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A Gut Feeling: The Importance of the
Intestinal Microbiota in Psychiatric
Disorders
Javier Ochoa-Repáraz1*, Christina C. Ramelow1 and Lloyd H. Kasper2

1 Department of Biology, Eastern Washington University, Cheney, WA, United States, 2 Department of Microbiology and
Immunology, Geisel School of Medicine at Dartmouth College, Hanover, NH, United States

The intestinal microbiota constitutes a complex ecosystem in constant reciprocal
interactions with the immune, neuroendocrine, and neural systems of the host. Recent
molecular technological advances allow for the exploration of this living organ and better
facilitates our understanding of the biological importance of intestinal microbes in health
and disease. Clinical and experimental studies demonstrate that intestinal microbes may
be intimately involved in the progression of diseases of the central nervous system (CNS),
including those of affective and psychiatric nature. Gut microbes regulate
neuroinflammatory processes, play a role in balancing the concentrations of
neurotransmitters and could provide beneficial effects against neurodegeneration. In
this review, we explore some of these reciprocal interactions between gut microbes
and the CNS during experimental disease and suggest that therapeutic approaches
impacting the gut-brain axis may represent the next avenue for the treatment of
psychiatric disorders.

Keywords: microbiome, neurological disorders, gut/brain axis, neuroinflammation, immunoregulation
INTRODUCTION

Charles Darwin kept a diary where he would annotate feelings and symptoms, often describing his
trouble with the gastrointestinal (GI) tract and anxiety (1). In one of his letters to his medical
advisors, he noted the “nervousness” when his wife Emma would depart that would trigger
“intensely acid, slimy (sometimes bitter) vomit”. He also wrote in The Expression of the Emotions in
Man and Animals (1872): “The manner in which the secretions of the alimentary canal and certain
other organs… are affected by strong emotions, is another excellent instance of the direct action of
the sensorium on these organs, independently of the will or of any serviceable associated habit” (2),
as was recently discussed in the context of the gut/brain axis (3), the topic of this review article.

Is there a scientific basis for the adage, “my gut tells me?” Reading Darwin’s notes, one would
consider that emotions and GI tract functions are directly connected. As the most recent works
demonstrate, the intestinal tract is home for a heterogeneous microbial ecosystem dominated by
bacteria but also comprised of viruses, archaea, and other eukaryotic microorganisms. Although the
existence of this complex intestinal ecosystem was first alluded to by the Nobel laureate Eli
Mechnikov over a century ago, the biological relevance of the large variety of microbial species that
colonize our intestines soon after birth has been understudied and certainly unappreciated. With
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increasing attention worldwide, the potential impact that the gut
microbiome has on human health and disease has now begun to
be understood.

Multiple factors affect the composition of the gut microbiome,
diet being possibly the most prominent (4). Other environmental
exposures such as pollution, antibiotic over-usage, lifestyle
habits, vitamin D skin exposure, and a range of other factors
such as host genetic composition have been shown to promote
changes in the intestinal microbiome (5). Because of microbiome
and host’s multifactorial interactions, these changes can lead to
significant functional changes on the immune, metabolic or
neuroendocrine systems, that could potentially result in
disease. Dysbiosis, the mechanism of disease triggered by the
microbial imbalance of normal gut microbial colonization, may
be the source for a wide range of human conditions (6).
Increasing number of reports now show that alterations of the
gut microbiome, in some cases observed at the lowest taxonomic
levels, are detected in stool samples obtained from patients
suffering from metabolic (7–9) and autoimmune diseases,
including those affecting the CNS, such as multiple sclerosis
(MS) (10–15) or neuromyelitis optica (NMO) (16, 17). Figure 1
summarizes some of the proposed mechanisms for the reciprocal
interactions that occur between the intestinal microbiota and
Frontiers in Immunology | www.frontiersin.org 25
the brain. In this review, we discuss some of the most recent
findings that suggest the multifactorial nature of the gut/brain
axis in the context of neurological diseases; a topic that has been
reviewed in recent years by other authors [for a recent review:
(18)]. The manuscript also highlights some key components of the
interface between the gut microbiota and the CNS of multiple
sclerosis (MS) patients (19). Our review extends the discussions by
providing some potential novel avenues for treating neuropsychiatric
diseases based on the conditions’ neuroinflammatory components
and the influential role of the gut microbiota regulating
inflammatory processes.
GUT MICROBES AND MICROBIAL
PRODUCTS AS THERAPEUTICS AGAINST
NEUROINFLAMMATION

The intestinal epithelium is a single layer of different cell types
that promote communication between the host and the intestinal
lumen. Enterocytes serve as absorptive cells that line the
epithelium that play a critical role in digestion through the
uptake of water, ions, and nutrients. Goblet cells are known for
FIGURE 1 | Multifactorial interactions occurring between the intestinal microbiota and products and the CNS. The CNS and the gut microbiota are connected
reciprocally through the hypothalamic-pituitary-adrenal (HPA) axis, the immune system, and the neuronal system. These interactions have critical impacts on immune
homeostasis, intestinal barrier permeability and the integrity of the blood brain barrier and can regulate CNS inflammation and disease.
October 2020 | Volume 11 | Article 510113
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producing mucin proteins that provide a protective layer from
the lumen and facilitates the exchange of molecules between the
epithelium and luminal environment (20). At the base of the
crypts of Lieberkün, Paneth cells secrete antimicrobial peptides
and proteins via the release of granules (21). In addition,
enteroendocrine cells produce neuroendocrine molecules (i.e.,
gut hormones) that modulate physiological processes within and
outside the gut (22). Within the Peyer’s patches, microfold cells
(M-cells) surveil the intestinal lumen sampling microbes and
microbial components and aid in transporting bacteria to gut-
associated lymphoid tissues (GALT) (23). The GALT is the
reservoir for almost two-thirds of the total lymphocyte
populations within humans and other mammals (24, 25).
Because the gut lumen harbors as many as 1 x 1013 bacteria as
well as a wide range of possible pathogenic species, the presence
of vigorous and effective immune cells is imperative for our well-
being. As a result, the gut microbiota is an essential regulator of
the immune system’s function and the nervous system and may
be critical in the control of neuroinflammation (26). The distal
small intestine is a reservoir for immune cells expressing and
secreting the proinflammatory cytokine interleukin 17 (IL-17). T
helper (Th) 17 (Th17) cells are essential in controlling extracellular
pathogens and orchestrating neutrophil infiltration; however, they
also promote tissue inflammation mediated by IL-23 (27, 28).
Intestinal bacteria have been identified as an essential trigger for
the differentiation, upon activation, of naïve Th cells into Th17
cells by activating the Retinoic-acid-receptor-related orphan
nuclear receptor gamma (ROR-gt) master regulator and the
production of proinflammatory cytokines of the IL-17 cytokine
superfamily such, IL-22, or granulocyte-macrophage colony-
stimulating factor (GM-CSF), among others. Th17 are a
necessary adaptive immune cell population against extracellular
pathogens by their ability to recruit neutrophils to infection sites.
Significant roles for Th17 cells have been described for several
autoimmune conditions, including humanMS (29), in response to
the microbiota (30). Th17 are critical in the induction of many
experimental models of human diseases such as experimental
autoimmune encephalomyelitis (EAE), the experimental model of
multiple sclerosis and other disease models such as rheumatoid
arthritis and experimental uveitis (31).

Among the microbes capable of initiating a Th17 profile, the
most widely studied is the Segmented filamentous bacterium
(SFB). SFB act as commensal symbionts by inducing Th17 cells
in the small intestines (32, 33) and other immune compartments
where autoimmune inflammation occurs (34, 35). During “leaky
gut”, when the intestinal barrier is compromised, microbial
products disseminate systemically, leading to activation of the
IL-23 inflammatory pathway promoting Th17 responses and
barrier repair (36). Leaky gut may be caused in part by specific
metabolic, toxic product (fragylysin) that is produced by gut
commensal bacteria, in particular, Bacteroides fragilis (37, 38).
Fragylysin produced by enterotoxigenic strains B. fragilis is a zinc
metalloproteinase with effects in the intestinal barrier integrity as
it functions as an endotoxin, promoting sepsis in mice (37). The
cleavage of E-cadherin by fragylysin was shown to be the
underlying mechanism triggering leaky gut but pathogenic B.
Frontiers in Immunology | www.frontiersin.org 36
fragilis. As the lipid A present in LPS produced by other Gram-
negative bacteria, fragylysin promotes strong pro-inflammatory
responses that can result in neuroinflammatory processes and
associated with CNS diseases, such as Alzheimer’s disease
(39–41).

Alternatively, the gut microbiome is involved in the critical
role of immune homeostatic balance, via the promotion of Th
cells that induce peripheral T regulatory (iTregs) expressing
the transcription factor forkhead box P3 (Foxp3). Tregs
produce various antiinflammatory cytokines including IL-10
and Transforming growth factor-beta (TGF-b), and are
recognized for their ability to control inflammatory cell
subsets’ proliferation. Tregs appear to be critical in both the
protective response in experimental EAE and dysfunctional in
those with MS patients with reduced suppressive potency (42)
and frequencies in the peripheral blood obtained from MS
patients, as well as in Alzheimer’s disease patients (43). Several
bacterial taxa promote the expansion of iTreg populations.
Polysaccharide A (PSA)-producing B. fragilis (44), Lactobacilli
(45), specific clusters of Clostridia (46), or Prevotella histicola
(47), among others, expand iTregs and have been associated with
neuroprotection in experimental models of disease (47–50).

One key mechanism of protection observed in different CNS
disease models is the production of interleukin 10 (IL-10). IL-10
is an antiinflammatory cytokine member of the class II
superfamily found as a homodimer produced by monocytes,
NK cells, B cells, and different subsets of activated T cells,
including Tregs. Tregs induced in response to intestinal
microbes may contribute significantly to the control of CNS
inflammatory diseases. Experimentally, much of the work done
to elucidate the microbiota’s impact on IL-10-mediated control
of CNS inflammation is in experimental autoimmune
encephalomyelitis (EAE) in mice or rats. EAE is induced either
passively by the adoptive transfer of autoreactive T cells or
actively by subcutaneous injection of self-antigens. The
induction of disease disrupts peripheral tolerance, which
results in the proliferation of self-antigen-specific T cells
that differentiate into effector, pathogenic Th1 and Th17 cells
within the secondary lymphoid tissues. From there, Th1 and
Th17 cells circulate through lymphatics to the bloodstream.
T cell activation increases the expression of surface integrins
that allow immune driven cells to cross the blood-brain barrier
into the CNS parenchyma. In the parenchyma, autoreactive,
pathogenic T cells are reactivated by resident antigen-presenting
cells, activation that results in exacerbated production of
proinflammatory cytokines. Other cells, such as monocytes,
neutrophils, dendritic cells, and resident glial cells, contribute
to the pathogenesis and progression of the disease by
mechanisms yet to be elucidated entirely (51). Germ-free
mice exhibit reduced disease severity that is reversed upon
colonization with SFB (34).

In CNS inflammatory processes, such as those observed in
patients suffering from multiple sclerosis (MS), the suppressive
capacity of IL-10 has been associated with dysbiosis (14, 15).
Experimentally, IL-10 elicited by regulatory cells upon exposure
to intestinal microbes such as B. fragilis PSA promotes protective
October 2020 | Volume 11 | Article 510113
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responses against neuroinflammation (49, 50, 52). The induction
of IL-10 by PSA has been also shown in human in vitro systems
in mechanisms dependent on antigen presentation by dendritic
cells and induction of Tregs (53), in CNS autoimmunity (54).
More recently, the protective effects of IL-10 induced in response
to the oral treatment with PSA were confirmed against viral
encephalitis (55). In their work, Ramakrishna and colleagues
show that the polysaccharide is protective against Herpes Virus
Encephalitis (HVE) mediated neuroinflammation induced in
mice through IL-10 produced by CD4+ T cells with a
regulatory phenotype (ICOS+CD39+CD37+), CD37+CD8+ T
cells, and IL-10-producing B cells. PSA’s protective effects were
observed after early treatment against neuroinflammation and
were also observed in HVE mice treated orally with PSA-
producing B. fragilis (55). An accumulation of IL-10-producing
regulatory cells was observed in the cervical lymph nodes of
treated mice when compared with PBS-treated sham controls
(55). Rojas et al. found that commensal-reactive immunoglobin
A (IgA)-producing plasmablasts and/or plasma cells are reduced
in EAE mice’s gut and act as an essential source of IL-10,
suggesting that IL-10 expression is required to attenuate EAE
symptoms (56). Further, the study demonstrates that IgA-
producing B cells in the gut can enter the periphery and then
infiltrate inflamed CNS tissues, providing evidence for the
reduction in IgA targeted fecal bacteria during MS relapses (56).

The experimental evidence gathered in recent years using
various animal models of CNS disease highlight the importance
of regulating the immune responses to gut microbes.
Understanding the balance of effector Th cells, such as Th17,
Th1 cells and Tregs, and regulatory B cells, during homeostatic
and immune responses in the intestinal microbiome may shed
light on psychiatric disorders.
CLINICAL EVIDENCE THAT SUGGEST THE
VALUE OF EXPLORING THE
MICROBIOME IN THE CONTEXT OF
PSYCHIATRIC DISORDERS

The apparent rise in mental health concerns constitutes a broad
socioeconomic and clinical problem in developed and
underdeveloped countries (57). The impact of neurological
disorders affecting mood and behavior impacts interpersonal
relationships. Although these diseases’ etiological nature is
mostly unknown, it is appreciated the CNS of those patients
suffering from a psychiatric disease have both neurological
alterations and an inflammatory component that may trigger
or exacerbate these conditions (58).

Among the broad list of symptoms that characterize
psychiatric disorders, gastrointestinal tract dysfunction is not
uncommon. The enteric nervous system (ENS), as a fundamental
part of the autonomic nervous system, plays a crucial role in
human physiology by regulating the GI’s autonomous actions.
Although the autonomous nervous system innervates it, the ENS
can function independently using afferent and efferent neurons
Frontiers in Immunology | www.frontiersin.org 47
and interneurons, forming what is known as the second brain.
The ENS is critical to regulating peristalsis, enzyme production,
and the synthesis of neurotransmitters such as serotonin,
dopamine, or acetylcholine, among many others (59). In turn,
these physical and chemical factors serve as modulators for
microbial growth: for instance, peristaltic movements regulate
nutrient flow through the GI tract, influence the nutrient and
oxygen availability for gut microbes.

Notably, the ENS can directly communicate with the CNS
through the parasympathetic and sympathetic nervous systems.
Recent studies show that enteroendocrine cells of the gut
epithelium secrete hormones and communicate with the
brain through electrochemical signals. By having axon-like
basal formations that contain neurofilaments (60, 61),
enteroendocrine cells through synapses and the secretion of
glutamate, connect with vagal nerve cells and stimulate
nutrients to the brain (62). More recent work demonstrates
that the system is associated with dopamine activity and
reward circuits in rats linking the gut vagal nerves with the
striatum in the brain (63). The neuroendocrine system is another
mechanism for reciprocal control of the gut-brain axis, including
the hypothalamic-pituitary-adrenal (HPA) axis. Through the
HPA axis, environmental factors such as stress regulate
intestinal physiology, the immune system, and metabolic
system (64). Human cortisol produced in response to the HPA
axis activation is a major modulator of the intestinal microbiota
and a regulator of intestinal permeability (65). In turn,
inflammation and imbalanced levels of neurotransmitters have
been proposed as inhibitors of the negative regulation that
controls the release of cortisol (66).

Co-morbidity of functional gastrointestinal disorders is more
frequent in patients that suffer from psychiatric disorders than
those considered mentally healthy (67). Inflammatory bowel
syndrome (IBS) and inflammatory bowel diseases (IBD) have
been linked to mental health disorders over the last decades, as
evidenced in a review discussing ten published case-control
studies conducted by Shah and colleagues indicating a higher
prevalence of IBS and ulcerative colitis (UC) in patients suffering
from anxiety or depression than in control individuals (68).
Moreover, the study showed that the association between the
mental disorder and the GI dysfunction appears to be reciprocal
since the severity of the mood diseases’ symptoms increases in
IBS and UC patients (31). The review highlights a fundamental
question that remains to be answered. Are GI diseases cause or
consequence of the bidirectional interaction between the brain
and the gut?

Another symptom associated with mental health disorders
that suggest a reciprocal interaction between the brain and the
gut is functional constipation (69, 70). The reduction in the flow
of fecal content within the gut impacts significantly the
environmental conditions that directly affect microbial growth
and could affect the composition of the gut microbiota. As a
result, the CNS pathological process would determine the
proportions of aerobes versus anaerobes or the relative
abundance of microbes based on nutritional requirements
within the large intestine that may be considered a vital
October 2020 | Volume 11 | Article 510113
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constipation factor. The interactions with the gut epithelium and
underlying immune system could then affect inflammatory
processes, including those within the CNS. Furthermore, the
microbiota composition changes could modify the composition
of metabolites, including short-chain fatty acids (SCFAs) and
neurotransmitter consumption and production, and others. The
link between constipation and psychiatric diseases could be
another instance of the bidirectional association between the
CNS and the gut, as previously hypothesized by us and others
(71). Using the EAE model of inflammatory demyelination, our
group demonstrated the reciprocal interactions in the context of
the gut/brain axis and disease (72). While EAE induction altered
the composition of the gut microbiota at the early stages of the
disease, alterations that correlated with disease severity levels,
changes in the microbiota with a high dose of a mixture of a
broad spectrum of antibiotics resulted in reductions in the
severity of EAE (72). Others had previously shown that the
disease induction increased intestinal permeability and
proinflammatory responses in the gut (73). Increased intestinal
permeability, often referred to as leaky gut, can be reversed with
the probiotic treatments (74), and in the context of disease
through fecal transplantation (75). Although the mechanisms
linking disease and intestinal permeability remain elusive, it has
been demonstrated that gut dysbiosis promotes leaky gut (76). In
turn, a commensal microbe such as B. fragilis can secrete
neurotoxic (fragilysin) that can lead to a biologically “leaky gut”
(38). An increased serum IgG and IgA levels produced in response
to LPS were observed in the context of depression, when 112
diagnosed patients were compared with 28 healthy individuals
suggest the translocation of microbial-derived metabolites from
the intestinal lumen to circulation, enhanced in the context of
mental diseases (77). These findings suggest, once again, the
multifactorial nature of the changes that occur in the intestinal
ecosystem in health, but more intriguingly, during CNS disease.

Although the experimental findings suggest an essential
association between GI dysfunction and brain diseases, the clinical
evidence has not yet been solidified. One significant pitfall that case-
control studies face when comparing the microbiota of patients of
psychiatric disorders with healthy controls is precisely determining
a healthy individual for comparison. Considering that inflammation
and neuroinflammation might be considered an essential
modulating or even triggering factor for mental health diseases,
identifying mentally healthy individuals constitutes a significant
challenge due to our constant exposure to inflammatory
environmental and internal factors that could potentially promote
changes in the microbiota. Additionally, the permanent exposure to
confounding factors such as pollution, stress, diet, and many others,
result in major difficulties grouping individuals when inclusion
and exclusion parameters are considered, such as age, sex,
pharmacologic therapies or use of antibiotics in the studies.
Nevertheless, despite limitations such as sample sizes, the clinical
data gathered to date suggests a link between mental health diseases
and microbiota. A large study involving 871 mothers and children
performed by interview and questionnaire evaluated the impact of
using antibiotics in children during the first year of age and from
year one to three and a half, and their neurocognitive outcomes
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(78). Approximately 70% of the children used antibiotics during the
time-period studied. Intelligence scores obtained at ages 3 ½, 7, and
11 indicated an increased rate of behavioral difficulties and
depression-related symptoms in those receiving antibiotic
treatment (78). The results obtained in this study imply that early
disruption of the intestinal microbiota could result in neurological
disorders associated with psychiatric conditions. This bidirectional
effect of dysbiosis on the gut-brain axis has been assessed in several
affective and psychiatric disorders, as discussed below.

Autism Spectrum Disorder
Autism affects mental development that impacts communication
and behavioral patterns, which may appear first in children aged
two or younger. As noted in the Diagnostic and Statistical
Manual of Mental Disorders and derived works, the patient
has “difficulty with communication and interaction with other
people, restricted interests and repetitive behaviors, and
symptoms that hurt the person’s ability to function properly in
school, work, and other areas of life” (79). Although genetics is a
risk factor, the causes of the disorder remain unknown. Evidence
suggests that germ-free mice have social and repetitive behavior
deficits, indicating that the gut microbiota composition is
required for social development (80, 81). Environmental
triggers, including changes in the intestinal microbiota, are
currently the focus of investigation (82). As discussed previously
with mental disorders, ASD has a known association with GI
dysfunction (83).

Recent studies in experimental ASD support a link with the
gut microbiota (84), and microbial products of intestinal
fermentation such as SCFA (85, 86), maternal diet (87), and
immune dysfunction (88). Colonization with B. fragilis discussed
earlier, corrects symptoms of maternal immune activation (MIA)
used as a model for ADS by restoring intestinal integrity and re-
balancing the composition of the dysbiotic following MIA
induction (84). The gut/brain link in ASD is also strongly
supported by findings using a genetic model of the disease that
suggest the importance of the microbiota regulating the disease,
as results showed that in the diseased animals, a reduction in
Bifidobacterium and Blautia species impacted tryptophan and
bile-acids metabolism that in turn resulted in increased intestinal
permeability and exacerbated ASD behavioral symptoms (89).
Moreover, the treatment of ASD mice with Lactobacillus reuteri
reversed social deficits in a mechanism controlled by the vagus
nerve’s stimulation and depended on the expression of oxytocin
receptors (90).

While experimental models of the disorders suggest the
existence of the link between the microbiota and disease,
clinically mixed results support the possible crosstalk between the
intestinal microbiota and ASD. Some of those studies reported
different taxonomical profiles in the microbiota of ASD patients
compared with non-ASD children (75, 76, 79, 82–84), while others
did not support the association when comparing the microbiota of
ASD children with siblings sharing environment (91, 92). The
presence of Clostridium perfringens was also used to link ASD with
the microbiota. In children with ASD, 49 isolates of C. perfringens
were detected (29 children), versus 30 that were isolated from 17
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healthy individuals and 32 detected in 24 obese children (93).
Moreover, the cpb2 gene expression that encodes C. perfringens’
Beta2 toxin was significantly enhanced in ASD children (93).
Despite the discrepancies, reduced alpha diversity of the
microbiota and reduced beta abundance of specific bacterial
species have been reported, and as it will be described later,
promising results have been obtained in one fecal microbiota
transplantation (FMT) pilot project (94). The experimental
evidence may also support the use of probiotics or prebiotics. An
intervention based on the use of prebiotics and exclusion diet was
recently tested in 30 ASD children, resulting in expected microbiota
changes, but more importantly, reduced abdominal pain and
reduced bowel movement (95). A probiotic intervention reduced
plasma myeloperoxidase (MPO) levels, an inflammatory mediator
produced by polymorphonuclear leukocytes during oxidative burst,
in ASD children (96). These findings could provide further evidence
for the link between the control of intestinal inflammation and
disease in ASD (96).

Schizophrenia Spectrum Disorders
Schizophrenia is a mental health disorder that impacts the
individual’s ability to interact with the environment and others.
The disease is considered chronic and severe, with symptoms that
may arise during puberty or later until about age 30. It appears that
an imbalance in the brain’s neurotransmitter profiles is present in
schizophrenic patients (97). Although family history is a risk for the
disease, environmental factors, including viral and parasitic
infections, are under scrutiny (98). Neuroinflammation has also
been recently proposed to play a role in the pathology of
schizophrenic brains (99, 100), including the impact of Th17 cells
in 22q11.2 deletion syndrome (22q11.2DS) patients suffering from
schizophrenia spectrum disorders (SSD) and psychotic symptoms
(101). A positive correlation between IgG levels to dietary wheat
gluten and bovine milk casein in serum and cerebrospinal fluid of
schizophrenic patients was found (102). In patients suffering from
early-stage schizophrenia, the combination of risperidone with the
antibiotic minocycline resulted in improved outcomes in
Assessment of Negative Symptoms (SANS) and Positive and
Negative Syndrome Scale (PANSS), indicating the potential of
supplementing the treatments with antibiotics as a new
therapeutic avenue for schizophrenia (103).

The importance of the intestinal microbiota regulating immune
homeostasis could then be a relevant factor to consider in
schizophrenia (104). A recent study examined the composition of
the fecal microbiota of 28 first-episode psychosis (FEP) patients,
14 of which were clinically diagnosed with schizophrenia. Results
suggested that bacterial numbers, specifically Lactobacilli,
Lachnospiraceae, Ruminococcaceae, and Bacteroides spp. were
correlated with symptom severity in patients, with predominant
bacteria strongly correlated to negative symptoms and poorer
function. Moreover, Lactobacillaceae, Halothiobacillaceae,
Brucellaceae , and Micrococcineae were increased, and
Veillonellaceae were decreased in FEP patients compared to
controls (105). Because FEP patients are vulnerable to relapse,
understanding intestinal microbiota’s role in immune function
may be useful for the development of precluding strategies and
novel treatment targets. When comparing serum cytokine profiles
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of schizophrenic patients to healthy controls, schizophrenic patients
displayed elevated serum levels of inflammation, as seen with an
overall decrease in the anti-inflammatory IL-2 and an increase in IL-
6, IL-8, and TNF-a (106).

Using a rodent model of schizophrenic-like behavior known
as subchronic phenylcycline (subPCP) treatment, Jørgensen and
colleagues investigated the possible effect of subPCP on the gut
microbiota and found slightly significant alterations in the core
microbiome of subPCP and vehicle-treated rats. Additionally,
differences in microbiota profiles were associated with poor
object recognition memory performance, suggesting gut
dysbiosis impacts cognition (107). Furthermore, studies
suggest that patients with schizophrenia have increased soluble
CD14 (102) and increased intestinal permeability (108),
demonstrating evidence of bacterial translocation and intestinal
inflammation. Another study introducing a probiotic treatment
inhibited pro-inflammatory pathways and ameliorated gut
dysbiosis caused by yeast (109). These data provide profound
evidence that alterations to the gut microbiome may impact
immune responses and be an alternative avenue to explore future
therapeutic interventions. Mechanistically, a recent study
provides further evidence for the hypothesized gut/brain
connection in the context of schizophrenia. In mice, the
transplantation of fecal content from schizophrenia patients to
a murine model of the disease resulted in exacerbated symptoms
associated with the disease, such as psychomotor hyperactivity
and learning and memory dysfunction (110). Remarkably, the
authors of the study highlighted the importance of tryptophan-
kynurenine metabolic pathways associated with disease-
driving microbiota.

Post-Traumatic Stress Disorder
PTSD is a mental health disease caused by trauma and severe
stress, by exposure or witnessing, characterized by symptoms
that severely affect negatively social behavior and social
interactions. In a study using samples from a South African
cohort, although alpha- and beta-diversity of the intestinal
microbiota of trauma-exposed control individuals and
PTSD patients were not significantly different three phyla were
found to be reduced in PTSD stool samples: Actinobacteria,
Lentisphaerae, and Verrucomicrobia (111).

Depression
Depression is a debilitating psychiatric illness that affects individuals
of any age and significantly impacts the brain, the immune system,
and the endocrine system (112). Clinical depression, also known as
major depressive disorder (MDD), causes immense feelings of
sadness and hopelessness, anxiety, lack of energy, cognitive
impairment, and other symptoms. Monoamine neurotransmitters
such as serotonin, dopamine, and noradrenaline play a role in mood
changes, anxiety, and depression (113). Antidepressants are at the
forefront of treatment by increasing levels of these neurotransmitters
to reduce depressive symptoms. Because there are limitations to the
response on antidepressants (114), other factors may play a role in
the disease. Traditionally, depression studies have focused on
behavioral, genetic, and neurological pieces of the disease. More
recently, environmental factors, synaptic dysfunction, hyperactive
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HPA axis, neuroinflammation, and gut dysbiosis have been explored.
Elevated serum levels of IL-6, a potent activator of HPA and a
pleiotropic inflammatory cytokine, in MDD patients supports that
immune homeostasis is involved (115).

Recent findings support that the composition of the gut
microbiota of patients with depression is different from that of
healthy individuals. A preclinical and clinical study showed that
with an orally administered probiotic formulation (Lactobacillus
helveticus R0052 and Bifidobacterium longum R0175), psychological
distress was mitigated, suggesting that the gut microbiota play a role
in depression, anxiety, and stress (116). The microbiota of patients
with depression displays a low-diversity dysbiosis with elevated
levels of Bacteroidetes and Proteobacteria, and lower levels of
Firmicutes (29).

Anxiety and Stress
As previously introduced, the HPA axis is a significant regulator
of the mammalian physiology. Through the HPA axis, the
neuroendocrine system modifies the secretion levels of cortisol
(in humans, corticosterone in rodents) in response to stress
levels. Stress triggers the secretion of corticotropin-releasing
factor (CRF) in the hypothalamus. CRF stimulation of
the anterior pituitary gland promotes adrenocorticotropic
hormone (ACTH) secretion that stimulates the release of
cortisol in the adrenal cortex. The release of cortisol increases
with stress for several hours until reaching a serum concentration
that triggers a negative feedback response shutting down CRF
release in the hypothalamus. Cortisol release depends on factors
such as sex and age, but other confounding factors have been
identified, such as inflammation, obesity, drugs, and other
factors (117), also known to affect the composition of the
microbiota. Some of those factors, such as inflammation and
neurotransmitter balances are also induced by alterations of
the microbiota.
DISCUSSION AND NOVEL
THERAPEUTIC DIRECTIONS

The experimental and clinical data summarized above provide
increasing evidence for a multifactorial connection between the
intestinal microbiota and the CNS in health and disease.
However, uncertainties that remain to be addressed. Whether a
disease is preceded by changes in the microbiota or alternatively
dysbiosis results from ongoing CNS disease is an essential
question that requires further exploration to be answered.
Furthermore, whether the microbiota is altered differently at
different disease stages, periods of relapses and remissions need
to be addressed. Exploring this question could provide insights
into whether the observed microbial changes’ relevance as a
biomarker approach to predict clinical outcomes or even
responsiveness and unresponsiveness to therapies affecting
the microbiome.

The search for most appropriate microbiome-based
therapeutic approaches and whether the approach is disease-
specific needs further investigation. Targeting the microbiota for
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the treatment of CNS inflammation has been previously used as
minocycline (118). Treatment with minocycline reduced T cell
activation, proliferation, and production of inflammatory
cytokines (119, 120), reduced microglial activation (121),
and reduced axonal loss and neuroprotection in animal
models of CNS inflammatory demyelination (122).
Interestingly, minocycline inhibits the production of matrix
metalloproteinases, mediators of intestinal disruption, or “leaky
gut” (123). In EAE, the treatment with minocycline is protective
(123–125), and several trials were done to determine the
efficacy of the treatment against MS [for a review, (118)].
Different therapeutic approaches are currently being explored
experimentally (126); This includes treatment with probiotics,
purified microbial compounds, fecal microbiota transplantations
(FMT), phage therapies, dietary changes, and dietary habits are
being evaluated.

Prebiotics and Probiotics
As noted previously, Eli Metchnikov in the late 1800s suggested
that yogurt would be an essential aid in the control of human
anxiety. The potential of probiotics was proposed over a century
ago in two different clinical studies published in 1909 (127) and
1910 (128). Both studies evaluated the effects of the treatment of
melancholia, or depression, with orally administered lactic acid
bacteria. Prebiotics, nutritional supplements that favor the
growth of proposed beneficial microbes, is now postulated as a
novel mechanism to treat behavioral diseases (129). Although
probiotics for the treatment of psychiatric disorders have been
proposed and discussed (126, 130–134), few studies are
sufficiently powered to assess their benefit in humans fully
(126). As highlighted in the previous section, a probiotic
mixture administered for 30 days to healthy volunteers in a
double-blind group comparison with placebo study showed
reduced psychological distress quantified by significant
reductions in global severity index, somatization, depression,
anger-hostility, as well as anxiety-related markers (116). A
subsequent addendum to the previous study reported that the
administration of the probiotic formulation of Lactobacillus
helveticus R0052 and Bifidobacterium longum R0175 to 25
subjects with low urinary free cortisol (UFC) levels (less than
50 ng/ml at baseline) and on psychological distress resulted in
similar improved parameters as those identified previously (135).
Bifidobacterium longum 1714 has also been tested in healthy
volunteers and reported beneficial effects against depression and
increased memory (136). A recent randomized trial performed in
75 children that received either Lactobacillus rhamnosus GG or
placebo showed promising evidence that early supplementation
with probiotics (during the first 6 months of life) could reduce
later development of attention deficit hyperactivity disorder and
autism spectrum disorder diagnosed at age 13 (137). Although
encouraging, the sample size is limited and larger groups are
needed to be conclusive, as indicated by the authors of the study
(137). Other studies reported beneficial effects of different
probiotic formulations against stress (138, 139), while others
failed to provide positive outcomes of mental health in healthy
individuals (126, 140).
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Purified Microbial Components
and Metabolites
One observation made clear in light of all recent efforts to
characterize the intestinal microbiota taxonomically and
functionally is its complexity. The intraindividual and
interindividual variability of the microbiota is high
and changes over time due to, therapeutic administration,
infection, and exposure to many other environmental factors.
Moreover, some microbial species within our intestines form
intrinsic functional networks that, when disassembled, results in
functional loss. Because of that, a general therapeutic approach
that does not consider this diversity in taxa and function might
not be sufficient to promote protective effects against a given
condition or stage of the disease. A possible alternative would be
selecting a known microbial compound, expressed or produced
and secreted, capable of inducing a response with a defined
mechanism of action against neuroinflammation and
neurodegeneration. It this scenario, the intestinal microbiota is
considered a new source for novel therapeutics (141). For
example, PSA produced by B. fragilis and purified in the
laboratory has shown protective effects after oral treatment
against neuroinflammation in different experimental disease
models by inducing antiinflammatory IL-10-producing
regulatory T and B cells (49, 55, 142). The zwitterionic
capsular polysaccharide is taken by antigen-presenting cells,
dendritic cells (128), and plasmacytoid dendritic cells (143)
through, at least partially, recognition by toll-like receptor 2
(TLR2) (44, 142). Dendritic cells then promote T cells’
differentiation with regulatory phenotypes and B cells that
produced enhanced levels of IL-10 (44, 49, 55). Although most
PSA studies are in experimental models of disease, PSA’s
immunomodulatory effects have also been described using
human cells (53), and more significantly, cells isolated from
patients suffering from neuroinflammation such as in MS (54).

SCFA produced by fermenting bacteria in response to
complex carbohydrates has also shown compelling evidence for
their potential use against neuroinflammation. It has been shown
that dietary habits with increased fiber consumption significantly
impact the plasma concentration of proinflammatory cytokines
(144). As a result of the microbial metabolism, fermented fibers
by the intestinal microbiota result in lactate, formate, butyrate,
acetate, butyrate, propionate, among others. Although dietary
fibers are the main source for SCFA, mucin produced by
intestinal goblet cells is also a source (145). The SCFA are
recognized by Free Fatty Acid receptors 2, and 3 (FFA-2/3)
expressed in many different cells of different systems,
including the immune system, playing a role in various
metabolic and immune processes (146). The effects of SCFA
have also been observed in the microglia’s maturation, indicating
their importance regulating CNS’ function (147). Different
mechanisms of action that could lead to protection against
neuroinflammation have been described for SCFAs. Butyrate is
an essential regulator of the intestinal barrier’s integrity, an
anatomical fence that, when disrupted, could impact systemic
immune homeostasis (148) and promote disease (149). The
reconstitution of germ-free mice with fermenting bacteria that
Frontiers in Immunology | www.frontiersin.org 811
produce SCFA restores the integrity of the blood-brain
barrier (BBB) that appears reduced in the absence of
microbiota (150). Also, SCFA promotes a regulatory phenotype
on T cells by their signaling through G protein-coupled receptors
(GPCRs), such as GPR109A, expressed in adipocytes and
immune cells. SCFA promotes differentiation of colonic Tregs
(151–153) through the inhibitor of histone deacetylases
enhancing Foxp3 expression when supplemented with TGF-b
stimulation. Butyrate stimulates intestinal epithelial cells to
produce TGF-b that, at least in part, could promote Treg
differentiation (154). The effects of SCFA in inflammation are
thus multifactorial, and although anti-inflammatory functions
have been described, more profound evaluation is needed to fully
understand their impact on systemic inflammation and
neuroinflammation (155).

Other microbial metabolites produced in the intestine might
constitute novel targets for therapeutic interventions against
neuroinflammation. For example, the levels of tryptophan and
serotonin levels are impacted in germ-free animals when
compared with conventionally-housed counterparts with
significant effects on depressive behavior (156). In this study,
the investigators evaluated the depressive disorder model in
response to acute tryptophan depletion in the brain, which
results in low levels of both tryptophan and serotonin, in the
absence or presence of intestinal microbiota. When no
microbiota is present, the intervention resulted in an enhanced
depressive phenotype, suggesting a link between the microbiota
and tryptophan homeostasis in the context of psychiatric
disorders (156). Brain-derived neurotrophic factor levels are
also reduced in germ-free mice and show increased stress
responses than conventional animals, a phenotype that is
reversed by monocolonization with Bifidobacterium infantis
(157). The intestinal microbiota could also be a novel source
for therapeutics based on the modulation of neurotransmitter
metabolism. For instance, both g-aminobutyric acid (GABA)-
producers and consumers are found in the GI tract. One
hypothesis would be that dysbiosis could promote an
imbalance on GABA producers and consumers’ levels, thereby
promoting an exacerbation of neurological symptoms (158–160).
For instance, reduced serum GABA levels have been found in
patients suffering from secondary-progressive MS (161), while
exogenous GABA administration results in the protection
against CNS inflammatory demyelination in EAE mice (162).

Fecal Microbiota Transplantations and
Microbiota Transfer Therapy
One open-label clinical study showed that FMT reduced the
symptoms of autism in ASD children between ages 7 and 17 (94).
The study showed that in ASD children, the intestinal microbiota
diversity was reduced at baseline compared to controls. The
study included the pre-FMT treatment of patients with
antibiotics for 2 weeks and subsequent doses with microbiota
for 10 weeks and a follow-up evaluation 8 weeks after the end of
the treatment. The use of vancomycin as a pre-treatment was
used to, according to the authors, suppress pathogenic bacteria.
The alterations of the intestinal microbiota using antibiotics were
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previously shown to promote significant improvement in ASD-
associated symptoms. The potential benefit of antibiotics has
been demonstrated when vancomycin was used to treat a small
cohort of ASD children that showed short term improvement in
ASD symptoms (163).

In the study of Kang et al., the transplanted microbiota
consisted of a standardized human microbiota preparation
previously described for the treatment of recurrent Clostridium
infections (151). At the end of the treatment, the microbial
diversity of ASD children treated with the standardized
microbiota increased in 16 out of 18 patients during treatment.
Interestingly, two patients remained unresponsive to FMT. The
study reported an 80% reduction in GI symptoms that included
constipation, diarrhea, or abdominal pain, and improved
behavioral ASD symptoms in patients receiving the FMT
treatment (94). More recently, Kang and colleagues performed
a follow-up study 2 years after the Microbiota Transfer Therapy
(MTT) with the same 18 participants and concluded that
improvements to GI distress were sustained, and autistic-like
behaviors were improved (164). The individuals with ASD also
exhibited significant increases in bacterial diversity and relative
abundances of Bifidobacteria and Prevotella, providing evidence
for MTT as a potential therapy for children with ASD and GI
issues (164). The authors acknowledge the study’s limitations in
terms of sample size, use of antibiotics and pre-treatment with
proton pump inhibitors, and the nature of the comparisons as an
open-label analysis, with no placebo control. Other work by
Sharon and colleagues found that fecal transplantation from
human donors with autism spectrum disorders into germ-free
mice promoted hallmark autistic behaviors (165). Nevertheless,
the results provided are encouraging and suggest a potential
mechanism for the treatment of behavioral disorders.
CONCLUSIONS

Increasing experimental and clinical evidence suggest that the
intestinal microbiota and the CNS are connected by a reciprocal
gut-brain axis with multifactorial components. Despite the
difficulty of understanding the complexity of the interactions
between our metabolic, immune, and nervous systems and the
microbiota, and between the enormously diverse microbial
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population of the gut, it is now appreciated the relevance of
the interactions for health and disease. Studies in germ-free
animals, animals treated with antibiotics, the use of probiotics,
monocolonization studies, or fecal transplantation, among other
approaches, show that the alteration of the microbiota may result
in changes in behavioral outcomes. Many questions remain to be
answered regarding the mechanisms of actions by which gut
microbes could impact mental health. However, the impact on
neuroinflammation appears to be a key route for the regulation
of disease. In this context, it is now well established that intestinal
microbes, and microbial products, modulate the extend of pro-
and anti-inflammatory responses that could exacerbate or reduce
the immunopathological parameters associated with the disease.
Nevertheless, a more profound analysis is necessary to
understand the exact mechanism of control, whether the
mechanisms are disease-specific and varies with disease stages,
or even if the changes quantified in the composition of the
microbiota precede disease are a result of it or co-occur. Despite
the limitations of what it is known, the gut/brain axis is a
complex but exciting area of investigation that has begun to
expose intriguing biological interactions between our body and
the microbes that inhabit each of us.
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and Ashutosh K. Mangalam1,2,3*

1 Department of Pathology, University of Iowa, Iowa City, IA, United States, 2 Graduate Program in Immunology, University of
Iowa, Iowa City, IA, United States, 3 Graduate Program in Molecular Medicine, University of Iowa, Iowa City, IA, United
States, 4 Department of Immunology, Mayo Clinic, Rochester, MN, United States, 5 Division of Gastroenterology and
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Gut microbiota has emerged as an important environmental factor in the pathobiology of
multiple sclerosis (MS), an inflammatory demyelinating disease of the central nervous
system (CNS). Both genetic and environmental factors have been shown to play an
important role in MS. Among genetic factors, the human leukocyte antigen (HLA) class II
allele such as HLA-DR2, DR3, DR4, DQ6, and DQ8 show the association with the MS. We
have previously used transgenic mice expressing MS susceptible HLA class II allele such
as HLA-DR2, DR3, DQ6, and DQ8 to validate significance of HLA alleles in MS. Although
environmental factors contribute to 2/3 of MS risk, less is known about them. Gut
microbiota is emerging as an imporatnt environmental factor in MS pathogenesis. We and
others have shown that MS patients have distinct gut microbiota compared to healthy
control (HC) with a lower abundance of Prevotella. Additionally, the abundance of
Prevotella increased in patients receiving disease-modifying therapies (DMTs) such as
Copaxone and/or Interferon-beta (IFNb). We have previously identified a specific strain of
Prevotella (Prevotella histicola), which can suppress experimental autoimmune
encephalomyelitis (EAE) disease in HLA-DR3.DQ8 transgenic mice. Since Interferon-b-
1b [IFNb (Betaseron)] is a major DMTs used in MS patients, we hypothesized that
treatment with the combination of P. histicola and IFNb would have an additive effect
on the disease suppression. We observed that treatment with P. histicola suppressed
disease as effectively as IFNb. Surprisingly, the combination of P. histicola and IFNb was
not more effective than either treatment alone. P. histicola alone or in combination with
IFNb increased the frequency and number of CD4+FoxP3+ regulatory T cells in the gut-
associated lymphoid tissue (GALT). Treatment with P. histicola alone, IFNb alone, and in
the combination decreased frequency of pro-inflammatory IFN-g and IL17-producing
CD4+ T cells in the CNS. Additionally, P. histicola alone or IFNb alone or the combination
org December 2020 | Volume 11 | Article 578648118
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treatments decreased CNS pathology, characterized by reduced microglia and astrocytic
activation. In conclusion, our study indicates that the human gut commensal P. histicola
can suppress disease as effectively as commonly used MS drug IFNb and may provide an
alternative treatment option for MS patients.
Keywords: experimental autoimmune encephalomyelitis, human leukocyte antigen transgenic mice, multiple
sclerosis, interferon beta, Prevotella histicola
INTRODUCTION

Multiple sclerosis (MS), an inflammatory and demyelinating
disease of the central nervous system (CNS), is a multifactorial
disease where the interaction between genetic and environmental
factors play an important role in disease pathogenesis. Among
various genetic factors (more than 50 genetic polymorphisms),
human leukocyte antigen (HLA) class II haplotypes such as DR2/
DQ6, DR3/DQ2, and DR4/DQ8 show the strongest association
with MS (1, 2). Previously, we have characterized and validated
HLA-DR3.DQ8 double transgenic mice as an animal model to
study MS (3–6). HLA-DR3.DQ8 transgenic mice expressing the
human class II genes HLA-DR3 (DRB1*0301) and DQ8
(DQB1*0302), lacking endogenous mouse class II genes (I-A
and I-E) were used in this study.

