased levels of
Clostridium, Bilophila, Escherichia, and Shigella have been found
along with a decrease in the levels of Eubacterium rectale and
Corynebacterium (Tremlett et al., 2016). Interestingly, absence
of Fusobacteria in these patients corresponded to a shorter time
of relapse (Tremlett et al., 2016).

MS studies have also suggested that DMTs can affect the gut
microbiome environment. For example, Jangi et al. (2016) found
that Prevotella and Sutterella increased with interferon beta and
glatiramer acetate treatment while Sarcina decreased compared
to untreated MS patients. In another study, Lachnospiraceae and
Veillonellaceae families decreased in MS patients in response
to glatiramer acetate and DMF (Katz Sand et al., 2019). DMF
was further associated with a decrease in phyla Firmicutes and
Fusobacteria, and the order Clostridiales as well as an increase
in phylum Bacteroidetes (Katz Sand et al., 2019).

There are several important limitations to human
microbiome studies that necessitate complementary evaluation
in animal models. For example, human studies on the
microbiome have been primarily limited to analysis of fecal
samples despite known variations in microbiota composition
along the GI tract. Specifically, there are geographical differences
between the small intestine, where most of the nutrient
absorption occurs, and the large intestine, which is responsible
for fecal concentration and disposal. Accordingly, these regions
host different gut microbiota. Most human studies have focused
on fecal samples, largely due to the difficulty in getting samples
from other parts of the GI tract. However, without adequate
sampling of different parts of the gut and understanding
dynamics of the gut microbiome across the GI tract, conclusion
based primarily on fecal microbiota may not fully recapitulate
gut microbiome dynamics in MS. In addition, it is challenging
to study the gut microbiome in humans, due to varying diets
and intermittent use of antibiotics and other medications
that can shift the gut microbiome as well as individuals
traversing geographic lines and getting exposed to different
environmental factors.

Gut microbiome studies in
experimental autoimmune
encephalomyelitis

Given the limitations of human studies, it has been
critical to use animal models to better understand the role
of the gut microbiome in MS autoimmunity. Studies in EAE
have intriguingly demonstrated that the gut microbiome is
imperative to the onset of autoimmunity. To this end, GF
animals do not develop EAE and require transfer of gut
microbiome either from donor animals with EAE or from
patients with MS (Mackie et al., 1999; Berer et al., 2017;
Cekanaviciute et al., 2017). Using EAE models, it has been
observed that autoreactive MOG-specific T cells are abundant
in the gut during EAE, suggesting that these T cells could be
interacting with gut bacteria prior to their egress to the CNS
(Duc et al., 2019; Miyauchi et al., 2020). Further, administration
of specific microbiota such as Lactobacillus murinus has led to
disease amelioration in EAE (Wilck et al., 2017). In addition
transfer of Erysipelotrichaceae and Limosilactobacillus reuteri
(L. reuteri) can result in more severe EAE symptoms compared
to mono-colonization with L. reuteri (Miyauchi et al., 2020).
Other studies have revealed that genetic background can interact
with the gut microbiome. For example, in a study of MS
twins, with one healthy twin and the other twin with MS,
transfer of gut microbes from the MS twin led to higher
EAE incidence and reduction in interleukin (IL)-10 compared
to transfer from the healthy twin (Berer et al., 2011, 2017;
Cekanaviciute et al., 2017).

Other EAE studies have clarified potential mechanisms of
how gut microbiota may influence the nervous system. For
example, SCFAs, such as butyrate, propionate and acetate,
can modulate regulatory T cells (T regs) in the gut and
their supplementation can lead to EAE amelioration (Haghikia
et al., 2015; Duscha et al., 2020; Silva et al., 2020; Trend
et al., 2021). Butyrate has specifically been shown to modulate
remyelination, and therefore, use of SCFAs offers a promising
avenue for affecting long term neurological recovery (Chen
et al., 2019). In addition, microbiota can shape the integrity
of the gut-blood and BBB (Parker et al., 2020). For example,
GF mice have a greater permeability in the BBB and gut-blood
barrier compared to animals reared in specific pathogen free
(SPF) conditions (Cryan et al., 2020). Transfer of gut bacteria,
such as Clostridium tyrobutyricum, or oral supplementation
with the SCFA butyrate, has been linked with stabilization
of the BBB by upregulating tight junction proteins (Braniste
et al., 2014). Another potential source of neuroprotective
gut microbial products in EAE are bacterial metabolites
(Elsayed et al., 2022). For example, gut bacteria, such as
Lactobacillus, are able to metabolize tyrosine, phenylalanine,
and tryptophan into metabolites that cross the BBB and impact
reactive oxygen species and downstream neuroinflammation
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via the aryl hydrogen receptor (AHR) (Kaur et al., 2019).
In addition, bacterial metabolites such as phytoestrogens
can lead to EAE amelioration by decreasing inflammatory
cytokines and modulating leukocyte trafficking of into the CNS
(De Paula et al., 2008).

Furthermore, EAE studies have revealed that several gut
bacteria can influence the immune system. For example,
microbiota can influence populations of Tregs, Bregs, and IgA+
plasma cell populations (Ochoa-Repáraz et al., 2010a; Opazo
et al., 2018; Pröbstel et al., 2020; Boussamet et al., 2022).
Specific microbiota, such as Erysipelotrichaceae and segmented
filamentous bacteria, have the ability to stimulate T helper
(Th) 17 responses (Cryan et al., 2020; Miyauchi et al., 2020),
including production of Il17a, Csf2 [encoding granulocyte
macrophage colony-stimulating factor (GM-CSF) and Il23r],
which are known to be inflammatory in EAE and MS. On
the other hand, Prevotella has been found to induce Tregs in
mesenteric lymph nodes and the spleen and to suppress Th1
and Th17 cells in EAE mice (Mangalam et al., 2017). Likewise,
other EAE studies have revealed that gut bacteria components,
such as polysaccharide A (PSA) from Bacteroides fragilis
are immunoprotective (Erturk-Hasdemir et al., 2021). For
example, PSA was shown to induce accumulation of gut-derived
Treg cells and promote expansion of CD39 + CD4 + Treg
cells, which migrate to the CNS (Ochoa-Repáraz and Kasper,
2017). Treatment with PSA prophylactically or during the
course of EAE is sufficient to prevent EAE in an IL-10-
dependent manner (Ochoa-Repáraz et al., 2010b; Liu et al., 2019;
Gabanyi et al., 2022).

Antibiotics

Antibiotics are critical medications that have revolutionized
medicine and have helped to save millions of lives by
treating bacterial infections. Intriguingly, antibiotics also
have the power to affect autoimmunity (Strzępa et al., 2018).
In addition to their direct effects of eradicating specific
types of bacteria, antibiotics also modulate the immune
system by inhibiting T cell proliferation, inflammatory
cytokine and chemokine production, and phagocytosis
(Singh et al., 2021). Moreover, antibiotics alter gut flora
by virtue of inhibiting growth of certain bacteria, which
can destabilize gut microbiota networks, allowing some
bacteria to become more abundant. An important example
of this synergistic network behavior is overpopulation of
Clostridium difficile in patients on longstanding antibiotics,
which can lead to a diarrheal illness in humans, and in
some cases may require a microbiome transfer to reverse
(Rao and Safdar, 2016). At the same time, the right balance
of affecting microbial networks in the gut can have the
great potential of alleviating or preventing autoimmunity

by modulating pathogenic and beneficial gut bacterial taxa
(Strzępa et al., 2018).

