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Influence of the Gut Microbiome on Autoimmunity in the

Central Nervous System
Sara L. Colpitts and Lloyd H. Kasper

Autoimmune disorders of the CNS have complex path-
ogeneses that are not well understood. In multiple
sclerosis and neuromyelitis optica spectrum disorders,
T cells destroy CNS tissue, resulting in severe disabil-
ities. Mounting evidence suggests that reducing inflam-
mation in the CNS may start with modulation of the
gut microbiome. The lymphoid tissues of the gut are
specialized for the induction of regulatory cells, which
are directly responsible for the suppression of CNS-
damaging autoreactive T cells. Whether cause or effect,
the onset of dysbiosis in the gut of patients with multiple
sclerosis and neuromyelitis optica provides evidence of
communication along the gut-brain axis. Thus, current
and future therapeutic interventions directed at microbiome
modulation are of considerable appeal.  The Journal of
Immunology, 2017, 198: 596-604.

utoimmune disorders of the CNS have debilitating

consequences in afflicted patients. In multdple scle-

rosis (MS), autoreactive T cells attack the myelin
sheath surrounding nerves in the brain and spinal cord by
secreting a variety of inflammatory mediators that result in
demyelination of both white and gray matter. Although disease
symptoms are heterogeneous, such destruction can result in
fatigue, numbness or tingling in the extremities, muscle weak-
ness, dizziness and vertigo, bladder and bowel problems, changes
in cognitive function, and emotional instability. Neuromyelitis
optica (NMO) is an autoimmune disease within the larger family
of NMO spectrum disorders that is similar to MS and exhibits
some overlapping symptoms, but NMO is more often associated
with astrocyte injury and damage to the optic nerve and spinal
cord that can cause pain and vision loss in addition to muscle-
related deficiencies.

The etiology of MS is complex, involving both genetic and
environmental factors. Although the highly polymorphic HLA
genes were the first to be identified and remain the most studied,
technological advances have allowed for the identification of
additional single nucleotide polymorphisms that correlate with
disease (most of which are associated with immune function)
(1-4). However, the low concordance rate between homo-

zygotic twins highlights the importance of environmental in-
fluence on disease onset (5, 6). It has been postulated that
bacterial and viral infections acquired from the environment
can trigger the development of disease by molecular mimicry
and bystander activation mechanisms. The microbiota that
colonize the intestine (referred to herein as the gut micro-
biome), although located within the confines of the body, are
foreign organisms that have evolved to live in symbiosis with
their human host. Thus, the composition of the gut micro-
biome has the potential to influence MS pathogenesis. Indeed,
germ-free (GF), or gnotobiotic, mice devoid of all commensal
gut flora have dramatically attenuated susceptibility to experi-
mental autoimmune (or allergic) encephalomyelitis (EAE), a
mouse model of human MS (7, 8). Conversely, the existence of
CNS disease has the potential to impact the homeostasis of the
gut. Indeed, mice with EAE have increased permeability of the
intestinal mucosa allowing for leakage of luminal contents into
the body (9). In patents with MS, the existence of a gut—brain
connection is further evidenced by increases in constipation,
fecal incontinence, and gut permeability (10, 11). Intestinal bowel
disease is also more common in MS patients and their families
(12, 13). However, gut microbes themselves play an important
role in maintaining the integrity of the intestinal epithelium (14).
Furthermore, the gut microbiota can influence the permeability
of the blood-brain barrier (BBB) by modulating expression of
tight junction proteins in endothelial tissues (15).