Accumulating evidence suggests that environmental factors
play an important role in a individual’s susceptibility to MS (7).
However, specificity of an environmental factor contributing to
MS susceptibility or resistance remains elusive. We and others
have shown that the gut microbiota of MS patients are distinct
from healthy controls (HC), suggesting the gut microbiota is an
important environmental factor that contributes to MS
pathogenesis (8–13). A number of MS microbiome studies
have shown that genus Prevotella is either depleted or has a
lower abundance among gut bacteria fromMS patient, compared
to HC (8–10, 14). Additionally, MS patients on disease-
modifying therapies such as Copaxone or IFNb showed a
higher abundance of Prevotella compared to untreated MS
patients (9, 15). We have previously identified a specific strain
of Prevotella, Prevotella histicola, which can suppress proteolipid
protein (PLP)91-110-induced EAE disease in the HLA-DR3.DQ8
transgenic mouse (5).

Interferon-b-1b [IFNb (Betaseron)] is a major disease-
modifying drug used in MS patients (16). The Food and Drug
Administration (FDA)-approved an expanded repertoire of
IFNb use, namely intramuscular (IM) IFNb-1a (Avonex,
Biogen), subcutaneous (SC) IFNb-1a (Rebif, EMD Serono),
and PEGylated IFN (PEGIFN)- b-1a (Plegridy, Biogen) for the
treatment of MS (17). Although IFNb has been used as a first-
line drug over the years in relapsing-remitting MS (RRMS), IFNb
alone is ineffective in 7–49% of patients with RRMS (18).
Therefore, there is a need to develop additional therapeutic
options that can either be used alone or in combination with
IFNb to improve the treatment for MS.

In the present study, we investigated whether a combination
of P. histicola and IFNb is more effective than either drug alone
org 219
utilizing EAE in HLA-DR3.DQ8 transgenic mice. We found that
P. histicola alone was as effective as IFN-b in suppressing PLP91–110-
induced EAE in HLA-DR3.DQ8 transgenic mice. Additionally,
we observe that naïve HLA-DR3.DQ8 transgenic mice treated
with P. histicola, either alone or in combination with IFNb, led to
an increased frequency and number of CD4+Foxp3+ regulatory T
cells (Treg) in the gut-associated lymphoid tissue (GALT).
Treatment with P. histicola alone, IFNb alone, and the
combination of both in the EAE induction phase of disease
also decreased frequency of pro-inflammatory IFN-g and IL17-
producing CD4+ T cells. Furthermore, we observed that
P. histicola and/or IFNb treatments suppressed microglia and
astrocytes activation in the CNS. Altogether, our results suggest
that P. histicola is as effective as IFNb in suppressing EAE by
boosting anti-inflammatory immune responses and inhibiting
pro-inflammatory immune responses.
MATERIALS AND METHODS

Mice
Human leukocyte antigen (HLA)-DR3.DQ8 double transgenic
[DQ8 (DQA1*0103, DQB1*0302)-DR3 (DRB1*0301)] mice
used in this study has been previously characterized and
validated by our group (3–6, 19). The HLA-DR3.DQ8 mouse
expresses the human class II genes HLA-DR3 (DRB1*0301) and
DQ8 (DQB1*0302), and lack endogenous murine major
histocompatibility complex (MHC) class II genes I-A, I-E
(AE−/−). For the simplicity these mice will be referred as HLA-
DR3.DQ8 transgenic mice throughout the text. Both male and
female mice (8–12 weeks of age) were utilized in this study. Mice
were bred and maintained in the University of Iowa animal
facility in accordance with NIH and institutional guidelines. All
experiments were approved by the Institutional Animal Care and
Use Committee at the University of Iowa.

Disease Induction in HLA-DR3.DQ8
Transgenic Mice and Scoring
HLA-DR3.DQ8 transgenic mice (8 to 12 weeks old) were
immunized subcutaneously in both flanks with 25 µg of PLP91–
110 emulsified in complete Freund’s adjuvant (CFA) containing
Mycobacterium tuberculosis H37Ra (100 mg/mouse; Becton,
Dickinson and Company, Sparks, MD, USA). Pertussis toxin
(PTX) (Sigma Chemicals, St. Louis, MO, USA; 100 ng) was
administered i.p. at days 0 and 2 post immunization. HLA-
DR3.DQ8 transgenic mice were scored daily for clinical
December 2020 | Volume 11 | Article 578648
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symptoms using the standard 0–5 scoring system described
previously (5). Briefly, 0 for no disease; 1 for loss of tail tone; 2
for hind limb weakness; 3 for hind limb paralysis; 4 for hind limb
paralysis and forelimb paralysis or weakness; and 5 for
morbidity/death.

Isolation, Characterization, and
Identification of Prevotella histicola
Isolation, characterization, and identification (based on
16SrRNA-specific PCR) of P. histicola has been described
previously (5). Briefly, P. histicola was grown at 37°C for 3
days in trypticase soy broth (TSB) (Hardy Diagnostics Santa
Maria, USA) in an anaerobic jar with an AnaeroPack system
(Mitsubishi Gas Chemical America) (5).

Treatment of Mice With Prevotella
histicola and IFNb
We used two protocols for Interferon-beta (IFNb) (Betaseron,
Bayer HealthCare Pharmaceuticals) treatment: In the first
protocol (prophylactic), IFNb treatment was given every
alternate day for 2 weeks to naïve HLA-DR3.DQ8 transgenic
mice before the EAE induction and in second protocol IFNb
treatment was given during the disease induction phase (7 days
post EAE induction).

In a prophylactic setting, HLA-DR3.DQ8 transgenic mice
were divided into four groups (P. histicola alone, IFNb alone,
P. histicola and IFNb, and media alone). IFNb alone, P. histicola
and IFNb group of mice received 10,000 IU of IFNb (20) in 100
µl of phosphate buffer saline (PBS) every other day for a total of
seven doses. P. histicola alone and P. histicola plus IFNb
combination group of mice were orally gavaged with live
P. histicola (108 CFUs) every other day for a total of seven
doses. Mice in the control group were orally gavaged with TSB
media every other day for a total of seven doses.

In the second protocol, we treated mice in the induction
phase (at disease onset) of the disease. Mice received 1st dose of
P. histicola treatment at day 7 post-immunization as the HLA-
DR3.DQ8 transgenic mice develop the disease around day 7 (4,
6). Mice were divided into four groups (P. histicola alone, IFNb
alone, P. histicola plus IFNb, and media alone) and treated on an
alternate day with P. histicola, IFNb, P. histicola plus IFNb, or
media as described above. All mice were evaluated for EAE
scores till the duration of the experiment.

Pathology
Brains and spinal cords from mice treated with P. histicola alone,
IFNb alone, a combination of both P. histicola plus IFNb, or TSB
media alone were fixed in 10% neutral buffered formalin,
routinely processed and stained with Hematoxylin and Eosin
(HE). Brains and spinal cords sections were analyzed for
pathology, specially inflammation and demyleination, by a
board-certified veterinary pathologist, specifically but not
limited to the cortex, corpus callosum, hippocampus,
brainstem, straitum, and cerebellum regions as described
previously (4, 21).
Frontiers in Immunology | www.frontiersin.org 320
Immunohistochemistry (IHC)
Antigen retrieval was performed on freshly cut paraffin
sections in a decloaking chamber for 5 min at 125°C in
citrate buffer (pH 6.0). Endogenous peroxidase was blocked
by incubation with 3% peroxide at room temperature for 8 min.
For GFAP antibody staining (ab16997Abcam) the primary
antibody was applied at 1:100 in Dako (Dako Agilent,
Santa Clara, CA, USA) diluent for 1 h at room temperature
after blocking with Dako Background Buster. IBA-1
immunostaining was performed with the antibody (019-
10741, Wako Chemicals) diluted at 1:500 after blocking with
both avadin/biotin block (Vector Laboratories) and 10% goat
serum in Dako buffer. Bound antibody was detected using
EnvisonTM + HRP, rabbit (Dako) for 30 min at room
temperature followed by incubation with diaminobenzidene
substrate (DAB) for 5 min at room temperature. Slides were
counterstained with hematoxylin and evaluated by a board-
certified veterinary pathologist (KGC).

Western Blot Analysis
The brain and spinal cord ’s tissues from mice were
homogenized, and lysed in radioimmuno-precipitation assay
(RIPA) buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 5 mM
EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.5% SDS,
100 µMNa3VO4, 1 mMNaF, 1 mM PMSF, 10 µ g/ml aprotonin,
10 µg/ml leupeptin) (22). Protein concentrations in the tissue
lysates were determined using NanoDrop Spectrophotometer
(ThermoFisher; Waltham, MA, USA). Tissue lysates were
normalized for protein concentration levels. Two hundred µg
proteins were separated by SDSPAGE, and transferred to
nitrocellulose membranes (Hybond C Super, cytiva, Marlborough,
MA, USA). Membranes were blocked for 1 h at room
temperature in TBST containing 5% milk, and then incubated
overnight with anti-Iba1 (1:1,000; 016-20001, FUJIFILM Wako
Pure Chemical Corporation; Richmond, VA, USA) or anti-
GFAP (1:5,000; ab-254082, Abcam) at 4°C. After washing three
times with TBS containing 0.05% Tween-20, membranes were
incubated with HRP-conjugated mouse anti-rabbit IgG
(1:30,000; #31464, ThermoFisher; Waltham, MA, USA), and
visualized by Bio-Rad ChemiDocTM Touch Imaging System
(Hercules, CA, USA).

Flow Cytometry
Mononuclear infiltrating cells from the CNS (brain and spinal
cord) were isolated using a percoll density gradient separation
method as described previously (23). Mice in each treatment
group were stained with antibodies to detect surface expression
of CD4 (GK1.5) and CD25 (PC61) (BD Biosciences, Franklin
Lakes, NJ, USA), whereas intracellular expression of FoxP3+ were
stained using an anti-Mouse/Rat FoxP3 (FJK-16s) staining kit
(eBiosciences, San Diego, CA, USA). Intracellular staining for
IL17, IFNg, GM-CSF, and IL10 were performed using the
intracellular fixation permeabilization kit and anti-mouse IL17
(TC11-18H10.1), IFNg (XMG1.2), GM-CSF (MP1-22E9),
and IL10 (FES5-16E3) specific antibodies from eBioscience™.
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Cells were also stained with antibodies to detect surface
expression of CD45 (30-F11) and CD4 (clone GK1.5) to gate
on the leukocyte population. Gut-associated lymphoid cells were
isolated and stained with antibodies as per the method described
previously (24).

Statistical Analysis
Differences in the frequency of regulatory T cells or cytokine-
producing CD4 T cells among different treatment groups were
assessed by Mann-Whitney U test. Average clinical EAE scores
and cumulative EAE scores were compared using 2-way ANOVA
with multiple comparisons of the means and non-parametric
Mann-Whitney U test respectively. Statistical analyses were done
with GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA).
A value of p ≤ 0.05 was considered significant.
RESULTS

P. histicola Suppresses EAE in Mice as
Effectively as IFNb
First, we examined whether the combination treatment of
P. histicola and IFNb can work in an additive manner to
ameliorate disease in HLA-DR3.DQ8 transgenic mice. We
started treating mice from day 7 postimmunization (disease
induction phase) with P. histicola alone, IFNb alone, and the
combination of P. histicola and IFNb. Treatment with P. histicola
alone or IFNb alone resulted in a lower average daily EAE score
(Figure 1A) and a lower cumulative EAE score compared with
mice who received media (Figure 1B). The combination
treatment group had a similar average daily clinical score
(Figure 1A) and average cumulative EAE score (Figure 1B)
compared to the groups receiving P. histicola or IFNb alone.
Thus, our data indicate that P. histicola is effective at suppressing
EAE when administered alone or in combination with IFNb and
is as effective as treatment with IFNb alone.

Treatment With P. histicola or IFNb
Reduces Inflammation in the CNS
To determine whether disease suppression was accompanied
with less severe CNS pathology, we analyzed brain and spinal
cord tissues from all four groups by performing semi-
quantitative analyses. HLA-DR3.DQ8 transgenic mice treated
with P. histicola alone, or the combination of P. histicola and
IFNb had less inflammatory cell infiltrates in the brain and
spinal cord compared to mice treated with media alone
(Figure 2). Brain tissue sections from HLA-DR3.DQ8
transgenic mice treated with P. histicola alone, IFNb alone, and
the combination of both exhibited relatively less inflammation in
the meningeal and stratum region compared with media group
(Figure 2). Similarly, spinal cord tissue sections from mice that
received P. histicola alone, or IFNb alone and the combination of
both, showed lower inflammation whereas spinal cord sections
from mice treated with media showed severe inflammation
Frontiers in Immunology | www.frontiersin.org 421
(Figure 2). As mice received P. histicola orally, we sought to
determine if P. histicola causes any histopathology (HE sections)
of the gastrointestinal system. We found that neither of these
treatment (P. histicola alone, IFNb alone, and the combination of
both) or the media control group caused any overt pathology in
the stomach, small intestine, and large intestine (Supplementary
Figure 1). In summary, we observed that treatment with P.
histicola alone, IFNb alone, or the combination of P. histicola
plus IFNb caused reduced CNS pathology in mice induced
for EAE.

Treatment With P. histicola or IFNb
Reduces Microglia and Astrocyte
Activation
The CNS resident microglia and astrocytes mediate myelin
injury through enhanced phagocytosis and promoting
autoreactive T-cell responses by functioning as antigen
presenting cells (25, 26). Therefore, to determine whether P.
histicola or IFNb influence microglia and/or astrocyte activation,
we stained CNS tissue with microglia specific anti-Iba-1 antibody
and astrocyte specific GFAP antibody post-EAE induction. We
found that the Iba-1 positive microglia cells were lower in the
perivascular spaces of the brain cerebellar region and white
matter of the spinal cord in treated group than those treated
with media alone (Figure 3, Supplementary Figure 2).
Additionally, a lower GFAP positive astrocytes were observed
in cerebrum region of brain (Figure 4, Supplementary Figure 3)
and white matter of the spinal cord (Figure 4) of the mice groups
treated with P. histicola alone, IFNb alone, or the combination of
P. histicola plus IFNb compared to the group treated with media
alone. Besides IHC, expression of Iba-1 and GFAP at the protein
level were confirmed in spinal cords by western blot using their
specific antibodies. We observed that the Iba-1 and GFAP were
lower at the protein levels in the spinal cord tissue from mice
groups treated with P. histicola alone, IFNb alone, or the
combination of P. histicola plus IFNb compared to the group
treated with media alone (Supplementary Figure 4). Thus,
treatment with P. histicola alone, IFNb alone, or the
combination of P. histicola plus IFNb can reduce CNS
pathology by reducing microglia and astrocytes activation in
mice induced for EAE.
P. histicola Alone and in Combination With
IFNb Induces CD4+FoxP3+ Regulatory T
Cells in Gut-Associated Lymphoid Tissue
of Mice
We and others have shown that CD4+FoxP3+ Treg cells play a
significant role in suppressing EAE disease (5, 6, 27). As P.
histicola is a gut commensal, it may modulate the immune
system through influencing the immune compartment of the
intestinal tract. Therefore, we analyzed levels of CD4+FoxP3+

Treg cells and CD4+ IL10+ T cells in the GALT. Mice treated with
P. histicola alone showed a higher frequency and number of
CD4+FoxP3+ Treg cells compared to mice treated with media
December 2020 | Volume 11 | Article 578648
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A B

FIGURE 1 | P. histicola suppresses PLP91–110-induced EAE in HLA-DR3.DQ8 transgenic mice as effectively as treatment with Interferon-Beta (IFNb). (A) Mice were
immunized with PLP91–110/CFA plus pertussis toxin on days 0 and 2 of the disease induction and 1 week later mice were treated with IFNb, P. histicola, or a
combination of both (with treatment administered on alternate days for a total of 14 doses, 7 doses of IFNb and 7 doses of P. histicola) for 2 weeks. Clinical scores
were assessed daily for the duration of the experiment. (B) Cumulative EAE scores of mice treated as in A. The data presented represent two of four experiments
performed at different time points (n ≥ 12 mice per group). Two asterisks indicates p ≤ 0.01, three asterisks indicate p ≤ 0.001, and four asterisks indicate p ≤

0.0001 when compared to the medium treated group. 2way ANOVA Dunnett’s multiple comparisons test were used to calculate p-value in average clinical EAE
score (A) and Mann- Whitney unpaired U test was used to calculate p-value in cumulative EAE score (B).
FIGURE 2 | Treatment with P. histicola alone, IFNb alone, or the combination of P. histicola and IFNb resulted in decreased inflammation in the brain and spinal cord
of mice induced with EAE. Representative HE stained images of the brain from mice treated with media (A), P. histicola alone (B) or in combination with IFNb (C),
and IFNb alone (D). Representative HE stained images of the lumbar spinal cord in situ from mice treated with media (E), P. histicola alone (F) or in combination with
IFNb (G), and IFNb alone (H). Insets in (A–D) identify areas of inflammatory cell infiltration and/or demyelination in brain (Bars = 500 um, inset bars = 50 um) and
insets in E–H identify areas of inflammatory cell infiltration and/or demyelination in spinal cord when present (Bars = 200 um, inset bars = 20 um). The data presented
represent one of two experiments performed at different time points (n ≥ 3 mice per group).
Frontiers in Immunology | www.frontiersin.org December 2020 | Volume 11 | Article 578648522
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(%mean 21.53 vs. 32.05 ± 3.87, p = 0.037, number mean 139,241
vs. 245,810 ± 35,924, p = 0.04) (Figures 5A–C). Mice treated with
a combination of P. histicola and IFNb also showed the higher
number but not the frequency of CD4+FoxP3+ Treg cells
compared to media treated group (% mean 21.53 vs. 28.65 ±
3.87, p = 0.09, # mean 139,241 vs. 237,258 ± 35,924, p = 0.02)
(Figures 5A–C). We did not observe any change in CD4+FoxP3+

Treg cells in the IFNb alone treated mice group compared to
media control group (% mean 21.53 vs. 30.73 ± 0, p = 0.11, #
mean 139,241 vs. 279,087 ± 38,803, p = 0.057) (Figures 5A–C).
Additionally, we found that the P. histicola alone or in
combination with IFNb treatment led to a higher number and
frequency of CD4+ IL-10 T cells compared with media control
group (Supplementry Figure 5). We did not observe any
difference in IL-17, IFN-g, and GM-CSF, producing CD4+ T
cells in the GALT (Figures 6A–F). Thus, our data indicate that P.
Frontiers in Immunology | www.frontiersin.org 623
histicola alone or in combination with IFNb, ameliorates disease
and is associated with an induction of CD4+FoxP3+ regulatory T
cells and CD4+ IL10+ T cells in the gut. However, IFN-g alone
had no effect on either CD4+FoxP3+ regulatory T cells or CD4+

IL-10 T cells in the gut.
Treatment With P. histicola and/or IFNb
Reduces Antigen-Specific Th1 and Th17
Cytokines in the CNS of Mice Induced
With EAE
Next, we analyzed whether P. histicola, IFNb, or the combination
of both suppresses disease through influencing Th1 and Th17
cytokines. We isolated mononuclear cells from the brain and
spinal cord of EAE mice from all groups and stimulated with the
PLP91–110 peptide plus Brefeldin A for 14 h (28). HLA-DR3.DQ8
FIGURE 3 | Treatment with P. histicola alone, IFNb alone, or the combination of P. histicola and IFNb resulted in decreased microglial activation in the brain and
spinal cord of mice with EAE. Representative ionized calcium-binding adaptor protein-1 (Iba-1) staining of the brain and spinal cord sections from mice induced with
EAE that received treatment with either P. histicola alone, IFNb alone, the combination of both treatments, or media. The data presented represent one of two
experiments performed at different time points (n ≥ 3 mice per group).
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transgenic mice treated with P. histicola alone, IFNb alone, the
combination of P. histicola and IFNb had a lower frequency of
CD4+IL17+ T cells (Figures 7A, B) and CD4+IFNg+ T cells
(Figures 7C, D) compared to those treated with media alone.
Thus, our data suggest that treatment with P. histicola alone,
IFNb alone, the combination of P. histicola and IFNb decreases
the frequency of IFNg+ and IL17+ producing CD4+ T cells in the
CNS of mice with EAE.
DISCUSSION

In the present study, we showed that P. histicola alone was as
effective as the disease-modifying drug IFNb in suppressing EAE
in HLA-DR3.DQ8 transgenic mice. We also observed that the
combination of P. histicola and IFNb was not more effective
compared to either treatment alone. The treatment with
P. histicola alone or in combination IFNb caused an increase
in CD4+FoxP3+ Treg cells in the GALT of naïve HLA-DR3.DQ8
transgenic mice. Furthermore, we observed that P. histicola and/
Frontiers in Immunology | www.frontiersin.org 724
or IFNb treatments effectively reduced microglia, astrocytes
activation, and the frequency of IFN-g and IL17- pro-
inflammatory cytokine producing CD4+ T cells in the CNS of
EAE mice. Thus, this study for the first time, showed that gut
commensal P. histicola can suppress disease in HLA-DR3.DQ8
transgenic mice model of MS as effectively as IFNb and both P.
histicola and IFNb utilize some common regulatory pathways
including reduced activation of microglia, astrocytes and
downregulation of pro-inflammatory immune response in
the CNS.

The importance of Prevotella in MS can be highlighted by a
number of studies showing a lower abundance of Prevotella in
untreated MS patient, compared to healthy control (8–10, 14).
Additionally, the abundance of Prevotella was increased in MS
patients treated with disease-modifying drugs such as IFNb
and Copaxone (9, 15). We observed that a specific strain of
Prevotella (P. histicola) can suppress disease in EAE mice. This
is in line with our previous study, where we showed that
P. histicola suppressed disease in a dose dependent manner
(5). Our finding is further supported by the study showing that
FIGURE 4 | Treatment with P. histicola alone, IFNb alone, or the combination of P. histicola and IFNb reduced astrocytes activation in the brain and spinal cord of
mice with EAE. Representative staining glial fibrillary acidic protein (GFAP) of the brain and spinal cord sections from mice induced with EAE that received treatment
with either P. histicola alone, IFNb alone, the combination with IFNb, or media only. The data presented represent one of two experiments performed at different time
points (n ≥ 3 mice per group).
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P. histicola can also suppress disease in an animal model of
rheumatoid arthritis (29). Our study, for the first-time report
that IFNb can suppress disease in HLA-DR3.DQ8 transgenic
mice. This is in agreement with earlier studies showing disease
suppressive role of IFNb in C57BL/6 (30) and SJL mice (31).
Interestingly, we observed that a combination of P. histicola
and IFNb was not more effective in suppressing disease than
either treatment alone. Previously, using Copaxone, we also
did not observe any additive effect of P. histicola and Copaxone
(6). One potential explanation for this phenomenon is
that P. histicola, and IFNb have the same or a similar
mechanism of action, thus their effect may be convergent
rather than synergistic.

CNS pathology is the hallmark of EAE/MS. Reduced
inflammation and demyelination in P. histicola alone, IFNb
alone, and combination group (P. histicola plus IFNb) indicate
that disease suppression was accompanied with reduced CNS
pathology. Lower disease in treatment groups was accompanied
by lower microglia and astrocytes activation in the CNS.
Enhanced activation of CNS resident microglia has been
shown to play an important role in pathogenesis of EAE by
promoting autoreactive T-cell responses through its ability to
function as antigen presenting cells and neutralization of
microglial activation can suppressed the development of EAE
Frontiers in Immunology | www.frontiersin.org 825
(25, 32–34). Similarly, reactive astrocytes are the main source of
pro-inflammatory cytokine that plays a critical role in
breaching the blood brain barrier (BBB) and induce
recruitment of pathogenic immune cells into the CNS during
MS and EAE (35–37). Astrocytes depletion is associated with
reduced inflammation and demyelination in EAE mice (38).
IFNb and/or P. histicola can modulate neuroinflammatory
properties of microglia and astrocytes by reducing Th17 cells
infiltration into the CNS, as a higher CNS infiltration of Th17
cells can augment their neuroinflammatory properties of
microglia and astrocytes (26). Thus, our data suggest that
IFNb and/or P. histicola induced anti-inflammatory
environment might reduce microglia and astrocytes activation
resulting in disease suppression.

MS and EAE are mediated by pro-inflammatory Th1 and
Th17 T-cells (39–43). Reduced level of IL17+, and IFNg+ CD4
T cell in the CNS of EAE mice are in line with current
hypothesis that Th1 and Th17 play a pathogenic role in EAE
(40, 44). Previously we have shown that P. histicola alone or
combination with disease modifying drug Copaxone
decreased IL17+ and IFNg+ CD4+ T cells infiltrating the CNS
of HLA-DR3.DQ8 mice (6). Further, IFNb treatment had been
shown to reduce Th1 and Th17 cells as well as other
inflammatory cytokines (45). Additionally, IFNb treatment
A

B C

FIGURE 5 | Pre-treatment with P. histicola alone or in combination with IFNb increases CD4+FoxP3+ regulatory T cells in the gut-associated lymphoid tissue
(GALT). (A) Naïve mice were treated with IFNb (seven doses), P. histicola (seven doses), or a combination of both (with treatment administered on alternate days
for a total of 14 doses). Gut-associated lymphoid cells were isolated from treated and the control group of mice and stained with CD45, CD4, and FoxP3
antibodies. Representative flow cytometric plots to demonstrate CD4+FoxP3+ regulatory T cells in GALT of mice treated with P. histicola alone, IFNb alone,
P. histicola and IFNb, or media. (B) Frequency of CD4+FoxP3+ regulatory T cells from mice treated IFNb, P. histicola, P. histicola plus IFNb, and media.
(C) Quantification of the number of CD4+FoxP3+ regulatory T cells in mice treated as in (A). Error bars are presented as the standard error of the mean. The
p-value determined by the Mann-Whitney unpaired U test for comparing each group to media. Criteria for setting positive gates for specific flourochrome and
gating strategy for different cell populations had been provided in Supplementary Figure 6. The data presented represent one of three experiments performed
at different time points (n ≥ 3 mice per group).
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can inhibits IL-17 differentiation and induces IL-10 secretion
in the T cells from the MS patients (46). Thus, our study
suggests that P. histicola and IFNb both suppressed disease by
reducing pathogenic Th1 and Th17 cells in the CNS of
EAE mice.

A number of therapeutic interventions in EAE had been
shown to work through induction of Tregs and IL-10. We
observed that P. histicola alone or in combination with IFNb
induced CD4+FoxP3+ Treg cells in the GALT of mice. Previous
studies have shown that a single bacterium P. histicola, or B.
fragilis, or a mixture of Lactobacillus species, or a mixture of
Clostridium species can suppress EAE disease by inducing
CD4+FoxP3+ Treg cells (5, 6, 47–49). Interestingly, we found
that IFNb alone treatment does not affect Treg cells in the gut.
While IFNb is associated with an increase in anti-inflammatory
cytokines and reduced trafficking across the BBB, IFNb is not
associated with a modulation of Treg populations in mice (50).
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This is in contrast with effect of IFNb in RRMS patients, where
IFNb treatment caused an increase in PD1− Treg cells
compared with PD1+ Treg in peripheral blood and CSF (51).
The difference in our findings and Saresella et al. may be due to
physiological differences between human and mice. Altogether,
our study suggests that P. histicola can mediate disease
suppressive effect through the induction of CD4+FoxP3+ Treg
cells. Although the mechanism through which P. histicola
induce Treg is not well understood. We hypothesize that P.
histicola can induce Tregs in the gut through metabolism of
dietary compounds (52).

In summary, our study suggests that P. histicola and IFNb
possesses both overlapping as well as non-overlapping modes of
action in HLA-DR3.DQ8 transgenic mice. For example, P.
histicola or IFNb or combined treatment reduced the level of
pro-inflammatory Th1 and Th17 cells, and reduced microglia
and astrocytes activation in CNS of EAE mice but only groups
A B

C D

E F

FIGURE 6 | Treatment with P. histicola alone, IFNb alone or P. histicola plus IFNb do not modulate CD4+IL17+, CD4+IFNg+, and CD4+GM-CSF+ cells frequency in the GALT
of naïve mice. Mice were treated with IFNb (seven doses), P. histicola (seven doses), or a combination of both (with treatment administered on alternate days for a total of 14
doses, 7 doses of IFNb and 7 doses of P. histicola). Flow cytometric were done to study IL17+, IFNg+, and GM-CSF+ expressing CD4 T cells that were isolated from gut-
associated lymphoid tissue of mice treated as mentioned. Cells were previously gated on lymphocytes and singlets. (A) Representative flow cytometric plots to demonstrate
CD4+IL17+ T cells in the GALT of mice treated with P. histicola alone, IFNb alone, P. histicola and IFNb, or media. (B) Frequency of CD4+IL17+ T cells from mice treated as in
(A). (C) Representative flow cytometric plots to demonstrate CD4+ IFNg+ T cells in the GALT of mice treated as in (A). (D) Frequency of CD4+ IFNg+ T cells from mice treated
as in (A). (E) Representative flow cytometric plots to demonstrate CD4+GM-CSF+ T cells in the GALT of mice treated as in (A). (F) Frequency of CD4+GM-CSF+ T cells from
mice treated as in (A). Gating strategy for different population had been provided in Supplementary Figure 7. Error bars presented as standard error of the mean. P-value
determined by Mann-Whitney unpaired t-test for comparing each group to media.
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receiving P. histicola induced anti-inflammatory Treg cells in
the GALT. In conclusion, our present study, for the first time
report that human gut commensal bacteria P. histicola
suppresses EAE in HLA-DR3.DQ8 transgenic mice as
effectively as commonly used MS drug IFNb. As the gut
microbiota seems to play an important role in the
pathobiology of MS, beneficial gut bacteria such as P. histicola
can provide additional treatment option for MS as well as other
autoimmune inflammatory diseases.
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Mounting evidence indicates that alterations in the intestinal microbiota may be associated
with neurological disorders such as multiple sclerosis (MS). MS is a putative autoimmune
disease of the central nervous system. However, it has not been determined whether the
intestinal microbiota and host immune status are altered in Chinese patients with stable
MS. In our study, 22 Chinese patients with stable MS and 33 healthy controls were
enrolled for fecal microbiota analysis and host immunity evaluation. The microbial diversity
and composition, bacterial co-occurrence correlations, predictive functional profiles, and
microbiota-cytokine correlations between the two groups were compared. We observed
that while the overall structure of the fecal microbiota did not change significantly, the
abundances of several key functional bacteria, primarily Faecalibacterium, decreased
remarkably. Faecalibacterium and Granulicatella could be used to distinguish between
patients with MS and healthy controls with an area under the curve of 0.832. PiCRUSt
analysis revealed that genes associated with fructose, mannose, and fatty acid
metabolism were significantly enriched in the MS microbiota. In addition, we also
observed that the levels of several pro- and anti-inflammatory cytokines and
chemokines, such as IL-1ra, IL-8, IL-17, and TNF-a changed observably, and the
abundances of key functional bacteria like butyrate producers correlated with the
changes in the cytokine levels. Our present study indicated that altered composition of
the fecal microbiota might play vital roles in the etiopathogenesis of MS by regulating host
immunity, which suggests that microbiota-targeting patient-tailored early intervention
techniques might serve as novel therapeutic approaches for MS.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory demyelinating
disease of the central nervous system with an autoimmune
mechanism of development, which is one of the leading causes of
disability in young adults. MS affects approximately 2.3 million
people worldwide, with a prevalence of 50–300/100,000 (1). The
prevalence ofMS has increased substantially in many regions since
1990, including China (2). Thus far, there are no comprehensive
studies available on thenational prevalence ofMS.However, several
regional studies have investigated the prevalence of MS in China
and have indicated increasing prevalence over time (3–5). A study
conducted by Cheng et al. revealed that the crude MS prevalence
rate was 1.39 per 100,000 individuals in Shanghai in 2004 to 2005
and the female-to-male ratio was 1.8 (6). Another study estimated
the prevalence ofMS to be 3.7 and 6.7 cases per 100,000 individuals
among males and females, respectively, based on hospital data for
2013 in Shandong Province (7). To date, more than 100,000
validated cases of MS have been diagnosed in China (2). Recently,
there has been significant progress in the understanding of genetic
and environmental factors underlying the condition. Compared to
genetic factors, environmental factors, such as infection with
Epstein-Barr virus, cigarette smoking, and low vitamin D levels
owing to insufficient exposure to sunlight, play a greater role in
susceptibility to the condition (8).However, the underlying cause of
this disease remains elusive.

In humans, a complex cross-talk is required between the gut
microbiota and the host immune system to maintain host
homeostasis. The gut microbiota can influence the development
of host immunity, and consequently, the immune system regulates
the microbiota through gut barrier maintenance and immune
exclusion. Mounting evidence suggests that the gut microbiota
plays vital roles in various autoimmune disorders, including MS,
which can contribute significantly to both susceptibility and
protection (9–11). Studies using the experimental autoimmune
encephalomyelitis model, which is most commonly used as an
animalmodel ofMS, have successfully confirmed that alterations in
the gut microbiota are a potential risk factor for autoimmune
diseases such as MS. Yokote et al. reported that the disruption of
gut microbiota upon the administration of oral antibiotics reduces
the severity of conventional experimental autoimmune
encephalomyelitis (12). Moreover, using a relapsing-remitting
mouse model of spontaneously developing experimental
autoimmune encephalomyelitis, Berer et al. demonstrated that
transgenic SJL/J mice raised in germ-free conditions are protected
from the disease, while re-colonization with indigenous bacteria in
the gut restored its susceptibility (13). These studies using animal
models indicate that dysbiosis of the gut microbiota may play a
central role in the development of MS.

Recently, several groups have profiled the fecal microbiota of
patients with MS from western developed countries and have
shown that patients with MS exhibit gut microbial dysbiosis with
both depletion and enrichment of certain bacteria compared to
healthy subjects. Jangi et al. reported an increased abundance of
Methanobrevibacter andAkkermansia and decreased abundance of
Prevotella in patients with MS. After successful treatment by
disease-modifying therapy, the abundance of Prevotella increased
Frontiers in Immunology | www.frontiersin.org 231
significantly (10). Other studies also showed that the abundance of
genus Prevotella decreases in patients with MS (9, 11). Prevotella
coprihaspreviouslybeen found tobe enriched inpatientswithnew-
onset rheumatoid arthritis, which is also an autoimmune disease
(14). Therefore, the reduced abundance of Prevotella observed
across multiple MS microbiome studies conducted in different
geographical locations suggests that this bacterium might play an
important role inMS.Miyake et al. (11) andCantarel et al. (15) also
observed that the abundance of Fecalibacteriumwas low in patients
with MS compared to that in healthy controls. Faecalibacterium
prausnitzii is an anti-inflammatory commensal bacterium
identified in the gut microbiota analysis of patients with Crohn’s
disease (16). In addition, Jangi et al. also observed alterations in the
human gut microbiome in MS that correlate with changes in the
host immune transcriptome and treatment. The gutmicrobiota can
modulate host immune gene expression by establishing direct
contact with cell wall components or by secreting factors such as
short-chain fatty acids (SCFAs) (17, 18). Collectively, altered gut
microbiota is considered to be related toMS pathogenesis andmay
serve as an important consideration in novel preventive or
therapeutic strategies for MS in future.

To date, there have been no studies on the examination of gut
microbiota in the Chinese MS-affected population. The
environmental conditions, economic status, ethnic background,
lifestyles, and long-term diets in China are distinct from those in
western developed countries, which would affect the overall
structure and composition of the gut microbiota and its roles
and mechanisms in the pathogenesis of MS. In our study, we
compared fecal microbiota specimens from patients with stable
MS to those from healthy controls using high-throughput
sequencing technique and attempted to explore the potential
key functional fecal microbiota that were associated with MS in
the patients studied. We observed that the abundance of several
predominant genus-level taxa known to include butyrate
producers decreased in the MS cohort, which indicated that
altered composition of the gut bacteria might participate actively
in the development of MS. Our study sheds light on the roles and
mechanisms underlying the function of gut microbiota in MS
pathogenesis, which will help identify novel microbiota-targeted
biomarkers for noninvasive diagnosis and MS treatment.
MATERIALS AND METHODS

Subjects’ Enrollment
The protocols for the present study were reviewed and approved by
the Ethics Committee of Lishui Second People’s Hospital (Zhejiang,
China). Informed written consent was obtained from each
participant before enrollment. Twenty-two patients with MS, who
were diagnosed based on the 2005 McDonald criteria (19), were
recruited fromZhejiangprovince (China) fromFebruary 2019 to July
2019, and thirty-three age- and sex-matched healthy subjects were
recruited as controls (Table 1). The cases were stable, and not of new
onset or active relapse, and had not been treated with steroids, beta-
interferon/glatiramer acetate, or other immunosuppressive
medications in the preceding 3 months. The following exclusion
criteria were established: age < 20 years; body mass index (weight in
December 2020 | Volume 11 | Article 590783
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kilograms divided by height in meters squared) > 30; pregnancy;
hypertension; diabetes mellitus; use of antibiotics, probiotics,
prebiotics, or synbiotics in the previous month; known active
infections such as bacterial, fungal, chlamydial, or viral infections;
and other diseases such as irritable bowel syndrome, inflammatory
bowel disease, or other autoimmune diseases.

Fecal Sample Collection and
DNA Extraction
Approximately 2 g of a fresh fecal sample was collected in a
sterile plastic cup, and stored at −80°C after preparation within
15 min until use. Bacterial genomic DNA was extracted from 300
mg of homogenized feces using a QIAamp® DNA Stool Mini Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions, with additional glass-bead beating steps on a Mini-
beadbeater (FastPrep; Thermo Electron Corporation, Boston,
MA, USA). The amount of DNA was determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Electron
Corporation); the integrity and size were checked by 1.0%
agarose gel electrophoresis containing 0.5 mg/ml ethidium
bromide. All DNA was stored at −20°C before further analysis.

Amplicon Library Construction
and Sequencing
Amplicon libraries were constructed with Illumina sequencing-
compatible and barcode-indexed bacterial PCR primers 319F/
806R, which target the V3–V4 regions of 16S rRNA gene (20). All
PCR reactions were performed with KAPA HiFi HotStart
ReadyMix using the manufacturer’s protocol (KAPA Biosystems)
and approximately 50 ng of extracted DNA per reaction.
Thermocycling conditions were set at 95°C for 1 min, 55°C for
1 min, then 72°C for 1 min for 30 cycles, followed by a final
extension at72°C for 5min.All PCRreactionswereperformed in50
ml triplicates and combined after PCR. The amplicon library was
prepared using a TruSeq™DNA sample preparation kit (Illumina
Inc, San Diego, CA, USA). Prior to sequencing, the PCR products
were extracted with the MiniElute® Gel Extraction Kit (QIAGEN)
and quantified on a NanoDrop ND-1000 spectrophotometer
(Thermo Electron Corporation) and Qubit 2.0 Fluorometer
(Invitrogen). The purified amplicons were then pooled in
Frontiers in Immunology | www.frontiersin.org 332
equimolar concentrations and the final concentration of the
library was determined by Qubit (Invitrogen). Negative DNA
extraction controls (lysis buffer and kit reagents only) were
amplified and sequenced as contamination controls. Sequencing
wasperformedonaMiSeq instrument (Illumina)using a300×2V3
kit together with PhiX Control V3 (Illumina) (21, 22).

Bioinformatic Analysis
The 16S rRNA gene sequence data set generated from the MiSeq
run were first merged and demultiplexed into per samples using the
QIIME version 1.9.0 with default parameters (23). Chimera
sequences were detected and removed using the USEARCH
software based on the UCHIME algorithm (24). Open-reference
operational taxonomic unit (OTU) pick was then performed with
USEARCHV7 referenced against Greengenes database version 13.8
at 97% sequence similarity (25, 26). OTUs with a number of
sequences <0.005% of the total number of sequences were
discarded as recommended (27). The result was an OTU table,
which was used for subsequent downstream analysis.

For taxonomic assignment, the most abundant sequences were
chosen as the representative sequences of corresponding OTUs.
Taxonomicassignmentof individualdatasetswere classifiedagainst
theGreengenes database version 13.8 using bothRDP classifier and
UCLUST version 1.2.22 methods implemented in QIIME (26, 28).
Any sequences that were identified as members of Eukarya,
Archaea, Mitochondria, Chloroplasts, and Cyanobacteria
lineages, were removed. Alpha diversity was calculated with
QIIME software with Python scripts base on the sequence
similarity at 97% level, including index of observed species,
abundance-based coverage estimator (ACE), Chao1 estimator,
Shannon, Simpson, Evenness, and PD whole tree. Sequence
coverage was assessed in mothur by rarefaction curves and
Good’s coverage (29, 30). Beta diversity was measured by jaccard,
bray-curtis, unweighted UniFrac, and weighted UniFrac distance
calculatedwith 10 times of subsampling byQIIME. These distances
were visualized by principal coordinate analysis (PCoA) (31).
Hierarchical clustering was performed and heatmap was
generated using a Spearman’s rank correlation coefficient as a
distance measure and a customized script developed in the R
statistical package. The output file was further analyzed using
Statistical Analysis of Metagenomic Profiles software package
(STAMP) version 2.1.3 (32).

For the predictive functional analyses, PiCRUSt software
package version 1.0.0 was used to identify predicted gene families
and associated pathways from inferred metagenomes of taxa of
interest identified from the compositional analyses, which was
based on the fact that phylogeny and function are closely linked
(33). Predicted functional genes were categorized into Clusters of
OrthologousGroups (COG) and intoKyoto Encyclopedia ofGenes
and Genome (KEGG) orthology (KO), and compared across
patient groups using STAMP. Pathways and enzymes were
assigned using KEGG database options built into the pipeline.
The pathways that were nonprokaryotic, had fewer than two
sequences in each cohort, or had a difference in mean proportions
less than 0.1%were excluded from analysis. The characterization of
microorganismal features differentiating the gastricmicrobiota was
performed using the linear discriminant analysis (LDA) effect size
TABLE 1 | Summary of the study subjects’ characteristics.

Characteristics Control
(n = 33)

Patients
(n = 22)

Age (means ± SD) 34.5 ± 8.2 35.0 ± 7.1
Gender(Female/male) 21/12 14/8
BMI(means ± SD) 23.85 ± 3.56 24.18 ± 3.24
Complications, no
Hypertension 0 0
Diabetes mellitus 0 0
Hyperlipidemia 0 1
Irritable bowel syndrome 0 0
Autoimmune liver disease 0 0
Active infections 0 0

Antibiotics use within 1 month, no 0 0
Yogurt use within 1 month, no 0 0
Immunosuppressive medications within 3 months 0 0
BMI, body mass index; SD, standard deviation.
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(LEfSe) method (http://huttenhower.sph.harvard.edu/lefse/) for
biomarker discovery, which emphasizes both statistical
significance and biological relevance (34). With a normalized
relative abundance matrix, LEfSe uses the Kruskal-Wallis rank
sum test to detect features with significantly different abundances
between assigned taxa and performs LDA to estimate the effect size
of each feature. A significant alpha at 0.05 and an effect size
threshold of 2 were used for all biomarkers discussed in this study.

Correlation analysis was performed using sparse
compositional correlation (SparCC) algorithm on the complete
OTU table collapsed to the genus level, which was introduced by
Friedman and Alm and was known for its robustness to the
compositional effects that are influenced by the diversity and
sparsity of correlation in human microbiome data sets (35).
SparCC was employed to represent co-abundance and co-
exclusion networks between OTUs. For SparCC, 1000
bootstrap replicates were used to calculate significance values,
and considered correlation coefficients greater or less than 0.2
and −0.2, respectively, and p-values <0.05. This set of iterative
procedures were applied separately to normal, peritumor and
tumor data sets to infer the basis correlation values within and/or
between paired sampling sites. Visualization of the network was
achieved using Cytoscape version 3.4.1.

Systemic Inflammatory Cytokines Analysis
Serum samples from these participants were obtained using their
fasting blood in the early morning. Using a 27-plex magnetic
bead based immunoassay kit (Bio-Rad, CA, USA), the following
cytokines were quantified: interleukin-1b (IL-1b), IL-1 receptor
antagonist (IL-1ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,
IL-12(p70), IL-13, IL-15, IL-17, Eotaxin, Fibroblast growth
factor-basic (FGF-basic), granulocyte colony-stimulating factor
(G-CSF), granulocyte-macrophages colony-stimulating factor
(GM-CSF), interferon gamma (IFN-g), interferon gamma-
inducible protein 10 (IP-10), monocyte chemotactic protein-1
(MCP-1), macrophages inflammatory protein-1a (MIP-1a),
platelet-derived growth factor (PDGF-bb), MIP-1b, regulated
upon activation normal T-cell expressed and secreted
(RANTES), tumor necrosis factor-alpha (TNF-a), and vascular
endothelial growth factor (VEGF). The Bio-Plex 200 system was
utilized for the analysis of Bio-Rad 27-plex human group I
cytokines and the Bio-Plex assay (Bio-Rad) was performed
according to the manufacturer’s directions. The results
expressed as picogram per milliliter (pg/ml) using standard
curves integrated into the assay and Bio-Plex Manager v6.0
software with reproducible intra- and inter-assay CV values of
5% to 8%.