Antibiotic studies in multiple
sclerosis

In human MS studies, there have been mixed results
in terms of association of antibiotics with amelioration vs.
worsening of MS (Table 1). Metz et al. (2017) evaluated
a cohort of 142 patients, 68% females and 32% males,
with CIS and demonstrated a lower incidence of clinically
definite MS in the minocycline treated group (n = 72)
during 6 months but not during 24 months. Of note,
only 17 minocycline-treated and 12 control-treated patients
were evaluated at 24 months, lowering power for the 24-
month analysis. More participants in the minocycline group
experienced adverse events, such as rash, tooth discoloration,
and dizziness. In a smaller study, 15 patients with RRMS
on interferon therapy, were treated with doxycycline for
4 months and experienced improvement in EDSS and contrast-
enhancing MRI lesions without experiencing any adverse side
effects (Minagar et al., 2008). In a similar study design,
60 RRMS and SPMS patients with breakthrough disease,
consisting of 88% female and 12% males, were treated with
a combination of interferon and doxycycline therapy for
6 months (Mazdeh and Mobaien, 2012). In this cohort, patients
experienced an improvement in clinical EDSS scores and
13% of patients experienced radiological improvement, while
15% demonstrated radiological worsening in terms of contrast
enhancing lesions. The human study results suggest that there
may be an interaction between the type of MS (i.e., CIS vs.
RRMS vs. SPMS) and type of antibiotic administration that
may contribute to neuroinflammatory outcomes in response to
antibiotic therapy.

Two retrospective cohort studies have examined association
between prior ever antibiotic use and MS incidence. In one
study, 163 patients with RRMS were evaluated in a British
database for antibiotic use in the prior 3 years (Alonso
et al., 2006). Compared to other antibiotics, tetracycline
use for more than 1 week and penicillin for 2 weeks was
associated with a decreased MS risk. In a nationwide
case-control study in Denmark, authors evaluated data
for 3,259 patients with MS (2/3 women and 1/3 men)
and 32,590 case controls on whether prior antibiotic use
was associated with MS diagnosis. In this study, it was
found that prior use of penicillin and other antibiotics
was associated with increased risk of MS diagnosis. The
implication from these retrospective studies is that prior
infections necessitating use of antibiotics may have a link to MS
(Nørgaard et al., 2011).
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TABLE 1 Effects of antibiotic administration on multiple sclerosis (MS) risk and progression.

# of
patients

Sex/Age Type of
MS

Antibiotics used Duration of
treatment

Effect on MS References

Protective n= 142 (72
receiving
antibiotics)

18–60 years
(mean= 35.8)
68.3% female,
31.7% male

CIS 100 mg minocycline
twice/day (oral)

24 months or
until the time of
MS diagnosis

Reduced clinical
conversion rates to
MS

Metz et al., 2017

n= 15 19–57 years
(mean= 44.5);
80% female, 20%
male

RRMS 100 mg doxycycline daily
(oral; in combination
with IFN-β1a)

4 months Reduction in
Gd+ lesions,
decreased EDSS score

Minagar et al.,
2008

n= 60 14–51 years
(mean= 32);
88.3% female,
11.7% male

RRMS, SPMS 100 mg doxycycline daily
(in combination
w/IFN-β1a)

6 months Decreased EDSS
scores, decreased
relapse rate

Mazdeh and
Mobaien, 2012

n= 163 Mean= 36.2 years;
Sex breakdown
unavailable

RRMS, SPMS,
PPMS

Anti-Chlamydophila
antibiotics, penicillins,
cephalosporins,
tetracyclines, macrolides,
other (unlisted)

Range of
durations

>2 weaks penicillin
and >1 week
tetracycline reduced
risk of MS

Alonso et al., 2006

Detrimental n= 3,259 Lists age range
categories from
<30 to ≥50;
67% female, 33%
male

Unavailable Pivmecillinam,
macrolides, tetracyclines,
sulfonamides/
trimethroprim,
nitrofurantoin,
quinolones,
metronidazole, penicillin

Range of
durations

Penicillin and other
antibiotics taken
within the year before
clinical MS onset was
associated with
increased MS risk

Nørgaard et al.,
2011

CIS, clinically isolated syndrome; RRMS, relapsing-remitting MS; Gd+, gadolinium-enhancing; EDSS, Expanded Disability Status Scale; SPMS, secondary progressive MS; PPMS, primary
progressive MS; IFN, interferon.

Antibiotic studies in experimental
autoimmune encephalomyelitis

Several studies in different EAE models have provided
evidence for protective effects of antibiotics (Table 2). For
example, oral treatment with antibiotics in a study of female SJL
and B6 mice treated with ampicillin, neomycin, metronidazole
and vancomycin for 1 week prior to EAE induction, resulted
in disease amelioration in both strains along with increased
protective cytokines, IL-10 and IL-13, and enhanced frequency
of Tregs (Ochoa-Reparaz et al., 2009). In another study,
treatment with the same cocktail of antibiotics either orally
or via intraperitoneal (IP) route in B6 mice 1 week prior
to EAE induction, demonstrated EAE amelioration in the
group that received oral antibiotics compared to the IP
route. EAE-protected animals had higher CD19 + B220+ and
CD19 + CD5+ B cell cells in the lymphoid organs (Ochoa-
Repáraz et al., 2010a). The results of this study suggest that
IP antibiotics may not be as effective in EAE amelioration
due to bypassing the gut. Similarly, Yokote et al. (2008) found
that B6 female mice treated with a mixture of non-absorbing
oral antibiotics kanamycin, colistin, and vancomycin orally
for 1 week prior to EAE induction led to EAE amelioration,
lower frequency of infiltrating T cells in the CNS, decreased

demyelination in the lumbar spine, lower production of Th17-
related cytokines in the intestinal lamina propria, as well as
invariant natural killer T (NKT) cell depletion in association
with alteration in gut bacteria.

Similar findings have been described in other EAE models.
Mestre et al. (2019) administered ampicillin, metronidazole,
neomycin, and vancomycin during the pre-symptomatic stage
to female SJL/J mice infected with TMEV and compared
three treatment groups who either continued on antibiotics
for 30 days, stopped antibiotics after 15 days, or were given
probiotics after 15 days. Interestingly, antibiotic-treated mice
did not develop motor dysfunction, had fewer infiltrating
CD4+ and CD8+ T cells in the CNS, and had ameboid
shape of microglia, suggesting an anti-inflammatory state,
compared to the probiotic treated group that experienced worse
motor function and axonal integrity (Mestre et al., 2019). In
a lysolecithin EAE model, McMurran et al. (2019) treated
female B6 mice with ampicillin/sulbactam, ciprofloxacin,
vancomycin, metronidazole, and imipenem for 8 weeks followed
by lysolecithin injection. It was found that the antibiotic-
treated animals experienced a decrease in demyelination
with an associated decrease in microglia in lesions, though
oligodendrocyte progenitor cell (OPC) differentiation and
remyelination was not affected. Of note, the animals in this
experiment were older (4–7 months old) than in many of
the other antibiotic treatment groups (6 weeks old). In a

Frontiers in Molecular Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fnmol.2022.1019877
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnm
ol-15-1019877

O
ctober31,2022

Tim
e:14:21

#
7

M
e

lam
e

d
e

t
al.

10
.3

3
8

9
/fn

m
o

l.2
0

2
2

.10
19

8
77

TABLE 2 Effects of antibiotic administration on experimental autoimmune encephalomyelitis (EAE) development/progression and myelination.