IL-17—producing Th17 cells drive pathology in CNS autoimmune

disease

The generation of Th17 cells is intimately linked to the gut
microbiome. GF mice have reduced numbers of Th17 cells, but
reconstitution of GF mice with a single commensal called
segmented filamentous bacteria can induce Th17 cells and re-
store susceptibility to EAE (8, 16). The importance of the gut
microbiota in the development of Th17 cells and their role in
CNS autoimmunity have been reviewed in detail by others (17,
18). Briefly, Th17 cells are a subset of CD4" effector T cells
that express the transcription factor retinoic acid (RA)-related
orphan receptor yt and can produce a variety of cytokines such
as IL-17A, IL-17F, IL-22, and GM-CSF. The differentiation of
Th17 cells is dependent on TGEF-B, IL-6, IL-21, and IL-1(3
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(present in various combinations) whereas IL-23 is required for
their stability and maintenance. In addition to cytokine-derived
signals, engagement of the aryl hydrocarbon receptor, known to
interact with environmental toxins, drives the generation of
Th17 cells and can exacerbate EAE disease (19). Extracellular
ATP is yet another factor that can promote Th17 development
(20). Ligands of the aryl hydrocarbon receptor and ATP can
both be produced by the microbiota, thus affecting the devel-
opment of Th17 cells (17).

Th17 cells are essential for host defense against bacterial and
fungal pathogens, but in the context of autoimmunity, their
presence is often destructive. Even before Th17 cells had been
identified and characterized, increased IL-17 mRNA was noted
in the blood and CSF of MS patients (21). Increased Th17
cells and IL-17 protein were subsequently found in the brain
of patients with MS (22). Similar observations regarding in-
creased Th17 cells and IL-17 were noted in patients with
NMO (23-25). In both diseases, the highest levels of IL-17
were associated with clinical relapse compared with remission
(21, 24). Importantly, Kebir et al. (26) showed that IL-17
receptor expression was upregulated in MS lesions, allowing
IL-17 to increase the permeability of the BBB and promote
migration of CD4" lymphocytes into the CNS. In this review,
we focus on the regulatory mechanisms that antagonize the
pathogenic activity of Th17 cells during EAE and MS.

The immune system coordinates anti-inflammatory responses along the
gut—brain axis

The GALT is a unique immune compartment that is associated
with the induction of regulatory cells. The GALT comprises
80% of the body’s immune system and includes, but is not
limited to, the mesenteric lymph nodes (LNs), Peyer’s patches,
and the lamina propria of the small and large intestine. Due to
the constant onslaught of foreign material arriving in the gut as
a result of daily food consumption, it is essential for the gut to
have extensive mechanisms in place that promote tolerance to
food-related Ags. It is not surprising that the microflora that
colonizes the gut has taken advantage of these mechanisms to
promote its survival by interacting directly with the GALT to
influence the emergence of regulatory cells. Even though these
regulatory cells are induced in the gut, they have the potential
to suppress inflammation at bodily sites far distal from the
gastrointestinal tract such as the CNS. Cells of both the innate
and adaptive immune systems have essendal roles in commu-
nication along this gut—brain axis.

Dendritic cells. In general, dendritic cells (DCs) are the sentinels
of the immune system. As professional APCs, they patrol the
body, including the GALT, taking in both self and foreign
matter. DCs are specialized for the processing and presentation
of peptide Ags on their surface in the context of MHC class I
and MHC class II molecules, which dictate their interac-
tion with CD8" and CD4" T cells, respectively. The primary
mechanism by which DCs recognize foreign microbes is the
expression of pattern recognition receptors specific for evo-
lutionarily conserved microbe-associated molecular patterns.
TLRs are one family of pattern recognition receptors that use
a common intracellular signaling protein called MyD88. In
particular, engagement of TLR2, which recognizes a variety
of microbe-associated molecular patterns, has been associated
with the induction of tolerogenic DCs (27). DCs can directly
sample luminal content by extending processes through the
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tight junctions between intestinal epithelial cells (IECs) (28).
DC probing of the lumen is dependent on MyD88 signaling in
neighboring IECs, which suggests an essential role for [IEC-DC
cross-talk in detection of intestinal microbiota during steady-
state and dysbiosis (29). Specialized IECs called M cells can
also transport material across the epithelial barrier and deliver
luminal content to DCs located in the underlying lymphoid
tissue (30). Although IECs have the ability to influence
immune cell behavior (reviewed in Ref. 31), their role in CNS
autoimmunity is poorly defined. However, Kusu et al. (32)
have shown that IECs can directly limit commensal-dependent
ATP levels in the small intestine through expression of
ectonudleoside triphosphate diphosphohydrolase-7, thus reducing
Th17 cells and disease severity in EAE.