Statistical Analysis
For continuous variables, independent t-test, White ’s
nonparametric t-test, and Mann-Whitney U-test were applied.
For categorical variables between groups, Pearson chi-square or
Fisher’s exact test was used, depending on assumption validity.
For correlation analyses, Spearman’s rank correlation test was
used. Statistical analysis was performed using the SPSS V19.0
(SPSS Inc., Chicago, IL) and STAMP V2.1.3 (32). GraphPad
Prism version 6.0 (San Diego, CA) was used for preparation of
Frontiers in Immunology | www.frontiersin.org 433
graphs. All tests of significance were two sided, and p < 0.05 or
corrected p < 0.05 was considered statistically significant.

Accession Number
The sequence data from this study are deposited in the GenBank
Sequence Read Archive with the accession number SRP258890.
RESULTS

Overall Bacterial Diversity in Fecal
Microbiota in Patients With Stable
Multiple Sclerosis
In our present study, the possible confounders of microbiota
analyses, such as sex, age, and BMI between patients with stable
MS and healthy controls did not differ significantly (p > 0.05). To
investigate the alterations in fecal microbiota between the patients
and healthy controls, we obtained 1,360,209 high-quality reads with
an average of 24,731 reads per sample for the subsequentmicrobiota
analysis. Good’s estimator of coverage was 99.33%, which indicated
that the identified reads represented the majority of bacterial
sequences (909 OTUs identified) present in the fecal microbiota.
The diversity indices and richness indices were used to assess the
overall differences in microbial community structure between
patients with MS and healthy controls. We observed that the
alpha-diversity indices, such as Shannon and Simpson indices, did
not differ significantly between patients with MS and healthy
controls (Supplementary Figures 1A–C), and ACE and Chao1
for the observed species in patients with MS were similar to those in
healthy controls (Supplementary Figures 1D, E). Owing to
significant inter-individual variations, the two groups could not be
divided into different clusters using principal coordinate analyses
based on Jaccard, Bray-Curtis, unweighted UniFrac, and weighted
UniFrac algorithms (Supplementary Figures 1F–I). However, the
Adonis test yielded p-values of 0.009 for Jaccard and 0.012 for Bray-
Curtis analyses, which indicated significant microbial differences
between the two groups. The Venn diagram showed that 728 OTUs
with a total richness of 909 were shared between the two groups,
with less unique OTUs in patients with MS (Supplementary Figure
1J). The rarefaction and rank abundance curves for patients with
MS were also similar to those for healthy controls (Supplementary
Figures 1K, L). The alpha - and beta-diversity analyses indicated
that the overall diversity of MS-associated fecal microbiota
remained unaltered; however, a lower number of OTUs and
phylotypes were observed in patients with MS.

Altered Composition of Fecal Microbiota
in Patients With Multiple Sclerosis
With the RDP classifier, sequences from the fecal microbiota could
be classified among nine phyla; Firmicutes and Bacteroidetes were
the predominant phyla in both groups. Figure 1 shows that the
abundances of Proteobacteria, Lentisphaerae, Synergistetes, and
Verrucomicrobia, which were the non-dominant phyla, differed
significantly between patients with MS and healthy controls (p <
0.05), while the ratio of Firmicutes/Bacteroidetes did not differ
significantly between the two groups. In addition, 62 families and
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149 genera were identified in the fecal microbiota specimens from
both groups. SupplementaryFigure 2 shows a heatmapof bacterial
families present in the microbiota in patients with MS and healthy
controls, which represents the relative percentages of most families
identified in each sample. Our data indicated that there were no
significant differences in the heatmap between the two groups.
Discriminant analyses using LEfSe showed that 21 bacterial
phylotypes differed significantly between the two groups (LDA
score>2.0, p<0.05,Figure2A).Among thedifferentially functional
bacterial taxa, only two taxa, including Blautia and Flavonifractor
(belonging to Firmicutes) were enriched in patients withMS, while
the abundances of other taxa, such as Faecalibacterium, Roseburia,
Haemophilus, Bilophila, Dorea, Butyricicoccus, Gemella,
Clostridium XIVb, and Granulicatella, decreased significantly in
patients with MS (Figure 2B). Notably, Faecalibacterium,
Roseburia, Dorea, Butyricicoccus, and Clostridium XIVb (all
belonging to Firmicutes) can produce various SCFAs, such as
butyrate. The present data indicates that the compositional
abnormalities observed in the fecal microbiota in patients with
MS are associated with a reduced capacity for producing SCFAs,
especially butyrate, in the presence of different substrates, which
indicates that functional dysbiosis becomes more obvious as
MS progresses.

The overall structure of the fecal microbiota results from
dynamic interactions between members of the microbial
community. A SparCC algorithm with false discovery rate
adjustments was employed to generate correlation-based
microbial interaction networks based on the relative abundance
Frontiers in Immunology | www.frontiersin.org 534
of OTUs between the two groups (Figure 3). We observed that the
interaction networks inhealthy controls aremore complicated than
those inMS patients. There weremore positive correlations among
the bacteria in healthy controls, while more negative correlations
were observed in those in patients with MS.

We also assessed the potential of using fecal microbiota as
biomarkers to distinguish between patients with MS and healthy
controls. First, using a single differential bacteria as a predictor, we
found that the area under the receiver operating characteristic curve
ranged from 0.225 to 0.659 (Figure 4). Further, multivariable
stepwise logistic regression analysis was performed using the MS-
associated genera to identify taxa that helped create the most
significant distinction between patients with MS and controls. We
observed that the best and simplest combination was that of
Faecalibacterium and Granulicatella, which could help
distinguish between patients with MS and healthy controls with
an area under the curve (AUC) of 0.832. However, the other
combinations did not significantly improve the predictive
performance (AUC ≤ 0.832).
Functional Changes in Multiple Sclerosis-
Associated Fecal Microbiota
To study the functional and metabolic changes in the microbial
communities between MS and controls, we retrieved the
metagenomes from the 16S rRNA data and analyzed the
functional potential of the fecal microbiota using PiCRUSt based
on closed-reference OTU picking. We compared 64 Kyoto
FIGURE 1 | Variations in fecal microbial composition in Chinese patients with multiple sclerosis (MS). Relative proportions of bacterial phyla in patients with MS
(n = 22) and in healthy controls (n = 33).
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Encyclopedia of Genes and Genome (KEGG) pathways at level 2
and identified three KEGG categories, carbohydrate metabolism,
environmental adaptation, and immune system, with significantly
different abundances between patients with MS and healthy
controls (p < 0.05; Figure 5). Specifically, fructose and mannose
metabolism, ubiquinone and other terpenoid-quinone
biosynthesis, vitamin B6 metabolism, ascorbate and aldarate
metabolism, galactose metabolism, glycolysis/gluconeogenesis,
taurine and hypotaurine metabolism, fatty acid metabolism,
aminobenzoate degradation, and retinol metabolism were
significantly enriched at level 3 in the fecal microbiota of MS
patients, while plant-pathogen interaction, epithelial cell signaling
in Helicobacter pylori infection, and NOD-like receptor signaling
pathway were significantly inhibited (p < 0.05). Collectively, these
functional changes in the fecal microbiota may be associated with
MS pathogenesis.
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Correlations Between Fecal Microbiota
and Systemic Inflammation Among
Patients With Multiple Sclerosis
The findings of the Bio-Plex Pro™ human cytokine group I
panel 27-plex analysis revealed that the concentrations of several
cytokines changed significantly between healthy controls and
patients with MS (Figure 6). In patients with MS, the levels of
inflammatory cytokines, such as TNF-a and IL-17, increased
significantly, while those of anti-inflammatory mediators IL-1ra
and the chemokines IL-8, Eotaxin, RANTES, MIP-1a, MIP-1b,
and MCP-1 decreased. In addition, the levels of growth factors
such as bFGF, G-CSF, PDGF-bb, and pleiotropic cytokine IL-9
also decreased significantly in patients with MS. We also
evaluated the correlations between the altered cytokine levels
and the abundances of key functional bacteria among Chinese
patients with MS (Figure 7). Notably, we observed that the
A

B

FIGURE 2 | Different bacterial taxa between Chinese patients with multiple sclerosis (MS) and healthy controls. LEfSe identifies the taxa with the greatest differences
in abundances between Chinese patients with MS and healthy controls. Only the taxa that meet a significant LDA threshold value of > 2 are shown (A). Nine
differentially abundant bacterial taxa were identified between the two groups (B).
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abundance of butyrate-producing Faecalibacterium correlated
positively with the levels of chemokines such as IL-8 (r =
0.315; p = 0.019) and MIP-1a (r = 0.333; p = 0.013), while
it correlated negatively with those of inflammatory cytokines
such as TNF-a (r = −0.310; p = 0.021). The abundance of
Frontiers in Immunology | www.frontiersin.org 736
Flavonifractor, which is enriched in MS, correlated positively
with the levels of TNF-a (r = 0.332; p = 0.013), whereas the
abundance of Roseburia correlated negatively with the levels of
TNF-a (r = −0.331; p = 0.013). The abundance of Granulicatella,
which is generally low in patients with MS, was also observed to
FIGURE 3 | Correlation strengths of the abundant fecal microbiota in Chinese patients with multiple sclerosis (MS) and healthy controls. Correlation network of the
abundant fecal microbiota in healthy controls and in patients with MS. The correlation coefficients were calculated using the Sparse Correlations for Compositional
data (SparCC) algorithm. Cytoscape version 3.4.0 was used for network construction. The red and blue lines represent positive and negative correlations,
respectively. The correlation networks were observed to become simpler.
FIGURE 4 | Receiver operating characteristic curves for differentially abundant genera such as Flavonifractor, Blautia, Clostridium XIVb, Dorea, Butyricicoccus,
Granulicatella, Gemella, Roseburia and Faecalibacterium, Streptococcus, Halomonas, Shewanella, and Ruminococcus and Dialister that were used to distinguish
between patients with multiple sclerosis and healthy controls.
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correlate positively with the levels of MIP-1b (r = 0.352; p =
0.008). The abundance of the beneficial bacteria Bifidobacterium
did not change significantly in Chinese patients with MS;
however, it correlated negatively with the levels of IL-8 (r =
−0.286; p = 0.034) and MIP-1b (r = −0.428; p=0.001). These
correlations indicate that the key functional bacteria with altered
abundances might regulate the inflammatory status in MS, at
least partially, and consequently, may play a vital role in the
progression, remission, and prognosis of MS.
DISCUSSION

Mounting evidence indicates that commensal microbiota that
colonize the gastrointestinal tract play a vital role in regulating
host immunity and maintaining host immune homeostasis. The
host gut microbiota, which co-evolve tightly with the immune
system, can modulate development and regulate innate and
adaptive immunity functions, whereas dysbiosis of the gut
Frontiers in Immunology | www.frontiersin.org 837
microbiota facilitates abnormal immunological development (36).
Research over the past decade has helped us appreciate the
importance of commensal microbiota in the development of
autoimmune diseases, such as inflammatory bowel disease,
psoriasis/psoriatic arthritis, rheumatoid arthritis, systemic lupus
erythematosus, celiac disease, and type 1 diabetes (37–43). As the
most common autoimmune disease,MS targets the central nervous
system and can lead to chronic disability, including cognition
impairment, loss of motor control, and sensitivity (44, 45). MS is
a multifactorial complex disease, and both genetic and
environmental factors contribute to its pathogenesis (46). Similar
to other gut-brain disorders, alterations in the relative proportions
of gut microbiota in newly or active MS have been reported in
several recent studies (9–11, 18, 46–49). Therefore, MS is also
considered a type of gut-brain disorder.

In our previous studies, we reported that gut-brain disorders
such as depression, Parkinson’s disease, Alzheimer’s disease,
cerebral ischemia/reperfusion injury, and vascular dementia are
associated with the dysbiosis of gut microbiota among Chinese
FIGURE 5 | PiCRUSt-based study of fecal microbiome in Chinese patients with multiple sclerosis (MS) and healthy controls. The different bacterial functions were
evaluated and compared between the two groups based on two-sided Welch’s t-test. Comparisons between the two groups for each KEGG functional category
(levels 2 and 3) are indicated by the percentage. The Benjamini-Hochberg method was used for multiple testing correction based on the false discovery rate
determined by STAMP.
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FIGURE 6 | Mean (SEM) concentrations (pg/ml) of 27 pro- and anti-inflammatory cytokines and chemokines in Chinese patients with MS and in healthy controls
determined using Bio-Plex immunoassays. The concentrations of TNF-a and IL-17 increased significantly in Chinese patients with MS, while those of IL-1ra, IL-8,
IL-9, MCP-1, MIP-1a, MIP-1b, RANTES, Eotaxin, bFGF, G-CSF, and PDGF-bb decreased significantly. *p < 0.05.
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FIGURE 7 | Correlations between pro- and anti-inflammatory cytokines and chemokines with altered concentrations and the relative abundance of the key functional
genera. Correlation between the relative abundance of Faecalibacterium and the levels of IL-8 (A), MIP-1a (B), and TNF-a (C); the relative abundance of
Flavonifractor and the levels of TNF-a (D); the relative abundance of Granulicatella and the levels of MIP-1b (E); the relative abundance of Roseburia and the levels of
TNF-a (F); and the relative abundance of Bifidobacterium and the levels of IL-8 (G) and MIP-1b (H). Spearman’s rank correlation (r) and probability (p) were
determined to evaluate the statistical importance.
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individuals and animalmodels, which provides novel targets for the
study of their pathogenesis and sheds light on novel intervention
strategies (18, 50–57). The majority of studies on the “MS
microbiome” conducted earlier primarily focused on Caucasian
populations from western developed countries. However, there are
several potential confounders, such as natural environmental
conditions, economic status, ethnic background, lifestyles, and
long-term diets that influence the bacterial composition in the
gut; moreover, dietary patterns among Chinese populations,
characterized by low calorie, low fat, and high dietary fiber, are
different from those among Caucasian populations. Given that
differentpopulationshavediverse gutmicrobiota, studies that target
a specific population are necessary to decipher the mechanism
underlying pathogenesis and identify therapeutic strategies more
precisely. Therefore, the specific differences in gut microbiota that
result from different environmental factors such as dietary habits
may interfere with the development of MS, and we speculate that
there may be specific changes in the gut microbiota in Chinese
patients with stable MS. In the present study, we observed that the
overall bacterial diversity in the fecal microbiota did not change
significantlybetween thehealthycohort andMSpatient cohort.The
alpha-diversity indices, such as the Shannon and Simpson indices,
did not undergo obvious changes, and the richness indices, such as
observed OTUs, ACE, and Chao1, were also not altered
significantly. In addition, the groups could not be divided into
different clusters based on the beta-diversity indices. Consistent
with the findings of a previous study by Jangi et al. (10), the present
study showed that the overall bacterial diversity in the fecal
microbiota was unaltered between healthy controls and Chinese
patients with MS, which suggests that the overall structure of the
fecal microbiota remained relatively stable among Chinese patients
with MS.

Although the overall bacterial diversity of the fecal microbiota
remained unaltered among Chinese patients withMS in this study,
based on statistical analysis, compositional changes in the fecal
microbiota were observed to be associated with MS development.
At the phylum level, the abundances of several non-abundant phyla
such as Proteobacteria, Lentisphaerae, Synergistetes, and
Verrucomicrobia were observed to be altered, while the ratio of
Firmicutes/Bacteroidetes, the two most prevalent phyla, did not
change significantly. Lopez et al. demonstrated that a reduced
Firmicutes/Bacteroidetes ratio was observed in patients with
systemic lupus erythematosus (58), which indicates that gut
dysbiosis is a major feature in this autoimmune disease. However,
the composition of the fecal microbiota at the family and genus
levels changed significantly in Chinese patients with MS. We also
observed a more complex network of interactions among the
differentially abundant bacteria in healthy controls than in
patients with MS. According to our findings, the most important
features of the specific “MS microbiota” among Chinese patients
were characterized by a reduction in the abundances of bacteria
belonging to Faecalibacterium, Roseburia, Dorea, Butyricicoccus,
and Clostridium XIVb, which were potent producers of SCFAs,
especially butyrate, and ferment indigestible carbohydrates to
produce SCFAs. Although we did not measure the altered levels
of SCFAs in the fecal samples directly, the alteredprofiles of the fecal
Frontiers in Immunology | www.frontiersin.org 1039
microbiota provided some clues that fecal SCFAs might involve in
the development of MS. In fact, the types and concentrations of
SCFAs in the gut depend on the composition of themicrobiota, the
intestinal transit time, and the fiber content in the host diet. In
addition to their role as local energy carriers for the gut microbiota
and gut epithelial cells, SCFAs also play roles in a broad array of
functions that influence gastrointestinal physiology, peripheral
immunity, liver metabolism, and blood-brain barrier integrity,
which could indirectly contribute to effects on the brain (59).
SCFAs can promote health at a steady state by increasing
intestinal epithelial cell integrity, pathogen-specific antibody
responses, and the number of colonic Tregs, which can act as
important signals that physically bridge the gap between the
commensal microbiota and the mucosal immune system (60–64).
Tregs play a critical role in immune homeostasis and in suppressing
excessive immune responses elicited by the host. Kim et al. found
that SCFAs are able to induce metabolic and epigenetic
reprogramming linked to the suppression of inflammatory
immune responses (65), which are essential for the development
of autoimmune diseases. Mizuno et al. demonstrated that the oral
administration of SCFAs ameliorates the severity of systemic
autoimmune inflammatory conditions mediated by lymphocytes,
such as experimental autoimmune encephalitis and collagen-
induced arthritis. Amelioration of a disease is associated with a
reduction in the number of Th1 cells and an increase in those of
Treg cells (66). Tregs, the regulation of which is driven by the
transcription factor Foxp3, are particularly important for limiting
autoimmunity and chronic inflammation (67, 68). Therefore,
alterations in the production of potent SCFAs and their
metabolites by the fecal microbiota might contribute significantly
to MS development, and could be used as a potential therapeutic
target for MS in future studies.

In fact, gut dysbiosis and the consequent increase in gut
permeability can lead to the disruption of immune homeostasis,
following the development of gut inflammation, which is
increasingly considered to be the ultimate source of systemic
immune activation and Th17/Treg cell imbalance, and possibly of
neurological disturbances as well. Consistent with the findings of a
previous study, the relative abundance of Faecalibacterium (a
member of Clostridium cluster IV) reduced significantly, which
can convert acetate and lactate into butyrate (10). The most
important properties of Faecalibacterium are reported to be their
anti-inflammatory characteristics and the ability to attenuate
inflammation in mouse models of colitis, which is mediated by
the modulation of the mucosal T cell response (69). A previous
study reported that the supernatant of Faecalibacterium culture,
primarily themetabolite butyrate, canmaintain Th17/Treg balance
and ameliorate colorectal colitis by inhibiting histone deacetylase 1
(HDAC1) (70); this is of significance because Th17/Treg cell
imbalance has been implicated in the pathogenesis of most
common autoimmune diseases, including MS (71). Furusawa
et al. reported that treatment of naïve T cells with butyrate, which
is an HDAC inhibitor, enhanced the acetylation of Foxp3, and
consequently promoted the differentiation of Treg cells (72). The
abundance of Clostridium XIVb, which is another butyrate
producer, was observed to decrease significantly in Chinese
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patientswithMS. In our previous study, we observed a reduction in
the relative abundance of Clostridium XIVb in patients with major
depressive disorder, which correlated negatively with the serum
BDNF levels (55). Inconsistent with our present findings, the
abundance of Clostridium XIVb was observed to increase in
various diseases such as juvenile idiopathic arthritis and Rett
syndrome (73, 74). Similar to Clostridium cluster IV, Clostridium
XIVbwas themost effective in generating high levels of Treg cells in
the CD4+ T cell population, which are essential for maintaining
immune tolerance and abrogating chronic inflammatory or
autoimmune diseases (75). In addition, our study also
demonstrated the reduction in the abundance of Roseburia, a
member of the Clostridium cluster XIVa, in Chinese patients with
MS. Similar to Faecalibacterium, the butyrate producer, Roseburia,
was also detected in patients with Crohn’s disease. Machiels et al.
reported that the abundances of both Faecalibacterium and
Roseburia correlate inversely with disease activity in ulcerative
colitis (76). Roseburia has been shown to exert beneficial effects in
colitis model mice and Caco-2 cells by enhancing the anti-
inflammatory response, which could reduce the DAI score by
enhancing colonic Treg cell differentiation and the levels of the
anti-inflammatory cytokines TSLP, IL-10, and TGF-b in the
intestinal mucosa of colitis model mice (77). Therefore, Roseburia
also played a beneficial probiotic role in alleviating inflammation in
autoimmune diseases. Dorea, which is also a member of the
Clostridium cluster XIVa, has been considered to form a part of
healthy gut microbiota. Chen et al. found that the relative
abundance of Dorea was higher among American patients with
MS, which was inconsistent with the findings of the present study
(9). The anti-inflammatory properties ofDoreamight be associated
with the developmentofMS.Butyricicoccus, which is also a butyrate
producer, is reportedly a beneficial bacterium that suppresses
inflammatory bowel diseases, which has a strong negative
correlation with the levels of the target cytokines and cell types
(78). Shi et al. observed that the abundance of Butyricicoccus
decreased significantly in patients with severe and active Graves’
orbitopathy compared to that in controls (79). Everard et al.
demonstrated that the abundance of Butyricicoccus, which can
improve gut barrier integrity, correlated negatively with the levels
of pathogenic Ab42 in the brain (80). Therefore, our present study
revealed that altered composition of the fecal microbiota especially
those SCFAs producers, which regulate host immune homeostasis,
might play vital roles in the development of MS.

In fact, systemic inflammation can also affect disease expression
inMS. The progression ofMS is associated with the loss of immune
homeostasis, increased systemic inflammation, and disruption of
the blood-brain barrier. A previous study has revealed that CD4+ T
cells mediate inflammation in the central nervous system, which
triggers demyelination and axonal degeneration, and this has been
shown toplay amajor role inMSpathogenesis (81). Consistentwith
previous studies, our present study also revealed obvious systemic
inflammation in Chinese patients with MS, characterized by
increased levels of IL-17 and TNF-a and decreased levels of IL-
1ra, IL-8, IL-9, MCP-1, MIP-1a, and MIP-1b. The changes in the
levels of inflammatory mediators such as inflammatory and anti-
inflammatory cytokines, chemokines, and growth factors might
Frontiers in Immunology | www.frontiersin.org 1140
constitute the primary characteristics of systemic inflammation in
MSpatients, andcurrentMStherapies aimtorestorehost immunity
to a healthy status. Kürtüncü et al. observed that increased IL-17
levels can be reduced significantly after IFN-b treatment, which
indicates that Th17-type immunity plays a crucial role in the
pathogenesis of MS. Recently, the chemokine IL-9 has been
shown to play a major role in regulating autoimmune responses
inexperimental autoimmuneencephalomyelitis,which is ananimal
model of MS. IL-9 has emerged as a key cytokine involved in the
regulation of the balance betweenTh17 andTregs levels inMS (82).
The intestinal microbiota can influence host immunity in the
intestinal tract as well as at distal sites. The intestinal microbiota
affect systemic immune responses by modulating several key
pathways: expansion of extra-intestinal T cell populations,
production of SCFAs, development of oral tolerance, and control
of inflammation (83). In our study, we found that the abundance of
Faecalibacterium correlated positively with the levels of IL-8 and
MIP-1a. IL-8 possesses potent neutrophil chemoattractant and
activating properties. A previous study showed that butyrate,
mainly metabolites of Faecalibacterium, can induce Caco-2 cells
to secrete IL-8 in response to lipopolysaccharide (84). However,
recent study found that the supernatant ofFaecalibacterium culture
can NF-kB activation and the production of the pro-inflammatory
cytokine IL-8 in vitro, which is contrary toour presentfindings (85).
The abundances of Faecalibacterium and Roseburia correlated
negatively with the levels of the pro-inflammatory cytokine TNF-
a, while that of Flavonifractor, which is an MS-enriched taxa,
correlated positively with the levels of TNF-a. TNF-a can
mediate monocyte infiltration into the intestinal tissues resulting
in tissue damage, which is one signs of inflammation. Interestingly,
Faecalibacterium and its supernatant can suppress the expression
TNF-a, and then alleviate the inflammation. Evidence has shown
thatRoseburia plays an important role inmaintaining gut health by
improving the gut ecosystem and exhibiting anti-inflammatory
effects (86, 87). The correlations between Roseburia and TNF-a in
our present findings might also link with its metabolite such as
butyrate. Flavonifractor has been reported to participate in the
metabolism of catechin in the gut (88). However, the biological
regulatory effects of Flavonifractor in autoimmune diseases are still
unclear. We postulated that Flavonifractor might influence the
expression of TNF-a directly or via its metabolites. Of course, the
systemic immune response in MS was impacted by the bacterial
mixtures of these key functional bacteria together. The specific roles
of these key functional bacteria alone should be explored in MS
animal models in the future. Interestingly, numerous studies have
demonstrated that the metabolites of these key functional bacteria,
SCFAs, have beendemonstrated to influence systemic autoimmune
responses and participate in different steps of the inflammatory
process (89, 90). SCFAs have been observed to regulate the
functions of almost every type of immune cell by altering gene
expression, differentiation, chemotaxis, proliferation, and
apoptosis. Previous studies have shown that compared to acetate
and propionate, butyrate exhibits strong anti-inflammatory
properties, which exert regulatory effects on inflammatory
processes by maintaining the balance of Th17/Treg cells and the
levels of pro- and anti-inflammatory cytokines (91). These data
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indicate that the disturbed intestinal microbiota, especially the
SCFA-producing key intestinal functional bacteria that are
variably abundant, could modulate host immunity, induce
systemic inflammation, and participate in the progression of MS.
Therefore, this is a useful strategy that targets systemic
inflammation by modulating the abundances of specific intestinal
key functional bacteria, and may provide novel avenues for MS-
modifying therapy.

However, our present study is limited in some ways. First, the
number of MS patients was relatively small in our present
microbiota analysis. More MS patients enrolled from different
regions of China might make our results more solid and
reasonable. Second, our 16S rRNA amplicon rather than
metagenomic sequencing limited the finding of specific
bacteria related to MS at the species level. Third, the functional
and metabolic changes in the microbial communities were
mostly speculative and there was no functional validation of
the microbiome findings. Future culturomics should be used to
obtain the MS-associated bacteria, and cell and animal
experiments could help determine the cause-effect relationship
between these key functional bacteria and the pathogenesis
of MS.
CONCLUSION

In summary, our study revealed alterations in the fecal
microbiota and altered host immune response in Chinese
patients with stable MS. The characterizat ion and
manipulation of the MS-associated microbiome may have
significant potential as diagnostic and therapeutic strategies,
respectively. In addition, the abundances of key functional
bacteria that were altered significantly correlated with the
levels of pro- and anti-inflammatory cytokines and
chemokines, which indicates that intestinal microbiota might
play vital roles in the development of MS via the regulation of
host immunity. Therefore, the modulation of intestinal
microbiota through personalized diet or beneficial microbial
intervention may be a potential strategy for patient-tailored
early intervention of MS. However, the role of those key
functional bacteria especially butyrate producers in systemic
inflammation in Chinese patients with MS in the present study
remains unclear. Further studies are necessary to decode the
sophisticated bidirectional dialogue between butyrate-producing
bacteria and host immunity associated with the development,
remission, and prognosis of Chinese patients with MS.
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SUPPLEMENTARY FIGURE 1 | The diversity and richness of the fecal
microbiota in MS. The diversity indices, such as Shannon (A), and Simpson (B), and
the richness indices, such as observed species (C) ACE (D), and Chao1 (E), were
used to evaluate the overall structure of the fecal microbiota in Chinese MS patients
and healthy controls. Data are presented as mean ± standard deviation. Unpaired t
tests (two-tailed) were used to analyze variation between the two groups. Principal
coordinate analysis (PCoA) plots of individual fecal microbiota based on jaccard (F),
Bray-Curtis (G), unweighted (H) and weighted (I) UniFrac distance in Chinese MS
patients and healthy controls. Each symbol represents a sample. The Venn diagram
illustrates the overlap of OTUs in the fecal microbiota between the two groups (J).
Rarefaction curves were used to estimate the richness (at a 97% level of similarity) of
the fecal microbiota between the two groups (K). The vertical axis shows the
number of OTUs expected after sampling the number of tags or sequences shown
on the horizontal axis. Rank abundance curves of bacterial OTUs derived from the
two groups, which indicated that the majority of the OTUs were present at low
abundance in the fecal microbiota samples with greater sequencing depth (L).

SUPPLEMENTARY FIGURE 2 | Heatmap of the family-level taxa in the fecal
microbiota of Chinese MS patients and healthy controls. The colour of the spots in
the panel represents the relative abundance (normalized and log10-transformed) of
the family in each sample. The relative abundance of the bacteria in each family is
indicated by a gradient of colour from blue (low abundance) to red (high
abundance). The taxonomic classifications of the family are shown on the right. The
corresponding Shannon index in each sample is shown under the heatmap.
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Trillions of symbiotic microbial cells colonize our body, of which the larger part is present in
the human gut. These microbes play an essential role in our health and a shift in the
microbiome is linked to several diseases. Recent studies also suggest a link between
changes in gut microbiota and neurological disorders. Gut microbiota can communicate
with the brain via several routes, together called the microbiome–gut–brain axis: the
neuronal route, the endocrine route, the metabolic route and the immunological route.
Helicobacter is a genus of Gram-negative bacteria colonizing the stomach, intestine and
liver. Several papers show the role of H. pylori in the development and progression of
neurological disorders, while hardly anything is known about other Helicobacter species
and the brain. We recently reported a high prevalence of H. suis in patients with
Parkinson’s disease and showed an effect of a gastric H. suis infection on the mouse
brain homeostasis. Here, we discuss the potential role of H. suis in neurological disorders
and how it may affect the brain via the microbiome–gut–brain axis.

Keywords: Helicobacter pylori, Helicobacter suis, microbiome–gut–brain axis, gut microbiota, neurological disorders
INTRODUCTION

The human microbiota contains trillions of symbiotic microbial cells that live in and on our body of
which the vast majority are present in the human gut (1–4). These commensal microbes perform
several functions essential to our health and survival, including food digestion (5, 6), activation of
certain drugs (4), prevention of infections (7–9), and they might play a role in the maturation of our
immune system (10, 11).

Already for a few decades, changes in the gastrointestinal microbiota have been associated with a wide
range of health problems including rheumatoid arthritis, inflammatory bowel diseases, asthma, and
cancer, et cetera (12–17). Moreover, it has been shown that gastrointestinal changes are able to influence
neurological disorders such as depression, anxiety, Alzheimer’s disease, Parkinson’s disease, andmultiple
sclerosis (MS) (18–29). Recently, it became clear that the gut microbiome can signal to the brain via
several pathways, together called the microbiome–gut–brain axis (30–34). In general, communication
org January 2021 | Volume 11 | Article 584165145
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betweenmicrobiota and the brain is divided into four categories: the
neuronal route (enteric nervous system and vagus nerve), the
endocrine route (e.g. cortisol), the metabolic route (e.g. short
chain fatty acids (SCFAs) and tryptophan), and the
immunological route (e.g. cytokines and immune cells) (35, 36).
Bacteria can also affect the composition of the gut microbiota,
thereby indirectly affecting gut-brain signaling [Cryan and
Dinan (35)].
HELICOBACTER PYLORI AND
NEUROLOGICAL DISORDERS

A gastric spiral-shaped, Gram-negative microorganism, calledH.
pylori, colonizes the stomach of more than half of the world’s
human population albeit with large geographical variations. Next
to gastritis, peptic ulcer disease, mucosa-associated lymphoid
tissue (MALT) -lymphoma, and adenocarcinoma, H. pylori
infection has also been associated with neurological diseases.

Even though both innate and acquired immune responses are
activated in individuals infected with H. pylori, the host is unable to
eradicate the bacteria, leading to a chronic lifelong infection (37, 38).
To escape the host’s immune response and to survive in the hostile
Frontiers in Immunology | www.frontiersin.org 246
conditions found in the stomach, H. pylori has developed several
strategies, including manipulating innate immune receptors and
inhibiting effector T-cell responses (39, 40). The mechanism to
evade the immune system depends on the presence or absence of
certain bacterial virulence factors (39). The evoked immune response
by the host can lead to the local secretion of various inflammatory
mediators, such as interleukin (IL) 8, -6, -1b, -10, and -12, tumor
necrosis factor (TNF) and interferon (IFN) g, which might reach the
circulation causing a systemic effect (41, 42). The persistence of
noticeable local and systemic concentrations of these pro-
inflammatory factors can induce neuroinflammation and -toxicity
(41). Next to this, H. pylori infection leads to the release of several
neurotransmitters, such as acetylcholine, adrenaline, noradrenaline,
serotonin, and dopamine (43, 44). Moreover, H. pylori infection
might lead to axonal/neuronal damage, production of free radicals,
and changes in neuropeptide expression, such as vasoactive intestinal
peptide (VIP) and c-fos (43). Lastly, H. pylori infection is associated
with changes in the composition of the gastrointestinal microbiome
(43, 45). These changes, illustrated inFigure 1A, can potentially alter
the outcome of neurological disorders.

Indeed, seropositivity for H. pylori has been associated with
poor cognition (46), neurologic impairment (47), and
cerebrovascular disease (48) and is recognized as a significant
A B

FIGURE 1 | Changes at the microbiome–gut–brain axis during Helicobacter pylori and Non-H. pylori Helicobacter (NHPH) infection. (A) H. pylori is associated with
persistent local inflammation, which might lead to systemic inflammation, characterized by increased levels of free radicals, cytokines and chemokines in the blood. Infection
also leads to the release of several neurotransmitters, such as acetylcholine, adrenaline, noradrenaline and dopamine, but also increased levels of neuropeptides, such as
vasoactive intestinal peptide (VIP) and c-fos. Moreover, H. pylori can lead to blood–brain barrier breakdown and axonal/neuronal damage. (B) H. suis is associated with
inflammation of the stomach, associated with loss of the gastrointestinal barrier function, leading to leakage of TLR4 ligands into the blood. This leads to the breakdown of
the blood-CSF barrier, combined with microgliosis and cognitive decline. H. suis-induced changes in the pH possibly leads to changes in the gastrointestinal microbiome.
Moreover, lower levels of glutamate are present, which could influence the production of several neurotransmitters. Higher levels of IL-17 can block hippocampal
neurogenesis while IFN-g and lymphotoxins could lead to demyelination. BBB, blood–brain barrier; CSF, cerebrospinal fluid; IL, interleukin; IFN, interferon.
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risk factor for the development of dementia (21, 49). Next to an
association of H. pylori with Parkinson’s disease (50), it has also
been shown that infection with H. pylori increases the risk of
developing Parkinson’s disease (41, 51, 52). Moreover, it has
been shown that eradication of H. pylori improves the motor
symptoms associated with Parkinson’s disease (53, 54).
Interestingly, H. pylori might influence the bioavailability of L-
3,4-dihydroxyphenylalaline (L-DOPA), the most common
treatment for Parkinson’s disease (52, 55).

H. pylori might also play a role in Alzheimer’s disease as
discussed in a review by Doulberis et al. (56). H. pylori infection is
associated with mild cognitive impairment, a prodromal phase of
Alzheimer’s disease (57, 58) andwithAlzheimer’s disease itself (59).
Higher levels of neuro-inflammation have been found in
Alzheimer’s disease patients infected with H. pylori, which
correlated with cognitive decline (60, 61), whereas eradication of
H. pylori improved the cognitive and functional abilities (62, 63).

In multiple sclerosis (MS), however, H. pylori is found less in
patients compared to control ones (64) and infection is even
thought to be beneficial (65). Lower clinical signs were found in
mice infected with H. pylori compared to control animals (66).
THERE IS MORE IN THE STOMACH THAN
HELICOBACTER PYLORI

Since the description ofH. pylori, many other gastric species in the
genusHelicobacterhave beendescribed. These gastric non-H.pylori
Helicobacter (NHPH) species have been reported in the stomach of
various hosts, including pigs, dogs, cats, and non-human primates
and some of them have a zoonotic potential (67, 68). The most
prevalent gastric NHPH species in humans is Helicobacter suis
which naturally colonizes the stomach of pigs and non-human
primates (67, 68). The bacterium is of zoonotic importance,
infecting 0.2–6% of the human population, causing gastritis,
peptic ulcers, and MALT lymphoma (67). However, since some
infections with this microorganism remain subclinical, their true
prevalence in humans is probably underestimated (67).
Furthermore, these spiral-shaped bacteria are not always found in
the human stomach after investigation of a small biopsy sample due
to their focal and patchy colonization pattern (67, 69–71). Like H.
pylori, H. suis may lead to a life-long infection, associated with a
tolerogenic immune response (24, 72).

In literature, hardly any data is available on the association
between an infection with NHPH species and neurological
disorders. Indeed, there are no papers describing the association
ofNHPHwith neurodegenerative or -immunological disorders like
amyotrophic lateral sclerosis, spinocerebellar degeneration, acute
disseminated encephalomyelitis, and Guillain-Barré syndrome.
One study showed that mice infected with Helicobacter felis
display both gastric and neuroinflammation (73). In another
study, a remarkable high presence of H. suis DNA (27%) was
found in gastric biopsies from idiopathic Parkinson’s disease
patients compared to a control group without clinical symptoms
of Parkinson’s disease (2%) (74). This was not the case for other
zoonotically important gastric NHPH species. Additionally,H. suis
Frontiers in Immunology | www.frontiersin.org 347
DNA was found in a blood sample of a patient simultaneously
affected by Parkinson’s and Alzheimer’s disease. After eradication
of the H. suis infection, the patient’s gastric and neurological
symptoms improved remarkably (74). Moreover, H. suis infection
in Parkinson’s patients has recently been linked with higher
mortality (75). To our knowledge, there are no other papers
describing a role for H. suis in neurological disorders. Here, we
will discuss several possible waysH. suismight influence the brain.
These changes are summarized in Figure 1B.
HELICOBACTER SUIS AND THE
MICROBIOME–GUT–BRAIN AXIS

In the first part, inflammatory changes in the stomach and how
they might affect the brain via the systemic circulation are
discussed. In the second part, changes due to virulence factors
of H. suis and the effect on the microbiome are discussed.

Inflammatory Changes and
Gastrointestinal Barrier Functioning
Infection with H. suis in pigs and mice is associated with increased
inflammation in the stomach, characterized by the higher
expression of IL-8, -10, -1b, and -4, keratinocyte chemoattractant
(KC), lipopolysaccharide-induced CXC chemokine (LIX), and
macrophage inflammatory protein (MIP2) depending on the host
(72, 76–78). This leads to the infiltration of B- and T-cells and
macrophages in mice, inducing a Th2 response.

Gastritis is accompanied by mucosal edema (67) and gastric
epithelial cell death (79), all of which could compromise the
integrity of the gastrointestinal barrier. The gastrointestinal barrier
consists of two layers: the epithelial cell layer, connected by tight
junctions, and a mucus layer. In pigs, significant downregulation of
claudin 18 (CLDN18) was found in the stomach of H. suis infected
animals (72). In a recent mouse study, we found increased
permeability of the gastrointestinal barrier after H. suis infection,
accompanied by increased expression of mucine 13 (Muc13) and
aberrant localization of zonula occludens 1 (ZO1) (77). This further
progressed to systemic inflammation, characterized by the leakage
of TLR4 ligands into the blood, affecting the brain homeostasis via
the blood–cerebrospinal fluid barrier (77). Next to TLR4 ligands,
also IL1b was found in the serum of H. suis-infected mice, which is
shown to induce inflammatory gene expression in the hippocampus
and hypothalamus associated with sickness behavior (80). As
discussed below, also other molecules that are observed in the
stomach uponH. suis infectionmight affect the brain when reaching
the systemic circulation due to a leaky gut.

Next to the Th2 response, also a Th17 response has been
associated with H. suis infection in the different hosts (mice,
gerbils, pigs, and humans), characterized by the presence of Th17
cells and/or increased levels of IL-17 in the stomach (76, 78, 81,
82). IL-17 is known to block adult hippocampus neurogenesis
(83) and is linked to depression in MS (84). In gerbils, but not
mice, also increased levels of IFN-g were found in the stomach of
H. suis infected animals (81). IFN-g is shown to be a regulator of
the neural precursor pool in the non-inflamed brain (85) but is
January 2021 | Volume 11 | Article 584165
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also linked with demyelination due to the reduced proliferation
and viability of oligodendroglial cells (86, 87).

H. suis is also associated with increased levels of lymphotoxin
(LT)-a and -b in the stomach ofmice (88). These cytokines are not
only involved in the generation of follicular dendritic cells (89), but
also regulate neuronal and glial lineage differentiation (90).
Lymphotoxins have been shown to play a role in MS, causing
demyelination due to oligodendrocyte toxicity (91). Blocking
lymphotoxin in experimental autoimmune encephalomyelitis
(EAE), a mouse model of MS, reduces disease symptoms, which
is accompanied with lower levels of the chemokine CXCL13 (92).
This chemokine plays a role in the recruitment of B-cells and its
expression is increased in the stomach afterH. suis infection in both
pigs, mice, and gerbils (72, 81), as are other chemokines such as C-
X-C motif chemokine receptor (CXCR) 7, 15 and 4, C-C motif
chemokine ligand (CCL) 19 and 21, and C-X-C motif chemokine
ligand12 (CXCL12) (88). InMS,higher levels ofCXCL13havebeen
observed in B-cell aggregates in the inflamed meninges (92) and
correlate with demyelination, neural cell loss, and rapid disease
progression (93). Thus, higher levels of CXCL13 caused by aH. suis
infection can potentially lead to accelerated disease progression.

Changes Due to Virulence Factors,
Metabolism and Microbiome
H. suis affects the presence of glutamine and glutathione by its
virulence factor g-glutamyl transpeptidase (GGT), in this way
damaging epithelial cells (81, 82, 94). Glutamine and glutathione
are not only important for the health of gastrointestinal tissue
(95), they are also precursors for the neurotransmitters
glutamate, aspartate, and g-amino butyric acid (GABA), which
are important neurotransmitters. Depletion of glutamine, caused
by H. suis infection, could thus lead to changes in these
neurotransmitters, affecting gut–brain signaling.

Urea is converted byH. suis to ammonia by the presence of urease
(96, 97). High levels of ammonia are linked to encephalopathy,
associated with neuropsychiatric and neurological symptoms (98,
99).Although it is unlikely that anH. suis infection leads tohigh levels
of ammonia, the continuous exposure of slightly higher levels could
also interfere with normal brain functioning.

Parietal cells are also affected by H. suis-associated inflammation.
This leads to changes in the expression and functioning of H+/K+-
ATPase and subsequent changes in pH, which is associated with
more fluid gastric content (72). These changes can subsequently
influence the gastric microbiota. Indeed, more Fusobacterium
gastrosuis was found in H. suis infected pigs (100). Infection with
Frontiers in Immunology | www.frontiersin.org 448
H. felis, another NHPH known to infect humans, is associated with a
decrease in Lactobacillus and an increase in Clostridium,
Bacteroidetes, Prevotella, Eubacterium, Ruminococcus, Streptococcus,
and E. coli in the stomach (94, 101). Lactobacillus has been shown to
secrete acetylcholine, which is important in regulating memory,
attention, and learning, and has therapeutic effects in mental
illnesses, reducing anxiety and depression (102). Lower numbers of
Lactobacillus due toH. suis could thus possibly affect mood. Increased
levels of Clostridium has been linked to autism (103), indicating that
increased presence of Clostridium in H. suis-infected animals might
affect brain homeostasis.
CONCLUSION

Numerous studies have been published about the possible effect
of a H. pylori infection on neurological diseases, while other
Helicobacter species have hardly been studied. However, recent
studies report on a possible link between H. suis infection and
Parkinson’s disease. Here, we describe several possible pathways
in the microbiome–gut–brain axis which could be influenced by
H. suis infection. Altogether, this highlights the importance of
gaining more insights in the role of non-Helicobacter pylori
Helicobacter species in neurological diseases.
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Multiple sclerosis is a chronic autoimmune disease involving the central nervous system,

and shows a high disability rate. Its pathogenesis is complicated, and there is no good

treatment. In recent years, with in-depth studies on the regulation of gastrointestinal

flora, the relationship between the mammalian immune system and the intestinal flora

has been extensively explored. Changes in the composition and structure of the

gastrointestinal flora can affect the characteristics and development of the host immune

system and even induce a series of central nervous system inflammation events. The

occurrence and development of multiple sclerosis are closely related to the continuous

destruction of the intestinal barrier caused by intestinal dysbacteriosis. In this study,

we analyzed Lactobacillus acidipiscis in a mouse model of experimental autoimmune

encephalomyelitis (EAE). We found that the amount of L. acidipiscis in the intestinal tract

was inversely proportional to the progress of EAE development. In addition, the number

of CD4+ FOXP3+ regulatory T cells in the mesenteric lymph nodes of mice increased

significantly after the mice were fed with L. acidipiscis, and the differentiation of CD4+ T

cells to Th1 and Th17 cells was inhibited. However, the protective effect of L. acidipiscis

was lost in γδ T cell-deficient mice and hence was concluded to depend on the presence

of regulatory γδ T cells in the intestinal epithelium. Moreover, including L. acidipiscis

enhanced the development of Vγ1+ γδ T cells but suppressed that of Vγ4+ γδ T cells.