# of animals Sex/Age Strain Type of EAE
induction

Antibiotics used/Route of
administration

Duration of
antibiotic
administration

EAE/
Myelination
outcomes

References

Protective n= 12/group (no
treatment, IP, oral; for
SJLs, 12 mice for
drinking water and 12
mice for oral gavage)

Females; 6 weeks SJL and
C57BL/6 mice

Active induction;
PLP139−151 (SJL)
and MOG35−55

(C57BL/6)

Ampicillin (1 g/mL)
Metronidazole (1 g/mL)
Neomycin sulfate (1 g/mL)
Vancomycin (0.5 g/mL)
IP or oral supplementation through
drinking water; oral gavage also used
for SJLs

1 week leading up to
induction

Reduced EAE scores
(oral administrations
only)

Ochoa-Reparaz
et al., 2009

n= 10/group
(PBS-treated/oral/IP)

Sex/age
unavailable

C57BL/6 mice Active induction
(MOG35−55)

Ampicillin (1 g/mL)
Metronidazole (1 g/mL)
Neomycin sulfate (1 g/mL)
Vancomycin (1 g/mL)
IP injections or oral supplementation
through drinking water

1 week leading up to
induction

Reduced EAE scores
(oral administration
only)

Ochoa-Repáraz
et al., 2010a

n= 5/group (ABX or no
ABX)

Female; 6 weeks C57BL/6 mice Active induction
(MOG35−55)

Colistin (2000 U/mL)
Kanamycin (1 mg/mL)
Vancomycin (0.1 mg/mL)
Oral supplementation through
drinking water

1 week prior to EAE
induction, continued for
duration of experiment

Reduced EAE scores;
reduced
demyelination/cellular
infiltration

Yokote et al., 2008

n= 8–12/group Female;
8–10 weeks

C57BL/6 mice Active induction;
MOG35−55

Ampicillin (1 g/L)
Metronidazole (1 g/L)
Neomycin sulfate (1 g/L)
Vancomycin (0.5 g/L)
Oral gavage

3 days leading up to
induction

Prophylactic treatment
reduced EAE scores

Seifert et al., 2018

n= 8/group (ABX
admin day of induction,
day of symptom onset,
and control)

Female;
6–8 weeks

C57BL/6 mice Active induction;
MOG35−55

Ceftriaxone (200 mg/kg/day)
IP injection

ABX started either day of
induction or day of
symptom onset, continued
until end of experiment

Both ABX
administration times
reduced EAE scores

Melzer et al., 2008

n= 6–12/group (PBS,
antibiotics, WT B. fragilis
recolonized, 1PSA
B. fragilis recolonized)

Female; 6 weeks SJL mice Active induction;
PLP139−151

Ampicillin (1 g/mL)
Metronidazole (1 g/mL)
Neomycin sulfate (1 g/mL)
Vancomycin (0.5 g/mL)
Oral supplementation through
drinking water

1 week of ABX, then 1 day
bacterial reconstitution or
sham, followed by induction
1 week later

Reduced EAE scores Ochoa-Repáraz
et al., 2010b

n= 5–10/group
(ABX-ABX,
ABX-vehicle,
ABX-probiotics, vehicle
alone, sham mice given
ABX)

Female; TMEV
inoculation at
4 weeks, ABX
started 55 days
after

SJL mice TMEV infection Ampicillin (1 g/L)
Metronidazole (1 g/L)
Neomycin sulfate (1 g/L)
Vancomycin (0.5 g/L)
Oral supplementation through
drinking water

15 or 30 days Improved motor
function; lesser cellular
infiltration

Mestre et al., 2019

(Continued)

Fro
n

tie
rs

in
M

o
le

cu
lar

N
e

u
ro

scie
n

ce
0

7
fro

n
tie

rsin
.o

rg

https://doi.org/10.3389/fnmol.2022.1019877
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnm
ol-15-1019877

O
ctober31,2022

Tim
e:14:21

#
8

M
e

lam
e

d
e

t
al.

10
.3

3
8

9
/fn

m
o

l.2
0

2
2

.10
19

8
77

TABLE 2 (Continued)

# of animals Sex/Age Strain Type of EAE
induction

Antibiotics used/Route of
administration

Duration of
antibiotic
administration

EAE/
Myelination
outcomes

References

Detrimental N = 4–6/group (see
Figure 1)

Female;
4 months

C57BL/6 mice Lysolecithin-
induced
lesions

Ampicillin/sulbactam (1.5 g/L)
Ciprofloxacin (200 mg/L)
Imipenem (250 mg/L)
Metronidazole (1 g/L)
Vancomycin (500 mg/L)
Oral supplementation through
drinking water

8 weeks prior to lesioning,
continued for duration of
experiment

Limited OPC
differentiation and
efficient removal of
myelin debris by
14 days post-lesioning

McMurran et al.,
2019

N = 15/group (control,
azithromycin,
clarithromycin)

Female; 7 weeks Lewis rats Active induction;
guinea pig
MBP68−86

Azithromycin (50 mg/100 g body
weight)
Clarithromycin (50 mg/100 g body
weight)
Oral gavage

One administration 2 days
prior to induction

Exacerbated EAE
scores; reduced iNOS
mRNA expression in
SC

Wang et al., 2009

N = 15/group (ABX,
control)

Pregnant
females given
ABX (age
unavailable);
offspring
induced w/EAE
at 8 weeks (sex
unavailable)

Dark-agouti
rats

Rat SCH Neosulfox (Sulfadimidine sodium
10% (w/w), neomycin sulfate 6%,
oxytetracycline hydrochloride 4%)
2.5 g/l Pentrexyl (ampicillin)
Total max dosage of 2.5 g/L
Oral supplementation through
drinking water

Dams started on ABX
2 weeks before giving birth,
continued until 4 weeks
post-birth

Early life
administration
exacerbated EAE
scores; more immune
infiltration into SC

Stanisavljević
et al., 2019

No effect/ mixed N = 10/group
(ABX/control)

2 weeks or
4 weeks
post-birth;
Sex unavailable

OSE mice Spontaneous
model

Ampicillin (1 g/L)
Neomycin (1 g/L)
Vancomycin (1 g/L)
Oral supplementation through
drinking water

2 weeks Prophylactic ABX
treatment reduced EAE
scores
Therapeutic
administration of ABX
did not significantly
affect demyelination in
spinal cord or optic
nerve

Gödel et al., 2020

N = 10/group
(non-EAE+ vehicle,
non-EAE+ ABX,
EAE+ vehicle,
EAE+ ABX)

Female;
PD21-PD105
(EAE induced
on PD80)

C57BL/6 Active induction;
MOG35−55

Ampicillin (1 mg/mL)
Metronidazole (10 mg/mL)
Neomycin (10 mg/mL)
Vancomycin (5 mg/mL)
Antifungal
Amphotericin-B (0.1 mg/mL)
Oral supplementation through
drinking water

10–12 weeks Delayed EAE onset;
higher severity from
days 19–22
post-induction,
reduction of symptoms
from day 24–25

Zeraati et al., 2019

IP, intraperitoneal; PLP, proteolipid protein; MOG, myelin oligodendrocyte protein; PBS, phosphate buffered solution; OPC, oligodendrocyte progenitor cell(s); MBP, myelin basic protein; iNOS, inducible nitric oxide synthase; SC, spinal cord; ABX,
antibiotic(s); PSA, polysaccharide A; TMEV, Theiler’s murine encephalomyelitis virus; SCH, spinal cord homogenate; PD, postnatal day.
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spontaneous EAE model, Gödel et al. (2020) used oral antibiotic
treatment in opticospinal (OSE, 2D2 × IgHMOG C57BL/6)
mice at 2–4 weeks of age and either continued or discontinued
antibiotics for an additional 2 weeks following symptom
initiation. Their results demonstrate that antibiotic treatment
led to prevention of spontaneous EAE in association with
decreased gut microbiota alpha diversity and an increase in
species within the genera Akkermansia, Bacteroides, and Blautia.
The authors also found that antibiotic treatment of affected
OSE mice did not affect ongoing CNS autoimmune disease,
suggesting that timing of antibiotic administration pre-EAE
may be more beneficial in modulating the gut microbiome and
CNS disease compared to post-disease treatment.

Of note, there can also be potential aggravating antibiotic
side effects based on animal studies (Table 2). For example,
in a neonatal study of DA rats (Stanisavljević et al., 2019),
administration of oral Neosulfox, neomycin, oxytetracycline,
and ampicillin to pregnant dams followed by 4 weeks
of treatment postnatally prior to EAE induction led to
disease exacerbation in antibiotic treated animals compared
to controls. The results of this study suggest that the
type of antibiotic mix and prenatal/postnatal timing of
antibiotic intake may negatively impact neuroinflammation. In
another study, animals treated with antibiotics and anti-fungal
agents (neomycin, ampicillin, metronidazole, vancomycin, and
amphotericin) from early adolescence [postnatal day (PD) 21
until adulthood (PD 105)] displayed a delay in EAE onset
with corresponding decrease in IFN-γ and IL-17A levels and
increased IL-10. These animals were also found to have higher
levels of anxiety and depression compared to the non-antibiotic
treated group (Zeraati et al., 2019). Notably, the animals in this
study were treated for the longest duration compared to other
studies, suggesting that the length of time of antibiotic treatment
may contribute to psychiatric symptoms.