The ability of DCs to promote tolerance is highly dependent
on their ability to produce the anti-inflammatory cytokine IL-
10. The presence of IL-10 in the cytokine milieu at the time of
a DC-T cell interaction will direct the T cell toward a reg-
ulatory fate. In addition to IL-10, production of TGF-B is
essential for the tolerance-inducing potential of DCs (33). A
specialized subset of nonlymphoid CD103-expressing DCs is
present in the GALT that are developmentally related to
conventional CD8a" DCs requiring expression of ID2, IFN
regulatory factor 8, and Batf3 (34, 35). In particular, CD103"
DCs in the small intestine can express high levels of the en-
zyme aldehyde dehydrogenase, allowing them to metabolize
dietary vitamin A to RA and preferentially drive regulatory
T cell (T,g) generation (36-38). Although it has previously been
shown that treatment with exogenous RA or a synthetic RA
receptor agonist is sufficient to significantly reduce the severity of
EAE (39, 40), a recent study suggests that RA may also reduce
disease by directly inhibiting IL-17 production not only from
CD4" T cells but also y8 T cells (41). Increased expression of
IDO is yet another mechanism used by CD103" DCs to pro-
mote regulatory cell development and tolerance (42), and IDO-
deficient mice develop exacerbated EAE (43).

Note that macrophages can also adopt a phenotype that
promotes the induction of immunosuppressive cells. These
macrophages, termed alternatively activated macrophages,
have a unique phenotype but also produce IL-10. Whereas a
role for alternatively activated macrophages has been dem-
onstrated in EAE and MS (reviewed in Ref. 44), their role in
communication along the gut-brain axis is less defined.
Regulatory T cells. The primary role of T, is to maintain
peripheral tolerance. Most autoreactive T cells are removed
from the T cell repertoire by deletion in the thymus in a
process termed central tolerance. However, low frequencies
of T cells specific for self proteins escape deletion and enter
the peripheral circulation. T have the capacity to counteract
the proinflammatory activity of autoreactive T cells, including the
production of IL-17. During EAE, T, migrate to the CNS
where they suppress inflammation (45). Tg are most notably
identified by the expression of CD25 (the high-affinity
receptor for IL-2) and Foxp3, but populations of Foxp3~
cells with regulatory function have been described (46). Teg
mediate the suppression of autoreactive T cells through the
expression of inhibitory molecules such as CTLA-4 and
GITR and cytokine production (IL-10 and TGF-B). A sub-
set of Te expresses the ectonucleotidase CD39 (also known
as ectonucleoside triphosphate diphosphohydrolase-1) (47,
48). CD39 acts in concert with CD73 to break down ATP to
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adenosine. Because ATP has proinflammatory properties whereas
adenosine promotes anti-inflammatory IL-10 production, partic-
ularly during EAE (49, 50), CD39 expression promotes regula-
tory function by T cells. Interestingly, CD4" T cells have proven to
be somewhat plastic regarding their differentiation potential such
that Th17 cells, even those specific for CNS Ags, can acquire
regulatory properties specifically within the gut (51). Similarly,
sequestration of pathogenic Th17 cells in the intestine can
significantly reduce CNS inflammation (52), but the role of the
microbiota has not been examined in these processes.