In summary, our results demonstrated the ability of L. acidipiscis to induce generation of

regulatory γδ T cells that suppress the development of the encephalomyelitic Th1 and

Th17 cells and the progress of EAE.

Keywords: Lactobacillus acidipiscis, γδ T cells, regulatory T cells, T helper cells, multiple sclerosis, experimental

autoimmune encephalomyelitis

INTRODUCTION

More than 2.5 million people worldwide suffer from multiple sclerosis (MS), which is a chronic
autoimmune disease affecting the central nervous system (CNS) and mainly occurring in young
women with a high disability rate (1, 2). The pathogenesis of MS is very complex and its
exact mechanism is unclear. Inflammation of the CNS and demyelination of the nerves are
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the main signs of MS. At present, MS is generally believed to be
caused by autoreactive immune cells infiltrating the blood-brain
barrier (BBB) with abnormal responses to autoantigens of the
CNS, and myelin-specific CD4+ T cells are key to the occurrence
of this disease (3). CD4+ helper T (Th) cells are considered to
play the most important role in the pathogenesis of MS. Th1 and
Th17 cells promote inflammation of the CNS, while Th2 and
regulatory T (Treg) cells inhibit it. Experimental autoimmune
encephalomyelitis (EAE) is a disease model mediated by specific
sensitized CD4+ T cells, and is constructed by immunizing
experimental animals with myelin sheath protein. This model
is consistent with the induction method of MS, specifically
combining myelin oligodendrocyte glycoprotein residues 35–55
(MOG35−55) with immunostimulant to induce the generation of
pathogenic Th1 and Th17 cells (4).

Changes of intestinal microflora may lead to maladjustments
of the immune response in the intestinal tract and other
peripheral lymphoid sites including the CNS. There is increasing
evidence that signal communication on the microbe-gut-brain
response axis is closely related to the occurrence of MS,
Parkinson’s disease, Alzheimer’s disease, depression, and other
CNS diseases (5). Intestinal symbiotic bacteria that induce
the generation of CD4+ T cells have been shown to change
the severity of the demyelination of the CNS, and changing
some bacterial groups in the intestinal tract could lead to
a proinflammatory state, which in turn may lead to the
development of autoimmune diseases, especially MS. Oral
treatment of mice with antibiotics has been shown to reduce
the severity of EAE by reducing inflammation and increasing
accumulation of FOXP3 in mesenteric and cervical lymph nodes
(6). Our results in 2016 demonstrated that the attenuation of
EAE seen following CD44 gene deletion in mice, i.e., in CD44
knockout (CD44KO) mice, may result from alterations in the
gutmicrobiota and short-chain fatty acids (SCFAs). Furthermore,
our studies also demonstrated that phenotypes of gene knock-out
animals in general may be shaped by gut microbiota (7).

Lactobacillus acidipiscis is an aerobic gram-positive
lactobacillus acidophilus, and was recently discovered to be
present in the lungs of healthy people, with this presence
related to the function of pulmonary γδ T cells (8). In the
intestinal epithelial lymphocytes (IELs) of mice, specifically in
the duodenum and jejunum, the percentage of T cells consisting
of γδ T cells was observed to be as high as 70%, much higher
than that of αβ T cells (9). More interestingly, γδ T cells
constitute the main target of intestinal bacteria. Aerobic bacteria
or facultative anaerobes can activate γδ T cells more effectively
than can anaerobes. One of the effectors produced by γδ T cells
has been found to be IL-17, and hence these T cells are called
IL-17-producing γδ T (γδ17 T) cells. In EAE, γδ17 T cells have
shown both positive and negative effects, namely on the one
hand aggravating the disease by increasing the quantity of Th
17 cells, but also on the other hand alleviating the disease by
promoting apoptosis of Th17 cells and enhancing the function
of Treg cells. The positive and negative effects of γδ17 T cells
may be related to the heterogeneity of γδ T cells. The expression
of CCR5 in Vγ1+ γδ17 T cells can enhance the function of Treg
cells and induce the apoptosis of αβ T cells through FAS-FASL

signal transduction. However, the expression of CCR6 in Vγ4+

γδ17 T cells promotes the generation of pathological Th17 cells
(10, 11). Therefore, inducing protective regulatory γδ T cells
has become a new strategy for treating MS. Studies have shown
that intestinal bacteria can stimulate macrophages and dendritic
cells to produce IL-1 and IL-23, and activate γδ17 T cells via
the guanosine exchange factor 1 (VAV1) signaling pathway.
According to the composition of T cell receptors, the peripheral
γδ T cells in mice can be divided into two main subsets: Vγ1+

and Vγ4+ (12). However, Vγ1+ γδ T cells have been shown to
produce more Th2-type cytokines such as IL-4, while Vγ4+ γδ

T cells have been shown to preferentially produce IL-17A. In
an experiment involving PMA/ionomycin-activated Vγ1+ and
Vγ4+ γδ T cells, 20 differentially expressed genes were identified
in the two cell subtypes, with most of these genes related to
cytokines, cell differentiation, transcription and translation
(13). In addition, intestinal probiotics were shown to produce
protective short-chain fatty acids (SCFAs) such as acetate,
propionate and butyrate acids (14), which have been shown to
regulate the immune balance of intestinal and extraintestinal
lymphoid tissues and organs, induce the differentiation of CD4+

T cells from Th1/Th17 cells to Th2/Treg cells, and induce the
production of regulatory dendritic cells (DCs) and migration of
Treg cells to gut-related lymphoid tissues (GALTs).

In rodent models, discrepancies in gut microbiota were found
to be associated with in some cases susceptibility to EAE and
other cases resistance to EAE (15). Previous studies from our
laboratory showed that CD44 may also regulate inflammation,
in as much as CD44 deficiency inhibits proinflammatory Th1
and Th17 cells while promoting CD4+ Th2 and Treg cell
differentiation (16). In fact, CD44 deficiency led to decreased
inflammation and amelioration of an experimental form of EAE.
In those studies, CD44 gene deletion led to the alteration of
gut microbiome and attenuation of EAE with simultaneously
increase of Treg as well as decrease of Th17 (7).

In our current study, we found that L. acidipiscis became
significantly more abundant in the intestinal flora of the EAE-
resistant (CD44KO) mice, having become the predominant
lactobacillus, and the number of γδ T cells in the intestinal
tissue increased significantly. L. acidipiscis induced resistance
of otherwise EAE-susceptible mice to EAE by inducing
the proliferation of protective Treg cells and inhibiting the
differentiation to Th1 and Th17 cells. In addition, L. acidipiscis
was shown to be able to induce the generation of Vγ1+ γδ T
cells having inhibitory effects onMS, with these T cells denoted as
regulatory γδ T cells. In the absence of these regulatory γδ T cells,
L. acidipiscis did not protect mice from EAE. Neither a clinical
correlation between L. acidipiscis and MS nor its application in
the clinical treatment of MS was investigated in the current work,
but the experimental results that were obtained should provide
the basis for further research in this field.

MATERIALS AND METHODS

Mice and Reagents
Specific-pathogen-free (SPF) C57BL/6 female mice that were
6–8 weeks old were purchased from Guangdong Medical
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Laboratory Animal Center. Also, SPF CD44KO female mice
that were 6–8 weeks old were purchased from Jackson
Laboratory and TCR δ−/− female mice that were 6–8
weeks old were purchased from Shanghai Model Organisms.
All experimental animals were maintained under specific
pathogen-free conditions at Guangzhou Medical University.
All animal experiments were conducted under the protocols
approved by and in accordance with the guidelines of the
Institute Animal Care and Use Committee of the University.
Myelin oligodendrocyte glycoprotein (MOG35−55) peptide was
purchased from GL Biochem (Shanghai, China). Pertussis toxin
was purchased from Tocris. Incomplete Freund’s adjuvant
was purchased from Sigma. Antibodies and isotypes were
purchased from eBioscience and BioLegend. Cell stimulation
cocktail (plus protein transport inhibitors, 500×) was purchased
from eBioscience.

Microbial Analysis in the Intestinal and
Lactobacillus acidipiscis Culture
Fecal samples of EAE mice, specifically of CD44KO (KO) mice
and C57BL/6 wild-type (WT) mice, were collected according
to the procedure described previously (17). The microbial
community of mouse intestinal contents was further analyzed
using 16S rDNA. 16S rRNA amplicons were generated for the
V3-V4 hypervariable regions of the fecal samples. Moreover,
the Lactobacillus acidipiscis 10851 strain and Escherichia coli
(E. coli) used in this study were obtained from the China
Center of Industrial Culture Collection (CICC, Beijing, China).
The strains were amplified in MRS liquid bacterial medium
at 37◦C for 24 h, and L. acidipiscis 10851 or E. coli solution
was obtained. The solution was subjected to centrifugation at
3,000 g for 5min, and the resulting supernatant was discarded
to obtain the L. acidipiscis 10851 or E. coli precipitate. Each
precipitate was suspended in sterile phosphate-buffered saline
(PBS, pH 7.4), and subjected to another centrifugation at 3,000 g
for 5min. Then, the resulting supernatant was discarded, and
the number of bacteria in the remaining liquid was counted
after repeated washing. Final bacterial dilutions were carried
out according to bacterial colony forming units (cfu/mL)
at the indicated bacterial cell densities in different buffers
or media.

Collection of Feces and Analysis of SCFAs
The fecal contents were collected from C57BL/6 mice fed with
E. coli or L. acidipiscis before being subjected to MOG35−55

peptide immunization. Feces were collected on day 15 of
the immunization as described previously (18). Fecal contents
(100mg) were acidified with 25% metaphosphoric acid for
30min on ice and then centrifuged at 12,000 g for 15min at
4◦C. Supernatants were filtered using Ultra free MC columns
(0.22 µm GVDurapore, ThermoFisher Scientific) at 12,000 g
for 4min at 4◦C. And then the eluates were analyzed using a
GC-FID instrument.

Probiotic Protection and EAE Induction
C57BL/6 mice (20 animals) were randomly divided into four
groups: C57BL/6 mice that received fecal transfer from C57BL/6

mice, those from CD44 KO mice, and E. coli and L. acidipiscis
protection groups (using 10851 strain). Moreover, TCR δ−/−

mice (10 animals) were randomly assigned to two groups: E. coli
and L. acidipiscis protection groups.

Before carrying out the fecal transfers, recipient mice were
treated with streptomycin and ampicillin to deplete endogenous
gut microbiota. As described previously (19), all mice were
given antibiotics (penicillin and streptomycin, 1 mg/mL aqueous
solution, 100 µl) by carrying out oral gavage for two consecutive
days. Twenty-four hours after the second antibiotic feeding,
C57BL/6 mice were fed fecal solution (200 µl) collected from
C57BL/6 or CD44KO mice for two consecutive days. Using a
procedure similar to that used for the fecal transfer groups, some
of the mice were given E. coli and others L. acidipiscis (6 × 108

cfu/mL, 200 µl) using oral gavage for two consecutive days. At
the same time, mice deficient in γδ T cells (TCR δ−/−) were fed
E. coli or L. acidipiscis 10851 in the same manner.

EAE was observed to be induced in all mice by immunizing
them with 150 µg of MOG35−55 in CFA-containing heat-
killed Mycobacterium tuberculosis (strain H37Ra, 6 mg/mL)
as described previously (20). Then, on days 0 and 2 post-
immunization, the mice were treated intraperitoneally with,
respectively, 200 and 400 ng of pertussis toxin. Mice were
analyzed every day, and severity of EAE was scored using the 0–5
scoring grade: 0, asymptomatic; 1, tail tension loss; 2, unilateral
hind limb paralysis; 3, paralysis of hind legs on both sides; 4,
paralysis of forelimb; and 5, moribund.

Detection of Th Subsets in vivo After L.
acidipiscis Feeding
On the 15th day after the C57BL/6 mice were immunized with
the MOG35−55 peptide, cells were isolated from the mesenteric
lymph nodes of C57BL/6 mice after they were fed E. coli or
L. acidipiscis. To investigated the frequency of Treg cells in
the mesenteric lymph nodes, cells were stained with FITC-
conjugated anti-mouse-CD4 (GK1. 5, eBioscience) and APC-
conjugated anti-mouse FOXP3 antibody (FJK-16s, eBioscience).
In addition, part of the cells isolated from the mesenteric lymph
nodes were re-stimulated with MOG35−55 in vitro to observe
the differentiation of Th1 and Th17. These encephalitogenic
CD4+ T cells were cultured in RPMI1640 medium (Gibco
BRL) with 10% FCS and MOG35−55 (30µg/mL). Twenty-
four hours later, the cells were collected and stained with
FITC-conjugated anti-mouse-CD4 (GK1. 5, eBioscience), PE-
conjugated anti-mouse IL-17A antibody (eBio17B7, eBioscience)
and PerCP-conjugated anti-mouse IFN-γ antibody (XMG1.
2, eBioscience). The concentrations of IFN-γ, IL-17A, IL-
10 and IL-13 in the supernatant were determined by using
a commercial ELISA kit.

γδT Activation and CD4+ T Differentiation
in vitro With L. acidipiscis Stimulation
For γδT activation, flat-bottom 12-well plates were coated with
500 µl of purified anti-mouse TCR γ/δ antibody (UC7–13D5,
1µg/ml, BioLegend) at 4◦C overnight as described previously
(21). Splenocytes were collected from EAE-C57BL/6 mice on
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day 15 post-immunization when EAE symptoms peaked, and
B cells were removed from the population of splenocytes
by carrying out magnetic separation using an EasySep FITC
Selection Kit (Stemcell). The remaining cells were added to the
Ab-coated wells and cultured in RPMI1640medium (Gibco BRL)
supplemented with 10% fetal calf serum and IL-2 (200 IU/ml)
for 8 days. The resulting cells (2 × 106 cells) were co-cultured
with E. coli or L. acidipiscis (1 × 107 cfu) at a ratio of 5:1
splenocyte for 3 days. Cells were collected and stained with
FITC-conjugated anti-mouse-TCR Vγ1.1/ Cr4 antibody (2.11,
Biolegend), and APC-conjugated anti-mouse TCR Vγ2 antibody
(UC3-10A6, Biolegend).

CD4+ T differentiation in vitro was performed as previously

described with minor modification (16). Briefly, splenocytes

were prepared from EAE-C57BL/6 mice on day 15 post-
immunization, co-cultured with E. coli or L. acidipiscis (1

× 107 cfu) at a ratio of 5:1 splenocyte and 30µg/ml
of MOG35−55 for 24 h, followed by stimulation with Cell

Stimulation Cocktail (plus protein transport inhibitors, 500×,
eBioscience) for 5 h. Production of IL-4 and IL-17A in the
CD4+ T cells were then detected by intracellular staining and
flow cytometry.

Intracellular Staining, Flow Cytometry and
Cytokine Assays
For staining of intracellular IFN-γ, FOXP3, IL-4 and IL-17A,
cells were stimulated for 5–6 h with Cell Stimulation Cocktail
(plus protein transport inhibitors, 500×, eBioscience), which
is a cocktail of phorbol 12-myristate 13-acetate (PMA) and
ionomycin. The cells were harvested, washed twice with PBS,
and analyzed for the presence of Treg and Th17 cells. The cells
were then fixed, permeabilized, and stained with IFN-γ-PerCP,
FOXP3-APC, IL-4-PE-Cyanine7 (11B11, eBioscience) and IL-
17A-PE antibodies. Fluorescence signals were detected using a
BD FACS Canto II flow cytometer (BD Biosciences, San Jose, CA,

FIGURE 1 | The number of L. acidipiscis bacteria was significantly increased in EAE- resistant mice. (A) Plots of the intestinal flora compositions of CD44KO and WT

mice. The number of lactobacilli and number of desulphurized vibrio bacteria were higher than of WT mice in the intestinal tract of CD44KO mice, while those of

bacteroidetes and helicobacter were lower. (B) The number of L. acidipiscis bacteria was significantly increased in CD44KO mice, and L. acidipiscis was the

predominant lactobacillus in the intestinal flora of EAE- resistant mice. C57BL/6 wild-type and CD44KO mice are labeled as WT and KO, respectively. Data are shown

as mean ± SD and are from a single experiment representative with three mice per experimental group, comparisons were made between EAE WTs (n = 3) vs. EAE

KOs (n = 3). *P < 0.05, Student’s t-test.
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USA). Data were analyzed by using FlowJo (Tree Star, Ashland,
OR, USA) software.

Determination of Concentrations of
Cytokines Using ELISA
The concentrations of IFN-γ, IL-17A, IL-10 and IL-13 in
supernatants were determined by using a commercial ELISA kit
(BioLegend) according to the manufacturer’s instructions.

Histopathology
Intestinal tissues were removed from mice as a result of
subjecting heart to heparin-PBS perfusion and fixed in 10%
paraformaldehyde. These intestinal tissues were then treated with
GL3 antibody stain, and examined under an optical microscope
in order to visualize γδ T cells.

Statistical Analysis
Statistical difference between different groups was analyzed by
performing the Student’s t-test using Graph Pad Prism 6.2
software (GraphPad Software Inc, San Diego, CA, USA). The
nonparametric data (EAE scoring) were analyzed using the
Mann-Whitney U test. Values of P < 0.05 were considered
to indicate statistical significance. The statistical analysis
data are presented in the manuscript as mean ± SD or
mean± SEM.

RESULTS

The Number of L. acidipiscis Bacteria Was
Significantly Increased in EAE-Resistant
Mice
On the 15th day after mice were immunized with MOG35−55

peptide, 16s rRNA V4 sequencing analysis of the intestinal flora
of the mice was performed. We found that the intestinal flora
composition of CD44KO mice was significantly different from
that of WT. The number of L. acidipiscis in the intestines of
the CD44KO mice was much higher than that in C57BL/6
mice (Figure 1A) (p < 0.05). The part of the intestinal flora
compositions of the EAE-resisitant and WT mice are shown
in Figure 1B. Significantly different compositions of intestinal
bacteria strains in the CD44KO and WT group were observed.
Also, significantly more L. acidipiscis bacteria than other
lactobacilli were found in the CD44KO group, and L. acidipiscis
was the predominant lactobacillus in the intestinal flora of the
CD44KO mice.

L. acidipiscis Induced the Production of
Intestinal SCFA
To explore the effect of L. acidipiscis on the content of SCFAs
in the intestinal tracts of C57BL/6 mice that had been fed
L. acidipiscis, an EAE model was established by immunizing

FIGURE 2 | L. acidipiscis induced the production of intestinal SCFA. Concentrations of SCFAs in the fecal contents of EAE-WT mice that had been fed E. coli or L.

acidipiscis. Data shown are mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test) and are from a single experiment representative with five mice per

experimental group.
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some of the C57BL/6 mice with the MOG35−55 peptide, and
treating other mice with E. coli as the control group. Mouse
feces were collected on day 15 after the immunization with the
MOG35−55 peptide, and the SCFA content in mouse feces was
determined using the GC-FID method. The abundances and
concentrations of acetic acid, n-butyric acid, i-butyric acid, n-
valeric acid, propionic acid, i-valeric acid and n-caproic acid in
each sample are shown in Figure 2. The amounts of acetic acid
(p < 0.01), n-butyric acid (p < 0.01), i-butyric acid (p < 0.001),
propionic acid (p < 0.001), i-valeric acid (p < 0.01) and n-
caproic acid (p < 0.05) in the feces of C57BL/6 mice fed with L.
acidipisciswere significantly higher than for those fed with E. coli.
Furthermore, the data showed a significant difference (p< 0.001)
in the concentration of n-valeric acid between the EAE-WTmice
that received E. coli and those receiving L. acidipiscis, indicating
that L. acidipiscis could induce protective immunophenotypes by
synthesizing acetic acid and other SFCAs in the intestinal tracts of
EAE-susceptible mice.

L. acidipiscis Induced Resistance to EAE in
Susceptible Mice
Seven days before being immunized with the MOG35−55 peptide,
WT (Figures 3A,B) and TCRδ−/− (Figure 3C) mice were
inoculated with various materials: some mice were inoculated
with fecal material of CD44KO mice (Figure 3A), others with L.
acidipiscis (Figures 3B,C), and still others with the fecal material
of WT mice (Figure 3A) or E. coli bacteria (Figures 3B,C),
respectively, as controls. Feeding CD44KO mouse feces or
an L. acidipiscis bacteria suspension to WT mice significantly
inhibited the occurrence of EAE and reduced the degree of
disease (Figures 3A,B). However, the occurrence of EAE was not
significantly inhibited when L. acidipiscis was fed to mice with a
deficiency of γδT cells (TCRδ−/−) (Figure 3C), suggesting that
the protective effect of L. acidipiscis on susceptible mice requires
the presence of γδT cells.

L. acidipiscis Induced Treg Cell
Development and Inhibited Pathological
Th1 Cell and Th17 Cell Differentiation
On the 15th day after mice were immunized with MOG35−55

peptide, the number of Treg cells from mesenteric lymph nodes
of C57BL/6 mice that were fed L. acidipiscis was significantly
greater than that for C57BL/6 mice that were instead fed control
material, and the differentiation of CD4+ T cells to Th1 and Th17
cells was inhibited. The production of protective IL-10 and that of
IL-13 were each increased, while the production of pathological
IFN-γ and that of IL-17A were each significantly decreased,
indicating that L. acidipiscis may regulate the differentiation of
cerebrospinal inflammatory CD4+ T cells and induce a deviation
of the protective T cell immune response (Figure 4).

The Number of γδ T Cells Increased
Significantly in the Intestines of EAE-
Resistance Mice
We also set out to compare the numbers of γδ T cells in EAE-
resistant mice and EAE-susceptible mice. For this purpose on

FIGURE 3 | L. acidipiscis induced resistance to EAE in susceptible mice. (A)

Results showing feces of CD44KO mice having induced resistance to EAE in

WT receptor mice (WT feces: WT mice with EAE and that received feces from

WT mice, n = 5; KO feces: WT mice with EAE and that received feces from

CD44KO mice, n = 5). (B) Results showing L. acidipiscis having induced

resistance to EAE in WT mice (E. coli: WT mice with EAE and that were fed E.

coli, n = 5; L. a: WT mice with EAE and that were fed L. acidipiscis, n = 5). (C)

L. acidipiscis did not produce resistance to EAE in TCRδ−/− mice (E. coli:

TCRδ−/− mice with EAE and that were fed E. coli, n = 5; L. a: TCRδ−/− mice

with EAE and that were fed L. acidipiscis, n = 5). This result suggested the

presence of γδT cells to be required for realizing the protective effect of L.

acidipiscis. Clinical scores were recorded daily after EAE induction and fecal

transfer. The values are shown as mean ± SEM. Data were analyzed using the

Mann–Whitney U test. **P < 0.01, ***P < 0.001, #P > 0.05.

day 15 post-immunization of mice with the MOG35−55 peptide,
immunohistograms were acquired to detect the presence of γδ T
cells (GL3 antibody staining positive) in the intestinal tissues of
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FIGURE 4 | L. acidipiscis induced the development of Treg cells and inhibited pathological differentiation into Th1 and Th17 cells. Percentages of CD4+ T cells

consisting of Treg, Th1 and Th17 cells in mesenteric lymph nodes of C57BL/6 mice fed with bacteria were determined on day 15 when EAE symptoms peaked. (A)

FACS detection of CD4+ FOXP3+ Treg cells, and percentage of CD4+ T cells consisting of Treg cells. (B) FACS detection of Th1 and Th17 cells, and percentage in

CD4+ T cells. (C) Cytokine concentration in cell culture supernatant. Representative flow cytometry plots were derived from a single experiment with 5 mice per

experimental group and average percentage of each subset was expressed as mean ± SEM from three independent experiments. Statistical differences were

determined by using Student’s t-test, and data with P < 0.01 represent significant differences between the two groups.

EAE-resistant mice (CD44KO-EAE) and EAE-susceptible mice

(WT-EAE) (arrow in Figure 5). Significantlymore γδT cells were
found in the intestinal tracts of CD44KO-EAEmice than in those
of WT-EAE mice. We confirmed the resistance of CD44KOmice
to EAE to be closely related to the presence of γδ T cells in the
small intestinal epithelium of mice.

L. acidipiscis Promoted the Development
of Vγ1+ γδ T Cells and Inhibited Vγ4+ γδ T
Cells in vitro
To investigate the differential induction of Vγ1+/ Vγ4+ γδ

T cells and CD4+ Th cells by L. acidipiscis, we examined the
differentiation of γδ T cells and encephalitogenic CD4+ T cells
from the splenocytes of EAE mice. γδ T and CD4+ T cells
were co-cultured with or without L. acidipiscis strains for 3
days (Figure 6). The L. acidipiscis strain induced a significant

increase in the proportion of Vγ1+ γδ T cells, and it inhibited the

proportion of Vγ4+ γδ T cells. In addition, the differentiation of
Th2 cells was significantly enhanced after they were co-cultured
with L. acidipiscis (Figure 6B), whereas the development of Th17
cells was significantly inhibited after they were co-cultured with
L. acidipiscis (Figure 6C).

DISCUSSION

The cause of multiple sclerosis (MS) is unclear, and there are
no effective methods for preventing and treating this disease.
Immunology, genetics and histopathology data of patients with
MS support the concept that autoimmunity plays a major role in
the pathogenesis of the disease. Our current understanding of the
pathogenesis of MS and that of its disease-causing mechanisms
have mainly derived from the results of investigations using
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FIGURE 5 | Significantly more γδ T cells were observed in the intestines of EAE-resistant mice. Representative histological appearances of jejunal tissues of

CD44-EAE and WT-EAE mice on day 15 post-immunization, parts of γδ T cells with GL3 positive staining were pointed with red arrows. (A) Jejunum of a

CD44KO-EAE mice. (B) Jejunum of a WT-EAE mice. (C) Mean numbers of γδ T cells in the jejunum, ileum, colon and rectum of 10 high-power field. Data from three

separate experiments with five mice/group are presented as mean ± SEM. Data were analyzed with Student’s t-test: ***P < 0.001, #P > 0.05.

a classical mouse model; here, EAE is induced by performing
subcutaneous immunization with an emulsion composed of a
myelin component, such asMOG peptide, and complete Freund’s
adjuvant together with an administration of pertussis toxin.
The activation of an autoimmune reaction and the production
of myelin-specific CD4+ T cells have been identified as being
key to the development of MS. Therefore, inducing protective
immune phenotype constitutes an important strategy for
treatment of MS.

Highly heterogeneous microbial populations reside in the
gastrointestinal tracts of mammals, and are essential for the
immune systems of the hosts to completely develop. Intestinal
microbes determine the development of the host microbial
population and immune system, which are in a complex
balance; the genetic material of such microbes has recently
been coined as the “microbiome.” Models for spontaneous
EAE were found to be particularly useful for research on the
role of gut microbiota in the induction of brain inflammation
(22). The results of such research have indicated the signal
communication of the gut bacteria-gut-brain response axis to

be closely related to the occurrence of MS: when such animals
are kept under germ-free conditions, no disease develops; but
when their intestines are occupied by normal intestinal flora,
disease is triggered. This model can be used to identify the
bacterial components of intestinal flora, which can trigger and
expand the pro-inflammatory T cells (Th1 and Th17 cells).
Intestinal microorganisms come into contact with antigen-
presenting cells (APCs) in the intestinal lumen or Peyer’s
patches. The APCs further present antigen to the naive T
cells in the lamina propria. Naive T cells are further activated
after migrating to mesenteric lymph nodes. The activated T
cells diffuse through the blood and distal lymph nodes and
migrate to the ileum propria (23). These results can help explain
the mechanisms of chronic brain inflammation induced by
antigen diffusion. Generally speaking, intestinal probiotics play
an important role in MS, and can prevent and alleviate MS
by inhibiting and treating inflammatory cells associated with
this disease.

Gut-associated lymphoid tissue (GALT) is an important
component of the immune system. Treg and Th17 cells induced
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FIGURE 6 | L. acidipiscis promoted the development of Vγ1+ γδ T cells and inhibited Vγ4+ γδ T cells in vitro. (A) The development of Vγ1+ γδ T cells was significantly

enhanced while the development of Vγ4+ γδ T cells was significantly suppressed after they were co-cultured with L. acidipiscis. (B) The development of Th2 cells was

significantly enhanced after they were co-cultured with L. acidipiscis. (C) The differentiation of Th17 cells was significantly inhibited after co-cultured with L. acidipiscis.

Representative flow cytometry plots were derived from a single experiment with three mice per experimental group and average percentage of each subset was

expressed as mean ± SEM from three independent experiments. Data were analyzed with Student’s t-test, and data with P < 0.01, P < 0.05 represent significant

differences between the two groups.

by the intestinal tract are the characteristic T cells of the
intestinal immune network (24). While IL-10 is responsible for
maintaining the expression and function of FOXP3 in Treg
cells (25). B. adolescentis IF1-03 has been shown to stimulate
maturation of macrophages, producing higher levels of IL-10
and lower levels of IL-6 and TGF-β, features consistent with
the upregulation of Treg cells in DSS-colitis mice in vivo and
splenocytes in vitro. On the other hand, B. adolescentis IF1-
11 has been shown to stimulate macrophages to secrete higher
levels of IL-6 and TGF-β, and lower levels of IL-10, which
promoted the differentiation of CD4+ T cells into Th17 cells (26).
Therefore, as far as health and disease are concerned, specific
bacterial species have been proven to have a significant impact
on the differentiation of immune cell subsets and innate immune
maturation (27). Specifically, probiotics and prebiotics have
been reported to have positive immuno-equilibrium restorative
effects. Probiotics contribute to the balance of cytokines, and can
positively influence the progress of allergic and inflammatory

diseases. Our results showed that compared with E. coli, L.
acidipiscis increased the production of CD4+ FOXP3+ Treg cells,
IL-10 and IL-13, and inhibited the production of Th1, Th17,
IFN-γ and IL-17A. Clinical observations have shown beneficial
clinical effects of probiotics, and probiotics strains may be used to
treat inflammatory disease. Evidence has been presented to show
that probiotics such as bifidobacterium and lactobacillus in the
host can be involved in immune regulation by skewing of naive T
cells toward Treg cells (28).

γδ T cells appear earlier than do αβ T cells in the development
of thymus, mainly in the early stages of fetal development
(29). Compared with αβ T cells, γδ T cells only represent
a small number of T cell subsets (1–10%) in the peripheral
blood, and are mainly present in epithelial tissue in the form
of intraepithelial lymphocytes (IELs). γδ T cells have their own
distinct characteristics, such as relatively low TCR diversity and
being able to directly recognize antigen without the requirement
of a presentation of the antigen that are distinct from those of αβ
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T cells (30). In addition, Benakis et al. demonstrated a reduction
in ischemic brain damage in mice as a result of antibiotic-
induced changes in the intestinal flora, and that the effects
could be transmitted through fecal transplantation. Furthermore,
intestinal dysbiosis has been found to alter immune homeostasis
in the small intestine, leading to an increase in the number of
Treg cells and a reduction in IL-17-positive γδ T cells through
altered dendritic cell (DC) activity (31). These studies have
focused on the role of the intestinal flora and gut-brain axis
and IL-17 (+) γδ T cells in MS and EAE as both pathogenic
and protective, their role in the CNS, the types of subsets and a
possible role in Th17 inflammation.

The heterogeneity of phenotype and function of γδ T cells
is not clearly demonstrated so far. Studies have shown activated
Vγ1+ γδ T cells expressing relatively high levels of IL-4 and IL-
5 (32), and Vγ4+ γδ T cells secreting relatively high amounts
of IL-17A, IL-17F and IFN-γ (33). Vγ1+ γδ17 T cells and
Vγ4+ γδ17 T cells are common subtypes of γδ17 T cells. Both
cell types maintain the phenotype of producing IFN-γ, TNF-
α, TGF-β and IL-10. While Vγ1+ γδ T cells produce more
Th2-type cytokines such as IL-4 and IL-5, Vγ4+ γδ T cells
preferentially produce IL-17 (34). These positive and negative
effectsmay be related to the heterogeneity of γδT cells. Therefore,
the induction of protective regulatory γδ T cells by intestinal
probiotics constitutes a new strategy for treating MS. Overall,
our results provided evidence that L. acidipiscis could influnce
the differention of γδ T cells and CD4+ T cells into diffrent
subsets in vitro, altough the data was limited and lack of in vivo
evidence. The further study was needed in clarification of the
related questions.

CONCLUSIONS

In this study, we found a negative correlation between L.
acidipiscis in the intestinal tract and the progress of EAE. The
resistance of CD44KOmice to EAEwas related to the stimulation
and activation of γδ T cells in small intestine epithelial tissues
by L. acidipiscis. Here, we showed the presence of significantly
more γδ T cells in the intestinal tracts of CD44KO-EAE mice
than in those of WT-EAE mice. The resistance of CD44KO
mice to EAE could be transmitted by intragastric administration
of L. acidipiscis or feces transplanted from CD44KO mice.
We analyzed the composition of intestinal flora and the
levels of L. acidipiscis in EAE. Our results showed a negative
correlation between the amount of intestinal L. acidipiscis

and the progression of EAE, and showed the regulation of
encephalitogenic CD4+ T cell differentiation by L. acidipiscis
to be related to γδ T cells. Meanwhile in our experiments, L.
acidipiscis suppressed in vitro the proliferation of Th1 and Th17
cells as well as the secretion of IFN-γ and IL-17A, and clearly
promoted the development of Treg and Th2 cells. In contrast,
EAE was not significantly inhibited when L. acidipiscis was fed
to TCRδ−/− mice. In summary, we have provided evidence for
L. acidipiscis being a critical factor in the development of mouse
Treg cells. In our experiments, L. acidipiscis was used to induce
regulatory T cells to differentiate into protective cell subsets,
thus EAE-susceptible mice obtaining the resistance to EAE.
In addition, our results demonstrated an association between
progression of MS and a decreased proportion of L. acidipiscis
in the host intestinal tract, and demonstrated the ability of L.
acidipiscis to target Vγ1+ and Vγ4+ γδ T cells and to interfere
with the expression of IL-10, IL-13, IFN-γ and IL-17A.
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Emerging evidence indicates that gut dysbiosis may play a regulatory role in the onset and
progression of Huntington’s disease (HD). However, any alterations in the fecal
microbiome of HD patients and its relation to the host cytokine response remain
unknown. The present study investigated alterations and host cytokine responses in
patients with HD. We enrolled 33 HD patients and 33 sex- and age- matched healthy
controls. Fecal microbiota communities were determined through 16S ribosomal DNA
gene sequencing, from which we analyzed fecal microbial richness, evenness, structure,
and differential abundance of individual taxa between HD patients and healthy controls.
HD patients were evaluated for their clinical characteristics, and the relationships of fecal
microbiota with these clinical characteristics were analyzed. Plasma concentrations of
interferon gamma (IFN-g), interleukin 1 beta (IL-1b), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70,
IL-13, and tumor necrosis factor alpha were measured by Meso Scale Discovery (MSD)
assays, and relationships between microbiota and cytokine levels were analyzed in the HD
group. HD patients showed increased a-diversity (richness), b-diversity (structure), and
altered relative abundances of several taxa compared to those in healthy controls. HD-
associated clinical characteristics correlated with the abundances of components of fecal
microbiota at the genus level. Genus Intestinimonas was correlated with total functional
capacity scores and IL-4 levels. Our present study also revealed that genus Bilophila were
negatively correlated with proinflammatory IL-6 levels. Taken together, our present study
represents the first to demonstrate alterations in fecal microbiota and inflammatory
cytokine responses in HD patients. Further elucidation of interactions between microbial
and host immune responses may help to better understand the pathogenesis of HD.
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INTRODUCTION

Genetic components are the dominant factors in the pathogeneses
of monogenic neurodegenerative diseases. At present, increased
attention has been focused on the role of the gut–brain axis
and its related humoral response in the development of
neurodegenerative diseases. However, the role of the gut–
brain axis in monogenic neurodegenerative disease remains
unclear.

Huntington’s disease (HD) is a monogenic, fully penetrant,
progressive neurodegenerative disorder characterized by motor,
cognitive, and psychiatric disturbances. HD is caused by the
expansion of CAG trinucleotide repeats in exon 1 of the
huntingtin (HTT) gene on chromosome 4, and HTT is widely
expressed in the brain and in peripheral tissues such as skeletal
muscles and the gut (1–4). The mutant huntingtin (mHTT)
protein, which is expressed in the gastrointestinal (GI) tract,
causes GI dysfunction, including impaired gut motility, diarrhea,
and malabsorption of food (5). Malabsorption correlates with
the amount of weight loss that is a hallmark of HD, both
in patients with HD (6–9) and in several transgenic mouse
models of HD (10). A recent study has suggested that gut
dysbiosis may play a regulatory role in the onset age and
progression of HD symptoms (11). In addition, mHTT is
expressed in peripheral myeloid cells, including monocytes
and macrophages (12, 13). Furthermore, monocytes from the
blood of HD patients produce increased levels of cytokines ex
vivo when stimulated (13, 14).

Gut microbiota may play a crucial role in the bidirectional
gut–brain axis that affects brain activity under both physiological
and pathological conditions (15). A growing number of studies
suggests that gut microbiota exhibit physiological functions
associated with neurodevelopment, brain function, and
behavior (16–19). Maladaptive changes in the composition of
gut microbiota, referred to as gut dysbiosis, have been linked to
a number of gastrointestinal and metabolic diseases, including
inflammatory bowel disease (IBD), obesity, and diabetes (20–
22). In addition, gut dysbiosis has been implicated in various
neurological and psychiatric diseases, such as autism spectrum
disorder (ASD), major depression, amyotrophic lateral sclerosis
(ALS), Parkinson’s disease (PD), and Alzheimer’s disease (AD)
(23–28). Furthermore, R6/1 transgenic HD mice exhibit weight
loss and gut-microbiota dysbiosis, the latter of which has been
confirmed via 16S ribosomal RNA (rRNA) gene sequencing
(11). Notably, alterations in circulating metabolites related to
gut microbiota in HD patients and transgenic animals have
suggested that changes in gut microbiota may occur before the
onset of HD (29, 30).

However, there are currently no studies that have reported
the composition of gut microbiota and related host cytokine
responses in HD patients. Therefore, in the present study,
we analyzed and compared the microbiota communities
and peripheral cytokine levels of HD patients with those of
healthy controls. Additionally, we analyzed the relationships
between fecal microbiota and clinical characteristics in
HD patients.
Frontiers in Immunology | www.frontiersin.org 264
MATERIALS AND METHODS

Study Subjects
All HD patients and controls in this study were recruited through
a longitudinal study for aging and neurodegeneration project,
which was conducted by the neurogenetic group at the China
National Clinical Research Center for Neurological Diseases
from September 2018 following international standard Enroll
HD protocol (31), recommended by China HD Network
(CHDN). All participating subjects signed informed consents
prior to enrollment. This study was approved by the Research
Ethics Committee at Beijing Tiantan Hospital, Capital Medical
University, Beijing, China.

By October 2019, 33 HD patients (24 manifest, 9 premanifest)
and 33 sex- and age-matched healthy controls were recruited
from 14 provinces across China. A study flow chart is presented
in Figure 1. Each HD patient eligible for the present study
received a diagnosis of HD according to a confirmed family
history, positive genetic test, and motor disturbance as defined by
the Unified HD Rating Scale (UHDRS) total motor score (TMS)
diagnostic confidence score. The exclusion criteria were defined
as severe chronic diseases such as diabetes, heart failure, liver
cirrhosis, malignancy, hematological/autoimmune diseases,
irritable bowel syndrome, and other movement disorders such
as Wilson disease and chorea-acanthocytosis. The healthy
controls were neurologically normal individuals and close
relatives of the HD patients, such as neurologically normal
spouse or parents, to ensure they shared similar environmental
and dietary factors. If the patient’s offspring or siblings were
included, genetic testing was conducted to confirm the offspring
or siblings were not mutant HTT gene carriers. Individuals
taking antibiotics or probiotic supplements within one month
prior to sample collection were also excluded.

Clinical Data Collection
Clinical data of subjects were collected via face-to-face interviews
with HD researchers during the enrollment process. The HD
researchers had already undertaken clinical-scales training under
the instruction of the CHDN, which provided the Enroll HD
clinical assessment package. The weight and height of each
participant were measured, and body mass index (BMI) was
calculated. HD clinical characteristics included disease duration
and CAG repeats, as well as the motor section of the Unified
Huntington’s Disease Rating Scale (UHDRS-M), the Functional
Assessment Scale (FAS), Total Functional Capacity (TFC),
Category Fluency Test (CFT), Symbol Digit Modalities Test
(SDMT), Stroop Interference Test (SIT), Mini-Mental State
Examination (MMSE), and Beck Depression Inventory II
(BDI-II). To elaborate the quantitative clinical measures
further, UHDRS-M ranges from 0 to 124 points with higher
scores indicating more severe motor symptoms (32). FAS is a
more detailed measure of functional capacity evaluation test and
consists of 25 yes/no questions about specific functional abilities.
The FAS examines tasks related to occupation (e.g., accustomed
work, volunteer work), finances (e.g., cash transactions, financial
management), activities of daily living (e.g., driving, hygiene),
February 2021 | Volume 11 | Article 603594
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domestic chores (e.g., home maintenance, laundry), level of care
(e.g., home or supervised care), and physical abilities (e.g.,
walking, getting out of bed, falls). FAS scores range from 0 to
25 with higher scores indicating greater functionality (33). The
TFC provides a measure of broad functional capacity and
consists of five global items that assess occupation, finances,
domestic chores, activities of daily living, and care level. The
scores on each item range from 0 to either 2 or 3. TFC total
scores range from 0 to 13 with higher scores indicating greater
functioning (33). The CFT requires the subject to name as many
examples of the category ‘‘animal’’ as possible within 1 min (34).
The SDMT requires participants to make as many symbol–
number associations as possible within 90 s, and provides a
measure of speed in information processing (35). SIT is a
component of the Stroop Test that provides a measure of
Executive Function (EF) including cognitive flexibility and
resistance to interference. Scores reflect correct number in 45 s
and higher scores indicate better performance (36). The MMSE
provides a measure of general cognitive functioning (37). The
BDI-II contains 21 items used to assess the intensity of the
depression in clinically depressed or nondepressed patients. Each
component is scored on a 4-point scale from 0 to 3 with higher
scores indicating a more severe depressed mood (38).

Sample Collection and DNA Extraction
Fecal samples were collected in tubes (SARSTEDT, Germany)
with fecal preservation solution at home by the study participants
according to our instructions and transported to our laboratory.
Then, all samples were frozen immediately and stored at −80°C
until further analysis. The following experiments were carried out
commercially by Realbio Genomics Institute (Shanghai, China).
DNA was extracted from each fecal sample via an improved
protocol according to the manual of the QIAamp Fast DNA Stool
Mini Kit (Qiagen, Germany). The concentration of genomic DNA
Frontiers in Immunology | www.frontiersin.org 365
in each fecal sample was quantified using a NanoDrop 2000
spectrophotometer (Thermo Scientific, MA, U.S.). The
integrities and sizes of fecal DNA samples were assessed using
1% agarose gel electrophoresis.

Blood samples of 6 ml of venous blood were drawn from each
participant at enrollment and were centrifuged (1,000 g for
15 min) within 1 h of collection. The plasma was aliquoted
into cryotubes following centrifugation and stored at −80°C until
further use for cytokine analysis.

16S rDNA Gene Amplicons
and Sequencing
The V3–V4 regions of bacterial 16S rDNA genes were amplified
by PCR (95°C for 3 min, followed by 30 cycles at 98°C for 20 s,
58°C for 15 s, and 72°C for 20 s, as well as a final extension at
72°C for 5 min) using universal primers (341F and 806R) linked
with indices and sequencing adaptors. PCR amplification was
performed in a 30-mL mixture containing 15 mL of 2 × KAPA
Library Amplification ReadyMix, 1 mL of each primer (10 mM),
50 ng of template DNA, and ddH2O. Amplicons were extracted
from 2% agarose gels and purified using an AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, U.S.)
according to the manufacturer’s instructions. Purified
amplicons were quantified using Qubit 2.0 (Invitrogen, U.S.).
All quantified amplicons were sequenced using an Illumina
NovaSeq PE250.

Processing of Sequencing Data
Assembled tags, trimmed barcodes, and primers were further
checked in terms of their rest lengths and average base qualities.
16S tags were restricted between 220–500 bp so that the average
Phred score of bases was no worse than 20 (Q20) and no more
than 3 ambiguous N. The copy number of tags was enumerated
and redundancy of repeated tags was removed. Only tags with a
FIGURE 1 | Flow chart of enrolled participants based on our exclusion and inclusion criteria.
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frequency greater than 1, which tend to be more reliable, were
clustered into operational taxonomic units (OTUs), each of
which had a representative tag. OTUs were clustered based on
97% similarities using UPARSE and chimeric sequences were
identified and removed using USEARCH (version 7.0.1090).
Each representative tag was assigned to a taxa by the RDP
Classifier (http://rdp.cme.msu.edu/) against the RDP database
(http://rdp.cme.msu.edu/) using a confidence threshold of 0.8.
The a-diversity and b-diversity indices were calculated based on
the rarefied OTU counts via Qiime v1.9.1. Specifically, a-
diversity represents an analysis of diversity in a single sample
reflected by parameters including good coverage, Chao 1, PD
whole tree, Shannon index, and Simpson index, using Qiime
(39). The Wilcox test in R software was used to compare each a-
diversity index. b-diversity is used as a measure of the microbiota
structure between groups. The results of both the weighted and
unweighted Unifrac distance matrices were plotted in the
principal coordinate analysis (PCoA), and Adonis was
performed using R software. Microbial features used to
distinguish fecal microbiotas specific to HD were identified
using the linear discriminant analysis (LDA) effect size (LEfSe)
method (http://huttenhower.sph.harvard.edu/lefse/) with an
alpha cutoff of 0.05 and an effect-size cutoff of 2.0.