In summary, while most studies agree on the protective
effects of antibiotics in EAE and MS, it should be noted
that antibiotic administration, especially with broad spectrum
antibiotics, could have unwelcome consequences, such as
eradication of commensal species, GI upset with diarrheal
illness, and a potential increase in anxiety. Further studies
in animal models will need to be performed to clarify the
timing, type and dose of antibiotics that may be protective vs.
detrimental, as well as how males versus females at different
ages and experiencing different types and stages of MS may
respond to antibiotic treatment in terms of demyelination
and remyelination. In addition, further studies in patients will
also need to compare single vs. combination antibiotic use in
ameliorating vs. worsening MS incidence and progression in
males and females of different ages. Lastly, as antibiotics can
promote anti-inflammatory actions in the body, future studies
will need to address mechanistically to what degree antibiotics
act via the gut microbiome vs. directly on the immune system.

Potential therapeutic strategies
targeting the gut microbiome

Probiotics

Probiotics are live microorganisms, presumed to be
beneficial to the host, that have gained popularity in recent years
as supplements to modulate the gut microbiome. Multiple types
of probiotics are widely available to consumers and are currently
not regulated. For patients with autoimmune conditions,
such as MS, the goal is to define a set of microorganisms
for the probiotic preparation that would exert long-lasting
immunomodulatory effects.

Probiotics have now been studied in both human MS and
EAE. In MS studies, positive benefits of different probiotic
combinations include improvement in clinical scores such as
the Expanded Disability Status Scale (EDSS), Beck Depression
Inventory (BDI)-II, and General Health Questionnaire (GHQ),
and mental health, correlating with modulation of brain-
derived neurotrophic factor (BDNF), IL-6, suppression of
IL-17 CD4 + T cells, enhanced Tregs and regulatory B
cells (Bregs) and expression of IL-10 (Kouchaki et al., 2017;
Salami et al., 2019; Mestre et al., 2020; Jiang et al., 2021;
Rahimlou et al., 2022). Similarly, in animal EAE studies,
probiotic administration has been demonstrated to delay EAE
onset, reduce disease severity and progression via maintaining
mucosal barrier in the gut (Ohland and MacNaughton, 2010),
increase production of immunoglobulin (Ig)As (Liu et al., 2020),
as well as enhance abundance of SCFA-producing bacteria while
decreasing abundance of pathogenic bacteria (He et al., 2019;
Mestre et al., 2020).

Probiotic studies in multiple
sclerosis

Three randomized control trials (RCT) in RRMS patients
have been reported in reference to probiotic supplementation.
In one double blind RCT (Kouchaki et al., 2017), 30 participants
received a combination probiotic containing Lactobacillus
acidophilus, Lactobacillus casei, Lactobacillus fermentum, and
Bifidobacterium bifidum for 12 weeks. The cohort consisted of
about 83% females and 16.7% males with patients on interferon
therapies, ages 18–55 and healthy controls who were treated
with starch containing placebo pills for the duration of the
study. In this study, Kouchaki et al. (2017) reported that the
probiotic-treated group experienced an improvement in EDSS,
BID, depression, anxiety, and stress scale as well as general
health questionnaire. In addition, participants on probiotics had
lower C-reactive protein (CRP), malondialdehyde and insulin
(MDA), and higher plasma nitric oxide (NO). In another double
blind RCT, Salami et al. (2019) evaluated 48 RRMS patients
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on interferon therapy, 20–60 yo, consisting of 75% female
and 25% male participants, divided between probiotic and
control treatments for 16 weeks. Patients in the probiotic group
received a probiotic containing a combination of Lactobacillus
and Bifidobacterium: Bifidobacterium infantis, Bifidobacterium
lactis, Lactobacillus reuteri, L. casei, Lactobacillus plantarum,
and L. fermentum, while controls were given maltodextrin
tablets. Similarly to the Kouchaki et al. (2017) study, the authors
reported an improvement in EDSS, depression and general
health questionnaires and a decrease in levels of CRP, MDA,
and IL-6, and with increased concentration of NO and IL-10.
In the longest running RCT, Rahimlou et al. (2022) studied
70 DMT-untreated RRMS patients, 18–50 yo for 6 months,
randomized to probiotic (n = 35) vs. placebo (n = 35). In
this study, 72% of participants were female and 28% were male
and probiotic treatment consisted of two probiotic pills daily
that collectively contained 14 different Bifidobacterium and
Lactobacillus bacterial strains. The patients receiving probiotic
treatment experienced an improvement in general and mental
health and pain scales, including GHQ-28, BDI-II, Fatigue
Severity Scale, and Pain Rating Index as well as an increase in
BDNF and decrease in IL-6 levels.

Probiotic studies in experimental
autoimmune encephalomyelitis

Lactobacillus

One of the most widely used probiotics in human and
animal studies is the genus Lactobacillus (L.), composed of over
260 diverse species that reside in and influence different parts
of the body. Many of the Lactobacillus species are also found
in animal hosts (Zheng et al., 2020), thus facilitating the study
of probiotics in animal models of MS. EAE studies have linked
some of the Lactobacillus species as beneficial and others as
detrimental. For example, Johanson et al. (2020) found that
supplementation with L. reuteri in female B6 MOG-induced
EAE animals significantly ameliorated EAE signs. Another
study in MOG-induced EAE in female B6 mice corroborated
these results, demonstrating that treatment with L. reuteri led
to reduction in EAE scores and increased diversity of gut
microbiota in correlation with downregulation of Th1 and
Th17 immune responses (He et al., 2019). In a Dark Agouti
(DA) female rat model of EAE, γ-aminobutyric acid (GABA)-
producer L. brevis was shown to improve EAE outcomes in
terms of delaying the onset, decreasing the duration and EAE
disease severity (Sokovic-Bajic et al., 2020). In a cuprizone
EAE model of female B6 mice, L. casei attenuated motor
impairment during demyelination and shifted Th17 cells to
Tregs (Gharehkhani Digehsara et al., 2021).

In several studies, co-administration of different
Lactobacillus species or Lactobacillus in combination with

other probiotics microorganisms was also found to be
protective. For example, supplementation of L. crispatus,
L. rhamnosus, and Bifidobacterium animalis strains in female
Lewis rats revealed a delay in MBP-induced EAE onset as
well as prevention of spinal cord demyelination in correlation
with a higher level of Transforming Growth Factor-β (TGFβ)
and Tregs (Consonni et al., 2018). In a comparative study of
B. animalis and L. plantarum, administration of both strains
was found to lead to significant delay in MOG-induced EAE
progression in female B6 mice relative to supplementation
with individual strains (Salehipour et al., 2017). Two studies,
one in SJL/J females in a TMEV model of EAE (Mestre et al.,
2020) and another study in MOG-induced EAE in B6 female
mice (Calvo-Barreiro et al., 2020), reported that treatment with
Vivomixx, a mix of eight probiotics from genera Lactobacillus,
Bifidobacterium, and Streptococcus, led to improvements in
motor scores, increases Bregs and IL-10, as well as enhanced
levels of plasma SCFAs, butyrate and acetate.

Not all EAE studies, however, have agreed regarding
beneficial properties of Lactobacillus supplementation. For
example, Montgomery et al. (2020) reported that L. reuteri,
a commensal species in wild type mice can exacerbate EAE
in another animal strain. In this study, the authors isolated
L. reuteri from cecal contents of PWD/PhJ mice, performed a
transfer into 4-week-old GF recipient B6 mice, and evaluated
EAE in F1 offspring of the recipients. Compared to controls
not colonized with L. reuteri, GF offspring of L. reuteri
recipients experienced higher EAE scores as well as higher
frequency of GM-CSF and IFN-γ producing T cells in the spinal
cord. In analyzing the role of L. reuteri in EAE amelioration
vs. exacerbation, Miyauchi et al. (2020) studied L. reuteri
colonization in female GF B6 mice either independently or
together with Erysipelotrichaceae bacterium (OTU0002). They
observed that mono-colonization with L. reuteri did not affect
EAE severity, while co-colonization with OTU0002 led to higher
EAE incidence and clinical scores, enhanced demyelination, and
cell infiltration in the spinal cord via generation of higher Th17
cells and molecular mimicry to MOG. Based on this study, the
authors concluded that there is cooperation between different
bacterial species to trigger EAE exacerbation. The fact that this
synergism drastically changed the effect of L. reuteri, indicates
the challenges in studying individual probiotic species when
complex interactions exist within the gut microbiota networks.