Unfortunately, although T, are present in MS patients,
they exhibit inferior functional capacity compared with
healthy controls. Viglietta et al. (53) were the first to describe
the reduced ability of T, isolated from MS patients to
suppress activated T cells, which was later confirmed by others
(54, 55). Indeed, FOXP3 expression is reduced in CD25"
T gy isolated from MS patients (55-57). The reduction in the
functional capacity of T\cg from patients with MS could also
be the result of reduced IL-10 production (58, 59). Fur-
thermore, Fletcher et al. (60) identified a reduction in the
frequency of CD39" T, which were also impaired in their
ability to suppress IL-17 production from activated T cells.
Importantly, both FOXP3 expression and IL-10 production
were restored in patients treated with IFN-B (57). However,
studies also suggest that differences may exist in the sup-
pressive potential of T, in patients with relapsing-remitting
MS versus secondary progressive MS (55, 57, 58, 60).
Regulatory B cells. It is now appreciated that regulatory B cells
(Bregs) also play a significant role in immune suppression
during EAE (61, 62). Although phenotypically diverse, Bcg
can be loosely defined as any B cell capable of producing IL-
10 (63). IL-35 has also been implicated in the regulatory
activity of B cells during EAE (64). Similar to Tig, B cells
can also use the CD39/CD73 axis to regulate inflammation
through the reduction of ATP levels, but this has not been
tested in the EAE model (65). Unlike T, studies suggest
that B,y assert their immunosuppressive activity locally (in
the draining LN) but not within the CNS itself (66). However,
a recent study showed that the adoptive transfer of in vitro—
activated pro-B cells (bone marrow B cells stimulated with
CpG-B) could significantly reduce EAE symptoms when
transferred therapeutically (67). The authors found that
these cells matured into IL-10—-producing B, that were
able to traffic to the spinal cord. B,.g are capable of directly
responding to PAMPs via TLRs, and their ability to reduce
EAE is dependent on TLR2/4 expression (68). Furthermore,
despite normal numbers of B, in MyD88 knockout mice
(based on extracellular phenotype), the absence of MyD88
signaling significantly reduced the overall regulatory function
of B cells based on cytokine production (69). Taken together,
these findings suggest that direct TLR engagement on B cells,
potentially deriving from the microbiome, is essential for B
induction and function during EAE.

The contribution of B, to the suppression of autoimmune
disease in patients with MS and their role in current and novel
therapeutics are actively being explored. A corresponding
population of B, has been identified in humans capable of
suppressing activated T cell proliferation (70, 71). In MS
patients, Bl are deficient in their ability to produce IL-10
when stimulated in vitro (72, 73). Although inflammatory
B cells have also been implicated in the pathogenesis of EAE

reg

and MS (62, 74, 75), immunomodulatory approaches that
shift that balance between these two populations by reducing
inflammatory B cells while promoting regulatory populations
could prove therapeutic (76, 77). Furthermore, B cells may
also prove beneficial based on their ability to enhance the T
population (78).

reg

Microbial dysbiosis in patients with CNS autoimmunity

Several recent studies have addressed the following critical
question: are there significant differences in the microbial
contents of the gut between patients with CNS autoimmunity
and healthy controls? Although authors have found subtle
differences in the exact composition of gut microflora within
the patient versus control populations (as would be expected
considering differences in geographical location), the over-
whelming conclusion is that, indeed, microbial dysbiosis is
present in the intestine of MS patients.