Measurement of Plasma Cytokine Levels
The V-PLEX proinflammatory Panel 1 human kit [Meso Scale
Discovery (MSD)] was used to measure plasma concentrations of
IFN-g, IL-10, IL-12p70, IL-13, IL-1b, IL-2, IL-4, IL-6, IL-8, and
TNF-a according to the manufacturer protocol.

Statistical Analysis
The SPSS (ver. 21.0, SPSS Inc., Chicago, IL, USA) and R software
(ver. 3.5.1, the R Project for Statistical Computing) were used for
statistical analysis. Differences between groups were determined
via Student’s t-test and Pearson’s Chi-squared tests for
quantitative and categorical variables, respectively. Variables
that violated the assumptions of normality were compared via
nonparametric Mann-Whitney U tests. Correlations among
components of fecal microbiota with clinical parameters and
cytokines were determined via Spearman correlation analysis.
Statistical significance was set at p < 0.05.
RESULTS

Demographic and Clinical Characteristics
of HD Patients and Healthy Controls
The demographic characteristics of HD patients and healthy
controls in this study are presented in Table 1. There were no
significant differences between the HD and controls in terms of
age or gender (Table 1), but the age at assessment in the
premanifest HD is much younger compared to the manifested
HD (Supplementary Table 1). The median duration of HD
patients at enrollment was 4 years, and the median number of
CAG repetitions was 42. HD patients has a significantly lower
BMI compared to that of healthy controls (Table 1).
Frontiers in Immunology | www.frontiersin.org 466
Alpha and Beta Diversity Between
HD Patients and Healthy Controls
The dilution curves of a-diversity indices were plotted to
demonstrate that the sample size in this study is adequate for
valid analysis (Supplementary Figure 1). The Chao 1, observed
species, and PD whole tree of the HD group were significantly
higher than those of the healthy control group, whereas there
were no significant differences between these two groups in terms
of the Shannon and Simpson index (Figures 2A–E). These
results indicate that the richness of the gut microbiota in the
HD group was significantly higher than that of the healthy
control group. Significant differences were also found in b-
diversity based on the unweighted (qualitative, Adonis R2 =
0.03, p = 0.02) but not the weighted (quantitative, Adonis R2 =
0.022, p = 0.197). UniFrac between HD and healthy control
groups (Figures 2F, G), indicating that the fecal microbial
structure, but not the abundance, in the HD group was
significantly different from that of the healthy control group.

Compositions of Microbial Taxa at
Multiple Phylogenetic Ranks Between
HD Patients and Healthy Controls
The top-20 taxa at multiple phylogenetic ranks were analyzed.
For example, at the genus level, Bacteroides and Prevotella
constituted two common dominant genera in both the HD
group and healthy control group (Bacteroides: 27.36 vs.
34.93%, respectively; Prevotella: 22.80 vs. 19.39%), which
accounted for 50.16 and 54.32% of the total sequencing
number. In addition, the average ratios of Bacteroides and
Prevotella between the HD patients and healthy controls were
0.78 and 1.18, respectively (Figure 3). The microbial species
profiling histogram of the HD cohort were also demonstrated
according to the disease duration (Supplementary Figures 2–6).
TABLE 1 | Demographics and clinical characteristics of HD patients and healthy controls.

HD group Healthy control group p value

N 33 33 NA
M:F 15:18 15:18 NA
Age (y/o) 42.6 (12.7)a 48.0 (13.5)a 0.0967*
BMI (kg/m2) 21.3 (3.7)a 24.0 (3.6)a 0.003*
HD duration(y) 4.0 (7.0)b NA NA
CAG repeat number 42.0 (3.5)b NA NA
UHDRS-M 35.0 (70.0)b NA NA
FAS scores 21.0 (11.0)b NA NA
TFC scores 12.0 (10.0)b NA NA
SIT scores 18.0 (16.0)b – NA
SDMT scores 21.0 (25.0)b – NA
CFT scores 11.0 (11.0)b – NA
BDI-II scores 6.0 (15.0)b – NA
MMSE scores 28.0 (5.0)b – NA
Februa
ry 2021 | Volume 11 | Article
*Unpaired t-test; the data are presented as the mean (SD)a or median (IQR)b; HD,
Huntington’s disease; NA, not applicable; SD, standard deviation; IQR, interquartile
range; M:F, male: female; y, years; y/o, years old; BMI, body mass index; UHDRS-M,
motor section of Unified Huntington’s Disease Rating Scale; FAS, Functional Assessment
Scale; TFC, Total Functional Capacity; SIT, Stroop Interference Test; SDMT, Symbol Digit
Modalities Test; CFT, Category Fluency Test; BDI-II, Beck Depression Inventory II; MMSE,
Mini-Mental State Examination.
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Altered Microbiota Between HD Patients
and Healthy Controls
To determine the significantly increased bacteria in the HD group
or healthy control group, supervised comparisons via LEfSE (LDA
> 2.0) were performed. This LEfSe analysis revealed many
significant differences in the fecal microbiota between the HD
group and healthy control group. Specifically, the following
relative abundances in the HD group were significantly higher
than those in the healthy control group: Actinobacteria at the
phylum level; Deltaproteobacteria and Actinobacteria at the class
level; Desulfovibrionales at the order level; Oxalobacteraceae,
Lactobacillaceae, and Desulfovibrionaceae at the family level; and
Intestinimonas, Bilophila, Lactobacillus, Oscillibacter, Gemmiger,
and Dialister at the genus level. In contrast, Clostridium XVIII at
genus level was significantly higher in the healthy control group
compared to that in the HD group (Figure 4).

Relationships Between Fecal Microbiota
and HD Clinical Characteristics
To determine the relationship between clinical characteristics
and gut microbiota in HD patients, Spearman correlation
analysis was performed to evaluate correlations among clinical
Frontiers in Immunology | www.frontiersin.org 567
characteristics and gut-microbiota genera obtained by LEfSe
analysis. Our analysis revealed two correlations between fecal
microbiota at the genus level with specific clinical scores, namely
Intestinimonas with TFC scores and Lactobacillus with MMSE
scores (Figure 5).

Cytokine Responses in HD Patients
With Alterations in Fecal Microbiota
To evaluate plasma cytokine profiles from HD patients and
healthy controls, we quantified the plasma concentrations of
interferon gamma (IFN-g), interleukin 1 beta (IL-1b), IL-2, IL-4,
IL-6, IL-8, IL-10, IL-12p70, IL-13, and tumor necrosis factor
alpha (TNF-a). IL-4 plasma concentrations, characteristic of
responses from T-helper-2 cells, was significantly lower (p =
0.03) in plasma samples from HD patients (0.008 ± 0.001 pg/mL)
than in samples from healthy controls (0.009 ± 0.001 pg/mL). In
contrast, there were no significant differences (p > 0.05) in the
plasma concentrations of IFN-g, IL-1b, IL-2, IL-6, IL-8, IL-10,
IL-12p70, IL-13, or TNF-a in HD patients (Figure 6A).

Finally, to identify correlations between components of fecal
microbiota and cytokines, we examined correlations between
systemic levels of cytokines and relative abundances of fecal
A B

D E

F G

C

FIGURE 2 | Comparisons of a-diversity indexes (richness and evenness) of the fecal microbiota between HD and healthy controls. (A–C), Comparisons of richness
(Chao 1 index, observed species index, and PD whole tree index) between HD and healthy controls. (D, E), Comparisons of evenness (Shannon index and Simpson
index) between HD patients and healthy controls. *p < 0.05; “NS.” means no significant difference. b-diversity analyses using Adonis and unweighted (F) and
weighted (G) PCoA based on the distance matrix of UniFrac dissimilarity of the fecal microbiota in HD patients and healthy controls.
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taxa in HD and controls are compared at level of phylum (A), class (B), order (C), family (D) and genus (E).
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microbiota in the HD group. We found correlations between
fecal microbiota and cytokines (e.g., Intestinimonas with plasma
IL-4 levels (p = 0.028, r = 0.382), Bilophila with plasma IL-6
levels (p = 0.001, r = −0.544) (Figure 6B).
DISCUSSION

The present study provides the evidence for gut dysbiosis in
human patients with HD, providing clinical relevance to a
previous study that reported gut dysbiosis in a transgenic
mouse model of HD (11). We found that Intestinimonas and
Bilophila correlated with concentrations of IL-4 and IL-6,
respectively, in HD patients, suggesting the occurrence of a
systemic chronic inflammatory status associated with altered
gut microbiota.

In our present study, we used 16S rDNA gene sequencing on
DNA isolated from fecal samples to systematically analyze
Frontiers in Immunology | www.frontiersin.org 769
characteristics of gut microbiota between HD patients and
healthy controls. We observed that a-diversity (richness) in
HD patients was significantly higher than that of healthy
controls, as was b-diversity (structure), consistent with
previous results from a mouse model of HD (11). However, in
a recent study of the gut microbiota of HD patients (40), the a-
diversity of HD patients was lower than that of healthy controls.
The disparity is likely due to different ethnic origins, geography,
host, genetics, age and other factors (41). Previous study showed
an increase in gut microbiota richness was detected in autistic
children (42), and it shared great similarities in the altered
microbiota species with HD. Given HD was also considered as
a neurodevelopmental disorder similar to autism (43), the
greater bacterial diversity is potentially beneficial to the
development of central nervous system (CNS) function, which
remains subject to debate.

Furthermore, we analyzed the top-20 taxa at multiple
phylogenetic ranks. At the genus level, the average ratios of
A

B

FIGURE 4 | Fecal microbiota differences between HD patients and healthy controls detected by LEfSe analysis. (A) Linear discriminant analysis (LDA) effect size
(LEfSe) analysis showing significant bacterial differences in fecal microbiota between the HD patients and healthy controls. The LDA scores (log10) > 2 and p < 0.05
are listed. (B) A cladogram showing the taxonomic structure and relative abundances of the identified taxa. The size of each dot is proportional to the relative
abundance of each taxon (p, phylum; c, class; o, order; f, family; g, genus).
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Bacteroides and Prevotella between groups HD and healthy
control were 0.78 and 1.18. The significant bacterial differences
identified by LEfSe (LDA > 2.0) showed that Clostridium XVIII
at the genus level was significantly higher in the healthy control
group compared to that in the HD group, whereas the relative
abundances of the following were higher in the HD group
compared to those in the healthy control group: Actinobacteria
at the phylum level; Deltaproteobacteria and Actinobacteria at
the class level; Desulfovibrionales at the order level;
Oxalobacteraceae, Lactobacillaceae, and Desulfovibrionaceae at
the family level; and Intestinimonas, Bilophila, Lactobacillus,
Oscillibacter, Gemmiger, and Dialister at the genus level. These
results indicate that particular gut microbiota components are
associated with HD. The increased abundance of Actinobacteria
at the phylum level in the HD group compared to that in the
healthy control group in our present study is similar to previous
findings reported in patients with IBD (44), type-2 diabetes
mellitus (T2DM) (45), AD (28), ASD (46), and major
depressive disorder (47, 48). The increased abundance of
Actinobacteria at the class level in the HD patients compared
to that in the healthy controls in this study is consistent with
previous studies in AD and ASD patients (28, 46). Family level
analysis in our present study revealed significant increases in the
abundance of Desulfovibrionaceae in the fecal samples of HD
patients compared to those from healthy controls, whereas a
previous study found that the abundance of Desulfovibrionaceae
was increased in the feces of IBD patients (49), which is likely a
breaker of the intestinal mucosal barrier that induces IBD (50).
Frontiers in Immunology | www.frontiersin.org 870
The abundance of the Intestinimonas genus was higher in HD
patients than in healthy controls and correlated with TFC scores. A
previous study has shown that Intestinimonas, which is correlated
with propionic/butyric acid, plays a key role in anti-inflammation
(51, 52). In the present study, we observed a positive correlation
between Intestinimonas and plasma concentrations of IL-4, an anti-
inflammatory cytokine mainly produced by T-helper-2 cells (53).
Since butyrate has the ability to regulate T cell differentiation (54), it
suggests that Intestinimonas may confer efficacious anti-
inflammatory effects on systemic inflammatory responses in HD
patients. However, future studies are needed to reveal the
interactions between changes in symbiotic gut microbiota and the
immune reactions in HD pathogenesis.

Bilophila contains only species of B. wadsworthia, and a higher
abundance of B. wadsworthia induces systemic inflammatory
responses in specific pathogen-free (SPF) mice (55). In addition,
B. wadsworthia plays an important role in the development of
IBD-like colitis in IL-10-/- mice (56). Additionally, B.
wadsworthia has been found to be positively associated with
proinflammatory cytokines, such as IL-6 (57) and IL-1b (58). A
previous study found that Bilophila was significantly negatively
correlated (p < 0.05) with IL-6 mRNA levels in a T2DM rat
model treated with stachyose (59). Interestingly, our present
study also revealed that Bilophila were negatively correlated with
proinflammatory IL-6 levels, suggesting that Bilophila may play
an anti-inflammatory role in systemic inflammatory responses in
HD patients. That said, further research is needed to determine
the precise relationships between gut microbiota compositions
and immune reactions in HD patients.

Lactobacillus has the ability to ferment a series of carbon
sources, primarily to lactic acid, and is widely recognized as a
source of probiotics (60). Several recent studies have found
that Lactobacillus is more abundant in patients with T2DM
(61), ASD (62, 63), IBD (64), and rheumatoid arthritis (65,
66), which is consistent with our present findings in HD patients.
Interestingly, we found that the abundance of Lactobacillus
was negatively correlated with MMSE scores, although we did
not find any correlation between Lactobacillus and levels of
inflammatory cytokines. These findings suggest that if the
abundance of Lactobacillus adversely impacts MMSE scores,
and consequently cognitive function, it likely does so via a
non-cytokine-induced mechanism.

In the present study, we found that the abundance of
Clostridium XVIII was significantly decreased in the HD group
compared to that in healthy controls, indicating higher fecal
water content in the HD group, similar to findings in HD mice
(11). Strati et al. observed that Clostridium XVIII was
significantly more abundant in constipated autistic subjects
compared to that in non-constipated autistic subjects, and this
increased abundance was associated with clinical manifestations
of GI problems related to alterations in gut microbiota (62).

There are several limitations of this study. Although we
managed to recruit HD and control pairs from the same family
and at the same geographic location across China, the sample
size is minimal and the nature of the present study is exploratory.
Although this study was controlled for factors affecting the gut
FIGURE 5 | Correlations among clinical characteristics and gut-microbiota
genera obtained by LEfSe analysis. Correlation heatmaps showing the
relationships among clinical characteristics and gut-microbiota genera. Each
row in the heatmap represents a genus. Each column represents a clinical
characteristic. The color temperature encodes the Spearman correlation
coefficient (r). The sample size was n = 33. The “+” symbol within a cell
indicates a p < 0.05. Abbreviations are as follows: BDI-II scores, Beck
Depression Inventory II scores; UHDRS-M, motor section of the Unified
Huntington’s Disease Rating Scale scores; FAS scores, Functional
Assessment Scale scores; CFT scores, Category Fluency Test scores; MMSE
scores, Mini-Mental State Examination scores; SDMT scores, Symbol Digit
Modalities Test scores; SIT scores, Stroop Interference Test scores; TFC
scores, Total Functional Capacity scores.
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microbiota, such as age, gender, diet, and region, physical
activity, smoking, alcohol, drugs and other factors should be
fully considered in the further study. Further studies with larger
sample sizes comprised of independent cohorts originating from
a different population are required to consolidate our findings of
different microbial species between HD patients and healthy
controls, as well as the microbial species associated with clinical
symptoms. In addition, more advanced technology such as
shotgun metagenome analysis, and more advanced association
analysis platform such as HALLA (67) can be used in the future
to provide more detailed information regarding any implicated
microbiota in future studies to more comprehensively
understand fecal microbiota composition in HD patients.
Frontiers in Immunology | www.frontiersin.org 971
In summary, the present study first elucidates that gut
microbiota are altered in HD patients and are correlated with
specific clinical characteristics. Furthermore, we demonstrated
that fecal microbiota was related to specific cytokine levels.
Revealing the precise interactions between microbial and host
immune responses may help to better understand the
pathogenesis of HD.
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The symbiotic relationship between animals and their resident microorganisms has profound
effects on host immunity. The human microbiota comprises bacteria that reside in the
gastrointestinal tract and are involved in a range of inflammatory and autoimmune diseases.
The gut microbiota’s immunomodulatory effects extend to extraintestinal tissues, including
the central nervous system (CNS). Specific symbiotic antigens responsible for inducing
immunoregulation have been isolated from different bacterial species. Polysaccharide A
(PSA) of Bacteroides fragilis is an archetypical molecule for host-microbiota interactions.
Studies have shown that PSA has beneficial effects in experimental disease models,
including experimental autoimmune encephalomyelitis (EAE), the most widely used animal
model for multiple sclerosis (MS). Furthermore, in vitro stimulation with PSA promotes an
immunomodulatory phenotype in human T cells isolated from healthy and MS donors. In this
review, we discuss the current understanding of the interactions between gut microbiota and
the host in the context of CNS inflammatory demyelination, the immunomodulatory roles of
gut symbionts. More specifically, we also discuss the immunomodulatory effects of B. fragilis
PSA in the gut-brain axis and its therapeutic potential in MS. Elucidation of the molecular
mechanisms responsible for the microbiota’s impact on host physiology offers tremendous
promise for discovering new therapies.

Keywords: immunomodulation, microbiota, EAE (experimental autoimmune encephalomyelitis), multiple sclerosis,
symbiotic molecules, Bacteroides fragilis, polysaccharide A (PSA)
INTRODUCTION

Mammals have co-evolved with eons of resident microorganisms that play an integral role in
regulating the host immunity (1). These microorganisms live in a complex community called
microbiota, which is dominated by bacteria and includes archaea, fungi, and viruses (2). Analysis of
the composition and the human microbiota’s diversity has significantly improved by culture-
org May 2021 | Volume 12 | Article 662807175
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independent methods and next-generation sequencing (3, 4). An
updated catalog based on a metagenomic assembly of
microbiomes across world populations shows that over 150,000
bacterial genomes can be found in the human body (5). The
gastrointestinal tract harbors most of these microbes, some
producing immunomodulatory molecules to educate the host
immune system (6). The composition and gut microbiota
function can affect the susceptibility to and progression of a
wide range of diseases in the intestine and the extraintestinal
tissues such as the central nervous system (CNS) (7, 8). While
several microbial species have been identified concerning specific
pathologies in humans, the mechanistic understanding of how
the symbiotic molecules interact with the host is still limited.
Determining the molecular mechanisms of the microbial
molecules is crucial for the development of prophylactic and
therapeutic interventions. B. fragilis polysaccharide A (PSA) is a
prototypical symbiotic antigen that has been invaluable for
understanding the mechanisms directing microbiota–host
interactions (9). PSA mediates gut homeostasis by directing
cellular and physical development of the immune system (10),
stimulating Tregs (11) via plasmacytoid dendritic cells (PDCs)
(12), and protecting animals from experimental diseases like
colitis (11, 12), asthma (13), or pulmonary inflammation (14),
and experimental autoimmune encephalomyelitis (EAE) (15–
17). EAE is an animal model of multiple sclerosis (MS), an
inflammatory demyelinating CNS disease (18). MS is
characterized by inflammation and axonal damage resulting in
progressive disability due to neurodegeneration. Although the
disease’s etiology is not entirely understood, multiple genetic and
environmental factors have been implicated in MS’s onset and
progression. Mounting evidence suggests that microbiota plays
an essential role in the development of the disease (19).

In this review, we cover some of the most recent literature on
the gut-brain axis in the context of CNS inflammatory
demyelination. Because of the impact of gut microbes regulating
the immune system and the immune-mediated responses that
characterize EAE/MS, we hypothesize that the large pool of
microbes and microbial products present in the gut is an
excellent source of novel therapeutics. Furthermore, we propose
that PSA produced by B. fragilis is an identified symbiont factor
model for immunomodulation. PSA could be one of the possibly
numerous bacterial cellular components capable of promoting
protective responses against neuroinflammation. Accordingly, our
review will summarize how PSA regulates immune responses in
MS/EAE and discusses PSA’s therapeutic potential.
GUT MICROBIOTA

Although utero colonization is still debated (20), it is known that
microbial colonization starts mainly after birth (21). It is
suggested that establishing a diverse and balanced microbiota
in early life is essential for developing a healthy immune system
(22, 23). An imbalance in the microbiota’s composition and
function (dysbiosis) during this window of opportunity can have
long-lasting consequences later in life, causing a wide range of
Frontiers in Immunology | www.frontiersin.org 276
immune diseases (24). The microbial composition of the infant’s
gut depends on many factors (25), including the type of delivery
(26), gestational age (27), antibiotic use (28), and the mode of
feeding (29). Human milk oligosaccharides (HMOs) in breast
milk promote beneficial microbes like Bifidobacterium species in
breast-fed infants (30). Cessation of breast-feeding and
introducing solid foods drives the infant’s gut microbiome’s
maturation (31), gradually reaching an adult-like composition
after three years of life (32). Gut microbiota in adulthood is
dominated by Bacteroidetes and Firmicutes and includes
Actinobacteria, Proteobacteria, Verrucomicrobia, archaea,
viruses, fungi, and protozoa (33, 34). While the gut microbiota
in adults is more stable than in infants, the specific microbial
species can vary interpersonally, creating a unique composition
for every individual.

In homeostatic conditions, the host and the microbiota benefit
each other and coexist in a mutualistic symbiosis (35). The host
offers a nutrient-rich environment for the microbiota. In return,
the microbiota provides metabolites (36), vitamins (37), and other
micronutrients to the host by fermenting undigested dietary
components in the large intestine (38). The microbiota’s ability
to produce energy by digesting complex carbohydrates in the gut
has been an evolutionary driving force for establishing the host-
microbiota symbiotic relationship (39, 40). In addition, the gut
microbiota participates in the development of the host immune
system and balances defense and tolerance to maintain
homeostasis (41).

While the use of fecal microbiota transplantation (FMT) as a
treatment for gastrointestinal problems in Chinese medicine dates
back to the 4th century (42), the interconnectedness of gut
microbiota, CNS, and neuropsychiatric health is a concept from
the early 19th century (43). It is now known that the fundamental
impact of the microbiota on host physiology reaches far outside the
gastrointestinal tract and extends to CNS. Recently it is proposed
that there is a bidirectional relationship between the gut microbiota
and the CNS (44, 45). This reciprocal interaction occurs through
different routes involving endocrine, immune, and neural
mechanisms. The function of microbiota in the gut-brain axis is
believed to affect the etiology of a wide range of neuropsychiatric
disorders, including Parkinson’s disease (46, 47), Alzheimer’s
disease (48, 49), depression (50, 51), anxiety (52, 53), autism (54,
55), amyotrophic lateral sclerosis (56) and multiple sclerosis (57–
66). Increasing evidence points to alterations in the gut microbiota
composition in patients with neuropsychiatric disorders. However,
the molecular mechanisms by which the microbiota modulates
these diseases are not fully understood. A mechanistic
understanding of microbiota’s role in the gut–brain axis will help
develop prophylactic and therapeutic interventions for CNS
diseases that are increasingly affecting large populations.
GUT MICROBIOTA AND CNS
INFLAMMATORY DEMYELINATION

Multiple Sclerosis (MS) is an immune-mediated debilitating
disease initiated by the immune system attacking the neuron
May 2021 | Volume 12 | Article 662807

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Erturk-Hasdemir et al. PSA in Gut-Brain Axis
protecting myelin sheet, which results in inflammation, chronic
demyelination, axonal degeneration, and loss of brain volume
(67, 68). MS affects around 400,000 people in the United States
(69) and 2.5 million worldwide, mainly living in higher latitudes
(70). MS is divided into four clinical types: Relapsing-Remitting
(RR-MS), Secondary Progressive (SP-MS), Progressive Relapsing
(PR-MS), and Primary Progressive (PP-MS), with the majority of
patients suffering from RR-MS type. There are various
environmental risk factors associated with disease onset and
progression (vitamin D, latitude, viral infections, smoking, diet)
and genetic disposition (71). The immunopathology of MS is
mainly driven by inflammatory CD4+ T cell responses
characterized by an increase in Th1 and Th17 cells (72) and
decreased or impairment in Treg cells (73). Increasing
importance is now appreciated for B cells’ role in both the
progression and modulation of this condition (74). CD20+ B
cells are targeted with monoclonal antibodies as approved MS
therapies (75). Cerebrospinal fluid (CSF) of MS patients contains
oligoclonal bands produced by plasmablasts and plasma cells
(76), some of them auto-reactive against myelin self-peptides
(77). B cells are present in CSF, CNS parenchyma, and meninges
of MS patients, and germinal centers were identified in MS CNS
(78). A recent study of single-cell RNA sequencing in CSF and
blood suggest that in MS patients, B cells are clonally expanded
and show an active inflammatory signature with memory plasma
cell or plasmablast phenotype (79). More significant to this
review’s context, IgA produced by B cells that cross-react with
gut microbes have been identified in the CNS of MS patients with
active lesions (80) and regulate neuroinflammation through IL-
10 production (81), highlighting the importance of B cells on the
gut-microbiota-brain axis. In addition to T and B cells, dendritic
cells and CD8+ T cells also play a role in modifying MS’s
pathology (82).

Gut microbiota is considered an environmental factor that
can promote protective roles in the development of multiple
sclerosis. Other environmental risk factors for MS, such as diet,
vitamin D, or geography, can directly affect the microbiota’s
composition. Gut microbiota can activate immune cells in the
intestine or secrete immunomodulatory molecules and
metabolites that orchestrate immune responses in the gut-
brain axis. Previous studies suggest a link between changes in
the composition of gut microbiota and MS pathogenesis. Limited
but accumulating evidence points to an altered microbiota in MS
patients compared to healthy individuals (57–66). The MS
patients’ microbiota shows a decreased abundance of
Bacteroides, Parabacteroides, Prevotella, and Lactobacillus
genera and increased Akkermansia Blautia, Ruminococcus, and
Bifidobacterium (83). The relative abundances of members of the
domain Archaea, such as Methanobrevibacter, are also increased
in MS patients’ gut and the bacteria such as Akkermansia, while
Butyricimonas is decreased when compared to healthy controls
(63). Recent findings link immunoglobulin (Ig) A (IgA)-coated
gut microbiota with MS. IgA is the major neutralizing Ig in
the human mucosa, including the gut, but is also found in
circulation and periphery and a recent paper reports elevated
IgA levels in cerebrospinal fluid of MS patients suffering active
Frontiers in Immunology | www.frontiersin.org 377
neuroinflammation (80). IgA+ B cells capable of recognizing gut
microbiota are present within active CNS lesions, where elevated
IL-10 transcripts are observed. Previous findings from the same
group indicate that IL-10 was a principal component of gut-
derived plasma cells ’ immunoregulatory role against
neuroinflammation (81). There is now increasing evidence for
the gut microbiota’s role in the associated neuroinflammatory
condition, neuromyelitis optica syndrome (84).

Despite the limitations of any experimental model of disease,
EAE mice offer a practical approach to elucidate the clinical
relevance of gut microbes in neuroinflammatory disorders, such
as MS. The oral administration of broad-spectrum antibiotics
reduces the severity of EAE (85–88). The treatment of C57BL/6
EAE mice with kanamycin, colistin, and vancomycin induced
protection mediated by invariant natural killer cells T (iNKT)
cells associated with reduced production of proinflammatory
cytokines (IFN-g, TNF-a, IL-6, and IL-17) in draining lymph
nodes (LN) and a reduction in the percentages of mesenteric LN
Th17 cells. In the mesenteric LNs of antibiotics-treated EAE
mice, the levels of proinflammatory cytokines were reduced
while IL-10 was increased (86). The treatment of SJL/J EAE
mice with vancomycin, metronidazole, ampicillin, and neomycin
induced protection against the disease that was associated with a
reduced production of proinflammatory cytokines (IFN-g, IL-17)
in draining lymph nodes and increased frequencies of Foxp3
expressing CD25+CD4+T cells and increased levels of IL-10 and
IL-13 (85). The ablation of CD25-expressing cells resulted in the
lack of protection with antibiotics, while the adoptive transfer of
CD25+CD4+ T cells with enhanced expression of Foxp3 isolated
from antibiotics-treated SJL/J mice reduced the severity of EAE
in recipient mice (85). The observation that antibiotics given
orally but not intraperitoneally can protect the animals from
disease emphasizes gut microbiota’s importance in EAE
pathophysiology. The results obtained after oral versus
intraperitoneal administration of ampicillin supported these
findings (87). A significant reduction in inflammatory antigen-
presenting cells (peripheral macrophages and resident microglia)
was also observed and associated with the protective effects
promoted by antibiotics against EAE (88). Mechanistically, the
protective effects induced by the oral treatment with antibiotics
could be associated with alterations in microbial populations
capable of triggering molecular mimicry pathways towards
autoimmunity (87). Studies in GF mice confirmed the impact
of the presence of gut microbiota in the severity of EAE. In GF
conditions, mice show reduced EAE severity and reduced
peripheral proinflammatory signals (89, 90). The causative
association between the gut microbiota and EAE remains to be
elucidated. EAE induction promotes alterations in the
composition of the gut microbiota at early phases of disease
(44), and disease results in alterations in the intestinal
permeability and intestinal proinflammatory responses (91).

The use of gnotobiotic mice in EAE studies helped identify a
few essential bacteria for positively or negatively modulating the
disease outcome. When GF mice are monocolonized with
Segmented Filamentous Bacteria (SFB), an increase in Th17
cell-mediated responses correlate with exacerbated EAE
May 2021 | Volume 12 | Article 662807
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severity (89). When the MS patients’ microbiota was transferred
to germ-free mice, it caused more severe symptoms in the EAE
(57) and spontaneous brain autoimmunity (58). Furthermore,
fecal microbiota transplantation (FMT) is reported to alleviate
disease symptoms in EAE mice (92) and MS patients (93–95).
Although it is still elusive if alterations in microbiota’s
composition and function are the cause or the result of the
disease, microbiome-based therapeutics offer promise for
MS treatment.

It has been shown that Prevotella histicola suppresses EAE
through Tregs (96), while Lactobacillus reuteri exacerbates the
disease through pathogenic CD4+ and CD8+ T cell responses
(97). The prophylactic administration of individual lactobacilli
strains reduces EAE severity through diminished myelin
oligodendrocyte glycoprotein (MOG)- T cell reactivity (98). In
contrast, the treatment with a mixture of three strains
(Lactobacillus paracasei DSM 13434, Lactobacillus plantarum
DSM 15312, and Lactobacillus plantarum DSM 15313) was able
to reduce the progression of established severe EAE in a
mechanism mediated by IL-10-producing Tregs (98). Single
species of Enterococci, Escherichia coli, and others have also
shown promising EAE study results (Table 1). The EAE model
has successfully addressed the protective role of probiotic
formulations with multiple species (105), some of which have
already been assessed in MS patients (Table 1). A systematic
review of the use of probiotic formulations in EAE and MS
studies has been recently published (111).
Frontiers in Immunology | www.frontiersin.org 478
As discussed above, gut microbiota modulates CNS inflammatory
demyelination inmurinemodels. In the following sections, we discuss
Bacteroides fragilis, and its capsular polysaccharide A (PSA),
identified as a member of the gut microbiota and microbial
product with immunomodulatory effects that we hypothesize can
regulate the extent of neuroinflammatory mechanisms associated
with CNS demyelinating diseases.
THE GUT MICROBIOTA AS A SOURCE
FOR IMMUNOMODULATORY FACTORS:
POLYSACCHARIDE A (PSA) PRODUCED
BY BACTEROIDES FRAGILIS

Bacteroides fragilis (B. fragilis), a prominent species of the genus
Bacteroides within the Gram-negative Bacteroidetes phylum is
part of the normal microbiota of the human colon. Bacteroides
species are among the most abundant and adept colonizers of the
human gut due to their ability to efficiently utilize complex host
and dietary glycans (112) and express different surface structures
by phase variation (113). B. fragilis, an obligate anaerobic Gram-
negative bacillus, colonizes the majority of healthy individuals
(114) and has profound effects on host physiology (115).
B. fragilis was initially identified as the most common anaerobe
in clinical isolates from abscesses caused by abdominal trauma
and bacteremia (116). When contained in the gut, B. fragilis plays
TABLE 1 | Single probiotic species and probiotic multi-species mixes evaluated for protection in murine EAE 1 and MS clinical studies.

Model of EAE/MS study Probiotic strains Primary mechanisms of action proposed Ref.

Prophylactic, in C57BL/6 EAE Escherichia coli Nissle Anti-inflammatory effects, reduction of Th1/Th17.
Restored intestinal barrier disruption

(99)

C57BL/6 EAE, during disease Lactobacillus reuteri Reduction of Th1/Th17, reduced proliferation of
autoreactive cells, restored dysbiosis

(100)

HLA-DR3.DQ8 double transgenic EAE Prevotella histicola Increased Treg, anti-inflammatory effects, and
reduction of Th1/Th17

(96,
101)

Prophylactic and therapeutic in C57BL/6 EAE Lactobacillus paracasei DSM 13434, L. plantarum
DSM 15312, and DSM 15313

Increased Treg, anti-inflammatory effects, and
reduction of Th1/Th17

(98)

Therapeutic, in C57BL/6 EAE Bifidobacterium animalis and Lactobacillus
plantarum

Increased Treg, anti-inflammatory effects, and
reduction of Th1/Th17

(102)

Wistar rats EAE, during the disease Enterococcus faecium L-3 Increased T cell function, with proposed involvement
of IL-10

(103)

Prophylactic, in C57BL/6 and SJL/J EAE Pediococcus acidilactici IL-10-producing regulatory Tr1 cells (104)
Therapeutic, in C57BL/6 EAE Lactibiane iki 2 Increased Treg (105)
Therapeutic, in Theiler’s murine encephalomyelitis
virus

Vivomixx 3 Anti-inflammatory responses, reduces astrogliosis,
increased Bregs

(106)

EAE in Lewis rats Lactobacillus plantarum NCIB 8826 and L. murines
CNRZ

Reduce cumulative disease burden: Mechanism of
action not evaluated

(107)

Prophylactic treatment in C57BL/6 EAE; ongoing
EAE.

IRT5 4 Increased IL-10 producing CD4+ T cells and IL-
producing CD11c+ monocytes

(108)

MS; RR-MS subjects on glatiramer acetate vs.
untreated and healthy controls

Vivomixx Reduced peripheral monocyte-mediated responses
and APC function

(109)

MS; Randomized, double-blind, placebo-
controlled trial

L. acidophilus, L. casei, L. fermentum,
Bifidobacterium bifidum

Improved EDSS, anti-inflammatory effects (110)
May 2021 | Volume 12 | Article 6
1 EAE protection studies performed with PSA and PSA-producing B. fragilis were not included since they are extensively discussed in the manuscript’s body.
2 Lactibiane iki: Bifidobacterium lactis LA 304, Lactobacillus acidophilus LA 201, and L. salivarius LA 302.
3 Vivomixx: Lactobacillus acidophilus DSM 24735, L. plantarum DSM 24730, L. paracasei DSM 24733, L. delbrueckii subsp. Bulgaricus DSM 24734, Bifidobacterium longumDSM 24736,
B. breve DSM 24732, B. infantis DSM 24737, and Streptococcus thermophilus DSM 24731.
4 IRT5: Lactobacillus casei, L. acidophilus, L. reuteri, Bifidobacterium bifidum, and Streptococcus thermophilus.
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an intricate role in the colon and develops a beneficial relationship
with the host (9). Monocolonization of germ-free mice with
B. fragilis leads to the immune system’s cellular and physical
development (10, 117, 118). B. fragilis can also alleviate intestinal
inflammation in animal models of colitis (12, 117, 119) and confer
protection against infections (120–124). Recent studies show that
B. fragilis exerts its beneficiary effects not only locally in the
intestine but also systemically in extraintestinal tissues (13, 14,
125, 126) including CNS (15, 54, 127).

The capsular polysaccharide structure of B. fragilis plays an
essential role in establishing a symbiotic relationship with its host
(128). A large part of the B. fragilis genome is allocated to enzymes
that degrade dietary polysaccharides and produce capsular
polysaccharides of the organism (129–132). B. fragilis produces
eight different distinct capsular polysaccharides, regulated by phase
variation at the promoter region (133, 134). Variable expression of
polysaccharides A through H creates a remarkable surface diversity
which is vital for symbiosis (135, 136) and immunomodulation
(112, 137). PSA is most abundantly expressed among those
polysaccharides, and its immunomodulatory properties are most
extensively studied (138).

PSA is a zwitterionic immunomodulatory polysaccharide
consisting of a tetrasaccharide repeating unit (139, 140). The
zwitterionic structure with a negative and a positive charge in
each repeating unit is essential for the immunological potency of
PSA (141, 142) and is required to activate T cells through the major
histocompatibility complex II (MHCII) pathway (143, 144). High-
resolution LC-MS/MS analysis shows that the terminal-reducing
end of PSA contains a covalently attached lipid moiety required to
activate antigen-presenting cells and protect against EAE (17). PSA
is processed by antigen-presenting cells (APCs) through
depolymerization in endocytic compartments in a nitric oxide-
dependent manner (145, 146) and presented through the MHCII
pathway to activate T cells (143, 147). The beneficial effects of PSA
on the host immune system are manifested through multiple
mechanisms. Microbial colonization in the gut is essential for host
health. Host-specific microbiota is required for the full maturation
of a functional immune system (148). Germ-free mice grown in
sterile conditions develop physical and functional defects in their
immune system, making them predisposed to infectious and
inflammatory diseases (149). Recolonizing germ-free (GF) mice
with PSA expressing B. fragilis mediates immune system
development and can correct germ-free animals’ deficiencies (10).
PSA-dependent colonization of B. fragilis in a unique mucosal niche
in the gut results in the induction of regulatory T cells and
suppression of Th17 cells (150). WT B. fragilis but not the DPSA
mutant induces anti-inflammatory CD4+ CD45Rblow T cell
population (119) and protects animals from the T cell transfer
model of experimental colitis. In addition, animals orally treated
with pure PSA (119) or PSA containing outer-membrane vesicles
(OMVs) from WT B. fragilis (151) can protect animals from
intestinal inflammation. PSA-mediated immunomodulation
requires tolerogenic plasmacytoid dendritic cells (pDCs) (12),
which activate a specific set of T cells defined as IL-10–producing
CD4+CD25+Foxp3+ Treg cells with an inducible phenotype (11).
Innate and adaptive immune responses initiated by PSA require
Frontiers in Immunology | www.frontiersin.org 579
toll-like receptor 2 (TLR2). TLR2 is necessary for inducing the genes
(e.g., iNOS, MHCII, and CD86) required for processing and
presenting PSA by APCs (152). As a result, PSA exposure of
APCs increases the antigen presentation capacity of the cells by
increasing the expression of MHCII and costimulatory signals,
including ICOSL (12). The enhanced production of IL-10
triggered by pDCs after PSA recognition is ablated in the absence
of ICOSL/ICOS signal (12). In addition, TLR2 expression on APCs
is necessary to induce IL-10 producing CD4+ T cells (12) and
protection against colitis (11, 12) and EAE (16, 17). PSA is
recognized by the TLR2/TLR1 heterodimer in collaboration with
Dectin-1 initiating a signaling cascade that involves the
phosphoinositide 3-kinase (PI3K) pathway (17). Activation of
PI3K pathway leads to phosphorylation and inactivation of
glycogen synthase kinase 3b (GSK3b), promoting cAMP response
element-binding protein (CREB)-dependent transcription of anti-
inflammatory genes. Furthermore, TLR2 directs the expansion of
CD39+CD4+ T cells in response to PSA, required for PSA-mediated
protection against EAE. PSA’s EAE protection is ablated in TLR2
(16, 17), TLR1, and Dectin-1 deficient mice (17).

The interactions between PSA and the host’s intestinal
dendritic cells are multifactorial. PSA recognition by colonic
dendritic cells through TLR4-TRIF (TIR domain-containing
adapter-inducing interferon-b) domain pathway, through the
activation of interferon regulatory factors (IRFs), induces the
production of IFN-b with anti-viral activity (153). The activation
of the TLR4/TRIF pathway depends on the presence of a
lipooligosaccharide (LOS) fraction linked covalently to the
polysaccharide, anchoring the macromolecule to the outer
membrane of B. fragilis (17). PSA produced by B. fragilis was
identified as a symbiont factor promoting IFN-b-dependent
protection against vesicular stomatitis virus infection. PSA’s
anti-viral effects were lost in the absence of both TLR4 and
IFN-b (153). Thus, the production of IFN-b by colonic dendritic
cells with CD103+CD11b- and CD103-CD11b+ phenotypes is
regulated by PSA and B. fragilis and likely by other commensal
microbiota (153). Figure 1 summarizes the recognition and
cellular signaling pathways triggered by PSA in dendritic cells
that result in the activation of immunomodulation dominated by
IL-10-producing CD4+ T cells and anti-viral responses.
PSA AGAINST NEUROINFLAMMATION

Studies demonstrating the impact of Bacteroides fragilis and PSA on
EAE pathology (15, 127) were the first mechanistic examples of
immunomodulation by gut microbiota in multiple sclerosis.
B. fragilis and PSA’s beneficial effects beyond the gastrointestinal
tract are observed most strikingly in the gut-brain axis using EAE.
When antibiotic-treated mice were colonized with WT B. fragilis
but not the DPSA mutant, they were protected from EAE (127).
Immunoprotection by PSA in EAE requires TLR2, TLR1, and
Dectin-1 (17) and a specific tolerogenic DC subset called
plasmacytoid dendritic cells (pDC), as shown in Figure 1 (12). In
the EAE model, WT B. fragilis protects by inducing Foxp3+ Tregs
and IL-10, whereas the DPSA mutant induces proinflammatory
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cytokines IL-17 IL-6 and causes pathology. In addition,
CD103+CD11c+ DCs isolated from cervical lymph nodes of
DPSA-colonized animals are unable to convert Foxp3-CD4+

T cells into Foxp3+Treg cells (127). Furthermore, prophylactic
or therapeutic treatment with pure PSA is sufficient to protect
animals from EAE (15). PSA can induce accumulation of
CD11c+CD103+ DCs in cervical lymph nodes, which convert
naive CD4+ T cells into Foxp3+ Treg cells (15). IL-10–deficient
mice are not protected from EAE, showing that PSA’s
immunoprotection in the EAE model requires IL-10–producing
Treg cells induced by tolerogenic DCs (15). In addition,
PSA-induced regulatory T cells express CD39 independent of
their Foxp3 expression and require TLR2 for activation (16).
CD39 [nucleoside triphosphate diphosphohydrolase-1
(NTPDase 1)] is an ectoenzyme that degrades ATP released
from damaged cells to AMP and adenosine. Previous studies
have shown that CD39 is expressed by regulatory T cells (145)
and has an essential role in suppressing Th17 cells (154, 155).
CD39+ Tregs are reduced inMS patients (154), contributing to the
Th17-driven pathology in this disease. CD39 deficiency increases
IL-17 and decreases IL-10 production in mice and abrogates PSA-
induced immunoprotection in EAE (16).
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Furthermore, CD39 enhances the migratory capacity of CD4+

T cells, which results in PSA-dependent accumulation of CD39+

CD4+ Foxp3+ regulatory T cells in the CNS (156). In the DC-T
cell coculture system, using cells from healthy human peripheral
blood mononuclear cells (PBMCs), PSA induces IL-10
producing CD39+Foxp3+ cells in vitro (157). Furthermore, PSA
increases the expression of CD39 and IL-10 and enhances the
suppressive function of Foxp3+CD4+ cells (157). Similarly, PSA
drives differentiation of regulatory T cells and IL-10 production
using naïve T cells from MS patients (158). Notably, induced
expression of Foxp3 in response to PSA was higher in MS
patients than in healthy controls (158).