Prevotella

The genus Prevotella in the order Bacteroidales is another
group of commensal bacteria implicated in immunity. There
are 25 species of Prevotella that have been noted to have both
beneficial and detrimental roles. One of the studied species in
MS and EAE is Prevotella histicola, found to be decreased in
both MS and EAE studies, and proposed as an MS probiotic
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(Mangalam and Murray, 2019; Shahi et al., 2019; Mandić et al.,
2022). Notably, levels of Prevotella increase with interferon and
glatiramer acetate treatment (Jangi et al., 2016; Cosorich et al.,
2017).

Prevotella histicola has also been linked with EAE disease
suppression in a dose dependent manner in a human leukocyte
antigen (HLA)-class II transgenic mouse model of EAE (Shahi
et al., 2019). In this study, P. histicola supplementation decreased
EAE disease severity comparably to glatiramer acetate. However,
co-administration of P. histicola and glatiramer acetate did not
provide additional benefit in EAE outcomes (Shahi et al., 2019).
In another study, Mangalam et al. (2017) found that P. histicola
may be suppressing neuroinflammation via modulation of
frequency and function of antigen presenting cells and inducing
a higher number of Treg cells.

Recent meta-analyses of human and animal studies
support the benefit of probiotics in the treatment of MS
and EAE. Despite these benefits, questions remain about
the effectiveness and potential side effects of probiotics.
For example, several studies have implicated probiotic
administration with septicemia, and patients at highest risk
are those who are immunosuppressed and more likely to try
probiotics in hopes of improving gut health (Oggioni et al.,
1998; Lherm et al., 2002; Cassone et al., 2003; Ledoux et al.,
2006). As indicated in several studies, co-administration of
DMTs and probiotics may not necessarily increase the efficacy
of disease amelioration. Thus, larger prospective studies are
needed to understand the interactions between probiotics and
DMTs and define what are the optimal windows of time during
disease pathogenesis to administer probiotics.

Another important caveat to current probiotic studies is
that most of the human studies have been done in Relapsing
Remitting MS (RRMS) and no studies are currently available
to evaluate the role of probiotics in patients with clinically
isolated syndrome (CIS), primary and secondary progressive
disease (SPMS). Further, most of the human studies have been
performed primarily in females, and more inclusive studies are
needed to define probiotic use in both sexes. Additionally, EAE
studies have demonstrated that not all species of a genera may be
beneficial and co-administration of different species of a single
or multiple genera can have important interactions that may
produce unexpected effects. To answer these emerging questions
in probiotic research, detailed mechanistic studies are needed in
animal models of EAE to best understand how individual strains
and combined strains of probiotics act together in age-, sex-, and
disease-specific patterns.

Fecal microbiome transplant

Given the importance of the gut microbiome in MS
pathology and the known dysbiotic microbiota patterns in

MS patients, FMT may potentially offer a promising future
therapeutic approach for the treatment of MS.

Fecal microbiome transplant
studies in multiple sclerosis

Fecal microbiome transplants have been successfully
implemented in treating Clostridioides difficile diarrhea when
no other treatments could help patients (Quraishi et al., 2017).
In MS patients, several small studies have demonstrated the
potential of the FMT therapeutic option (Borody et al., 2011;
Makkawi et al., 2018; Engen et al., 2020). In these studies,
FMT administered to MS patients with constipation not only
improved patients’ bowel movement regularity but was also
correlated with patients’ ability to discontinue urinary catheter
use and regain the ability to walk as well as experience
improvements in EDSS. Surprisingly, these neurological gains
were sustained long-term.

Fecal microbiome transplant
studies in experimental
autoimmune encephalomyelitis

In animal studies, FMT has been demonstrated to alter
the course of EAE in recipients with transfer of microbiota
either from animal or patient donors (Cekanaviciute et al., 2017;
Mangalam et al., 2017; Wang et al., 2021). For example, transfer
of Prevotella from MS donors to animal recipients resulted in
decreased incidence of EAE (Mangalam et al., 2017). In another
study, FMT from healthy mice to mice induced with EAE led to
improvement in EAE scores and correlated with an increase in
the abundance of Firmicutes and Proteobacteria and a decrease
in the abundance of Bacteroides and Actinobacteria (Wang
et al., 2021). In addition, FMT from un-treated control animals
to mice with EAE led to restoration of the altered intestinal
microbiota diversity in EAE mice as well as decreased activation
of microglia and astrocytes and improved BBB integrity (Li et al.,
2020). In another study, FMT from animals on intermittent
fasting (IF) diet to naiive mice transferred the protective effects
of the IF diet and ameliorated the EAE course in the recipients
(Cignarella et al., 2018). Intriguingly, Boehme et al. (2021)
recently demonstrated that transfer of microbiome from young
to old animals can drastically reverse age related immune and
neurological processes as well as cognitive behaviors, suggesting
an immensely exciting avenue for affecting neuroinflammation
and potentially neurodegeneration.

Mechanistically, fecal microbiome transplants may be
immunoprotective in MS and EAE via several non-mutually
exclusive mechanisms, such as downstream actions of bacterial
molecules, metabolites, or evenpeptides from the bacterial
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wall reaching the CNS and having anti-inflammatory effects
(Quévrain et al., 2016; Erturk-Hasdemir et al., 2021; Elsayed
et al., 2022; Gabanyi et al., 2022). For example, fecal microRNAs,
which are commonly present in the gut lumen and feces of
humans and animals have been demonstrated to ameliorate
EAE via expansion of Akkermansia muciniphila and dendritic
cell (DC)-mediated Treg differentiation (Liu et al., 2019).
In turn, components of microbacterial cell walls, such as
peptidoglycan, which are persistently shed from microbacteria,
are found in the brain and can interact with Nod-like
receptors to influence neural activity and neuroinflammation
(Gabanyi et al., 2022). In addition, bacterial products of
microbiota, such as Faecalibacterium prausnitzii, have been
shown to modulate autoimmunity by producing microbial
anti-inflammatory molecule (MAM), which downregulates
activation of the nuclear factor (NF)-κB pathway in a dose-
dependent manner (Quevrain et al., 2016).

Overall, the collective data from animal and human studies
suggest that FMT could be a viable therapeutic for MS. Although
this approach is very exciting, multiple questions will need to be
answered regarding efficacy and potential side effects prior to
FMT becoming a mainstream treatment for MS. For example,
important questions include (1) at what stage of MS disease
process should FMT be offered to patients–i.e., CIS vs. RRMS
vs. progressive MS; (2) should FMTs be age and sex- matched
between donors and recipients; (3) what are the long term
positive and negative effects of FMT; (4) do FMTs have to be
performed recurrently or would one time suffice; (5) how should
diet be adjusted post-FMT; and (6) what type of monitoring
should be done to control for efficacy and side effects of FMT.
Further scientific work will need to be initially performed in
animal models followed by human studies to better understand
the effects of FMT on MS pathogenesis prior to undertaking
larger trials in patients.

Dietary factors

Dietary fatty acids
Dietary fat has been studied in relation to MS for decades. In

1950, Swank observed higher rates of MS in inland populations
of Norway with higher saturated fat intakes compared to
lower rates in coastal communities consuming diets rich in
polyunsaturated fatty acids (PUFAs) from seafood (Swank,
1950). Since then, multiple epidemiological and experimental
studies have explored the potential protective and detrimental
effects of FAs in MS.