In a cohort of 31 patients with relapsing-remitting MS
compared with 36 healthy controls, Chen et al. (79) found
significant differences in microbiota structure between pa-
tients with MS and healthy controls. There was no difference
in overall species richness (o diversity) between healthy con-
trols and MS patients, but within the MS patient cohort,
there was a trend toward reduced species richness in patients
with active disease whereas patients in remission were similar
to the healthy controls. Such changes in o diversity could
suggest a role for the gut microbiome in disease exacerbation,
but future longitudinal studies are needed to establish cor-
relation. At the community level, relapsing-remitting MS
patients exhibited an enrichment of Pseudomonas and Myco-
plana (Proteobacteria), Blautia and Dorea (Firmicutes), and
Pedobacter (Bacteroidetes) with a decreased abundance of
Adlercreutzia and Collinsella (Actinobacteria), Lactobacillus
(Firmicutes), and Parabacteroides (Bacteroidetes). In a second
study with a cohort of 60 MS patients and 43 healthy con-
trols, Methanobrevibacter (Euryarchacota) and Akkermansia
(Verrucomicrobia) were identified as increased and Buzyr-
icimonas (Bacteroidetes) was decreased in MS patients (80).
Interestingly, Jangi et al. (80) performed secondary analysis
separating treated versus untreated MS patients as indepen-
dent cohorts (7 = 32 and 28, respectively). They found certain
genera such as Prevotella (Bacteroidetes) and Suiterella (Pro-
teobacteria) that were reduced in untreated patients but re-
stored to normal levels with treatment. Furthermore, they
identified Sarcina (Firmicutes) as being reduced only in
treated patients, which highlights the potential of MS thera-
pies to influence the gut microbiome as well. Prevorella and
Sutterella species were also significantly reduced in a Japanese
cohort of MS patients (81). However, in this study, 14 of the
19 species with reduced prevalence were located in Clostridia
cluster XIVa or IV with three additional species identified
from the genus Bacteroides. Thus, although dysbiosis is clearly
evident in MS patients, particularly those naive to treatment,
the cause-and-effect relationship between gut dysbiosis and
CNS autoimmunity is still unclear. Changes in the micro-
biome (i.e., the environment) could play a role in predis-
posistion to the development of MS and/or act as a trigger for
initiating disease in genetically predisposed individuals, but
additional studies are required to determine whether the al-
tered microbiome drives changes in immunity or the onset of
immunological disease induces modifications in the microflora.
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Both MS and NMO are driven by pathogenic Th17 cells
reactive against self-proteins. Unlike MS, in patients with
NMO, the target of autoreactive T cells has been identified as
aquaporin-4 (AQP4), a water channel protein that transports
water across cell membranes. AQP4 is expressed by astrocytes
in the brain. The dominant peptide epitope of AQP4 rec-
ognized by T cells shares significant sequence homology with
an ATP-binding cassette transporter permease from Clostrid-
ium perfringens, a human gut commensal, and AQP4-specific
T cells cross-react with C. perfringens (82). When comparing
the microbiome of patients with NMO to healthy controls,
principal component analysis revealed significant composi-
tional differences. C. perfringens was the second most enriched
taxon and was overabundant compared with either healthy
controls or patients with MS (83). Indeed, others have found
that C. perfringens type A is significantly reduced in MS pa-
tients compared with healthy controls (84). Importantly, the
increase in C. perfringens could not be attributed to the use of
immune-modulating therapy because a subset of patients in
both the NMO and MS groups were treated with rituximab.
Similar to MS and EAE, it is unknown whether the over-
representation of C. perfringens in the gut of NMO patients is
the cause or effect of autoimmune disease. The presence of
C. perfringens in the gut has the potential to act as a molecular
mimic. Furthermore, other bacteria, such as Fibrobacteres,
were also enriched in NMO patients and could contribute to
the overall disease state independently or in collaboration with