The protective effects of PSA against neuroinflammation were
also addressed in a murine model of viral encephalitis. The
induction of neuroinflammation with Herpes Virus was
controlled by PSA’s administration that promoted a protective
mechanism by IL-10 (126). The phenotypes of IL-10-producing
cells induced by the PSA treatment were heterogeneous, with
inductions of ICOS+CD39+CD37+CD4+ T cells, CD37+CD8+ T
cells, and IL-10-producing B cells. IL-10-producing Tregs were
increased in draining LNs of PSA-treated mice compared to PBS-
treated mice. The protection against neuroinflammation
FIGURE 1 | Recognition, cell signaling, and immunomodulatory pathways triggered by PSA in colonic dendritic cells. PSA is recognized by TLR1/TLR2 dimers that
result in NF-kB nuclear translocation and IRF-mediated activation of Type I IFN gene expression and enhanced antigen processing and presentation by increased
expression of iNOS, MHC class II molecules, and costimulatory signals mediated by CD86 and ICOSL. In addition, Dectin-1, a C-Type Lectin pattern recognition
receptor, contributes with TLR2 in the cell signal activation through the PI3K pathway, resulting in the nuclear phosphorylation and activation of CREB, triggering the
expression of anti-inflammatory genes. As a result, naïve CD4+ T cells are activated and differentiated in IL-10-producing immunomodulatory cells with Foxp3, CD39,
Tr1 phenotypes that might depend on the inflammatory condition (IBD, asthma, EAE, or other). PSA recognition by TLR4 dimers induces the production of IFN-b
with anti-viral activity through a MyD88 and TRIF-dependent pathway. The activation of TLR4/TRIF is dependent on the lipooligosaccharide (LOS) portion of the
polysaccharide. CREB, cAMP response element–binding protein; GSK3b, glycogen synthase kinase 3b; IFN, interferon; IL-10, interleukin 10; iNOS, inducible nitric
oxide synthase; IRF, interferon regulatory factors; MHC II, major histocompatibility complex class II; MyD88, myeloid differentiation primary response 88; NFkB,
nuclear factor-kB; PSA, polysaccharide A; PI3K, phosphoinositide 3-kinase; TLR, toll-like receptor; TRAP, tumor necrosis factor receptor-associated protein.
TRIF, TIR domain-containing adapter-inducing interferon-beta.
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triggered by the virus was also observed when mice were treated
with PSA-producing B. fragilis (126). Thus, it appears that PSA is
a potent modulator of neuroinflammation, in addition to the
protective effects observed against infections (120–124),
autoimmunity at the intestinal level (12, 117, 119), asthma
(13), or pulmonary inflammation (14). More work is necessary
to elucidate whether PSA’s phenotypes depend on the
inflammatory pathways triggered in specific target tissues of
the different disorders. A recent paper showed that PSA
promotes the activation of an interferon responsive gene (IRG)
signature responsible for producing inflammatory cytokines and
cellular signals resulting in PD1, Lag3, and Tim3 expression
(159). PSA regulates Type I interferons’ production by colonic
dendritic cells, specifically IFN-b by TLR4-TRIF domain
signaling mechanisms (153). The production of IFN-b directs
the anti-viral protective responses induced by PSA (153).
CONCLUSIONS

The microbiome research field had expanded continuously since
the early 2000s, which helped us understand the human
microbiome’s role in health and disease. In recent years, the
field’s scope shifted from the characterization of the microbiota
composition and its association to diseases to mechanistic and
causative understanding of microbes on human health.

The most prominent and most studied effect of gut
microbiota is on the immune system, which can influence a
wide range of infectious, inflammatory, metabolic, and
autoimmune diseases (160). The immune system plays an
essential role in the bidirectional communication within the
gut-brain axis and modulates diseases in the CNS, including
multiple sclerosis. Several different microbial species have been
associated with susceptibility to and progression of multiple
sclerosis. However, this is still an emerging field, and
researchers must address numerous challenges in their research.

Separating correlation from causation in microbiome-disease
association studies is one of the biggest challenges in the field.
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The literature has been dominated by associative studies
comparing differences in microbiomes of MS patients with
healthy controls. To translate these association studies into the
clinic, researchers need to discover which of these differences are
causing the disease. In addition, it is challenging to define
“healthy microbiota” since there is tremendous intrapersonal
and interpersonal variability in the composition of the human
microbiota. Dysbiosis referring to disturbances in the microbiota
structure is widely used without specific definitions of balanced
and imbalanced microbial communities’ compositions.
Furthermore, while the GF and gnotobiotic animals are
invaluable for microbiome research, animal studies ’
applicability to humans needs to be verified.

An accumulating body of research has proven the potential
use of gut symbionts as microbial therapeutics. Following the
success of FMT in treating C. difficile infections, several
companies are testing groups of microbes or individual
bacteria in clinical trials. However, understanding molecular
interactions that shape host-bacterial interactions is crucial for
the effective design of microbial therapeutics. This review
highlights the microbiota’s role in mediating immune
responses to multiple sclerosis, focusing on an archetypical
microbial molecule PSA. PSA is a hallmark of symbiotic
molecules with immunoregulatory functions. Although further
protection and toxicity studies are needed to address PSA’s
applicability as a therapeutic, we hypothesize that PSA, and
likely other unidentified gut symbiont factors, is a safe and
effective alternative for treating multiple sclerosis and other
CNS diseases.
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Autism spectrum disorders (ASD) are serious, highly variable neurodevelopmental
disorders, commonly characterized by the manifestation of specific behavioral
abnormalities, such as stereotypic behaviors and deficits in social skills, including
communication. Although the neurobiological basis for ASD has attracted attention in
recent decades, the role of microglial cells, which are the main resident myeloid cell
population in the brain, is still controversial and underexplored. Microglia play several
fundamental roles in orchestrating brain development and homeostasis. As such,
alterations in the intrinsic functions of these cells could be one of the driving forces
responsible for the development of various neurodevelopmental disorders, including ASD.
Microglia are highly sensitive to environmental cues. Amongst the environmental factors
known to influence their intrinsic functions, the gut microbiota has emerged as a central
player, controlling both microglial maturation and activation. Strikingly, there is now
compelling data suggesting that the intestinal microbiota can play a causative role in
driving the behavioural changes associated with ASD. Not only is intestinal dysbiosis
commonly reported in ASD patients, but therapies targeting the microbiome can markedly
alleviate behavioral symptoms. Here we explore the emerging mechanisms by which
altered microglial functions could contribute to several major etiological factors of ASD.
We then demonstrate how pre- and postnatal environmental stimuli can modulate
microglial cell phenotype and function, underpinning the notion that reciprocal
interactions between microglia and intestinal microbes could play a crucial role in
ASD aetiology.

Keywords: neurodevelopmental disorders, inflammation, dysbiosis, microbial metabolites, autism spectrum
disorder (ASD), microglia, microbiome
BACKGROUND

Autism spectrum disorders (ASD) include a range of neurodevelopmental disorders, commonly
characterized by repetitive behaviours, as well as impaired social skills, including verbal and
nonverbal communication (1). These behavioral symptoms develop in early childhood and persist
throughout life. In recent decades, there has been a major surge in ASD incidence globally (2).
Although the precise aetiologies of ASD are complex, and remain to be fully understood, recent
evidence points to abnormal synaptic development and function, and/or aberrant immune
org May 2021 | Volume 12 | Article 676255186
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responses, as potential drivers of ASD symptoms (3–6). Notably,
microglial cells participate in these physiological processes and
have been strongly associated with ASD development (7–10).

Microglia are the main resident immune cells of the central
nervous system (CNS), providing the tissue with innate immune
sensing, inflammatory effector functions and tissue repair. As
such, they are the main producers of proinflammatory mediators
in the context of neuroinflammation (11). Although
immunomodulatory roles for microglia in neuroinflammatory
and neurodegenerative diseases have been widely described,
immune modulation is only one of an extensive array of
discrete microglial functions. During CNS development,
microglia regulate the number and strategic positioning of
neurons and shape neuronal connectivity (10, 12). Moreover,
they support gliogenesis and myelination (10, 12–15). Given
both their immune and developmental functions, it would be
attractive to propose that microglial dysfunction could
contribute to neurodevelopmental disorders; either by
influencing disease development or driving behavioral
symptoms. However, the specific roles that microglial cells play
in ASD pathophysiology are still controversial. Although several
studies show that autistic individuals suffer from ongoing
neuroinflammatory processes, characterized by microglial
activation in several discrete regions of the brain (16–19),
others dispute the significance of this and suggest that
microglia may be intrinsically dysfunctional in their resting
state, following a prenatal disruption to homeostatic brain
development (20, 21). In this review, we explore both well-
established and emerging literature and discuss perspectives on
the role’s microglia may play in the development of ASD; both in
the context of abnormal immune signaling and altered neuronal
Frontiers in Immunology | www.frontiersin.org 287
connectivity. Given the vast array of peripheral factors that can
modulate microglial maturation and function, we further discuss
how perturbations in these extrinsic signals, particularly the gut
microbiota, might promote microglial dysfunction in the context
of the neurodevelopmental disorders.
MICROGLIA: ORIGIN AND
PHYSIOLOGICAL FUNCTIONS
IN THE BRAIN

Microglia are a highly specialised population of myeloid cells
that inhabit the healthy CNS parenchyma, representing 5–12%
of all cells in the CNS (22). Unlike the other cell types that
coinhabit the CNS, microglia are not derived from the
neuroectodermal germ layer. Rather, microglial ontogeny has
been traced to erythromyeloid precursors, which differentiate
into microglial progenitors in the yolk sac during embryogenesis
(23, 24). At this stage, differentiation is critically controlled by the
transcription factors Pu.1 and Irf8 with other transcription
factors, such Runx1 and Jun, also providing a supporting role
(21, 23, 24). On day 9.5 after conception (E9.5), microglial
progenitors leave the yolk sac to seed the developing CNS in
one single wave (22–24). Following an initial burst of
proliferation and differentiation, mature microglia then
colonize the parenchyma where they persist throughout the life
of the host (Figure 1). There, within the healthy CNS, microglial
numbers are maintained by gradual self-renewal, independently
from the recruitment of any other hematopoietic myeloid cells or
progenitors (11, 24, 25).
FIGURE 1 | Maternal immune activation and dysbiosis in microglial development. Yolk sac-derived erythroid progenitors differentiate into microglia progenitors, via
Runx1, PU.1-and IRF8-dependent pathways, that then migrate and colonize the developing brain at around embryonic day 9.5. After microglial seeding of the
embryonic CNS parenchyma and subsequent proliferation during prenatal and postnatal stages, factors such as CSF-1, IL-34 and TGF-b promote microglia terminal
differentiation. Maternal chronic inflammatory diseases, maternal infection and exposure to environmental factors, such as pesticides and pollution, can induce
immune activation during pregnancy and dramatic changes in maternal microbiota. These alterations can disrupt the normal prenatal microglia development,
maturation and induce microglial epigenetics alterations, affecting the developing fetal brain and leading to ASD development.
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Within the CNS parenchyma, microglia are imprinted by
local environmental cues. Microglial differentiation and
maintenance are strongly dependent on their expression of
colony-stimulating factor 1 receptor (CSF1R), as well as the
two main CSF1R ligands, CSF1 and IL-34 (Figure 1). Depleting
either of these ligands reduces microglial cell abundance
throughout the CNS. Moreover, the CNS of adult CSF1R-
deficient mice are virtually devoid of all microglia (26, 27). By
driving a microglia-specific gene signature, TGFb signaling
has recently also been shown to be indispensable for microglia
maturation. The marker genes induced by TGFb, which include
Tmem119, Sall1, Tgfbr1, and P2ry12, can readily distinguish
microglia from bone marrow-derived macrophages (28).

As tissue-resident macrophages, microglial cells are
responsible for the continuous immunosurveillance of the
CNS. Inflammatory insults induced by invading pathogens or
local injuries trigger their production of immune mediators (29–
31). These pathways also facilitate increased phagocytosis of
cellular debris and/or pathogens (32). Previously, microglia were
thought to be inactive during homeostasis and only activated in
response to pathological insults. However, in addition to their
“canonical” innate immune functions, recent findings suggest
that microglia are intimately involved in CNS development
through organising neuronal patterning and fine-tuning
synaptic connections (13, 22).

During embryogenesis, microglia are the first glial cells to
populate the developing CNS. In this early neurodevelopmental
phase, they control neurogenesis by releasing neurotoxic or
neurotrophic factors that orchestrate the survival ,
differentiation or apoptosis of neuronal progenitors (33–35).
The survival-enhancing role of microglia is supported by
findings showing that proliferation and survival of these
progenitors is higher when they are co-cultured with microglia
than when cultured alone (34). On the other hand, microglial
respiratory bursts generate superoxide ions, which trigger the
apoptosis of Purkinje cells in the postnatal cerebellum (33). Thus,
through the selective release of neurotoxic or neurotrophic
factors, microglia can shape the neuronal landscape.

In addition to modulating neurogenesis, microglia play
important roles in the development and differentiation of
neuronal circuits. From an early stage in postnatal
neurodevelopment, microglia eliminate redundant neurons
that do not establish functional circuits. Moreover, microglia
modulate immature neuronal circuits by engulfing and
eliminating dendritic spines at the synapse (10). This process,
known as synaptic pruning, is critically important for the normal
formation of synapses. Its disruption results in several neuronal
abnormalities; including impaired functional connectivity,
modifications to dopaminergic circuits, and an imbalance of
the excitation-to-inhibition ratio in the cortex (9, 10, 36).
Importantly, abnormal synaptic pruning in the CNS of the
neonate, or even the developing fetus, could be important in
the aetiology of ASD, as discussed later.

Finally, there is now cumulating evidence that microglial cells
modulate synaptic plasticity, and subsequently, learning and
memory (37–39). This is not only important during early
developmental stages as depleting microglia from the CNS of
Frontiers in Immunology | www.frontiersin.org 388
adult mice also results in impaired synaptic plasticity and deficits
in learning and memory (13, 40–42). Similar phenotypes are
observed when microglia are unable to produce brain-derived
neurotrophic factor (BDNF), as shown using conditional and
inducible BDNF depletion under the CX3CR1 promotor (42)

Thus, although microglia have several well-defined roles in
neuroinflammation, it is becoming increasingly evident that they
also shape neuronal survival and connectivity during
development, interpret changes in the local milieu and
modulate circuit formation accordingly (11, 43).
MICROGLIA IN ASD

To date, microglial cell participation in ASD and other
neurodevelopmental disorders has been only speculated. While
the causes of ASD are incompletely understood, some of the
main symptoms, such as impairment in multisensory processing
and integration, have been linked to defects in neurogenesis and
the strategic positioning of neurons during CNS development,
abnormal synaptic pruning and an altered neuronal excitation/
inhibition ratio (44). Additionally, systemic and central
inflammation may also be intrinsically involved in the
pathogenesis of ASD and several other neurological disorders
(45, 46). Considering both the physiological roles microglia play
in regulating neurogenesis, neuronal migration and synaptic
pruning, and their immunomodulatory roles in the CNS, it
seems entirely plausible that aberrant microglial function may
be a driving force in the pathogenesis of ASD.

Vargas et al. were the first to show an inflammatory
phenotype in post-mortem brains from ASD individuals. In
this pioneer work, neuropathologic analysis showed increased
microglial activation, characterized by elevated expression of
MHC class II, throughout the cerebral and cerebellar cortices
in individuals with ASD. Moreover, increased expression of pro-
and anti-inflammatory factors, such as such as CCL2, IL-6 and
TGF-b, were observed in both the brain and cerebrospinal fluid
(CSF) (16). Similar studies have reported increased expression of
TNF-a, IL-6, IL-8, GM-CSF, and more recently, IL-18 and IL-37,
in post-mortem brain tissue and CSF of children with ASD,
suggesting a heightened immune response with associated
localized brain inflammation (47–49). Consistent with this
apparent microglial and astrocyte immune dysregulation,
genome-wide analysis of brain tissue from ASD individuals
showed enrichment of markers related to activated microglia
and expression of genes associated with “immune and
inflammatory” gene ontology categories, compared to
neurotypical controls (50, 51). These changes in microglial
activation markers in ASD brains were also accompanied by
changes in microglial morphology, density and spatial
localization (18, 52, 53). Not only do microglia have an
increased density throughout the cerebral and cerebellar
cortices of ASD patients, but they exhibit cell body
enlargement, as well as process retraction and thickening.
Filopodia also extend from the processes of ASD-associated
microglia (18, 54). The putative microglial dysfunction
detected in post-mortem samples has now been further
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confirmed using In Vivo Positron Emission Tomography (PET).
In this study, which focused on young adults with ASD, a
radiotracer specific for activated microglia and astrocytes was
used to show a marked activation of these cells in several discrete
regions of the brain (17).

The combination of neuropathological analyses of post-
mortem human brain samples and PET scanning of live
human ASD patients has provided compelling evidence to
suggest that aberrant microglia and astrocyte immune
activation is a common hallmark of ASD. However, due to the
small number of samples evaluated, variations in genetic
backgrounds, l i festyle choices , medication use and
socioeconomic status, more studies are required. In the case of
post-mortem studies, the cause of death could also impact brain
inflammation. Moreover, it remains to be established whether
microglial activation is a secondary effect of aberrant brain
development or whether microglia play a causative role in the
initiation or manifestation of ASD. For that reason,
environmental and genetic rodent models are widely employed
to explore the range of contributions microglia make to ASD
pathogenesis, including their effects on neuronal migration,
neurotransmission, brain anatomy and inflammation.

In rodents, genetic manipulation of microglia can profoundly
alter CNS function, culminating in behavioral abnormalities
resembling those found in ASD. For example, mice lacking the
gene encoding CX3CR1 exhibit ASD-like behaviours, including
social deficits (9, 10). Also known as the fractalkine receptor,
CX3CR1 is a chemokine receptor that facilitates direct contact
between microglial cells and CX3CL1 (fractalkine)-expressing
neurons; an interaction known to suppress microglial cell
activation and IL-1b production following peripheral immune
stimulation (55). Signaling through the fractalkine/CX3CR1 axis
is required for the optimal recruitment of microglia to specific
CNS locations during embryogenesis (56). As such, Cx3cr1-
deficient mice have fewer microglia present in the CNS during
early postnatal development, resulting in altered synaptic
pruning and subsequent deficits in neuronal connectivity
throughout life (9, 10). Similar to CX3CR1, microglial
expression of immunoglobulin superfamily-member,
triggering receptor expressed on myeloid cells 2 (TREM2), is
fundamental for synaptic pruning during prenatal
neurodevelopment (57). TREM2 signalling transduction has a
central role in promoting microglial activation (11) and variants
in TREM2 have been linked to different types of neurological
diseases, including multiple sclerosis, Parkinson’s and
Alzheimer’s diseases (58–62). Recent studies in mice show
that the absence of this receptor results in defective
remodelling of neuronal synapses, dysregulated excitatory/
inhibitory neurotransmission, impaired neuronal connectivity
and behavioral defects reminiscent of ASD (57). The expression
of TREM2 was also significantly reduced in post-mortem brain
tissue from individuals with ASD compared to neurotypical
controls. This ASD-associated reduction in TREM2 expression
was most prominent in samples collected from patients with
severe symptoms, showing a negative correlation between
TREM2 levels and ASD severity (57).
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Recent studies have also shown that elevating protein
synthesis, induced exclusively in microglia via overexpression
of the translation initiation factor eIF4E, is sufficient to impair
synaptic formation and drive the manifestation of ASD-like
behaviors in young mice (63). Indeed, mutations that
inactivate negative regulators of translation, such as in PTEN
(phosphatase and tensin homolog), TSC1/2 (tuberous sclerosis
complex 1/2), and FMR1 (fragile X mental retardation protein),
are thought to cause ASD in a proportion of patients (64–68). Xu
and collaborators suggested that defects in these ubiquitously
expressed genes can alter microglial cell function sufficiently to
drive ASD. In addition to an increased phagocytic potential,
these microglia exhibit reduced mobility and impaired synaptic
pruning, culminating in higher synapse density and higher
excitatory neurotransmission compared to wild type mice,
ultimately driving the development of ASD-like behaviors (63).
Similar to the phenotype observed in mice that overexpressed
eIF4E, the frequency, phenotype and function of microglia in the
prefrontal cortex, hippocampus and striatum of Pten-deficient
mice was substantially altered when compared with their
wildtype littermates (63, 69, 70). Collectively, these studies add
further weight to the hypothesis that aberrant microglial cell
functions may help to drive the pathophysiology and behavioural
symptoms associated with ASD.

Other models of autism in which risk genes are depleted in
rodents to model symptomatic ASD variants, such as Rett
syndrome and fragile X syndrome, are also related to
microglial-dependent synaptic modulation. In Fmr1-deficient
mice, a model of fragile X syndrome, microglia are increased in
terms of size and abundance compared to those from wild-type
littermates, and these physiological changes were associated with
reduced microglial-mediated synaptic pruning (63, 71). As it is
caused by loss-of-function mutations in the gene encoding
methyl-CpG binding protein 2 (MECP2), Rett syndrome is
modeled using variations of Mecp2-deficient mice. The specific
deletion of Mecp2 in murine microglial cells triggers an
overproduction of glutamate, altering neuronal morphology
and impeding the formation of synapses (72). Abnormal
microglia–synapse interactions, and increased expression of
inflammatory genes in macrophages and microglia, were also
observed in mice lacking Mecp2 (13, 73). These studies imply a
pathological role for microglial cell dysfunction in ASD,
apparently without the context of neuroinflammation.
However, since both resting and activated microglia are able to
secrete cytokines, neurotoxic and neurotrophic factors, as well as
other soluble factors that have been implicated in ASD, it is
possible that microglia use these mediators to influence a diverse
range of neuronal functions and sculpt synaptic connections (19,
20, 74).

In addition to genetic factors, environmental factors also
modify microglia function, affecting brain development,
synaptic connectivity and CNS immune responses (75).
Indeed, the behavioural abnormalities that are observed in
mouse models in which environmental risk factors are the
driving forces behind ASD development, such as the maternal
immune activation (MIA) model, are similar to those induced by
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genetic modification (75, 76). The MIA model, in which
pregnant mice are challenged with polyinosinic-polycytidylic
acid [Poly(I:C)] or lipopolysaccharide (LPS) during embryonic
development (E9–12), was developed based on numerous
epidemiological studies that have linked prenatal infection in
humans to the development of several neurological disorders,
including ASD, in the offspring (13, 77).

MIA remotely triggers the induction of multiple cytokines in the
fetal brain of rodents, subsequently leading to abnormal
neurodevelopment. Due to their rapid ability to respond to
inflammatory signals and their role in modulating neuronal
function and connectivity, microglial cells have been implicated in
driving this disorder (78). However, contradicting results cloud the
ability to draw clear conclusions on how and when MIA shapes
microglial functions in the developing offspring. While some studies
showed increased expression of microglial activation markers in
adult offspring exposed to MIA in utero, others did not uncover any
postnatal differences in microglial phenotype as a consequence of
MIA. The most consistent microglial changes were found during
pre- or perinatal developmental stages, suggesting that transient
perturbations in microglial function might have life-long effects on
neuronal patterning, functional connectivity and behaviour (79–82).
Supporting this hypothesis, studies using genome-wide chromatin
accessibility assays revealed a series of temporally distinct
developmental stages, both pre- and perinatal, during which the
susceptibility of microglia to immune mediators and other
environmental cues was increased (21, 24). Microglia from
newborns exposed to maternal immune activation showed an
untimely downregulation of genes that are typically expressed
during this early stage of development, such as Spi1 (the gene
encoding Pu.1) and Irf8, and instead exhibited a transcriptional
phenotype more akin to that of adult microglia (21, 24). Although
these alterations were transient, the authors suggested that
accelerated microglial maturation could have sufficient
detrimental consequences in the developing brain to induce and
maintain neurological disorders that continue long after the
microglia phenotype is restored (21).

Together, these data strengthen the notion that microglia can
play a fundamental role in driving neurodevelopmental
disorders, including ASD, via their effects on neuroimmune
pathways, synaptic remodelling, neuronal survival and
connectivity. Understanding the main factors that induce
microglial dysfunction and identifying developmental
timepoints when the CNS is most susceptible to the impacts of
microglial dysregulation would help to identify novel therapeutic
targets and prophylactic strategies to better treat or prevent ASD.
ENVIRONMENTAL FACTORS
INFLUENCING ASD: FOCUS ON
MICROBIOTA-MICROGLIA MODULATION

Although genetic factors can majorly influence the risk of ASD
development, epidemiological and preclinical studies estimate
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that 50% of ASD pathophysiology is driven by non-heritable
factors, suggesting that environmental factors may play an
equally prominent role (83, 84). However, while progress has
been made towards gaining an understanding of the genetic
components that drive ASD, environmental risk factors are less
understood. Several recent studies suggest that prenatal,
perinatal and postnatal factors act synergistically to induce the
development of ASD (85). Maternal diet and lifestyle, as well as
exposure to infection, environmental chemicals and drugs
during critical periods of CNS development, can induce
various congenital malformations, culminating in a latent and
long-term impact on brain function, and enhancing the risk of
ASD development in the offspring (86–90). Many environmental
components that are vertically transmitted via mother-to-child
interactions can influence brain development during peri- and
postnatal periods, whilst horizontally transferred external
factors, i.e. those that are not dependent on the maternal
interface, have the capacity to interfere with the maintenance
and progression of ASD symptoms (91, 92).

The Role of the Gut Microbiota in ASD
Development and Maintenance
Intestinal microbes are intimately involved in integrating the
various environmental factors, such as diet, environment, sex,
age and genetic background, which subsequently impact host
immune responses (93). Remarkably, gastrointestinal (GI)
dysfunction is one of the most prominent comorbidities in
ASD patients, with 23-70% of the individuals developing
symptoms associated with the GI tract, including abdominal
discomfort, irritated bowel syndrome, chronic diarrhea and/or
constipation (32, 94). Moreover, variations in the composition
and richness (diversity) of the gut microbiota have been observed
in children with ASD compared to neurotypical controls, with
several reports of increased proportions of Clostridium, Suterella,
Ruminococcus and Lactobacillus and lower abundances of
Bifidobacterium, Akkermansia, Blautia and Prevotella (95–100).

Based on the apparent dysbiosis observed in ASD
individuals, numerous cross-sectional studies have investigated
whether exposure to antibiotics during different developmental
stages could play a causative role in triggering the onset of
ASD (101–106). Although current data are conflicting and
inconclusive, the most consistent data obtained from the larger
cohort studies indicate that the use of specific classes of
antibiotics during early life may marginally increase the risk of
ASD development (103, 104, 107).

The studies described above have been useful in identifying
associations between ASD and the GI tract, particularly with
dysbiosis of the gut microbiota. In an open-label trial, fecal
microbiota transplant (FMT) therapy from neurotypical control
donors to ASD patients significantly increased bacterial diversity
and improved irritability, communication skills and sociability
(108, 109). Thus, the gut microbiota may contribute to the
behavioural symptoms associated with ASD.

In mice, the induction of dysbiosis – for example using dietary
modulation, antibiotics or gnotobiotic models – can aggravate
both genetic and environmental models of ASD (110). Germ-free
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(GF) mice have significant social impairments compared to
specific pathogen-free (SPF) mice, as do mice that receive
antibiotics postnatally (111–113). Moreover, transferring
dysbiotic gut microbiota from ASD donors was sufficient to
induce further social deficits and increase repetitive behaviours
in GF mice, compared to mice that received an FMT from
neurotypical control donors (114). These data demonstrate that
ASD-like behaviours can be transferred by the microbiota of
ASD patients.

Dysbiosis of the commensal microbiota has also been observed
in the offspring of mice exposed to the MIA model, apparently
contributing to barrier permeability and behavioural changes. In
particular, MIA-exposed offspring had reduced levels of
Bacteroides fragilis in the gut compared to controls. Importantly,
reintroducing Bacteroides fragilis to the GI tract of these mice was
sufficient to restore GI function and improve the neurological
symptoms related to ASD (115, 116). Together, these data
demonstrate that the commensal microbiota may be crucial for
the programming and presentation of neurotypical behaviours.

It is important to consider that the studies outlined above
predominantly focus on how the microbiota of the individual
impacts the progression of ASD. While ASD symptoms were
alleviated following FMT from neurotypical donors, the effects
were transient and do not constitute a cure. As ASD is established
early in development, including during embryogenesis, it seems
likely that environmental factors experienced by a mother during
gestation may play an equally, if not more important role. It is
therefore not surprising that in rodent models of ASD, the
maternal gut microbiota has also been implicating in remotely
conditioning neurodevelopment, subsequently leading to ASD-
like behavioural changes in the offspring. In mice, the presence of
bacteria that can drive Th17 cell induction, such as segmented
filamentous bacteria (SFB), is required to induce ASD
development in the offspring of dams exposed to MIA (117,
118). Moreover, while the maternal microbiota is essential for
normal fetal neurodevelopment (119), dysbiosis induced in
response to altered diet and stress during pregnancy has also
been increasingly linked to aberrant brain development and
behavioural abnormalities in murine offspring (110, 119, 120).
Thus, the vertical transfer of microbial molecules or microbially-
induced intermediates, may alter brain function in the developing
offspring, ultimately triggering the development of ASD-
like behaviours.

A conclusive link between the maternal microbiota and ASD
development in human patients has yet to be established. However,
mothers of children with ASD often present with compositional
differences in their gut microbiota, including increased levels of
Proteobacteria, Alphaproteobacteria, Moraxellaceae, and
Acinetobacter, when compared to mothers of healthy, neurotypical
children (121). Moreover, meta-analyses of large cohort studies
suggest prenatal exposure to different classes of antibiotics could
contribute to the development of ASD (122, 123). However, data
linking prenatal antibiotic exposure to ASD development in the
offspring are highly controversial, and these studies neglect to
evaluate the impact that antibiotic treatments have on the
composition of the maternal microbiota during pregnancy.
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As further evidence that the maternal microbiota can impact
neurodevelopment of human offspring, epidemiological studies
show a clear association between maternal infections,
particularly those occurring during the first trimester of
pregnancy, and ASD development in the offspring. Prominent
maternal infections associated with ASD development in
children include viral pathogens, such as herpes simplex virus
type 2, cytomegalovirus and rubella, as well as the Toxoplasma
gondii parasite (124–127). The impact of these microbes on the
developing fetus may by driven by the vertical transfer of pro-
inflammatory cytokines, induced in response to infection.
Indeed, children born to mothers with chronic inflammatory
diseases, such as obesity, diabetes, autoimmune diseases and
asthma, also have an increased risk of neurodevelopmental
disorders (128). However, it should be noted that many of
these chronic inflammatory diseases and infectious pathogens
are also accompanied by shifts in the composition and diversity
of the gut microbiota, suggesting that the vertical transfer of
microbial molecules may also impact fetal development (129,
130). Thus, dysbiosis may be one of the driving forces by
which inflammatory diseases can increase the risk of
neurodevelopmental disorders.

Collectively, the correlative data linking maternal immune
activation and/or dysbiosis to ASD development in humans,
combined with the causative role of SFB in driving the murine
MIA model, suggests that dysbiosis of the maternal microbiota
during gestation may contribute the risk of ASD in children.

The Gut Microbiota Modulates
Microglial Function
Microglia are highly sensitive to environmental changes, not just
locally, but on a global scale. On the most basic level, microglia are
readily activated in response to systemic inflammation or circulating
LPS, specifically in CNS regions with fenestrated capillaries,
including the choroid plexus and the circumventricular organs
(131, 132). If the insult is great enough, systemic LPS challenge
can trigger the activation of microglia that rapidly spreads from the
circumventricular organs into the brain parenchyma, mediated by
the autocrine and paracrine effects of microglial TNFa and IL-1b
production (132–134). Whilst the gut microbiota will not induce
systemic inflammation under homeostatic conditions, it has been
well-documented that ASD is associated with barrier defects in the
GI tract (135–137), often referred to as a “leaky gut”, and impaired
blood-brain barrier (BBB) integrity (115, 136, 138). Thus, it is
possible that inappropriate trafficking of bacterial cell wall
components through the intestinal barrier to the CNS, through a
permissive BBB, could contribute to abnormal microglial activation
and associated neurological symptoms.

Microglia can sense peripheral changes in more subtle ways,
and it is becoming increasingly apparent that they respond to
distal changes in the gut microbiota composition, in the absence
of overt inflammation or endotoxemia. The absence of a
microbiome certainly has profound and lasting effects on
microglial cell phenotype and function. Microglia development
can be modulated by the maternal microbiota in a sex- and time-
dependent manner (Figure 1). Embryonic microglial cells
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isolated from the offspring of GF dams exhibited marked and
sex-specific differences in transcriptional profiles, increased
density and ramification of embryonic microglia in different
brain regions and altered chromatin accessibility compared to
those from the offspring of SPF dams (139). Transcriptional
differences were first apparent in the microglia of GF offspring at
E14.5, with 19 differentially expressed genes differentiating GF
and SPF microglia at this time. By E18.5, the transcriptional
profile of microglia from male, but not female, GF embryos was
profoundly distinct from their SPF counterparts, with a total of
1216 genes differentiating between male embryonic microglia
from GF and SPF mice, compared to the 20 genes that
differentiated between microglia from the two groups of
females (139). Interestingly, most of these genes were
upregulated in microglia from SPF compared to GF embryos.
Not only does this work provide compelling evidence that the
maternal microbiota can shape microglial cell development and
maturation during pre- and perinatal stages, but the sex-specific
differences highlighted in this study could account for the male
bias associated with ASD development. However, it is still
debated whether there is a biological mechanism accounting
for the sex-specific differences associated with ASD prevalence.

The presence of an intact, complex microbiota is also required
for normal microglial cell phenotype, morphology and
functionality in adulthood. Microglia are more abundant in the
brains of adult GF compared to SPF mice. Moreover, they are
more proliferative, and exhibit altered cell morphology,
characterised by longer dendrites with increased numbers of
segments, branches and terminal points (140). Phenotypically,
they are less mature, with increased expression of Spi1, CSF1R
and F4/80, and are therefore less equipped to respond to immune
challenges, as demonstrated by their tempered cytokine
production following LPS stimulation ex vivo or lymphocytic
choriomeningitis viral (LCMV) infection in vivo. Microglia from
GF mice also have a reduced ability to expand in response to
LCMV compared to microglia from adult SPF mice (140). Thus,
microbial signals may be required for normal microglial
maturation, priming them to respond to inflammatory insults
later in life; see Table 1 for a summary of some bacteria and
associated metabolites shown to affect microglia.

Recolonizing mice with a complex microbiota or feeding
them short-chain fatty acids (SCFA) can rescue the abnormal
microglial maturation associated with GF mice (140). SCFA are
bacterial metabolites derived from microbial fermentation. All
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the three main SCFAs, propionate, butyrate and acetate, are able
to cross the blood brain barrier (BBB) during steady-state
through monocarboxylate transporters, and are detectable in
the CSF in humans (150). Altered concentrations of SCFA are
observed in faecal samples from children with ASD, and ASD-
associated bacteria, such as Clostridia and Bacteroidetes, are
important producers of propionate and its derivates (151–154).
Further supporting a role for propionate in neuropathology, the
administration of high amounts of propionate, by different
routes, can dramatically increase microglial cell activation, thus
increasing the local production of inflammatory cytokines that
induce bystander damage and the development of ASD-like
behaviours in mice (148, 150). On the other hand, butyrate
promotes the transcription of genes involved in neuronal
inhibitory pathways, thus improving social behavior in the
BTBR mouse strain, an idiopathic model of ASD (155).
Considering that butyrate shows anti-inflammatory effects in
microglia, and that microglia act as important modulators of
neuronal inhibitory/excitatory pathways in ASDmodels, it seems
entirely plausible that the beneficial role of butyrate is at least
partially mediated through microglial cell-modulation
(156–158).

Aberrant production of p-Cresol, a metabolite produced
mainly by intestinal microbes, has been described in the fecal
samples from children with ASD (142, 159). Interestingly, p-
Cresol has recently been suggested induce the elevation of
microglia-associated CD68 protein in the prefrontal cortex of
mice with p-Cresol sulfate (PCS)-induced neuroinflammation
(144). Although the specific mechanisms remain to be fully
established, these data suggest that imbalances in the
production of microbial metabolites might contribute to ASD
pathogenesis via their effects on microglial cells (Figure 2).
Notably, bacterial metabolites can be transferred from mother
to fetus during gestation (160) and could thus account for the
neurodevelopmental changes associated with maternal dysbiosis.

In addition to the direct effects that bacterial metabolites may
have on the CNS, the immune system is a potential mediator of
the gut-to-brain communication associated with ASD.
Development, maturation and activation of the peripheral
immune system is heavily influenced by the gut microbiota,
particularly during early life (129, 161). Perturbation of the
normal microbiota during this critical window, or even during
pregnancy, can cause long-lasting immune alterations,
conferring susceptibility to several disorders, including
TABLE 1 | Potential links between bacterial species and microglia development and function.

Gut microbiota Bacterial species Metabolites Potential effects on microglia References

Bifidobacterium spp SCFAs Homeostatic expansion of ramified microglia (141)
Blautia hydrogenotrophica, Clostridium
spp.

p-cresol Induce microglial activation and expression of microglia associated CD68 protein (142–144)

Clostridium butyricum Mainly
butyrate

Attenuate microglia activation and microglia-mediated neuroinflammation (145)

Lactobacillus spp. unknown Regulate microglial dystrophy and activation during prenatal periods (146, 147)
Bacteroides spp, Clostridium spp. propionate Induce microglial activation and production of inflammatory mediators (in high

concentrations)
(148, 149)
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neurodevelopmental disorders (130, 162). Indeed, in addition to
gut dysbiosis, children with ASD often present with abnormal
activation of peripheral blood mononuclear cells and increased
levels of systemic inflammatory mediators, including IL-1b, IL-6,
CCL2, IFN-g and IL-17 (163–166). Similarly, genetic and
environmental ASD models show permanent systemic immune
dysregulation and suggest a detrimental role of inflammation in
the aetiology and/or maintenance of ASD (167, 168). For
example, the behavioural deficits associated with the MIA
model can be restored by a bone-marrow transplant from the
offspring of PBS-injected control dams, thus highlighting the
detrimental role the immune system can play in mediating
the ASD-like symptoms associated with this model (167). It
has been widely published that peripheral immune system
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activation can have a profound impact on brain function and
behaviour (131, 169–171). Given that microglia can sense and
respond to changes in circulating inflammatory mediators, it is
possible that aberrant immune activation could contribute to the
neuropsychiatric symptoms associated with ASD via effects on
microglial cells (Figure 2).

Recent work has elucidated a novel pathway of immune-
mediated microglial cell maturation whereby activated CD4+ T
helper cells migrate to the CNS, facilitating microglial fetal-to-
adult transition (172). Crucially, peripheral activation of
conventional CD4+ T cells by the microbiome is essential to
license their migration to the brain in steady state. An absence of
CD4+ T cells in the brain, as observed in MHC class II-deficient
mice, induces altered neuronal synapses and abnormal behaviour
FIGURE 2 | Microbiota-Microglia modulation in ASD. Microbiota-microglia communication is mediated via multiple direct and indirect mechanisms, including the
production of bacterial metabolites, such as SCFAs (1), direct modulation of the peripheral immune system and cytokine milieu (2), and direct activation of the vagus
nerve (VN) by bacterial compounds and metabolites. During homeostasis, some bacterial metabolites and components of the immune system can activate the VN
or reach the brain via the systemic circulation, directly affecting microglial maturation and functions (1; 2). In some neurodevelopmental disorders, including ASD,
dysbiosis of the gut microbiota can induce loss of gut barrier integrity. Higher intestinal permeability may allow bacterial translocation (3), as well as an imbalance in
circulating bacteria-derived components (4), thus activating immune signaling pathways, including the release of cytokines and other proinflammatory molecules.
Both bacterial components and proinflammatory mediators can cross the blood brain barriers (BBB) or activate the VN, inducing aberrations in the normal
homeostatic functions of microglia, such as surveillance, synaptic pruning and inflammatory states, contributing to ASD symptoms.
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similar to those observed in some ASD models. In these mice,
microglial differentiation was arrested between fetal- and adult-
states. Although this study failed to address what direct effects, if
any, microbial diversity might play on the phenotypes observed,
it provided proof-of-principle that gut dysbiosis could impact
microglial maturation in ASD patients via altered CD4+ T cell
peripheral activation (172).

Finally, both gut bacteria and their metabolites, as well
cytokines and other immune mediators, can directly stimulate
the vagus nerve (VN), which in turn, relays information to the
CNS (173–177). The VN is one of the most prominent aspects
of the parasympathetic nervous system and has been
extensively studied for its involvement in digestion, satiety,
stress response, and regulation of inflammation (178). It also
constitutes one of the main pathways of neuroimmune
communication, driving sickness behaviour in response to
systemic LPS challenge (171). Vagal afferent fibers innervate
all the layers of the intestinal wall (178). Although it does not
extend into the lumen of the GI tract, the VN is exposed to
bacterial components that diffuse across the GI barrier, such
as neurotransmitters, metabolites and major components
of bacterial cell walls. VN neurons express numerous
pattern recognition receptors, as well as receptors for SCFA
and serotonin, allowing them to interact with these molecules
directly (177, 179–181). The gut microbiota may also interact
with the VN indirectly, by altering the inflammatory milieu of
the intestine (Figure 2). Afferent VN fibers also express
numerous cytokine and chemokine receptors (182). As such,
intestinal inflammation induced by dysbiosis can be sensed
by the VN and transmitted to the brain; an effect known
to influence microglial activation and neuroinflammation
(183, 184). Thus, by stimulating the VN, either directly or
indirectly, the gut microbiota may regulate behavior in
patients with ASD (Figure 2). Indeed, experiments in mouse
models have shown that by stimulating the VN, gut microbes,
such as L. reuteri, can improve ASD symptoms (110).
Moreover, Lactobacillus strains can regulate behavioral
and physiological responses in a manner that requires VN
stimulation (173).

Collectively, these data demonstrate some of the complex
pathways by which the gut microbiota can remotely modulate
microglial cell function and associated behavioural changes.
They also provide proof of principle that microbiome-based
therapies could alleviate ASD symptoms via their putative
effect on microglia.

Dysbiosis, Immune Dysfunction and a
Leaky Gut in ASD
Although it is yet to be fully established, a causal relationship
between immune dysfunction, dysbiosis and the barrier defects
associated with ASD patients seems likely, and we propose this as
a major factor in the maintenance of neurological dysfunction in
ASD (Figure 2). Dysbiosis of the intestinal microbiota could
certainly induce both gut permeability and abnormal intestinal
inflammation through interactions with local immune and
mesenchymal cells (185). These interactions classically induce
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the production of a wide range of pro-inflammatory mediators,
amplifying local inflammatory responses and possibly driving
the GI-related co-morbidities that many ASD patients endure.
As such, the intestine is a likely source of the chronic low-grade
inflammation observed systemically in ASD patients (32, 186).
Supporting these hypotheses, the dysbiosis observed in murine
offspring exposed to the MIA model is accompanied by elevated
levels of colonic IL-6 and a widespread defect in intestinal barrier
integrity, all of which are restored following reconstitution with
B. fragilis (115).

Microglia express numerous cytokine receptors, as well as
toll-like receptors (TLR)-2, -4 and -7 (187–189), as does the BBB
endothelium and the VN. Moreover, BBB permeability is known
to increase in response to circulating cytokines. Thus, in addition
to locally activating the VN, the putative release of inflammatory
molecules and bacterial cell-wall components from the gut into
the circulation of ASD patients could increase BBB permeability,
resulting in widespread microglial cell activation and dysfunction
(11, 190). In addition to the immune pathways described,
dysbiosis and a leaky gut could create imbalances in circulating
bacterial metabolites, which can cross the BBB to interact with
microglia directly (Figure 2).