Fatty acids are classified into short [1–5 carbon (C) atoms],
medium (6–12C), and long fatty acids 14–22C, termed SCFAs,
MCFAs, and LCFAs, respectively. The double bond number
categorizes FAs as saturated vs. mono- or poly-unsaturated
(M/PUFAs). Whereas many FAs are acquired from diet, SCFAs
are primarily made via bacterial carbohydrate fermentation.

SCFAs, such as acetate (C2), propionate (C3), and butyrate
(C4) play an important role in the communication between
the gut microbiome, immune, and nervous systems and in
modulating gut-blood barrier integrity (Cummings et al., 1987;
Haase et al., 2018; Saresella et al., 2020). MCFAs, in particular
lauric acid, may be more pro-inflammatory, based on studies
demonstrating influence on differentiation, proliferation, and
CNS migration of Th1 and Th17 cells (Haghikia et al., 2015).
LCFAs include PUFAs, such as omega-6 FA’s [e.g., linoleic acid
(LNA, 18C)] and arachidonic acid (ARA, C20), and omega-3
FA’s [e.g., eicosatetraenoic acid (EPA 20C), and docosahexaenoic
acid (DHA, 22C). LCFAs are known to directly modulate the
phospholipid bilayer (Schumann et al., 2011). Although various
fatty acids can impact the immune system, most MS research has
focused on SCFAs and PUFAs.

Short-chain fatty acid studies in
multiple sclerosis

Several studies in MS patients have revealed decreased
SCFAs in fecal and/or serum samples of MS patients with
associations between SCFAs and peripheral or CNS-related
inflammation. For example, Saresella et al. (2020) reported that
low butyric acid concentration in a cohort of 38 RRMS and
SPMS patients was correlated with higher lipopolysaccharide
and alterations of gut barrier permeability. In another study
of 30 patients with CIS or RRMS, the decrease in propionate
levels in the serum was correlated with lower frequencies of T
follicular regulatory cells (Trend et al., 2021). Similarly, Zeng
et al. (2019) reported a decrease in acetate, propionate, and
butyrate in a Chinese cohort of 34 MS patients compared to
healthy controls linked to T follicular regulatory cell frequencies.
Indeed, lower SCFA levels have been reported in multiple
studies in different countries (Park et al., 2019; Zeng et al.,
2019; Takewaki et al., 2020). Clinical trials in MS patients
have demonstrated that supplementation with SCFAs, such as
propionic acid, in combination with disease modifying therapies
led to reduction in relapse rates and brain atrophy in MS
patients compared to patients who did not receive propionic
acid (Duscha et al., 2020).

Interestingly, some studies have documented higher levels
of SCFA’s, such as acetate in MS patients. For example, a
study of 63 pregnant MS patients demonstrated an increase
in serum acetate levels in MS patients compared to non-MS
patients (Becker et al., 2021). Higher ratios of propionate to
acetate correlated with non-relapsing disease activity (Becker
et al., 2021). Similarly, Pérez-Pérez et al. (2020) also found
higher levels of acetate in the plasma of 46 RRMS patients with
high disability scores (≥5.0 on the EDSS) compared to healthy
controls (Zeng et al., 2019).

Yet, other human studies have not found a correlation
between SCFA’s and MS. For instance, Becker et al. (2021),
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examining 41 RRMS patients (70.7% female, 29.3% male) and
35 healthy controls (37.1% female, 62.9% male) did not find
significant differences in acetate, propionate, and butyrate levels
between MS patients and controls (Trend et al., 2021).

Although some of these results may appear conflicting,
there are important differences in study designs and patient
populations in MS patient studies. Some studies measured
SCFAs in fecal matter while others collected blood plasma
or serum. In other autoimmune disorders, such as irritable
bowel syndrome (IBD), there have been discrepancies reported
between SCFA levels in blood vs. feces (Park et al., 2019).
Becker et al. (2021) noted a difference in fecal SCFA levels
between men and women, with men having overall higher
levels of acetate, propionate, and butyrate compared to women.
The sex makeup of patient populations could therefore also
be a factor impacting the statistical significance of SCFA
shifts. Additionally, geographical location, MS subtype, disease
severity, immunomodulatory therapy status, and length of
time since diagnosis differ across studies, which are all
factors that could contribute to variability of SCFA presence
and effects.

Short-chain fatty acid studies in
experimental autoimmune
encephalomyelitis

Experimental autoimmune encephalomyelitis studies have
provided evidence that SCFA modulation affects EAE severity
and immune cell phenotypes. For example, B6 mice on a
high fiber diet had significantly higher acetate and propionate
production in the cecum, and reduced immune cell infiltration
into the spinal cord (Mizuno et al., 2017). Arpaia et al. (2013)
also observed that B6 mice fed a butyrylated starch diet had
significantly higher colonic Treg generation than mice fed a
control starch diet, suggesting that increased abundance of
SCFAs, specifically butyrate, may dampen EAE severity by
shifting T cell phenotypes. Additional studies have supported
the claim that butyrate ingestion reduces EAE symptoms and
spinal cord pathology and can promote Treg differentiation
even under non-EAE conditions (Furusawa et al., 2015).

Other studies have focused more specifically on the effects
of propionate administration. Duscha et al. (2014) found that
propionic acid can reduce EAE severity and spinal cord damage
in B6 mice when administered prior to EAE induction. However,
in this study, propionic acid was ineffective when administered
after mice had already started displaying EAE symptoms.
Similarly, Haghikia et al. (2015) documented similar results by
administering propionate either on the day of induction or at
the time of EAE symptom onset. Only propionate ingestion
at the time of EAE induction resulted in significant symptom
reduction compared to EAE-induced mice on a normal chow
diet. This subset of mice also had reduced white matter

demyelination in the spinal cord and higher axonal density
compared to controls. Additionally, propionate significantly
increased relative axonal density compared to controls even
in the group that did not receive propionate until the time
of disease onset. Propionate supplementation, like butyrate,
can result in an increased number of Tregs in the lymph
nodes, which could be pivotal contributors to preserving axonal
integrity during the MS disease course (Mizuno et al., 2017).

Polyunsaturated fatty acid studies
in multiple sclerosis

Potential ameliorative aspects of PUFAs have been
demonstrated in several patient studies, starting with reports
by Swank (1950), identifying lower rates of MS in association
with omega-3 PUFA consumption from fish in Nordic coastal
regions compared to farming areas (Swank et al., 1952). In
a further long-standing study of 35 year follow-up of MS
patients, Swank and Goodwin (2003) demonstrated that MS
patients on a low-saturated fat diet supplemented with cod
liver and vegetable oils (rich in PUFAs), led to benefits in
mortality, relapse severity, and disability progression. In the
1970’s, in a prospective double-blind controlled dietary study
in England, 45 female and 30 male MS patients were followed
for 2 years (Millar et al., 1973). In this study, Millar et al. (1973)
found that supplementation with linoleic acid lead to less
frequent and less severe relapse rates in MS patients, although
it did not affect long-term clinical progression. More recently,
positive results with PUFA intake and supplementation were
replicated in an international study of 1493 MS patients
(82.3% female, 17.7% male). In this study, Jelinek et al.
(2013) demonstrated that flaxseed oil supplementation and
fish consumption three times per week were correlated with
reduced relapse rates and disability progression, as well as
with higher quality of life. Similarly, another international
epidemiological survey study from 57 countries of 2,469 people
with MS (82.2% female and 17.8% male) found a 44% lower
odds of relapse in patients supplemented with plant-based
omega 3 supplements (Jelinek et al., 2016). In one of the
largest cohorts, the Nurses’ Health Studies (I: 80,920 women
and II 94,511 women), a total of 479 women with MS were
followed over 4 years with food diary questionnaires. This
study reported that higher PUFA intake at baseline was linked
with a lower risk of MS and an inverse association of MS
risk with linolenic acid (Bjørnevik et al., 2017). Benefits of
omega-3 PUFAs have also been demonstrated in a year-long
intervention study in 31 RRMS patients, with findings that
patients on a low fat diet combined with omega 3 PUFA
supplementation had significantly reduced relapse rates in
correlation with improved fatigue, and other scores on the
Physical Component Scale and the Mental Health Inventory
(Weinstock-Guttman et al., 2005).
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Other patient studies did not replicate positive PUFA results.
In a double-blind controlled trial of 312 MS patients (101
males and 211 females) treated with linoleic acid there was no
significant benefit of PUFA supplementation on number of MS
relapses (Bates et al., 1989). In this study, lower doses of linoleic
acid were administered compared to a similar study by Millar
et al. (1973). In another study of 20 MS patients supplemented
daily with fish oil containing EPA and DHA, despite a reduction
in tumor necrosis factor (TNF)-α, IL-1b, IL-6, and NO over
1 year of treatment, no effects were noted on EDSS or relapse
rate (Ramirez-Ramirez et al., 2013). Likewise, Torkildsen et al.
(2012) did not find a difference in gadolinium enhancing lesions
or relapse rate in a cohort of 92 RRMS patients supplemented
with EPA and DHA omega-3 PUFAs over a course of 24 months.
While this study was one of the few to evaluate brain imaging,
confounding factors included patients not being treated on any
DMTs for up to 4 months of the study, and the supplements
included oleic acid, which is known to have more inflammatory
effects (Torkildsen et al., 2012).