C. perfringens.
Emergence of microbiome-directed therapies for EAE and MS

Current therapies available for patients with MS can be cat-
egorized as immune-modulating drugs and immunosuppres-
sants (i.e., corticosteroids). In general, the goal of the former is
to slow nervous system degeneration whereas the latter can
often improve symptoms to help maintain quality of life. There
are currently eight Food and Drug Administration—approved
immune-modulating drugs (some available in multiple forms)
that can be used alone or in combination to treat MS. Re-
gardless, there is a great need for novel approaches to combat
CNS destruction. Considering the now well-defined link
between the gut microbiota and brain physiology, it is not
surprising that new therapies are being developed that target
the gut microbiome.
Oral antibiotics. In our laboratory, we have shown that mod-
ulation of the gut microbiota using orally administered broad-
spectrum antibiotics is sufficient to provide significant protection
against EAE (85). This treatment regimen was effective when the
drugs were given orally (by gavage or in the drinking water) but
not i.p. The frequency and total number of Foxp3" T, was
significantly increased in both mesenteric and CNS-draining
LNs when mice with EAE were treated with antibiotics, and
there was a corresponding increase in IL-10 production as
well. Furthermore, CD103" DCs isolated from the GALT of
antibiotic-treated mice were superior in their ability to induce
Tregs from naive T cells in vitro. These findings provide strong
evidence in support of anti-inflammatory communication along
the gut-brain axis following modulation of the microbiome.
We have also previously shown a connection between
modulation of the gut microbiome and the induction of B,
When mice were treated orally with broad-spectrum antibi-
otics, there was a significant increase in the frequency and
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total number of CD5'CD1d" B cells (86). Importantly,
antibiotic-induced B,,, had potent immunosuppressive ac-
tivity in vivo that was significantly greater than B, isolated
from control treated animals, despite similar levels of IL-10
production in vitro. Importantly, note that a second study
found conflicting results showing that antibiotic treatment
significantly reduced the number and frequency of B,y as
measured by IL-10 production, but these differences could be
the result of the different antibiotic mixtures used in the two
studies, different vendors, housing, and/or diet (87). Re-
gardless, additional preclinical studies are required to deter-
mine whether microbiome-altering therapeutics are effective
in the absence of B

Several other studies have described the beneficial effects of
oral antibiotic treatment. Yokote et al. (88) used a unique
mixture of antibiotics to significantly reduce EAE disease.
Similar to our studies, they found an increase in total IL-10
production from the mesenteric LN, but no increase in the
frequency of Foxp3™ T, Alternatively, they found that the
success of oral antibiotic treatment was dependent on a subset
of invariant NK T cells. Minocycline, an oral tetracycline
antibiotic commonly used for the treatment of acne, has also
been used in a rat model of EAE to reduce disease severity
both prophylactically and therapeutically (89). Subsequently,
minocycline has been used in three clinical trials alone or in
combination with current therapies to treat patients with MS.
When administered to patients in combination with glatir-
amer acetate, minocycline showed a trend toward reduced CNS
deterioration (90), but when combined with IFN-B, there was
no significant difference with placebo-treated controls (91).
However, the therapeutic window for minocycline may be
earlier in disease rather than later because treatment with
minocycline significantly reduced conversion to MS when
treatment was initiated at the time of the first clinical demye-
linating event (92). Importantly, note that whereas minocycline
may promote autoimmune supptession by modulation of the
intestinal microflora to repair the dysbiosis observed in MS
patient, it can also have multiple direct immune-modulating
effects that could contribute to the observed protection. Al-
though minocycline may or may not ultimately prove beneficial
in the context of MS, other oral antibiotics or combinations of
antibiotics could be considered or developed in the future to
promote anti-inflammatory communication along the gut-brian
axis. Indeed, vancomycin was shown to improve the symptoms
of autism in 8 out of 10 children studied (93).

Probiotic usage. By definition, a probiotic is any live microor-
ganism that confers a significant health benefit on the host.
This term can refer to both commensal microbes that normally
reside in the gut and exogenous, possibly food-borne, microbes
that travel through the intestine following consumption.
Numerous bacterial strains given alone or in combination
have been shown to improve CNS inflammation, including
Lactobacillus species, Pediococcus acidilactici, Bifidobacterium
bifidum, Bifidobacterium animalis, and Streptococcus thermophiles
(94-97). Genetically engineered bacterial strains such as
Lactococcus lactis expressing heat shock protein 65 from
Mycobacterium leprae have also been used to reduce clinical
symptoms of EAE (98, 99). Even one type of yeast, Candida
kefyr, commonly found in fermented foods, significantly reduced
EAE disease (100). In almost all of the studies in which
probiotics significantly improved EAE disease, the reduction in
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CNS inflammation was attributed to the induction of T, and/or
IL-10 production (95-97, 100). Furthermore, when healthy
volunteers were fed Bifidobacterium infantis 35624 for 8 wk,
the frequency of FOXP3" CD4 T cells in the blood was signif-
icantly increased compared with pretreatment measurements (101).