In summary, although a clear, causative role for the
microbiota–microglia axis in ASD onset or development has
yet to be fully described, the findings highlighted in this review
suggest that progression of ASD may have microbial origins and
thus paves the way for further research into whether therapeutic
microbial manipulation could help stem the tide of increasing
ASD incidence. We believe further study of this to be of
fundamental importance for establishing novel prophylactic
strategies that could prevent ASD.
CONCLUSIONS

We are still unravelling the complex tri-directional relationships
linking the microbiota with microglial function and
ASD development. Here we describe recent evidence
implicating microglia in ASD development, and discuss how
environmental risk factors, particularly gut dysbiosis, could
compromise the immunological and neurological functions of
microglia to drive permanent changes in the brain. We have also
highlighted how perturbations in the gut microbiota during
prenatal and neonatal periods, induced by antibiotics, dietary
changes or infections, could compromise microglial function,
thus altering brain function and increasing the risk of ASD.
Recent studies have begun to clarify the significant influence the
gut microbiota has on microglial phenotype during steady-state,
and in numerous models of neurological disorders. However,
more research is required to identify the precise mechanisms by
which microglia and the gut microbiota collude to drive
neurodevelopmental disorders, particularly in humans. We
hope that future studies, using metabolomics assays and
advanced next-generation sequencing platforms, will reveal
specific microbial communities or molecules associated with
ASD pathogenesis or alleviating symptoms, as well as the
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precise molecular mechanisms involved. This could pave the way
for the identification of novel treatment targets and/or the
rational design of probiotics to treat or prevent ASD.
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33. Marıń-Teva JL, Dusart I, Colin C, Gervais A, van Rooijen N, Mallat M.
Microglia Promote the Death of Developing Purkinje Cells. Neuron (2004)
41(4):535–47. doi: 10.1016/S0896-6273(04)00069-8

34. Antony JM, Paquin A, Nutt SL, Kaplan DR, Miller FD. Endogenous
Microglia Regulate Development of Embryonic Cortical Precursor Cells.
J Neurosci Res (2011) 89(3):286–98. doi: 10.1002/jnr.22533

35. Sierra A, Encinas JM, Deudero JJ, Chancey JH, Enikolopov G, Overstreet-
Wadiche LS, et al. Microglia Shape Adult Hippocampal Neurogenesis
Through Apoptosis-Coupled Phagocytosis. Cell Stem Cell (2010) 7(4):483–
95. doi: 10.1016/j.stem.2010.08.014

36. Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D, et al.
Microglia Modulate Wiring of the Embryonic Forebrain. Cell Rep (2014) 8
(5):1271–9. doi: 10.1016/j.celrep.2014.07.042

37. Zaki Y, Cai DJ. Creating Space for Synaptic Formation-a New Role for
Microglia in Synaptic Plasticity. Cell (2020) 182(2):265–7. doi: 10.1016/
j.cell.2020.06.042

38. Wu Y, Dissing-Olesen L, MacVicar BA, Stevens B. Microglia: Dynamic
Mediators of Synapse Development and Plasticity. Trends Immunol (2015)
36(10):605–13. doi: 10.1016/j.it.2015.08.008

39. Nguyen PT, Dorman LC, Pan S, Vainchtein ID, Han RT, Nakao-Inoue H,
et al. Microglial Remodeling of the Extracellular Matrix Promotes Synapse
Plasticity. Cell (2020) 182(2):388–403.e315. doi: 10.1016/j.cell.2020.05.050

40. Rogers JT, Morganti JM, Bachstetter AD, Hudson CE, Peters MM, Grimmig
BA, et al. CX3CR1 Deficiency Leads to Impairment of Hippocampal
Cognitive Function and Synaptic Plasticity. J Neurosci (2011) 31
(45):16241–50. doi: 10.1523/JNEUROSCI.3667-11.2011

41. Bachstetter AD, Morganti JM, Jernberg J, Schlunk A, Mitchell SH, Brewster
KW, et al. Fractalkine and CX 3 CR1 Regulate Hippocampal Neurogenesis in
Adult and Aged Rats. Neurobiol Aging. (2011) 32(11):2030–44. doi: 10.1016/
j.neurobiolaging.2009.11.022

42. Parkhurst CN, Yang G, Ninan I, Savas JN, Yates JR, Lafaille JJ, et al.
Microglia Promote Learning-Dependent Synapse Formation Through
Brain-Derived Neurotrophic Factor. Cell (2013) 155(7):1596–609. doi:
10.1016/j.cell.2013.11.030

43. Zengeler KE, Lukens JR. Innate Immunity At the Crossroads of Healthy
Brain Maturation and Neurodevelopmental Disorders. Nat Rev Immunol
(2021). doi: 10.1038/s41577-020-00487-7

44. Lee E, Lee J, Kim E. Excitation/Inhibition Imbalance in Animal Models of
Autism Spectrum Disorders. Biol Psychiatry (2017) 81(10):838–47. doi:
10.1016/j.biopsych.2016.05.011

45. Meltzer A, Van de Water J. The Role of the Immune System in Autism
Spectrum Disorder. Neuropsychopharmacology (2017) 42(1):284–98. doi:
10.1038/npp.2016.158

46. Siniscalco D, Schultz S, Brigida AL, Antonucci N. Inflammation and Neuro-
Immune Dysregulations in Autism Spectrum Disorders. Pharmaceut (Basel)
(2018) 11(2):56. doi: 10.3390/ph11020056

47. Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li XM, et al. Elevated
Immune Response in the Brain of Autistic Patients. J Neuroimmunol (2009)
207(1-2):111–6. doi: 10.1016/j.jneuroim.2008.12.002

48. Tsilioni I, Patel AB, Pantazopoulos H, Berretta S, Conti P, Leeman SE, et al.
Il-37 Is Increased in Brains of ChildrenWith Autism Spectrum Disorder and
Inhibits Human Microglia Stimulated by Neurotensin. Proc Natl Acad Sci
USA (2019) 116(43):21659–65. doi: 10.1073/pnas.1906817116

49. Parker-Athill EC, Tan J. Maternal Immune Activation and Autism Spectrum
Disorder: Interleukin-6 Signaling as a Key Mechanistic Pathway.
Neurosignals (2010) 18(2):113–28. doi: 10.1159/000319828

50. Voineagu I, Wang X, Johnston P, Lowe JK, Tian Y, Horvath S, et al.
Transcriptomic Analysis of Autistic Brain Reveals Convergent Molecular
Pathology. Nature (2011) 474(7351):380–4. doi: 10.1038/nature10110

51. Gupta S, Ellis SE, Ashar FN, Moes A, Bader JS, Zhan J, et al. Transcriptome
Analysis Reveals Dysregulation of Innate Immune Response Genes and
Neuronal Activity-Dependent Genes in Autism. Nat Commun (2014)
5:5748. doi: 10.1038/ncomms6748

52. Morgan JT, Chana G, Abramson I, Semendeferi K, Courchesne E, Everall IP.
Abnormal Microglial-Neuronal Spatial Organization in the Dorsolateral
Frontiers in Immunology | www.frontiersin.org 1196
Prefrontal Cortex in Autism. Brain Res (2012) 1456:72–81. doi: 10.1016/
j.brainres.2012.03.036

53. Lee AS, Azmitia EC, Whitaker-Azmitia PM. Developmental Microglial
Priming in Postmortem Autism Spectrum Disorder Temporal
Cortex. Brain Behav Immun (2017) 62:193–202. doi: 10.1016/j.bbi.
2017.01.019

54. Tetreault NA, Hakeem AY, Jiang S, Williams BA, Allman E, Wold BJ, et al.
Microglia in the Cerebral Cortex in Autism. J Autism Dev Disord (2012) 42
(12):2569–84. doi: 10.1007/s10803-012-1513-0

55. Corona AW, Huang Y, O’Connor JC, Dantzer R, Kelley KW, Popovich PG,
et al. Fractalkine Receptor (CX3CR1) Deficiency Sensitizes Mice to the
Behavioral Changes Induced by Lipopolysaccharide. J Neuroinflamm (2010)
7:93. doi: 10.1186/1742-2094-7-93

56. Arnoux I, Audinat E. Fractalkine Signaling and Microglia Functions in the
Developing Brain. Neural Plast (2015) 2015:689404. doi: 10.1155/2015/
689404

57. Filipello F, Morini R, Corradini I, Zerbi V, Canzi A, Michalski B, et al. The
Microglial Innate Immune Receptor TREM2 Is Required for Synapse
Elimination and Normal Brain Connectivity. Immunity (2018) 48(5):979–
91.e978. doi: 10.1016/j.immuni.2018.04.016

58. Cady J, Koval ED, Benitez BA, Zaidman C, Jockel-Balsarotti J, Allred P, et al.
TREM2 Variant p.R47H as a Risk Factor for Sporadic Amyotrophic Lateral
Sclerosis. JAMA Neurol (2014) 71(4):449–53. doi: 10.1001/jama
neurol.2013.6237

59. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J,
et al. Variant of TREM2 Associated With the Risk of Alzheimer’s Disease.
N Engl J Med (2013) 368(2):107–16. doi: 10.1056/NEJMoa1211103

60. Wang S, Mustafa M, Yuede CM, Salazar SV, Kong P, Long H, et al. Anti-
Human TREM2 Induces Microglia Proliferation and Reduces Pathology in
an Alzheimer’s Disease Model. J Exp Med (2020) 217(9):e20200785. doi:
10.1084/jem.20200785

61. Gratuze M, Leyns CE, Sauerbeck AD, St-Pierre MK, Xiong M, Kim N, et al.
Impact of TREM2R47H Variant on Tau Pathology-Induced Gliosis and
Neurodegeneration. J Clin Invest (2020) 130(9):4954–68. doi: 10.1172/
JCI138179

62. Zhou Y, Song WM, Andhey PS, Swain A, Levy T, Miller KR, et al. Human
and Mouse Single-Nucleus Transcriptomics Reveal TREM2-Dependent and
TREM2-Independent Cellular Responses in Alzheimer’s Disease. Nat Med
(2020) 26(1):131–42. doi: 10.1038/s41591-019-0695-9

63. Xu ZX, Kim GH, Tan JW, Riso AE, Sun Y, Xu EY, et al. Elevated Protein
Synthesis in Microglia Causes Autism-Like Synaptic and Behavioral
Aberrations. Nat Commun (2020) 11(1):1797. doi: 10.1038/s41467-020-
15530-3

64. Lv JW, Cheng TL, Qiu ZL, Zhou WH. Role of the PTEN Signaling Pathway
in Autism Spectrum Disorder. Neurosci Bull (2013) 29(6):773–8. doi:
10.1007/s12264-013-1382-3

65. Zhou J, Parada LF. PTEN Signaling in Autism Spectrum Disorders. Curr
Opin Neurobiol (2012) 22(5):873–9. doi: 10.1016/j.conb.2012.05.004

66. Zalfa F, Giorgi M, Primerano B, Moro A, Di Penta A, Reis S, et al. The Fragile
X Syndrome Protein FMRP Associates With BC1 RNA and Regulates the
Translation of Specific mRNAs At Synapses. Cell (2003) 112(3):317–27. doi:
10.1016/S0092-8674(03)00079-5

67. Bagni C, Greenough WT. From mRNP Trafficking to Spine
Dysmorphogenesis: The Roots of Fragile X Syndrome. Nat Rev Neurosci
(2005) 6(5):376–87. doi: 10.1038/nrn1667

68. Jeste SS, Sahin M, Bolton P, Ploubidis GB, Humphrey A. Characterization of
Autism in Young ChildrenWith Tuberous Sclerosis Complex. J Child Neurol
(2008) 23(5):520–5. doi: 10.1177/0883073807309788

69. Kwon CH, Luikart BW, Powell CM, Zhou J, Matheny SA, Zhang W, et al.
Pten Regulates Neuronal Arborization and Social Interaction in Mice.
Neuron (2006) 50(3):377–88. doi: 10.1016/j.neuron.2006.03.023

70. Chen CJ, Sgritta M, Mays J, Zhou H, Lucero R, Park J, et al. Therapeutic
Inhibition of mTORC2 Rescues the Behavioral and Neurophysiological
Abnormalities Associated With Pten-Deficiency. Nat Med (2019) 25
(11):1684–90. doi: 10.1038/s41591-019-0608-y

71. Jawaid S, Kidd GJ, Wang J, Swetlik C, Dutta R, Trapp BD. Alterations in CA1
Hippocampal Synapses in a Mouse Model of Fragile X Syndrome. Glia
(2018) 66(4):789–800. doi: 10.1002/glia.23284
May 2021 | Volume 12 | Article 676255

https://doi.org/10.1084/jem.20180794
https://doi.org/10.1016/S0896-6273(04)00069-8
https://doi.org/10.1002/jnr.22533
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1016/j.celrep.2014.07.042
https://doi.org/10.1016/j.cell.2020.06.042
https://doi.org/10.1016/j.cell.2020.06.042
https://doi.org/10.1016/j.it.2015.08.008
https://doi.org/10.1016/j.cell.2020.05.050
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1016/j.neurobiolaging.2009.11.022
https://doi.org/10.1016/j.neurobiolaging.2009.11.022
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1038/s41577-020-00487-7
https://doi.org/10.1016/j.biopsych.2016.05.011
https://doi.org/10.1038/npp.2016.158
https://doi.org/10.3390/ph11020056
https://doi.org/10.1016/j.jneuroim.2008.12.002
https://doi.org/10.1073/pnas.1906817116
https://doi.org/10.1159/000319828
https://doi.org/10.1038/nature10110
https://doi.org/10.1038/ncomms6748
https://doi.org/10.1016/j.brainres.2012.03.036
https://doi.org/10.1016/j.brainres.2012.03.036
https://doi.org/10.1016/j.bbi.2017.01.019
https://doi.org/10.1016/j.bbi.2017.01.019
https://doi.org/10.1007/s10803-012-1513-0
https://doi.org/10.1186/1742-2094-7-93
https://doi.org/10.1155/2015/689404
https://doi.org/10.1155/2015/689404
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1001/jamaneurol.2013.6237
https://doi.org/10.1001/jamaneurol.2013.6237
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.1084/jem.20200785
https://doi.org/10.1172/JCI138179
https://doi.org/10.1172/JCI138179
https://doi.org/10.1038/s41591-019-0695-9
https://doi.org/10.1038/s41467-020-15530-3
https://doi.org/10.1038/s41467-020-15530-3
https://doi.org/10.1007/s12264-013-1382-3
https://doi.org/10.1016/j.conb.2012.05.004
https://doi.org/10.1016/S0092-8674(03)00079-5
https://doi.org/10.1038/nrn1667
https://doi.org/10.1177/0883073807309788
https://doi.org/10.1016/j.neuron.2006.03.023
https://doi.org/10.1038/s41591-019-0608-y
https://doi.org/10.1002/glia.23284
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Davoli-Ferreira et al. Microbiota and Microglia in ASD
72. Maezawa I, Jin LW. Rett Syndrome Microglia Damage Dendrites and
Synapses by the Elevated Release of Glutamate. J Neurosci (2010) 30
(15):5346–56. doi: 10.1523/JNEUROSCI.5966-09.2010

73. Cronk JC, Derecki NC, Ji E, Xu Y, Lampano AE, Smirnov I, et al. Methyl-
Cpg Binding Protein 2 Regulates Microglia and Macrophage Gene
Expression in Response to Inflammatory Stimuli. Immunity (2015) 42
(4):679–91. doi: 10.1016/j.immuni.2015.03.013

74. Li L, Lu J, Tay SS, Moochhala SM, He BP. The Function of Microglia, Either
Neuroprotection or Neurotoxicity, Is Determined by the Equilibrium
Among Factors Released From Activated Microglia In Vitro. Brain Res
(2007) 1159:8–17. doi: 10.1016/j.brainres.2007.04.066

75. Knuesel I, Chicha L, Britschgi M, Schobel SA, Bodmer M, Hellings JA, et al.
Maternal Immune Activation and Abnormal Brain Development Across
CNS Disorders. Nat Rev Neurol (2014) 10(11):643–60. doi: 10.1038/
nrneurol.2014.187

76. Patterson PH. Maternal Infection and Immune Involvement in Autism.
Trends Mol Med (2011) 17(7):389–94. doi: 10.1016/j.molmed.2011.03.001

77. Estes ML, McAllister AK. Maternal Immune Activation: Implications for
Neuropsychiatric Disorders. Science (2016) 353(6301):772–7. doi: 10.1126/
science.aag3194

78. Smolders S, Notter T, Smolders SMT, Rigo JM, Brône B. Controversies and
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Chronic stress manifests as depressive- and anxiety-like behavior while recurrent stress
elicits disproportionate behavioral impairments linked to stress-induced immunological
priming. The gut-brain-microbiota-axis is a promising therapeutic target for stress-
induced behavioral impairments as it simultaneously modulates peripheral and brain
immunological landscapes. In this study, a combination of probiotics and prebiotics,
known as a synbiotic, promoted behavioral resilience to chronic and recurrent stress by
normalizing gut microbiota populations and promoting regulatory T cell (Treg) expansion
throughmodulation of ileal innate lymphoid cell (ILC)3 activity, an impact reflecting behavioral
responses better than limbic brain region neuroinflammation. Supporting this conclusion, a
multivariate machine learning model correlatively predicted a cross-tissue immunological
signature of stress-induced behavioral impairment where the ileal Treg/T helper17 cell ratio
associated to hippocampal chemotactic chemokine and prefrontal cortex IL-1b production
in the context of stress-induced behavioral deficits. In conclusion, stress-induced behavioral
impairments depend on the gut-brain-microbiota-axis and through ileal immune regulation,
synbiotics attenuate the associated depressive- and anxiety-like behavior.

Keywords: probiotic, nutraceutical, innate lymphocyte cells, psychiatry, microbiota
INTRODUCTION

Chronic stress imposes persistent immunological changes to the periphery and brain priming the
host to disproportionally respond to recurrent subthreshold stresses (1). The most common
psychiatric responses to chronic stress include mood disorders such as major depressive disorder
(MDD) and anxiety, while future sensitivity to recurring stressors can manifest as post-traumatic
stress disorder (PTSD). Gut microbiota modifying agents including probiotics and prebiotics
attenuate symptoms of stress-induced behavioral impairment (2, 3), yet the mechanisms remain in
their infancy. Depression and anxiety associated with chronic stress have complex etiologies linked
to maladaptive responses in neurovascular architecture, neuroendocrine signaling, and immune
signaling (4, 5). Chronic stress has been causally linked to inflammation in the periphery (6, 7) and
the brain (8) and this chronic low-grade inflammation resulting from chronic stress has become a
major risk factor for the evolution of stress-induced psychiatric impairment (9). Inflammation
org June 2021 | Volume 12 | Article 6705001101
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could act as a therapeutic target for depression and anxiety;
however, the unique disparate immune regulation of the
periphery and the brain provides pharmacological challenges
(10). Notably, the microbiome-gut-brain-axis can indiscriminately
regulate maladaptive immune responses in both the periphery
and the brain (11) making it an attractive therapeutic target.
This multifaceted strategy could reform the reductionist
approaches of current therapeutic regimes for psychiatric
impairment, which classically target only one protein or receptor
leading to inconsistent and poor clinical outcomes (12).

Chronic stress priming to recurrent psychological
impairment has been attributed to microglia activation (13,
14), associated to sterile inflammation in the hippocampus
(15), peripheral IL-6 production (6), activation of major
histocompatibility complex (MHC)II+ CD11c+ dendritic cells
and Ly6Chi monocytes (10), proinflammatory leukocytes (16), a
migratory phenotype in myeloid cells (17) and trafficking of
myeloid cells from the spleen into limbic brain regions (18).
Expansion of circulating inflammatory monocytes may also
confer susceptibility to recurrent stressful episodes (19) while
infiltration of chemokine receptor 2 (CCR2+) Ly6Chi monocytes
into the brain and their subsequent differentiation to IL-1b
producing macrophages may exasperate neuroinflammatory
phenotypes to recurrent challenges (20). It has also been
proposed that the adaptive immune system may store a
stressor’s immunological memory facilitating protection against
or sensitivity to future stress exposures (21).

The composition of the gut microbiota is an important
influence for managing psychiatric health (22, 23). Anxiety-like
behavior can be transferred by the gut microbiota (24) and
attenuated by supplementation with certain probiotics (i.e.
psychobiotics) (25–27). In general, reconstitution of germ-free
mice with commensal microbiota or treatment with psychobiotics
promotes IL-10 production and expansion of Tregs (27, 28).
Communication between the gut microbiota and the immune
system occurs through both cognate interactions and via its
secreted metabolome including tryptophan metabolites,
polyphenolic metabolites and short chain fatty acid production,
which can modulate immune cells’ responsiveness (29).
Tryptophan catabolism is controlled by the gut microbiota
producing metabolites that interact with the aryl hydrocarbon
receptor (AHR). These interactions transcriptionally regulate
innate immune cells and intestinal epithelial cells influencing the
balance of pro- and anti-inflammatory cell types in the
gastrointestinal associated lymphoid tissue (GALT) (30). We
also identified that synbiotic-specific polyphenolic metabolites
alter the Th17/Treg ratio, possibly through mechanisms
involving the AHR (28). Although many pathways have been
identified, there remains an innate complexity to the relationship
between microbial metabolites and the immune system. Likewise,
direct interactions have been identified between microbial
metabolites and innate lymphoid cells (ILCs), dendritic cells,
macrophages, monocytes, neutrophils and naïve lymphocytes
[reviewed in (29)] diluting the discovery of direct gut
microbiome-gut-brain axis interactions in the context of chronic
or recurrent stress.
Frontiers in Immunology | www.frontiersin.org 2102
In a previous study, we showed that a synbiotic composed of
Lactobacillus fermentum, Bifidobacterium longum and a
polyphenol-rich prebiotic attenuated behavioral deficits to
chronic stress by altering the Treg/Th17 ratio in the ileum
through mechanisms potentially implicating the AHR (28).
The prebiotic used was a Botanical Derived Polyphenolic
Preparation (BDPP) composed of grape seed extract, concord
grape juice and resveratrol, a cocktail we previously shown to be
neuroprotective (31, 32). Our previous studies also showed that
the plasma and brain bioavailability of BDPP’s bioactive
polyphenolic metabolites is greatly enhanced when administered
in conjunction with probiotics as a synbiotic (28). In the current
study, correlative gut-brain-axis associations in the context of
recurrent stress-induced anxiety and depression were formulated
using an unbiased machine learning algorithm. This technique
was employed to build generalized associations between
chronic and recurrent stress, gut microbiota composition and
inflammatory markers in a manner that considers the variation
between individuals within groups and the synergistic
activities between the periphery and brain. This analysis created
a set of putative mechanisms to be addressed in future work
demonstrating that the gut-brain-axis cannot be considered as
isolated tissues, but a synergistic system of gut, periphery and
brain that can ultimately change the behavioral signature of stress-
induced depression and anxiety.
MATERIALS AND METHODS

Bacteria and Fermentation Conditions
The bacterial cell lines Lactobacillus plantarum ATCC 793
(Lp793) and Bifidobacterium longum ATCC 15707 (Bl15707)
were cultivated from frozen stock in Man-Rogosa-Sharpe (MRS)
media and MRS with 0.05% cysteine, respectively, in an
anaerobic incubator at 37°C as previously described (28).

Animal Husbandry
C57BL/6J male mice were purchased from The Jackson
Laboratory (age 8 weeks; Bar Harbor, ME, USA) and group
housed in the centralized animal care facility of the Center for
Comparative Medicine and Surgery at the Icahn School of
Medicine at Mount Sinai. Male mice were exclusively used in
this study to normalize the behavioral effects due to stress;
further studies will be conducted to directly compare sex in
stress-induced behavioral deficits. All animals were maintained
on a 12-h light/dark cycle in a temperature-controlled (20 ± 2°C)
vivarium with access to food and water ad libitum. All
procedures, protocols and behavioral experiments were
approved by the Mount Sinai Institutional Animal Care and
Use Committee (IACUC).

Animals were fed a polyphenol-free diet for the duration of all
experiments (Table S1). Following the 2-week stabilization and
acclimatization period for the mice, animals were placed on their
respective treatment for 2 weeks prior to starting the stress
protocol. The Bioactive Dietary Polyphenol Preparation
(BDPP) was comprised of 1% w/v grape seed polyphenol
June 2021 | Volume 12 | Article 670500
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extract (GSPE; Healthy Origins), 1% w/v resveratrol
(BulkSupplements.com) and a 5% w/v concord grape extract
(AA Pharmachem, San Diego, USA) made in sterile water. All
tested compounds were analyzed by liquid chromatography–mass
spectrometry and archived as previously reported (28, 31) in
compliance with National Institutes of Health, National Center
for Complementary and Integrative Health (Bethesda, MD, USA)
product integrity guidelines. Probiotic doses for mice were
prepared by growing cultures in bulk as previously described
(28). The bacteria were incorporated into the animals’ drinking
water at a final dosage of 1.0x10 (9) CFU/day per bacterium,
calculated based on the average daily water consumption per cage,
which was recalculated and replaced daily. The synbiotic was
composed of BDPP and the probiotics and was replaced
daily. Bacteria cultures were prepared in bulk, aliquoted at a
known density and frozen at -80°C until needed. This viability
of this preparation was tested by freezing bacterial stocks as
indicated and replating from thawed samples and preforming
colony counts.

Chronic Unpredictable Stress Protocol
Mice were randomly subdivided into 8 treatment groups
including untreated control (Control), BDPP-only (BDPP),
probiotic or synbiotic and each treatment group was treated
with one condition, either stressed or non-stressed. During the
stress protocol, mice were submitted to 28 days of random mild
stressors (CUS), allowed to rest for 28 days (CUS+Rest) followed
by re-stimulation to a subthreshold mild unpredictable stress
(US) for 7 days (CUS+US) to model recurrent stress. The
CUS+US timepoint was controlled to a 7 day US without prior
stress exposure as demonstrated in previous studied (Figure 1A)
(15). For each treatment, condition (stressed or non-stressed)
and timepoint, the group size included n=16 animals, combined
over three independent experiments where tissues were allocated
towards the biochemical and imaging studies equally. This group
size was determined based on power analyses from previous data
conducted by us (28) and others (15). During the stress periods,
animals in all study groups, including the mice for the
immunophenotyping, were subjected twice daily to random
mild stressors (Table S2). Stressors included 45° cage tilt for
12 h, wet bedding for 10-12 h, no bedding for 10-12 h, food and/
or water deprivation for 12 h, 4°C cold exposure for 1 h, cold
water swim for 5 min, cage shaking for 20 min, reversed light
schedule, restraint stress for 1 h, predator scent exposure for 8 h,
or crowding with 12 animals/cage for 1 h. Consistent with our
ongoing and published (28) experiments, no significant changes
between groups were observed for weight, water or food
consumption throughout the testing period. Behavioral
assessment on all animals (n =16 per group) was conducted
following each timepoint. From the 16 animals per group, 6 mice
were perfused and used for immunofluorescent analysis, 6 mice
were used for tissue RNA, protein (brain and peripheral tissues),
blood and feces collection and the remaining 4 for other
purposes not relevant to this manuscript. Animals were
sacrificed immediately following behavior, blood was collected
by cardiac puncture into heparinized tubes while tissues were
frozen on dry ice and stored at -80°C until analysis.
Frontiers in Immunology | www.frontiersin.org 3103
Behavioral Experiments
Behavioral experiments were performed with a NIR camera and
measured with ANY-maze™ tracking software (Stoelting Co., IL,
USA. Version 5.1 Beta). All animals were handled for 5 min per
day for 3 days prior to behavioral testing and were habituated to
the testing room for 1 h at the beginning of the test day. Details
for anxiety-like behavior with the open field test and depressive-
like behavior with the forced swim test can be found as
previously described (28).

16S DNA Extraction and Gut
Microbiome Profiling
Fecal pellets from six mice were isolated from the distal colon
from 6 mice per group. The Qiagen PowerFecal Pro DNA kit
(Cat No. 12830-50) was used for DNA extraction with the Omni
International BeadRupter 24 bead mill homogenizer. DNA from
extracted samples was amplified using Invitrogen’s AccuPrime
High Fidelity kit using primers containing adapters for MiSeq
sequencing and single-end barcodes allowing pooling and direct
sequencing of PCR products (515F/806R) (33). The 16S rRNA
gene sequencing was conducted by Diversigen (Houston, TX)
(34). The 16S rRNA V4 gene region was amplified from the
extracted community DNA by PCR and sequenced with the
MiSeq platform (Illumina) using the 2x250 bp paired-end
protocol. This generated paired-end reads that overlapped
almost completely. Sequences that passed chimera slaying post
sequencing were merged and blasted against the 16S specific
curated Silva database (v132).

RNA Extraction and Real Time PCR
Previous studies showed promising changes in immunological
gene regulation in the ileum, spleen and multiple brain regions
(28). To confirm these changes in the current study for multiple
time points, RNA from the spleen and ileal tissues were extracted
using the Trizol reagent (ThermoFisher) while RNA from brain
regions was extracted using the RNeasy Mini kit (Qiagen), with
the same n = 6 animals per group as used for the 16S sequencing.
cDNA synthesis was conducted with the High-Capacity cDNA
Reverse Transcription Kit with RNase Inhibitor (ThermoFisher).
qPCR was conducted in collaboration with the Quantitative PCR
CoRE at the Icahn School of Medicine at Mount Sinai using an
ABI 7900HT Real-Time instrument and SDS software. Relative
gene expression was assessed using the delta-delta CT method
(35) and all primer pairs and annealing temperatures are
provided in Table S3. All data was expressed in relative terms
to the housekeeping gene gapdh following its demonstration of
stability across tissue and treatment (36).

Protein Extraction and ELISA Assays
Protein from brain regions, spleen and ileum from the same mice
used for RNA and fecal collection (n = 6) were homogenized in
RIPA buffer (Sigma) with an added protease inhibitor cocktail
(Sigma) and phenylmethylsulfonyl fluoride (PMSF) phosphatase
inhibitor (ThermoFisher). ELISA assays for the cytokines IL-1b
(limit of detection, LOD 15.6 pg/ml, R&D Biosystems), IL-10 (31.2
LOD, R&D Biosystems), IL-6 (LOD 4.0 pg/ml ThermoFisher) and
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FIGURE 1 | A Synbiotic Attenuates Chronic-Stress Induced Psychological Deficits. (A) Chronic and recurrent stress are modelled using the chronic unpredictable
stress (CUS) protocol. Following 2 weeks of rest and 2 weeks of pretreatment with the BDPP, probiotics or synbiotics, mice are exposed to 28 days of random mild
unpredictable stressors (CUS) following by 28 days of rest (CUS+Rest) and a re-stimulation of 7 days of unpredictable stress (US) modelling recurrent stress
(CUS+US). The final CUS+US timepoint can be compared to the 7-day subthreshold US. Each group contained n = 16 animals. Behavior phenotypes were
assessed using the (B) forced swim test for depressive-like behavior and (C) open field test for anxiety-like behavior where for each group there are n = 16 mice +/-
SEM and significance is determined with a two-way ANOVA and Tukey’s post-hoc analysis. DC, dendritic cell; ILC, innate lymphoid cell; BC, B cell; Treg, regulatory
T cell; Th17, T helper 17 cell; TNFb, tumor necrosis factor b; TLR4, toll-like receptor 4; NFkB, nuclear factor kappa light chain enhancer of B cells; Casp1, caspase1;
IL-1b, interleukin 1 beta; CCL2(MCP1), monocyte chemoattractant protein 1; CCL5(RANTES), C-C motif 5; ICAM, intercellular adhesion molecule; VCAM, vascular
cell adhesion molecule. In all cases, *p < 0.05, **p < 0.01, ***p < 0.001.
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IL-17A (ThermoFisher, LOD 4 pg/ml) were conducted as per
company instructions.

Immunohistochemistry
At the time of sacrifice, mice (n = 6 per group, separate from the
RNA, protein and fecal analysis) were cardiac perfused first with
saline and then with 4% paraformaldehyde (PFA) and the brain
including the brain stem was removed. Brain tissue was preserved
in 4% PFA overnight and subsequently transferred to a saline
solution containing sodium azide (0.02%). Sagittal sections were
cut to 50 µm thickness using a vibratome (Leica VT1000S) and
stored in saline with sodium azide. For immunostaining, slices
were washed with PBST (PBS + 0.1% Triton X-100) and blocked
in 5% normal goal serum. Slices were incubated with primary
antibody (rabbit anti-mouse Iba1, clone EPR16588, abcam and rat
anti-mouse CD68, clone FA-11, BioRad) and then secondary
antibody (goat anti-rabbit AF568 and goat anti-rat AF488,
ThermoFisher) before mounting with ProLong Diamond
Antifade mounting media (ThermoFisher). Images were
acquired on a Zeiss LSM880 Airyscan confocal microscope
under an X20/0.8 NA air immersion 20 X objective. Image
analysis was conducted with Image J. Microscopy image analysis
was performed at the Microscopy CoRE at the Icahn School of
Medicine at Mount Sinai.

Single Cell Suspensions
Samples processed for CyTOF were derived from a different
cohort of mice than the reported behavioral and biochemical
analyses with n = 3 animals per group. Blood was drawn by
cardiac puncture and placed in EDTA blood collection tubes on
ice. PBMCs were extracted by serially lysing red blood cells
(RBC) in RBC lysis buffer. The spleen and ileum (distal 5 cm of
the small intestine) were removed and placed in ice-cold RPMI
supplemented with FBS (2%) and HEPES (15 mM). The spleen
was washed, macerated and placed in a digestion buffer
containing RPMI supplemented with FBS (5%), DNase I (0.5
mg/mL) and collagenase IV (0.4 mg/mL) at 37°C for 30 min with
agitation. After 30 min, the spleen was pulverized with a 18G
needle and filtered through 100 µM mesh on ice. Ileum samples,
with Peyer’s Patches removed, were washed in HBSS to remove
fecal matter and cut longitudinally so mucus and remaining fecal
matter could be removed. The whole ileum was placed in a
dissociation buffer of RPMI supplemented with FBS (5%), EDTA
(5 mM) and HEPES (15mM) for 20 min at 37°C with agitation.
Following the 20 min, the dissociation buffer and ileum was
filtered through a 100 µM filter the lamina propria was
transferred to a digestion buffer of RPMI supplemented with
FBS (5%), DNase I (0.5 mg/mL) and collagenase VIII (0.4 mg/
mL) and incubated 25 min at 37°C with agitation. Like the
spleen, the ileum was pulverized with a 18G needle and filtered
through a 100 µM mesh on ice.

GIPA02 CyTOF Sample Processing
and Data Acquisition
Samples were processed by the Mount Sinai Human Immune
Monitoring Center. Cell counts were performed on the
Frontiers in Immunology | www.frontiersin.org 5105
Nexcelom Cellaca Automated Cell Counter (Nexcelom
Biosciences, Lawrence, MA, USA) and cell viability was
measured utilizing Acridine Orange/Propidium Iodide viability
staining reagent (Nexcelom). Cell counts were normalized such
that four million cells were taken for downstream processing.
After washing cells, live-cell barcoding was performed. Live-cell
barcoding allows for the pooling of samples prior to CyTOF
antibody labeling, thus eliminating batch staining variability
between replicates (37). In this study, cadmium conjugated
CD45 and MHCI (H-2) antibodies were utilized for live-cell
barcoding, and replicates of each condition were live-cell
barcoded together. Fc receptor blocking (Biolegend Inc., San
Diego, CA, USA) and Rhodium-103 viability staining (Fluidigm)
were performed simultaneously with live-cell barcoding. Next,
surface staining (antibody list Table S4) was performed by
resuspending each pooled sample in a scaled amount of CyTOF
antibody cocktail. Next, the eBioscience Foxp3/Transcription
Factor Staining Buffer Set (Thermo Fisher Scientific, Waltham,
MA, USA) was used to perform intranuclear staining. Samples
were then washed and palladium barcoding of each condition was
performed utilizing the Fluidigm Cell-ID 20-Plex Pd Barcoding
Kit (Fluidigm) following manufacturer’s instructions. Conditions
with unique combinatorial palladium labels were pooled such that
only three samples remained (PBMC pool, spleen pool, ileum
pool). This second tier of barcoding allowed intracellular staining
to be performed on all of the conditions/replicates per tissue type
in bulk. Heparin blocking (100 units/mL) was utilized to prevent
non-specific binding of intracellular antibodies to eosinophils (38).
Samples were fixed in 2.4% PFA. 125nM Iridium-193 (Fluidigm)
and 2nM Osmium tetroxide (EMS) cell labeling was performed
simultaneously with sample fixation (39). Samples were washed
twice with CSB and stored in FBS + 10% DMSO at -80°C until
acquisition (40).

Prior to data acquisition, samples were washed and
resuspended at a concentration of 1 million cells per ml in Cell
Acquisition Solution containing a 1:20 dilution of EQ
Normalization beads (Fluidigm). The samples were acquired on
a Helios Mass Cytometer equipped with a wide bore sample
injector at an event rate of <400 events per second (41). After
acquisition, repeat acquisitions of the same sample were
concatenated and normalized using the Fluidigm software, and
palladium-based debarcoding was performed utilizing the CyTOF
debarcoding software made available from the Eli Zunder lab (42).
These debarcoded files were uploaded to Cytobank for manual
data clean-up/live-cell debarcoding.

For manual cleaning, immune cells were first identified based
on Ir-193 DNA intensity and CD45 expression; Ce140+
normalization beads, CD45-low/Ir-193-low debris and cross-
sample and Gaussian ion-cloud multiplets were excluded from
downstream analysis. After this data cleanup, manual gating was
utilized to debarcode the live-cell cadmium barcoded replicates.
After this final debarcoding, the files were split by population
such that each FCS file contained fully cleaned and debarcoded
data from its corresponding sample. Lastly, for unbiased analysis
of cell-subsets within each sample, the debarcoded files were run
through the Astrolabe Diagnostics Data Processing pipeline (43).
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viSNE plots and cell type gating were preformed using Cytobank
(44). viSNE clustering was performed on 22 parameters (Table
S5) where equal event sampling was selected using 6666 events in
the spleen, ileum and PBMCs, the lowest common denominator
in all samples.

MARS Algorithm and Correlation Analysis
All linear regression and Multivariate Adaptive Regression
Splines (MARS) analyses were performed in R (version 4.0.2).
The samples included were all derived from biological material
from the same mice used for the 16S sequencing, RNA, protein
and behavioral tests with n = 6 per group. Basic linear regression
was performed in R using the lm function (“stats” R package,
version 4.0.2). The association of individual bacterial species,
gene expression and cytokines with subject behavior was
examined with the following formula: log10(response) ~
Behavior + Day + Condition, where Day and Condition served
as control variables. MARS analysis was performed in R using the
“earth” package (version 5.1.2). The MARS approach allowed for
the systematic identification of pertinent primary, secondary or
higher levels of interactions among predictor variables. Briefly,
MARS constructs a linear model with all possible basis terms
(defined as hinge functions of predictors and the products of
them), then by performing a stepwise term deletion in the full
model, identifies the set of model terms that yield the best
Generalized Coefficient of Variation (GCV). To assess the
influence of microbiome on behavior, the MARS algorithm was
run with the behavior as the response variable, while all available
microbiome genera and conditions (i.e. time, stress or treatment) as
predictors. To assess the influence of measured genes and cytokines
on behavior, the MARS algorithm was run with the behavior as the
response variable, while all available genes, cytokines, and
conditions (i.e. time, stress or treatment) were predictors. The
optimal parameters for MARS analysis, including the maximum
degree of interactions, was determined using the generalized R-
squared metric, which is the estimated model performance on
unseen datasets. To systematically dissect which minor cell
population was varying with respect to treatment and/or time, the
MARS algorithm was repeated with the cell frequencies jointly as
the predictor variable, and treating the timepoint, treatment and
stress conditions as the response variable.

Statistics
All statistical analyses were completed in Graphpad Prism
version 8.0. All within group comparisons for the behavior,
gene and cytokine data were conducted with 2-way ANOVAs
with Tukey’s posthoc test while one-way ANOVAs with Tukey’s
post-hoc analysis for the microglia activation marks and immune
cell frequency data. For the gut microbiome analysis, between
group statistics of the phyla and genera were conducted with the
Mann-Whitney U test (due to the non-parametric nature of gut
microbiome data) with false discovery rate (FDR) corrections
using the Benjamini-Hochberg method. Alpha diversity,
representing microbiome variance within a sample, was
calculated with the Fisher diversity index and Observed OTU
abundances. Beta diversity, between sample variance, was
estimated quantitatively with weighted UniFrac analysis
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distance matrices. Variation in community structure was
assessed with permutational multivariate analyses of variance
(PERMANOVA) between groups with visualization of the data
using Principal Coordinates Analysis (PCoA).
RESULTS

A Synbiotic Attenuates Chronic
and Recurrent Stress-Induced
Behavioral Impairment
Chronic and recurrent stress were modelled using the CUS
paradigm (Figure 1A). This paradigm was used to elucidate
the gut microbiome-peripheral-brain-inflammation connection
in driving chronic- and recurrent-stress induced behaviors. As
previously shown, behavioral changes were not observed
following US (15); however, significant depressive- (Figure 1B)
and anxiety-like (Figure 1C) behaviors were observed in the
stressed vehicle controls following CUS. Both behavioral
impairments recovered following the rest period (CUS+Rest)
and were re-observed with CUS+US re-stimulation. The
probiotic and synbiotic attenuated depressive-like behavior
compared to stressed vehicle controls following CUS, while the
synbiotic rescued the phenotype following CUS and CUS+US
(Figure 1B). All treatment groups elicited a beneficial effect on
anxiety-like behavior following CUS and CUS+US compared to
the stressed vehicle control (Figure 1C). Notably, only BDPP
and the synbiotic, however, improved anxiety-like behavior
compared to their respective unstressed controls at the CUS
timepoint. Taken together, the synbiotic promoted more
consistent and robust resilience to stress-induced behavioral
impairments compared to its components.
Neuroinflammation in Limbic Brain
Regions Do Not Associate With
Synbiotic-Induced Behavioral Phenotypes
in Chronic and Recurrent Stress
Studies have shown that microglia activation in limbic brain
regions mirror behavioral responses of chronic and recurrent
stress (15). In this study, microglia activation was determined by
the activated CD68 positive surface area. There were no
variations in microglia activation or number in the prefrontal
cortex (PFC) with US, but following CUS, microglial activation
was elevated in the stressed vehicles and attenuated by all
treatments (Figure 2A, Figure S2, Table S7). Notably,
microglia activation remained elevated at the CUS+Rest and
CUS+US timepoints in discordance with behavioral observations
while the synbiotic ubiquitously attenuated activated microglia at
all time points. A similar analysis was done in the amygdala,
hippocampus and nucleus of the solitary tract (NTS) of the
cerebellum. In the amygdala, a similar trend was observed with
respect to timepoint and treatment, while there were few
inconsistent changes in both the hippocampus and the NTS
(Figures S1, S2, Tables S8–13). To test if microglial activation
could be reflected by transcriptional control of immune genes,
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FIGURE 2 | Dissimilarity between recurrent stress behavioral phenotype with neuroinflammatory correlates. The behavioral phenotype was aligned with microglia
activation in the prefrontal cortex as determined by (A) immunohistochemical analysis of Iba1 (red) and CD68 (green) for area and activation, respectively
(n = 6 +/- SEM). Quantification was determined as the percentage of surface area covered by CD68 vs. Iba1 (brown bars, left axis) and displayed with the
microglia count per frame (blue line, right axis) with significance determined with one-way ANOVA and Tukey’s post-hoc analysis. (B) Immunological markers of
microglia activation were validated with region-specific gene expression (n = 6, different mice than used for the IHC) and represented as the ratio of stressed vs.
non-stressed for the respective group normalized with the z-score across all timepoints for a single gene. A positive z-score is represented with red and a
negative z-score with blue. Absolute quantification of key cytokine expression (C) of IL-1b (left), IL-6 (middle) and IL-10 (right). Statistical markers are delineated
by *p < 0.05, **p < 0.01 and ***p < 0.001.
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quantification of key sterile immune factors, canonical activators
and immune cell recruitment genes in the respective brain
regions was conducted. Following CUS and CUS+US, there
was an upregulation of almost all immune-associated genes
including toll-like receptor (Tlr)4, caspase 1 (Casp1), Il1b, Ccl2,
Ccl5, intercellular adhesion molecular (Icam) and vascular
adhesion molecule (Vcam) in the PFC (Figure 2B, Table S4).
At the gene level, the synbiotic, but not the probiotic or BDPP,
robustly attenuated inflammatory gene expression profiles.
Importantly, the most consistent and drastically impacted
factors by both stress and the synbiotic, paralleling the
behavioral response, were the immune cell recruitment genes,
Ccl2, Ccl5 and Icam. In the PFC, their expression in response to
stress and treatment mirrored the behavioral response with the
synbiotic attenuating their stress-induced elevation. This was
similarly true for the gene and cytokine expression in the PFC,
hippocampus, cortex and cerebellum, however less defined
compared to the PFC (Figure 2C). This suggests that the
recruitment of peripheral immune cells into the brain may be
more important than microglia activation for driving the gut-
microbiota stress-induced behavioral responses.
Gut Microbiota Variations Under Chronic
and Recurrent Stress Normalized by
Synbiotic Treatment
The gut microbiome is sensitive to both stress and treatment and
plays a critical role in directing the immune response along the
gut-brain-axis (2). To determine how the synbiotic modulates the
gut microbiome’s response to the stress protocol, 16S
metagenomic sequencing was conducted. The stress protocol
caused a significant shift in both the Fisher alpha (within sample
variance) and beta diversities (between sample variance) in the gut
microbiome of stressed vehicle controls (Figure 3A). The stress-
induced variations in alpha and beta diversities were normalized
by BDPP (Figure 3B) and the synbiotic (Figure 3D), but not
probiotic treatment (Figure 3C). Based on these results, the
chronic stress-induced variation following CUS can be
interpreted as a loss of microbial diversity, which partially
recovered after a period of rest. Note, that the alpha diversity
was unchanged in unstressed treated controls; however all
treatments elicited a similar shift in the beta diversity (Figure
S3A). Likewise, treatment affected beta diversity following US and
CUS (Figures S3B, C), while alpha diversity varied only following
CUS due to an increase in diversity observed with probiotic and
synbiotic treatment (Figure S3C). Interestingly, treatment had no
effect on the alpha or beta diversities following CUS+Rest or CUS+
US (Figures S3D, E). Taken together, the synbiotic was the most
effective at normalizing the changes in gut microbiota diversity
due to chronic and recurrent stress.