Polyunsaturated fatty acid studies
in experimental autoimmune
encephalomyelitis

Experimental autoimmune encephalomyelitis models have
largely supported the benefits of PUFAs in neuroinflammation
and have aided in elucidating the mechanism of action behind
amelioration due to PUFA supplementation. For example,
administration of 50 or 250 mg/kg body weight daily of
the triacylglycerol form of DHA beginning 15 days prior
to EAE induction and continuing for 41 days in female
B6 mice (n = 10), resulted in reduced disease-associated
weight loss compared to controls, and the 250 mg/kg group
exhibited significant reductions in EAE scores (Mancera et al.,
2017). Further, DHA treated animals demonstrated a decrease
in microglial susceptibility to oxidative stress toxicity along
with a reduction in inflammatory cytokines, TNF-α and IL-
6 (Mancera et al., 2017). In a similar study, B6 female
mice (n = 15) were fed a diets containing 0.3 or 1%
phospholipid DHA (PL-DHA) or 0.3 or 1% triacylglycerol
DHA (TAG-DHA) beginning 4 weeks prior to EAE induction
with MOG (Adkins et al., 2019). The 1% PL-DHA-fed group
exhibited significantly higher DHA concentration in the brain
compared to controls, indicating that this form of DHA may
be more bioavailable. Analysis of the EAE scores for each
treatment group individually compared to controls yielded
no significant lowering of EAE scores, but combined analysis
of the DHA-treated groups revealed significant lowering of
scores compared to controls. Additionally, the 1% TAG-DHA
significantly reduced ARA in the brains of mice, which is
associated with MS pathology and CNS inflammation (Adkins
et al., 2019). In a smaller study, two groups female B6 mice

(n = 4/group) were randomized to either a 5% EPA diet
or a control diet beginning 2 weeks prior to MOG EAE
induction and continuing 1 week after. The group on this EPA
diet demonstrated a significant reduction in both EAE scores
and infiltration of the spinal cord by lymphocytes. Following
EAE, the researchers analyzed tissues to test the theory that
EPA ameliorates EAE via the upregulation of peroxisome
proliferator-activated receptor (PPAR) activity. They found
significantly higher expression of PPARs in CD4 + infiltrates
from murine CNS of EAE mice compared to controls, whereas
peripheral CD4+ T cells did not exhibit a significant difference,
except for PPARγ, which shows the highest affinity for EPA
(Unoda et al., 2013).

The cuprizone model of demyelination has been used
to explore the beneficial effects of PUFAs on myelination
independent of their immunomodulatory effects. In cuprizone-
fed mice, supplementation with omega-3 PUFAs in the form
of salmon was shown to be significantly effective at preventing
demyelination and reducing lesion volume compared to cod
liver and soybean oil, despite the cod liver oil containing higher
concentrations of EPA and DHA. Additionally, the salmon and
soybean oil groups exhibited significantly more remyelination
upon cuprizone discontinuation than the cod liver oil group,
but no significant difference between the two was observed
(Torkildsen et al., 2009). Other EAE studies have demonstrated
that EPA can affect T cell differentiation and potential for
remyelination. For example, rats treated with EPA demonstrated
increased PLP in the medulla and cerebellum, as well as
increased MOG and MBP mRNA transcripts (Salvati et al.,
2008), likely due to PLP promoter containing cis-element(s)
which are positively regulated by EPA (Salvati et al., 2004).

High salt diet

With increased popularity of Westernized “fast food” diets
around the world, there is a higher exposure to sodium
chloride (salt), sometimes as high as 100 times higher than
in homemade meals (Appel et al., 2011). Higher dietary salt
consumption has been associated with both systemic diseases,
such as hypertension (Wilck et al., 2017), renal disease (van
den Berg et al., 2012), and cancer (Wu et al., 2021) as well
as with autoimmune diseases such as lupus (Scrivo et al.,
2017) and rheumatoid arthritis (Sundström et al., 2015).
Nevertheless, there is also potential for benefit from high salt
diet. For example, high salt preparations can benefit patients
with low intravascular volume, hypotension, dysautonomia,
high intracranial pressure, cystic fibrosis, and sinusitis (Johnson
et al., 2010; Ropper, 2012; Hoegger et al., 2014; Chong et al.,
2016; Pfortmueller and Schefold, 2017). Also, intravenous (IV)
injection of salt solutions is frequently used in the hospital
setting to rehydrate patients and treat hyponatremia (Moritz
and Ayus, 2010).
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High salt diet studies in multiple
sclerosis

The question of whether high salt diet (HSD) is detrimental
or beneficial in MS has been evaluated both in human and
animal EAE studies. One adult MS study examined RRMS
patients, demonstrating that intake of HSD was associated with
approximately four times greater rate of relapse and higher T2
lesion load compared to low-salt intake (Farez et al., 2015).
Of note, the researchers used spot urine measurements to
gauge sodium consumption and only had cohorts of 70 and 52
patients, respectively. Other studies that used more extensive
sampling and larger sample sizes found no correlation between
sodium intake and MS risk (Cortese et al., 2017) or progression
(Fitzgerald et al., 2017). As mentioned in an editorial by Koch-
Henriksen and Lauer (2017), the study by Cortese et al. (2017)
can only be generalized to a subset of women and not to men
since only the data collected were limited to women nurses.
However, the enormous sample size of this prospective study
supports the idea that, at least in adulthood, HSD does not
increase the risk of developing MS.

Similarly to the larger adult studies, in pediatric MS studies,
there was not an association between HSD and MS onset
(McDonald et al., 2016) or time to relapse (Nourbakhsh et al.,
2016). Importantly, however, both studies only used the Block
Kids Food Screener questionnaire and did not collect any
biological measurements. Therefore, there may be value in
collecting 24-h urine samples from the pediatric population
or performing a wide-scale, prospective longitudinal study
beginning during childhood to examine if a prolonged HSD
earlier in development correlates with MS risk. Additionally, no
human MS studies have examined the interplay between sodium
intake and genetics or gut microbiota.

High salt diet studies in
experimental autoimmune
encephalomyelitis

Compared to human MS studies, investigations in most
animal models of MS have supported a detrimental effect of
HSD in EAE disease progression with evidence of increased
Th17 cell (Kleinewietfeld et al., 2013; Wu et al., 2013) and
macrophage infiltration (Hucke et al., 2016) into the CNS,
enhanced production of pro-inflammatory cytokines, such as
IL-17, TNF-alpha, IL-10, and GM-CSF (Hucke et al., 2016),
and an increase in BBB permeability (Krementsov et al., 2015).
Interestingly, EAE studies with HSD have also highlighted the
important role of gut microbiota in MS disease pathogenesis.
Specifically, HSD led to depletion of L. murinus and butyrate
with an increase in Th17 cells in mice (Wilck et al., 2017;
Miranda et al., 2018). In turn, supplementation with L. murinus

or L. reuteri ameliorated HSD-induced EAE exacerbation
(Wilck et al., 2017).