Probiotics also have an effect on B,c,. Mercadante et al.
(102) have shown that L. /Jactis can promote the generation of
IL-10—producing B cells that mediate tolerance in a model of
graft-versus-host disease. Clostridium butyricum, when given
in combination with specific immunotherapy, significantly
increases the frequency of IL-10" B cells in both mice and
humans (103, 104).

In some cases, efficacy has been observed using heat-killed

bacteria (97, 100). Although heat-killed bacteria do not
classify as probiotics (because they are not alive), it suggests
that bacterial-derived products can nonetheless have thera-
peutic potential. Indeed, Bacteroides fragilis functions as a
probiotic because it significantly reduces the severity of EAE
in mice (105), but outer membrane vesicles from B. fragilis
can also induce immunomodulatory effects and prevent in-
flammation (106). Furthermore, we found that the ability of
B. fragilis to function as a probiotic was dependent on ex-
pression of a single capsular polysaccharide (polysaccharide A
[PSA]) (105). We found that PSA purified from B. fragilis can
both prophylactically and therapeutically reduce EAE disease
when administered to mice via oral gavage (107). Both
B. fragilis and PSA can condition DCs to generate Ty in a
TLR2-dependent manner (105-109). In our studies with
human PBMCs, we have shown that naive CD4 T cells can
acquire a CD39"FOXP3" regulatory phenotype when cocul-
tured with DCs and purified PSA in vitro (110). This aug-
mentation of Treg function suggests supplementation with
PSA could be an attractive novel therapeutic for patients with
MS. Importantly, the ability of gut microbes and microbial
products to influence CNS activity applies not only in the
context of autoimmunity but also in murine models of de-
pression and autism spectrum disorder, further supporting the
importance of the gut—brain axis (111-113).
Helminth therapy. Whereas the gut microbiome usually refers to
those microbes that exist in a symbiotic relationship with their
human host, certain microbes maintain a parasitic relationship
with their host, many of which exist in the intestine. The
presence or absence of parasites can thus contribute to the onset
of autoimmune disease as suggested in the hygiene hypothesis.
The hygiene hypothesis proposes a negative correlation be-
tween the decrease in parasitic infections and the increase in
autoimmune diseases in the developed world as a result of
increased hygiene.

Parasitic infections are often long-lasting chronic infections
that require a certain degree of immunosuppression to pro-
mote and maintain their longevity. Parasites, in particular
helminths or worms, accomplish this feat by driving the in-
duction of Th2 cells that produce anti-inflammatory cytokines,
including IL-4, IL-10, IL-13, and TGF-B. By reducing the
production of Th2 cytokines in vivo, the balance is shifted
toward the activity of Th1/Th17 responses that drive auto-
immunity. This has significant bearing on MS, as evidenced
by a negative correlation between high rates of helminth in-
fection and high MS prevalence worldwide (114). In one
study, the authors followed 12 MS patients actively infected
with intestinal helminths during a 4-y period and found a

significant reduction in disease progression compared with
uninfected patients as measured by multiple parameters (115).
These studies implicated increased IL-10 from both T, and
Bicgs in disease attenuation (115, 116).