However, not all EAE studies have been congruent on the
effects of HSD. In a recent study of HSD effects in a spontaneous
EAE model, it was found that although HSD led to an increase
in Th17 cells, there was an overall suppressed development of
EAE in HSD-treated animals compared to controls (Na et al.,
2021). These studies demonstrate that the differing results in
EAE HSD investigations depend on the type of model evaluated
(i.e., induced EAE vs. spontaneous EAE), mode of HSD delivery
(i.e., water vs. pellets), and the age and sex of animals.

Despite limitations of human and animal studies, the
collective studies implicate HSD in MS disease pathogenesis
with important mechanistic insights on the immune effects of
HSD. Future studies on HSD will need to compare patient
cohorts by sex, age, and genetics and incorporate these factors
in animal models of MS. Importantly, since HSD can lead to
hypertension, an independent risk factor for MS exacerbation,
future studies will also need to control for hypertension.

Alcohol

Alcohol is less commonly thought of as a dietary factor,
although it is widely consumed in many cultures and by the MS
patient population. In fact, some studies have estimated that as
many as 40% of patients diagnosed with MS drink excessively
(Beier et al., 2014).

Alcohol studies in multiple
sclerosis

Interestingly, alcohol has been found to ameliorate
inflammation across multiple autoimmune diseases (Caslin
et al., 2021). Studies in MS patients have also demonstrated
that alcohol can modulate MS risk. Four large epidemiological
studies support an inverse relationship between alcohol
consumption and risk of MS. In a Swedish cohort of 745 MS
patients and 1,761 controls consuming low to moderate dose
alcohol, there was a statistically significant dose-dependent
inverse association between alcohol intake and risk of MS in
both men and women (Hedström et al., 2014). Another cohort
study of 1,717 MS patients and 4,685 controls in a Danish MS
Biobank study similarly found an inverse relationship between
alcohol consumption and MS incidence (Andersen et al., 2019).
In addition, in a cohort of 923 MS patients at the Brigham
and Women’s Hospital, light-moderate drinking was associated
with a decrease in MS disease activity. Lastly, in a cohort of
272 MS patients and 151 healthy controls of patients at the
University of Buffalo registry, alcohol consumption led to an
increased age of disease onset. Further, patients older than
21 years old who consumed alcohol for up to 15 years had
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lower EDSS and higher gray matter volumes (GMV). GMV was
greater in MS patients who had consumed alcohol for a period
of 15 years or less after MS onset compared to non-drinkers
or drinkers of greater than 15 years (Foster et al., 2012). In
contrast, Pakpoor et al. (2014) evaluated 429 MS patients and
547,288 controls with alcohol dependence or abuse in a British
database and reported that both alcohol abuse and dependence
positively correlate with MS diagnosis, particularly in men.
Lastly, in the Nurses’ Health Study of 258 primarily female MS
patients and 238,371 controls, there was no correlation between
alcohol consumption and MS risk (Massa et al., 2013). These
studies suggest that dose of alcohol, country of residence and
patient sex are likely important variables in alcohol’s effects on
MS autoimmunity.

Alcohol studies in experimental
autoimmune encephalomyelitis

While several human epidemiological studies have
demonstrated the potential benefit of alcohol in MS onset
and progression, alcohol’s mechanism of action in MS
neuroinflammation remains to be elucidated. Several EAE
studies have now reported benefits of moderate alcohol diet
in EAE neuroinflammation. For example, Azizov et al. (2020)
found that chronic moderate alcohol consumption resulted in
symptom reduction and lower disease incidence in a mouse
model of EAE. Similarly, Caslin et al. (2019) demonstrated
ameliorating effects of moderate alcohol in EAE. Interestingly,
these results were sex-specific, such that the moderate alcohol-
consuming males experienced a more significant disease
amelioration compared to alcohol-consuming females and
control groups (Caslin et al., 2019). Mechanistically, this study
reported higher levels of microbiota with immune regulatory
roles, including Turicibacter, Akkermansia, Prevotella, and
Clostridium as well as lower number of microglia in alcohol
consuming males compared to control-diet consuming males
and female groups (Caslin et al., 2019).

Given that many MS patients consume alcohol and there
are currently no accepted guidelines for alcohol use in
MS, further studies are necessary to define alcohol’s impact
on the immune system, gut microbiome, and the nervous
system, to better understand alcohol’s dose-related effects
in MS. While EAE modeling may not 100% recapitulate
human physiology, alcohol is known to modulate the immune
system similarly in humans and mice and prior studies have
defined alcohol dosing translation across species (Nair and
Jacob, 2016; Pruett et al., 2020). Further, examining this
question in EAE animal models is critical since it would be
unethical to prescribe chronic alcohol to vulnerable patient
populations. Ultimately, a better understanding of alcohol’s
neuroprotective effects could define new alcohol-independent
therapeutic targets in MS.

Conclusion and future directions

Accumulating evidence from gut microbiome studies of MS
patients and EAE animal models has raised the optimism for
the possibility of treating MS with gut bacterial modulatory
approaches, such as supplementation of probiotic, antibiotics
and SCFAs, FMT, and direct manipulation of diet. The gut
microbiome approach to therapeutics may be of particular
importance since current DMTs primarily target the adaptive
immune system, are costly, have side effects, need to be
continued indefinitely, and do not target remyelination. Thus,
there is an unmet clinical need for developing more cost-
efficient therapies that target the gut microbiome with potential
for remyelinating the CNS and with sustained long-term efficacy
and fewer side effects. Nevertheless, further detailed mechanistic
studies will need to be performed in both EAE animal models
and MS patients before microbiome-specific therapies are
widely deployed given the observed variability between studies.

As exemplified by the recent iMSMS Consortium study
(Zhou et al., 2022), there are significant differences in the gut
microbiome species and gut-derived metabolites in patients
across MS disease states, countries of residence, and DMTs.
Thus, in future humans studies, it will be important to ensure
that studies are sufficiently powered, include both males and
females, compare patients across disease states (RRMS vs.
SPMS vs. CIS), and take into account patient age, latitude of
residence, and treatment with DMTs. Based on the iMSMS
Consortium study results (Zhou et al., 2022), demonstrating that
diet alone does not account for microbiota diversity, future MS
microbiome studies will also need to account not only for patient
dietary habits but also for other environmental exposures, such
as water or air, that may influence the gut microbiome. In
addition, consistency between sampled tissues will be critical, as
there are known differences in gut bacterial and FA composition
between serum and fecal samples. Lastly, it will be important
to sample multiple gastrointestinal compartments, such as
the oral, esophageal, intestinal, and colonic compartments, as
studies have suggested differences in the microbial composition
of these regions (Martinez-Guryn et al., 2019). While no
one EAE model can approximate the complex nature of MS
pathophysiology, the development of a myriad of EAE models
over the last decade has tremendously expanded opportunities
for examining different aspects of MS pathophysiology and
specifically microbiome-targeted therapeutics. To continue
improving precision and translatability of EAE models, several
strategies could be implemented in future EAE research. For
example, inclusion of wild caught animals and humanized
mice could help to better recapitulate the immune system
and gut microbiome of humans. Given the sex bias in MS,
inclusion of SRY transgenic animals (Arnold and Burgoyne,
2004) in more studies would increase knowledge on how
MS pathophysiology affects males and females differently. In
addition, including non-human primates, such as marmosets,
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in EAE research could offer a more precise preclinical platform
for evaluation of DMTs, given the closer immunological milieu
of marmosets and humans (A’t Hart et al., 2005). Non-human
primate use would also allow for more facile opportunities
to evaluate blood and cerebrospinal fluid as well as perform
electrophysiological studies.

Interestingly, development of recent bioinformatic models,
such as Computer Aided Drug Design and structure-activity
relationship models (Doke and Dhawale, 2015), has created
a new way to model biological activity of potential new
therapeutics at early stages ahead of animal and human studies.
However, it will continue to be critical to include human cell
line studies for early-stage screening and ultimately design
well-powered, longitudinal, age, and sex-matched randomized
controlled MS patient trials to test emerging therapeutics and
their potential adverse events most directly.
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