Considering the regulatory potential of helminth infections,
multiple laboratories have similarly shown that in vivo in-
fection with helminths can reduce the severity of EAE by
inducing a combination of IL-10, T,ee, and Bieg, (117-121).
Furthermore, exposure to parasite products and/or Ags can
reduce EAE disease, suggesting that live infection is not a
requirement for immunosuppression similar to probiotics
(114, 122, 123). However, in a follow-up to the aforemen-
tioned study, when anti-helminth treatment was initiated in 4
of the 12 patients due to the onset of parasitosis symptoms,
the parasites were eliminated, but the severity of MS disease
quickly progressed to mirror the uninfected patient cohort
(124). Regardless, the preclinical and correlation studies have
encouraged the development of helminth-based therapeutics
to treat MS. One strategy has been to infect MS patients with
eggs from T7ichuris suis, a helminth unable to establish long-
lived infection in humans. Unfortunately, two small studies
have presented conflicting results, although both found no
adverse symptoms associated with treatment (125, 126).
Larger studies are required to determine whether 7. suis egg
therapy will prove successful in significantly reducing the
progression of MS disease. Alternatively, the identification
and development of new helminth-derived Ags has the po-
tential to shift the balance from a proinflammatory to an anti-
inflammatory milieu, thus reducing CNS autoimmunity.

reg;

Dietary modification. In the absence of any exogenous manip-
ulation or ingested therapeutics, modulation of the gut
microbiome can occur simply by changing one’s diet. Studies
have shown that the gut microbiome is significantly different
between obese and lean individuals (127), but microbial
composition can change in as little as 1-2 d following dietary
intervention (128). In EAE, consumption of a calorie-restricted
diet can improve disease symptoms whereas a high-salt diet
exacerbates disease by promoting Th17 differentiation (129-
131). A recent study also found a positive correlation between
salt intake and both exacerbation rates and radiological activity
in patients with relapsing-remitting MS (132). Interestingly,
dietary Ags can impact immunity independent of the gut
microbiome based on studies in GF mice fed an elemental
diet (133).

Overall, increased microbial diversity is associated with an
increase in fiber-rich foods (134). In particular, a high-fiber
diet promotes specific species of microbes within the Firmi-
cutes and Bacteroidetes phyla. These microbes are responsible
for the breakdown of nondigestible fiber in the colon and
produce short-chain fatty acids (SCFAs) as part of the fer-
mentation process. SCFAs, including propionate, acetate, and
butyrate, play a critical role in suppressing inflammation by
inducing T, (135). Conversely, a diet rich in long-chain
fatty acids can promote Th17 differentiation and exacerbate
disease (136). SCFAs also play an important role in the
maintenance of CNS integrity. As mentioned above, GF mice
exhibit increased permeability in the BBB (15). However,
when GF mice were monocolonized with either Clostridium
tyrobutyricum or Bacteroides thetaiotaomicron, both of which
produce SCFAs, the defects in BBB permeability were re-
stored. Interestingly, both MS and NMO patients have a
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distinct urinary metabolic signature compared with healthy
controls (137). Intermediates involved in propionate meta-
bolism were significantly decreased in patients with MS,
which could be influenced by changes in the gut microbiota.
Thus, the presence or absence of SCFA-producing microbes is
important to consider when assessing the dysbiosis of auto-
immune patients and also when developing probiotic strate-
gies. Furthermore, recent advances in personalized nutrition
(i.e., the development of individual diet plans based on gut
microbiota and other parameters) have been used to control
blood glucose levels, which has significant applications in the
prevention and/or treatment of type II diabetes (138). It
would be of distinct appeal to use a similar approach to not
only correct microbial dysbiosis through diet but to also es-
tablish a long-term dietary approach to reduce inflammatory
activity and relapses in patients with MS (139, 140).

Conclusions

The gut-brain axis provides for the critical exchange of bio-
logic information that affects both the physiology and im-
munology of the host. The bidirectional activity between the
gut microbiome and the GALT allows for the establishment
of a systemic homeostatic balance. Immune regulation in CNS
demyelinating diseases reflects a balance between those cells
driving disease, such as Th17 cells, and regulatory cells from
both T and B cell lineages that are influenced by the micro-
biome. Improved balance of the dysregulated immune function
in experimental CNS demyelinating disease can be achieved by
a variety of approaches that alter colonization of the gut mi-
croflora. Thus, novel approaches to treating human MS, as well
as other autoimmune conditions, aimed at modulation of the
microbiota may represent a major paradigm shift in how we
approach treating human disease.
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