Quantification of the individual gut microbiome populations
confirmed the consistent beneficial role of the synbiotic. There
were no variations in either the phyla (Figure S3F) or genera
(Figure 3E) of non-stressed treated controls due to either stress
or treatment; however, both treatment and time elicited
variations in the genera of stressed mice (Figures 3F–I, S5).
Frontiers in Immunology | www.frontiersin.org 8108
The most drastic variation following CUS in the stressed vehicles
was an increase in Dubosiella spp., which recovered after the rest
period but failed to increase upon CUS+US (Figure S4).
Following CUS, both probiotic and synbiotic treatments
effectively reduced Dubosiella spp. levels (Figure S5), while the
synbiotic attenuated Dubosiella levels at all time points (Figure
S4). Faecalibacterium spp. is related to Dubosiella spp. yet there
were no variations in Faecalibacterium spp. in stressed vehicle
controls at US or CUS in contrast to the increase observed
following CUS+Rest and CUS+US (Figure S4). This trend was
paralleled by all treatment groups (Figure S4); however, the
synbiotic elicited a proportionally larger increase in
Faecalibacterium spp. than the other treatments (Figures 3F,
S5). Akkermansia spp. is another important genera in terms of
metabolite production, but there were no variations due to stress
in vehicle controls at any timepoint (Figure S4). Importantly, the
synbiotic alone elicited a positive increase in Akkermansia spp.
following CUS compared to stressed vehicle controls
(Figures 3F, S5). Finally, the probiotic and synbiotic elicited a
stark increase (and BDPP a decrease) in Lactococcus spp. at all
time points, compared to the non-stressed vehicle controls
(Figure S4), yet there were no variations in Lactococcus spp.
due to stress or timepoint in vehicle controls. Overall, the
probiotic and synbiotic treatments normalized the major
genera variations induced by stress in vehicle controls while
the synbiotic elicited some unique changes in genera populations
that play important roles in managing barrier integrity.

To understand how variations in the gut microbiota, and their
interactions, may relate to the behavioral response in the context
of chronic and recurrent stress, a MARS model was performed
with behavior as the response and all available microbiome genera
and conditions (i.e. time, stress or treatment) as predictors. In this
context, the MARS algorithm takes into account the variations of
all the gut microbiota populations, group and timepoint effect and
the combined behavioral data to unbiasedly predict which groups
of bacteria influencing the overall phenotype of chronic-stress
induced behavioral impairment. The use of the MARS approach
allows for the systematic identification of primary and secondary
levels of interactions between gut microbiome populations, which
optimize the prediction of stress-induced behavioral responses. It
also controls the individual covariates’ influence (i.e. time, stress or
treatment) on the behavioral response based on the microbiome
data. Depressive-like behavior associated with variations in
Lactobacillus spp., Ruminoclostridium spp., and secondary
interactions of Lactobacillus spp. with Faecalibaculum, Blautia,
or Bifidobacterium spp. (Figure 3J). While the log10 transformed
MARS coefficients appear very small, these interactions remain
significant considering the extensive size of the model with
multiple covariate influences. With a larger coefficient, the
interaction of stress with either probiotic or synbiotic imposed a
positive effect on the depressive-like behavior (Figure 3J). In
contrast, anxiety-like behavior did not associate to any specific
genera (Figure 3K), but synbiotic and probiotic treatment did
associate to anxiety-like behavior. Additionally, the interaction of
the synbiotic with stress or the CUS timepoint both associated to
lower anxiety demonstrating the beneficial effect of the synbiotic.
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These results indicate that probiotics and synbiotics, but not
BDPP, alter the gut microbiota in a manner correlating to
attenuated stress-induced anxiety- and depressive-like behavior,
while depressive-like behavior is more sensitive to specific gut
Frontiers in Immunology | www.frontiersin.org 9109
microbiota genera including Lactobacillus spp. Further studies
will be required to understand the direct relationship between
genera specially altered by the synbiotic and the direct
psychological consequences.
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FIGURE 3 | Chronic and recurrent stress induced variations in the gut microbiota in response to synbiotic treatment. 16S V4 metagenomic sequencing of the
gut microbiota following chronic and recurrent stress and treatment with variations in genera across all timepoints in the CUS protocol: US, CUS, CUS+Rest
and CUS+US. Variation in community structure was assessed with permutational multivariate analyses of variance (PERMANOVA) between groups (beta
diversity) with visualization of the data using Principal Coordinates Analysis (PCoA) with the lines representing the distance of each individual to the centroid.
The alpha diversity calculated as the Fisher’s Alpha test following (A) stressed vehicle control, and stress with (B) BDPP, (C) Probiotic and (D) Synbiotic.
Statistical significance is marked by *p < 0.05 and **p < 0.01. Variations in the gut microbiota over time, within treatment group can be found in Figure S3.
Variations in the 14 most abundant genera with respect to treatment is shown in (E) unstressed vehicle controls, (F) US, (G) CUS, (H) CUS+Rest and (I) CUS
+US with statistical differences outlined in Figure S4. Results from the MARS algorithm show the interactions of gut microbiome and study covariates
predicting (J) forced swim test and (K) open field test. The x-axis depicts the signed log10 transformed absolute value of the term coefficient in the MARS
model. Note that the hinge function was removed for simplicity of visualization. Each group contains n = 6 mice (the same mice used for RNA/protein studies)
+/- SEM individuals while significance determined with one-way ANOVA with Tukey’s posthoc analysis. Statistics for the b-diversity is as outlined in material
and methods section.
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A Synbiotic Protects Against
Intestinal Inflammation
Chronic stress and variations in the gut microbiota are intimately
related to barrier immunity and programming of peripheral
cellular immune responses. Further, the behavioral responses
to stress and synbiotic treatment were more sensitive to the
recruitment of peripheral immune cells to the brain than
neuroinflammation. To characterize the peripheral innate and
adaptive immune cell variations in response to stress and
treatment, immunophenotyping was conducted with CyTOF.
In the ileum, viSNE analysis gated by the major cell populations
(Figure 4A) and the corresponding quantification of the major
cell types (Figure 4B) revealed that neither treatment nor time
elicited significant variations in the major ileal immune cell
populations. Note that the viSNE plots were calculated for each
timepoint so direct comparisons of the phenotypic islands
cannot be compared between timepoints. Continuing broad
characterization of the ileal immunological response, the gene
and cytokine expression of key inflammatory components were
determined. Following CUS and CUS+US, but not US or
CUS+Rest, there was a strong upregulation of kynurenine and
the proinflammatory cytokines in the ileum including IL-17A,
IL-1b and IL-6, an effect rescued most strongly by the synbiotic
(Figure 4C, Table S5). There was a correlating downregulation
of the anti-inflammatory cytokine IL-10 in control mice in
response to stress, while the synbiotic ubiquitously up-
regulated IL-10 release. Notably, unlike the major cell
populations, cytokine expression mirrored the stress-induced
behavioral responses. A similar trend was observed for gene
expression. US invoked few variations in immunological gene
expression, but CUS and CUS+US strongly upregulated Rorgt
and Cyp1a1 in stressed vehicle controls, which were both
downregulated exclusively by the synbiotic following CUS, but
not CUS+US (Figure 4D, Table S6). The gene expression ratio of
Rorgt to Foxp3, reflecting broadly the Th17 to Treg ratio, was
upregulated by CUS and CUS+US in the stressed vehicle
controls, and rescued by the synbiotic following CUS and all
treatments following CUS+US (Figure S6A). This trend was
similar to the ratio of IL-17A to IL-10 cytokine release (Figure
S6B) indicating that the variations in proinflammatory gene
expression elicited by stress and beneficially affected by the
synbiotic may be due to the regulation of Th17 and Treg
cell differentiation.

Enumeration of Tregs and Th17 cells and their activated
states was determined using the CyTOF data. In stressed vehicle
controls, ileal Tregs were reduced following CUS and CUS+US,
an effect ubiquitously upregulated by the synbiotic, CUS+US by
BDPP and CUS+Rest and CUS+US by probiotics (Figure 4E).
Interestingly, CTLA4+ Tregs (i.e. activated Tregs) were
correspondingly decreased following CUS and CUS+US in
stressed vehicle controls and elevated at all timepoints
exclusively by the synbiotic (Figure 4E). A different trend was
observed for the Th17 cells. Th17 cell numbers were elevated
following CUS and CUS+US in the stressed vehicle controls, but
only downregulated by the synbiotic in the CUS+US group
(Figure 4F). Likewise, there were no significant changes in the
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IL-17A+ICOS+ Th17 cells (i.e. activated Th17) with respect to
time or treatment. Concatenating this, the ratio of inactivated
Th17/Treg cells in the ileum was significantly elevated in stressed
vehicle controls following CUS and CUS+US, compared to
unstressed vehicle controls. This stress-induced elevation was
ubiquitously rescued only by the synbiotic at all time points (Fig
S6c). A similar trend was observed for the ratio of “activated”
Th17/Treg, except the synbiotic exclusively reduced the activated
Th17/Treg ratio except at the CUS+US timepoint where
probiotics also elicited a beneficial effect (Figure S6C). These
trends were unique to the Treg and Th17 cells, as the other
effector lymphocytes in the ileum including CD8 T cells (IFNg+
and TNFa+), Th1 and Th2 cells showed inconsistent variations
with respect to time and treatment (Figure S7, panels within).

To understand which innate immune cells may be activating
the lymphocytes in the context of gut microbiota-inflammatory-
stress interactions, several APCs were also assessed in the ileum.
The quantities of monocytes, macrophages, dendritic cells (DC1,
DC2, pDC), natural killer (NK) cells and neutrophils showed
little variation with respect to either time or treatment (Figure
S7, panels within). As reported in other studies, there was an
increase in MHCII+ monocytes in the ileum of stressed vehicle
controls following CUS and CUS+Rest, which was reduced by all
treatments (Figure S7C); however, there was no effect following
CUS+US. Interestingly, ILC, ILC1, ILC2 (Figure S7) and ILC3
(Figure 4G) populations elicited few variations over time and
treatment; however, the IL-22+ (NCR+) and IL-17A+ (NCR-)
producing ILC3 cells showed trends paralleling the behavioral
responses. IL-22 producing ILC3s were significantly
downregulated in response to stress in vehicle controls, while
synbiotic treatment exclusively upregulated their expression
(Figure S7J). Likewise, synbiotic treatment downregulated the
stress-induced increase in IL-17A producing ILC3 cells (Figure
S7K). Overall, the ratio of IL-22/IL-17A producing ILC3s was
reduced in response to stress and rescued exclusively by the
synbiotic at both the CUS and CUS+US timepoints (Figure 4H).
This is a significant result as IL-22 and IL-17A producing ILC3s
are, in part, responsible for the differentiation of either Treg or
Th17, respectively (45). It also suggests that manipulation of the
gut microbiota with a synbiotic may reprogram the barrier
immune architecture towards an NCR+ ILC3-Treg dominating
phenotype that consequently prevents the stress-induced
inflammatory milieu associated with chronic and recurrent stress.

Crosstalk Between Peripheral
Tissues Predict Stress-Induced
Behavioral Responses
To expand on the immunophenotyping of the ileum and gather a
full understanding of the microbiota-peripheral-brain immune
crosstalk, innate and adaptive immune cells in both the spleen
(Figure 5A, Figure S8A, Tables S14, 15) and PBMCs (Figure 5B,
Figure S8D,Tables S16, 17) were also immunophenotyped. In the
spleen, stress-induced alterations in the Th17/Treg activated cell
ratio was similar to the ileum, except the synbiotic elicited a less
drastic impact (Figure 5C), which can be attributed to variations
in the Treg population (Figure S9G). Variations in the Th17/Treg
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ratio were not observed among the PBMCs (Figure 5F). There was
also an increase in MHCII+ monocytes in the spleen following
CUS in the stressed vehicle controls (Figure 5D) and a trending
decrease of migratory CD103+ DC1 cells, where the latter was
rescued by the synbiotic following CUS and CUS+Rest
(Figure 5E). There was a similar increase in activated
Frontiers in Immunology | www.frontiersin.org 11111
monocytes among PBMCs following CUS in the stressed vehicle
control, an effect rescued by synbiotics alone (Figure 5G); but no
alterations due to stress or treatment were observed in the
migratory DC1 population (Figure 5H).

Gene and cytokine expression previously shown to be altered
by stress and synbiotic treatment in the periphery (28), showed
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FIGURE 4 | Synbiotic alleviates ileal immune variations in response to chronic and recurrent stress. Immunophenotyping of the ileum was determined with a CyTOF
panel and (A) overall visualization of the similarity of major cell populations in a single representative sample is depicted as a viSNE plot. The viSNE plot is two-
dimensional figure with the axes tSNE1 and tSNE2, with cells plotted on a continuum of expression with phenotypically related cells clustered together based on
gating of major cell populations and colored based on cell type called a “phenotypic island”. Quantification of each of these cell populations (n =3) is shown in (B).
Overall immunological response is depicted as a heatmap of the (C) cytokine and (D) transcriptional profiles (n = 6) and represented as the ratio of relative values of
stressed vs. non-stressed for the respective group normalized with the z-score across all timepoints for a single gene or cytokine. A positive z-score is represented
with red and a negative z-score with blue. Individual cell frequencies of (E) regulatory T cells (Tregs) and (F) T helper (Th) 17 cells relative to total CD4+ cell
populations are shown with a solid color inset of activated Treg (CTLA+) and Th17 (IL17A+ICOS+) cells, respectively. Frequency of (G) innate lymphoid cell (ILC)3
relative to total cell populations and (H) the ratio of IL-22 to IL-17A producing ILC3 cells are shown. All cell frequencies represent n = 3 mice +/- SEM with
significance determined with a one-way ANOVA and Tukey’s post-hoc analysis where *p < 0.05, **p < 0.01.
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less consistent variations in the context of chronic and recurrent
stress. There was a stark increase in Rorgt, Cyp1a1 and Tlr4 in the
splenic stressed vehicle controls following CUS, all rescued by
synbiotic treatment (Figure S8B). Importantly, these variations
were not observed in the CUS+US group uncoupling the
inflammatory response in the spleen from the behavioral
response. A similar trend was observed for splenic cytokine
expression (Figure S8C). In the serum, the proinflammatory
cytokines IL-1b and IL-17A were upregulated following both
CUS and CUS+US in the stressed vehicle controls, and
downregulated by the synbiotic (Figure S8E). Notably, IL-17A
expression remained elevated following rest (CUS+Rest) in the
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stressed vehicle controls, also uncoupling it from the behavioral
phenotype. Importantly, unlike in the ileum, the variations in
immune cells observed in the PBMCs and spleen generally did
not associate with the chronic and recurrent stress-induced
behavioral impairment, yet a trend towards a chronic-stress
induced peripheral immune cell phenotype may be apparent.
As such, in both the spleen (Figure S9) and PBMCs (Figure S10),
variations in minor cell populations were observed, yet not
obviously correlated to the behavioral phenotypes.

To systematically dissect which minor cell populations were
varying with respect to treatment and/or time, the MARS model
was repeated, using an additive model, with the cell frequencies
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FIGURE 5 | Interaction between peripheral and central immune cell profiles determine stress-induced behaviors. Immunophenotyping of the major cell types in the (A)
spleen and (B) PBMCs show little variation across time during the CUS protocol, which is also reflected in the viSNE plots (Figure S9). Splenic cell frequencies reflect
the activated (C) Th17/Treg ratio, (D) MHCII+ monocytes and (E) migratory CD103+ dendritic cells (DC)1 relative to total cell populations. PBMC cell frequencies of (F)
Th17/Treg ratio, (G) MHCII+ monocytes and (H) migratory CD103+ dendritic cells (DC)1 relative to total cell populations are also shown. All cell frequencies have n = 3
mice +/- SEM with significance calculated with a one-way ANOVA and Tukey’s post-hoc analysis where *p < 0.05 and **p < 0.01. The cellular frequencies were associated
to the individual study predictors (stress, timepoint and treatment) using a MARS additive model in the (I) ileum, (J) spleen and (K) PBMCs with the model hinge function in
parentheses. The MARS term coefficient is represented as a heatmap with the higher coefficient represented with red color and the lower coefficient with blue.
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as the predictors to the timepoint, treatment and stress as
responses. As these data were collected from a separate cohort
of animals not used for the above behavioral analyses,
exploration of a link between cell frequencies and behavior was
not attempted. This analysis will determine which of the cell
frequencies are associated to the study conditions, i.e. day, stress
or treatment. In the ileum, the Th17/Treg ratio was positively
associated to the control and BDPP treatments, while negatively
associated to probiotic and synbiotic, defining the beneficial
effect specifically of the probiotic and synbiotic on this
lymphocyte ratio within the context of chronic and recurrent
stress (Figure 5I). A similar trend was observed for the activated
CTLA4+ activated Tregs. Regarding the variation associated to
timepoint (CUS, CUS+Rest or CUS+US), the monocytes,
macrophages and dendritic cells all displayed significant
associations. This apparent dichotomy between cell types
responsive to timepoint (mostly APCs), cell types associated to
treatment (lymphocytes and ILCs) and cell types varying with
stress demonstrate a clear separation of regulatory mechanisms
to be considered in the ileum of the current stress and
treatment model.

A similar separation was observed in the spleen and PBMCS.
In the spleen, there was a strong association of the immune cell
subsets with the timepoint, while only macrophages weakly
associated with treatment (Figure 5J). In addition, and in
support of the cell frequency quantification, MHCII+

monocytes were highly associated with the overall stress
condition, whereas MHCII+ macrophages more strongly
associated to the individual timepoints. Finally, cell subsets in
stressed animals significantly varied with respect to timepoint in
the PBMCs, not treatment and only weakly with stress
(Figure 5K). The strongest association in PBMCs was the
activated MHCII+ dendritic cells and the Tregs, which were
both responsive to timepoints associated with stress. This
analysis revealed that there is an immune cell tissue-
dependency in the context of chronic and recurrent stress,
with the ileum having a considerable association to both time
and treatment and in the spleen and PBMCs, the associations are
primarily with the timepoint.

A Peripheral-Central Immune Crosstalk
Drives Chronic- and Recurrent-Stress
Behavioral Deficits
The peripheral, especially ileal, immune response is an important
predictor of chronic and recurrent-stress induced behavioral
impairment; however, neuroinflammatory markers in limbic
brain regions are common signatures of stress-induced
depressive- and anxiety-like behaviors. To dissect which
peripheral and/or brain-derived immune factors are associated
to the chronic and recurrent stress-induced behavioral responses,
linear and multivariate interactions between immune factors and
the behavioral response were made. Data was only included
which was collected from the same animal, allowing only the 16S
sequencing, behavioral, RNA and protein enumerations to be
included. Linear associations between the gene and cytokine
factors with the behavior response were conducted, with the gene
Frontiers in Immunology | www.frontiersin.org 13113
and cytokines acting as the response variable and the behavior as
the main predictor. In this model, the stress, timepoint and
treatment were all treated as covariates giving an overall
indication of the how the behavioral response associates with
single tissue-specific immune genes and cytokines. Note, that the
effect size represents the strength of the association while
correlation represents the overall fit of the model in the
context of all the covariates. In both cases where the forced
swim test (Figure 6A) or the open field test (Figure 6B) were
used as the predictor, one striking observation was that there
were more peripheral immune associations compared to brain-
derived ones. Predicting depressive-like behavior, only Il1b gene
expression in the PFC and cerebellar Ccl5 elicited a positive effect
size, with the PFC response having a higher correlation than the
cerebellum, indicating that the entire model fit well for the
behavioral prediction. Splenic IL-6 (gene and cytokine) and
Cyp1a1 also displayed positive effect sizes with splenic Cyp1a1
having a strong correlation demonstrating the importance of
AHR pathway signaling. The remaining seven associations
occurred in the ileum with the proinflammatory markers
kynurenine, IL-17, IL-1b and IL-6 having positive and Foxp3
and Gata3 gene expression negative effect sizes (Figure 6A).
Predicting anxiety-like behavior, which has an opposite direction
of beneficial effect compared to the forced swim test (i.e. “lower”
value in the open field test means less anxiety-like behavior),
cerebellar IL-6 had a positive effect size and good correlation
while Icam, Il10 and Il1b all had negative effect sizes and weak
correlations (Figure 6B). Similar to the forced swim test data,
splenic Cyp1a1 had a negative effect size and Gata3 gene
expression a positive effect size and strong correlation to the
model. Also similar to the depressive-like behavior, was the
dominant representation of ileal immune associations. Again,
Foxp3 had a strong response to anxiety-like behavior in the ileum
with an opposing effect size compared to the other
proinflammatory markers such as kynurenine, Nfkb, Tlr2, Il1b
and Il10 (Figure 6B). Overall, the linear model confirms that the
peripheral, namely ileal, immune responses are better associated
than the limbic brain-derived immune factors to the chronic and
recurrent stress-induced behavioral response within the context
of gut microbiota modifying prebiotics, probiotics and synbiotic
suggesting that a direct relationship may exist.

Linear associations give valuable insights to the impact of the
behavioral response on a single gene or cytokine predictor;
however, this model is limited as the genes and cytokines are
assumed to be independent, which could contribute to the
positive association or explain the low associative coefficient.
To detangle these covariates and predict which individual factors
across tissue, treatment and time may be synergizing in response
to the behavioral output, the MARS approach was implemented.
Similar to the linear model, behavior [either depressive-like
(Figure 6C) or anxiety-like (Figure 6D)] was used as a
response variable, while all available genes, cytokines and
sample characteristics (timepoint, stress, and treatment) were
used as predictors. Using the generalized R-squared as criterion,
allowing a maximum of three interactions in a single term
provided a better model fit than when a maximum of two
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FIGURE 6 | Multivariate analysis of gut-brain-axis coordination towards chronic- and recurrent-stress behavioral predictions. Linear regression modeling in which the
individual gene, cytokine, and microbiota were used as response variables, and the behavior was used as the main predictor of interest, while condition, treatment
and timepoint were considered covariates. Association to (A) depressive-like behavior and (B) anxiety-like behavior are shown with the x-axis representing the effect
size, the y-axis the term and the significance shown as dot size and correlation (i.e. how well the model fits the response variable) as a heatmap. The x-axis
represents the absolute value of the response variable log10 transformed, and multiplied by the sign, to establish a normal distribution: i.e. log10(effectsize+1)
when the effect size was positive, and log10(abs(effectsize-1))*(-1) when the effect size was negative. A multivariate adaptive regression splines (MARS) model was
designed to test the cross-tissue association of gene and cytokine factors (up to tertiary interactions) in the context of predicting (C) depressive-like behaviors and
(D) anxiety-like behaviors. The x-axis shows the log10 of the absolute value of the coefficient, multiplied by the coefficient sign. For both the linear and MARS
models, factor names in italics represent mRNA gene expression while normal text is cytokine expression. (E) A working scheme of barrier immunity affected by
chronic and recurrent stress and the role of the gut microbiota and its associated metabolites. For all MARS associations, data from the same n = 6 mice were
included from the 16S sequencing, RNA, protein and behavioral analyses. DC, dendritic cell; ILC, innate lymphoid cell; NCR, natural cytotoxicity receptor; AHR, aryl
hydrocarbon receptor; RA, retinoic acid.
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interactions were allowed (see details in materials and methods
section). Using this analysis, primary, secondary and tertiary
interactions can be identified. Similar to the linear associations,
the ileum had the highest predictive power, with genes (Rorgt, IL-
23R and Nfkb) and cytokines (IL-17A and IL-1b) having
significant primary associations in both behaviors tested. For
the spleen, gene expression of Il6, Il1b and Nfkb likewise
associated with behavior. In the brain, IL-1b in the PFC
associated with depressive-like behavior whereas Vcam, Tlr2
and IL-1b in the cortex and Il-10 in the cerebellum also had
significant primary effects.

The tertiary interactions bring a novel understanding to the
capacity of the entire gut-brain-axis to drive chronic and
recurrent stress-induced depressive-like behaviors synergizing
across the tissues investigated. Interestingly, the triple association
between ileal Foxp3, Rorgt and hippocampal Ccl5 strongly
associated with depressive-like behavior (Figure 6C) linking
the Th17/Treg ratio to the recruitment of peripheral immune
cells to the hippocampus. Likewise, ileal Rorgt, cerebellar Ccl5
and hippocampal Ccl5 were a strong predictor of depressive-like
behavior as was ileal Cyp1a1, splenic Il10 and PFC IL-1b. Ileal
Nfkb expression also coordinated with hippocampal Ccl5 and IL-
6 production to predict anxiety-like behavior (Figure 6D). A
splenic increase in Il1b and Tlr4 with cortical Vcam expression
strongly associated with the anxiety-like behavior while splenic
IL-10 associated with IL-1b from both the PFC and cortex,
predicted depressive-like behavior. These and the other
associations illustrate how the gut-brain-axis may functionally
coordinate with the limbic brain regions to predict stress-
induced depressive- and anxiety-like behavior outlining the
importance of the gut microbiota and barrier immunity in
driving these responses. These correlations set the foundation
for further studies to directly validate the impact of these singular
and synergistic associations using transgenic mice and
specifically immuno-compromised mice.
DISCUSSION

Chronic and recurrent psychological impairment are causally
associated with inflammation (9, 46); however, the role of barrier
immunity and the impact of gut microbiota on the peripheral and
neuroinflammatory biological signatures of chronic and recurrent
stress remain undefined. This is surprising as gut-brain associations
were previously shownwith studies outlining comorbidities between
irritable bowel syndrome and psychiatric disorders including
depression (47) and the benefit of probiotics for managing both the
gastrointestinal and psychiatric symptoms (48). The gap in
understanding for the role of barrier and peripheral immunity on
the biological signature of chronic- and recurrent-stress induced
psychiatric disorders formed the motivation of this study: to
characterize the peripheral immunological changes elicited by a
synbiotic that prophylactically prevents chronic and recurrent
psychiatric symptoms associated with stress.

Chronic stress alters the commensal microbiota in mice (49)
and humans (50). A dysbiotic microbiota has also been
Frontiers in Immunology | www.frontiersin.org 15115
associated with MDD (51) and PTSD (52); however, neither
functional nor causal links have been made between the gut
microbiota and the symptoms associated with chronic or
recurrent stress. We show that the diversity and complexity of
the gut microbiota is reduced with chronic stress, which recovers
following a period of rest yet does not recur following
subthreshold recurrent stress. Despite this behavioral
discordance, synbiotic treatment prevented the loss of diversity
and complexity due to the stress protocol. Although there were
no significant changes in phyla due to stress or treatment,
Dubosiella spp. were highly upregulated following chronic, but
not recurrent, stress, which was rescued by both probiotic and
synbiotic treatment. Dubosiella spp. is composed largely of the
species Dubosiella newyorkensis, which is closely related to
Faecalibaculum rodentium (53). This novel genera was
identified a part of the family Erysipelotrichaceae known to be
important for host metabolism and inflammatory conditions
associated with diet (54). Erysipelotrichaceae family members
have been identified as “colitogenic strains”, which are heavily
coated in IgA antibodies, can transfer colitis-like symptoms
through cohousing and associate with inflammasome-mediated
intestinal dysbiosis (55, 56). These are significant associations as
they confirm how the Dubosiella spp. may influence the CUS-
induced behavioral phenotypes by driving intestinal
inflammation. Since the synbiotic at all timepoints reduced
Dubosiella spp. populations, it demonstrates how a synbiotic
proves superior to its probiotic or prebiotic constituents to
regulate the commensal gut microbiome populations,
protecting it against an inflammatory microbiome.

Chronic and recurrent stress invoked several minor gut
microbiome alterations with respect to treatment and
timepoint and a machine learning MARS algorithm was used
to dissect which species were associated with chronic and
recurrent stress-induced psychiatric impairment, in the context
of time and treatment covariates. The MARS algorithm is a
powerful approach as it considers all the variations occurring
simultaneously between multiple data, groups, treatments and
timepoints taking into the consideration the variations of each of
the individual animals tested. The current study produces a large
dataset across tissue, treatment, time and modality to gather
enough information to make accurate predictions. This unbiased
approach allows educated associations to be built facilitating
mechanistic conclusions to be made. Primary associations
between the gut microbiome and behavior included
Lactobacillus and Ruminoclostridium spp., while the interaction
of Lactobacillus with either Faecalibaculum, Blautia or
Bifidobacterium spp. elicited significant secondary associations.
The association of Lactobacillus spp. with depression has been
shown before as exogenous Lactobacillus supplementation
attenuates symptoms of depression in humans (57) while
reduced abundance of Lactobacillus and Bifidobacterium
showed possible clinical associations with MDD (58).
Nevertheless, based on the present comprehensive sampling
and characterization of the chronic and recurrent-stress
induced microbiome in the context of gut microbiota
manipulation with prebiotics, probiotics and synbiotics, it can
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be confirmed that these species, especiallyLactobacillus spp., are the
most significant at predicting stress-induced depressive like
behavior and could serve as a biomarker of disease severity with
therapeutic implications. As such, Lactobacillus spp. have been
shown to improve barrier immunity by strengthening the gut
epithelium in the context of endotoxin challenge and stimulating
the increase in butyrate-producing Faecalibacterium and
Anaerotruncus spp (59). while Lactobacillus and Bifidobacterium
supplementation in aging mice improved barrier function,
attenuated peripheral inflammation and simultaneously
improved cognitive performance (60).

The impact of the gut microbiota on epithelial integrity can be
attributed, in part, to its reprogramming of barrier immunity
under homeostatic and challenged conditions. The GALT is the
largest secondary lymphoid organ composed of a myriad of
immune cells of the innate and adaptive immune systems that
are in direct communication with the gut microbiota. The gut
microbiota maintains barrier immune homeostasis by
modulating the reactivity of resident APCs, facilitating the
recruitment of immune cells under times of immune challenge
and influencing differentiation of effector T cells (61). These
actions alter the barrier and peripheral immune milieu
subsequently influencing the inflammatory state of the
periphery and the brain. For example, Lactobacillus spp. have
been shown to influence dendritic cell maturation in mice and
consequently bias the effector lymphocyte populations to either
Treg (immature dendritic cells) or Th1/Th2 (mature DCs)
responses (62) whereas Bacteriodes fragilis secretes bacterial
polysaccharides (PSA) that alter CD4 T cell reactivity (63).
Despite these observations, little is known about the gut
microbiota-derived molecular meditators that facilitate this
effect or how the microbiota can modulate the interaction of
innate immune cells with the naïve effector T cells in the context
of chronic and recurrent stress. The comprehensive
immunophenotyping with CyTOF in multiple peripheral
tissues revealed that variations in the ileal NCR+ ILC3
population and correlating upregulation of Treg/Th17 ratio
best associated to chronic- and recurrent-stress induced
behavioral deficits. The ILCs are a group of innate immune
cells expressing interleukin-7 receptor (IL-7Ra/CD127) and are
found enriched at mucosal sites in the gut where they contribute
to the maintenance of tissue homeostasis and host defense (64).
The ILCs form cognate interactions with naïve CD4+ T cells
directing their maturation in an activity- and microbiota-
dependent manner (65). Murine ILC3 cells, characterized by
Rorgt and IL-22 expression (66) lack TLRs (67) and are
responsive to IL-1b production by macrophages, which
stimulates IL-2 production facilitating differentiation of naïve
CD4 cells into Tregs. IL-1b production by macrophages is
dependent on MYD88- and NOD2-dependent sensing of the
microbiota giving the microbiota a key role in determining the
functional activity of ILC3 (68). These previously identified
mechanisms are in line with the immunological data collected
in this study. IL-1b and IL-6 production were primarily
associated with the chronic and recurrent behavioral
phenotypes in the ileum and PFC. In addition, based on the
Frontiers in Immunology | www.frontiersin.org 16116
MARS association of the individual terms within the study
covariates, ileal IL-1b production was associated with synbiotic
treatment and the stress condition showing ileal IL-1b‘s
contribution to recurrent stress-induced behavior. Microbiota-
driven IL-1b production by macrophages also promotes GM-
CSF (colony-stimulating factor 2 (Csf2)) by ILC3, which in turn
stimulates production of retinoic acid and IL-10 driving Treg
differentiation (45, 69). Csf2 production by ILC3s additionally
promotes the generation of proinflammatory dendritic cells in
the spleen (45), while migratory CD103+ CD11b+ dendritic cells
have been implicated in the differentiation of Tregs (70). This
putative downstream association was also observed in the
current study as migratory splenic CD103+ dendritic cells were
downregulated due to chronic stress, and uniquely rescued by
synbiotic treatment. This also demonstrates how multiple tissues
are cooperating to elicit an adaptive response to chronic and
recurrent stress following gut microbiota manipulation.

The AHR is another important component of ILC3 activation
and the crosstalk of the gut microbiota with barrier immunity
(71). Gut microbiota metabolites, especially those derived from
tryptophan (i.e. kynurenine) or dietary polyphenols, activate the
AHR (72). For example, Lactobacillus spp. ferment tryptophan
producing indole-3-aldehyde augmenting IL-22 production by
ILC3s (30), the stimulator of Treg differentiation. We previously
showed that the AHR could be a putative communicator between
the gut microbiota and the host in the context of stress-induced
psychological impairment due to the variations in tryptophan
metabolism (28), and the current study supports this conclusion.
From the MARS analysis, ileal Cyp1a1 transcription, a factor
immediately downstream of the AHR, interacted with splenic IL-
10 and PFC IL-1b to drive depressive-like behavior. This suggests
that AHR signaling in the ileum could be contributing to the
neuroinflammatory phenotype in the brain characteristic of
chronic and recurrent stress-induced depression. Examining in
depth the association of ileal Cyp1a1 with the study covariates,
ileal Cyp1a1 variations were associated primarily with the
behavioral response, and less with the timepoint or treatment
conditions suggesting that microbial-AHR-inflammatory
signaling could be a fundamental mechanism driving this gut-
brain-axis communication.

An important distinction observed in the current study is that
ILC3 polarization and subsequent lymphocyte activation is more
critical than monocyte or dendritic cell activation for recurrent
stress-induced psychological impairment. Previously, groups had
postulated that variations in the activation of the innate immune
response in MHCII+ monocytes (19), CD11c+ dendritic cells (10)
and/or the infiltration of Ly6Chi monocytes into the brain (20)
could be driving sensitivity to recurrent stress. We (28) and other
groups (73) also identified that Tregs could drive the sensitivity
to chronic and recurrent stress. In this study, comprehensive
immunophenotyping of the peripheral and central, innate and
adaptive immune responses demonstrated that the microbiome-
ILC3-Treg-Th17 axis aligns best with the behavioral phenotypes
of chronic and recurrent stress following supplementation with
gut microbiota modulating factors (Figure 6E). Importantly, we
also identified that a synbiotic can indiscriminately attenuate
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stress-induced alterations in barrier and peripheral immunity and
consequently, neuroinflammation. Activated monocytes and
dendritic cells remained important for the chronic-stress
associated behaviors; however, did not respond to synbiotic
treatment nor correspond to the recurrent stress phenotype. As
the nature of the machine learning algorithm is correlative,
further studies should investigate how removing AHR signaling
in Tregs or compromising ILC3 activity causally impacts the
behavioral responses to chronic and recurrent stress. Future
studies will directly address the question of whether the gut
microbiota can alter the recruitment of immune cells into the
brain to bring an additional level of understanding to the direct
gut-brain-interactions. An important caveat to note is that
different mouse strains from different vendors may express
correspondingly different immune cell types, mostly due to the
presence and activity of the gut microbiota. One group describes
how the T:APC cell ratio may determine the functional activity of
the immune system, another function of gut microbiota,
dependent on strain background and diet (74). Based on this,
we can draw these conclusions exclusively for the C57/Bl6 mouse
and similar backgrounds on the polyphenol-free diet described in
this study.

Epigenetic mechanisms are emerging as an important factor in
immunological memory and depression (75, 76). Stress invokes
stable epigenetic variations in the innate and adaptive immune cells
termed trained adaptive/innate immunity with implications in the
developmentof stress-inducedneuropsychiatric disorders (77). In a
six-year clinical study of 581MDDpatients, methylation profiles in
the blood were found to be highly correlated to disease status with
the major themes being immune cell migration and inflammation
(78). Importantly, gutmicrobiotaderivedmetabolites, including the
histone deacetylase inhibitor butyrate, can reprogram the cellular
epigenome,bothproximally anddistally (79). Indeed,wepreviously
showed that epigenetic modifications driven by gut microbiota
derived metabolites, especially methylation patterns in the IL-6
promoter, promoted resilience to stress-induced depression (80).
Specific to immune cell function, ILCs activity is controlled, in part,
by their epigenetic landscape. Each ILC subtype contains uniquely
regulated enhancer elements enriched with H3K4me3 creating
unique motif signatures. Interestingly, H3K4me3 enhancer
regions were extensively altered following depletion of the gut
microbiota with broad-spectrum antibiotic treatment. This
depletion facilitated a shift in the ILC1 and ILC2 populations
towards the RORgt-driven ILC3-like transcriptional profile
confirming the dependence of ILC3 on microbial regulation (81).
This substantiates the possibility that the synbiotic-specific
metabolites may promote resilience to chronic and recurrent
stress by invoking epigenetic modifications in the ILC3 cells
promoting the differentiation of Tregs over Th17 cells. This, and
other specific epigenetic programs should be explored in future
studies to understand how cellular imprintingmay be contributing
to the exaggerated recurrent-stress inducedpsychiatric phenotypes.

In conclusion, this study describes how the gut-brain-axis can
prime the barrier immune response to promote resilience to chronic
and recurrent stress associated depressive- and anxiety-like
psychological impairment. In particular, synbiotic-specific
Frontiers in Immunology | www.frontiersin.org 17117
metabolites can shift ILC3 activity towards a NCR+ IL-22
producing phenotype driving an increase in the beneficial Treg/
Th17 ratio.Compared to the expression andactivationofmonocytes,
macrophages, dendritic cells and microglia, only the microbiome-
ILC3-Th17-Treg axis paralleled the behavioral phenotype in
response to chronic and recurrent stress. In addition, these gut
microbiota induced variations associated to the release of immune
cell recruitment chemokines in the PFC and hippocampus causally
linking the different tissues of the gut-brain-axis for chronic and
recurrent stress management. Future experiments should explore
possible epigenetic mechanisms involving the AHR and associated
pathways to causally link specific synbiotic-derived metabolites with
immune regulation of stress.
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The peripheral nervous system consists of sensory circuits that respond to external and
internal stimuli and effector circuits that adapt physiologic functions to environmental
challenges. Identifying neurotransmitters and neuropeptides and the corresponding
receptors on immune cells implies an essential role for the nervous system in regulating
immune reactions. Vice versa, neurons express functional cytokine receptors to respond
to inflammatory signals directly. Recent advances in single-cell and single-nuclei
sequencing have provided an unprecedented depth in neuronal analysis and allowed to
refine the classification of distinct neuronal subsets of the peripheral nervous system.
Delineating the sensory and immunoregulatory capacity of different neuronal subsets
could inform a better understanding of the response happening in tissues that coordinate
physiologic functions, tissue homeostasis and immunity. Here, we summarize current
subsets of peripheral neurons and discuss neuronal regulation of immune responses,
focusing on neuro-immune interactions in the gastrointestinal tract. The nervous system
as a central coordinator of immune reactions and tissue homeostasis may predispose for
novel promising therapeutic approaches for a large variety of diseases including but not
limited to chronic inflammation.

Keywords: neuro-immune interactions, neuronal classification, peripheral nervous system, enteric nervous system,
dorsal root ganglia (DRG), function of neurons
INTRODUCTION

The nervous system in multi-cellular organisms consists of a complex network of neurons, which can
rapidly and precisely transmit signals. Signal transmission within the nervous system is mediated by the
release of neurotransmitters or neuropeptides from the presynaptic neuron into the synaptic cleft, the
engagement of the cognate receptor on the postsynaptic neuron, and the elicitation of a signaling cascade
within the postsynaptic neuron. The nervous system is organized in circuits linking afferent sensory
input with a broad array of reactions at effector sites. In this way, the nervous system coordinates
physiological functions, such as behavior, motor functions, blood pressure and hormone release (1–4).
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The nervous system is classified into the central nervous system
(CNS) and the peripheral nervous system (PNS). The CNS, which
includes the brain and the spinal cord, is enclosed by the duramater.
The PNS, placed outside of the dura mater, is sub-classified into
the somatic and autonomic nervous systems. The somatic nervous
system consists of peripheral somatosensory nerves, which convey
afferent signals and efferent nerves controlling motor functions, e.g.
regulating movements of extremities. The autonomic nervous
system can be functionally distinguished into the sympathetic, the
parasympathetic, and the enteric nervous system (5). The
parasympathetic and sympathetic nervous system are typical
functional counter players for opposing physiological functions:
the rest-and-digest (parasympathetic nervous system) and the fight-
or-flight reaction (sympathetic nervous system). These functions are
highly conserved across species and build the basis for survival
during external threats (6). The third component of the autonomic
nervous system is the gut intrinsic enteric nervous system (ENS),
which controls intestinal movement, mixing of ingested food and
the secretion of fluids. In the gastrointestinal tract, intrinsic neurons
are those whose cell bodies lie within the organ, whereas extrinsic
nerves (e.g. sensory nerve fibers) have their cell bodies outside the
innervated organ. Typically, the soma of extrinsic sensory afferents
is located within dorsal root ganglia, celiac ganglia, superior or
inferior mesenteric ganglia or the nodose/jugular ganglia. The
intrinsic and independent coordinator ability of the ENS has been
underlined in experiments following extrinsic denervation, where a
lack of extrinsic signals only impaired physiologic functions of the
intestine to a minor degree. Conversely, loss of the intrinsic ENS can
be disastrous, as shown in Hirschsprung or Chagas disease, where
intestinal motor functions are significantly reduced or absent (7, 8).

The ENS is composed of different neuronal populations, which
fulfil specific physiologic functions. The traditional classification of
neurons solely according to their chemical signature is not entirely
sufficient to define a functional type of neuron because similar
neurotransmitters seem to exert different physiologic functions. In
the same line, anatomical/morphological classifications do not
adhere to specific neuronal functions because of similar shapes of
enteric neurons in distinct functional classes. Thus, current
neuronal classifications need to be extended by a broader array of
markers to better understand the peripheral nervous system in
detail. Single-cell RNA-sequencing is a powerful tool, which
provides several vital transcripts per cell and can zoom in at the
potential correct resolution.

Here we review the current understanding of the function of
different neuronal subsets that relay the signals to subsets of
immune cells in the peripheral nervous system, which regulate
intestinal physiology as a response to environmental challenges
and physiologic perceptions.
THE ENTERIC NERVOUS SYSTEM

The intestine has its own nervous system, the ENS, which operates
to a large degree autonomously and outside of voluntary control,
despite being innervated by extrinsic nerve fibers. The ENS is the
largest collection of neurons outside the CNS comprising hundreds
of millions of neurons. It is the major coordinator of physiologic
Frontiers in Immunology | www.frontiersin.org 2122
bowel functions, including but not limited to peristaltic movement.
The importance of the autonomous function of the ENS has been
demonstrated by experiments using extrinsic denervation of the
intestine, in which the bowel function was only mildly affected by
the cessation of extrinsic signals (9).

The ENS has a characteristic spider web structure, is
embedded in the intestinal wall and closely associated with the
muscle layers. The somas of enteric neurons mainly cluster in
two anatomically distinct but strongly interconnected
ganglionated plexuses (10). The outer, myenteric plexus
(Auerbach Plexus) lies within the longitudinal and the circular
muscle layer, and the inner, submucosal plexus (Meissner
Plexus) is located below the muscle layers (11).

While a classification based on morphological aspects has been
proposed, this classification does not take into account that
functionally similar neurons can vary in their morphology. Using
open-end single-cell or single-nuclei sequencing approaches, several
studies have revealed the transcriptomic landscape of the ENS and
thus provide a classification, which is more functionally substantiated.
A classification based on a transcriptional code, as discussed in the
following paragraph, includes marker genes encoding for receptors,
ion channels and neuropeptides and can thus broaden our
understanding of physiologic and immunologic functions.

Populations of Neurons
The intrinsic micro-circuitry regulation of intestinal function
consists of five neuronal classes with distinct functional
specializations. Sensory neurons, also referred to as intrinsic
primary afferent neurons (IPANs), detect chemical and physical
alterations in the intestine and transmit the signal via interneurons
to excitatory motor neurons, inhibitory motor neurons or
secretomotor/vasodilator neurons (Figure 1). Enteric neurons are
replenished from neuronal stem cells of the intestine. While the
traditional sub-classification was based on the neuronal type, the
anatomic location and axonal projection as well as neurochemical
signature, recent advances in single-cell sequencing has enabled a
comprehensive clustering based on gene expression.

Single-cell sequencing of the ENS using fluorescence-
activated sorting of Wnt1-Cre; R26Tomato mice revealed 1105
enteric neurons (with ~ 3066 genes detected on average) and
eventually found nine clusters of neurons in the muscular sheet
of the intestine (12). Based on neuro-transmitters nitric oxide
synthase 1 (NOS1) and choline acetyltransferase (ChAT), two
main groups can be classified, NOS1+ neurons and ChAT+

neurons. The authors assigned three distinct neuronal clusters
of nitrergic neurons, which comprise inhibitory motor neurons
and secretomotor/vasodilator neurons (Table 1). Further, 6
clusters of cholinergic neurons, which express ChAT and the solute
carrier family 5 member 7 (Slc5a7, gene encodes for an ion
transporter) could be distinguished (12). ChAT+ neurons are
further subdivided into excitatory motor neurons, sensory neurons
and interneurons according to their gene expression (Table 1).

Using the pan-neuronal Baf53b-cre deleter mice crossed to
R26R-tomato to enable sort-purification of enteric neurons from
the myenteric plexus of the small intestine combined with single-
cell RNA-sequencing, 4,892 high-quality enteric neurons have
been analyzed and 12 classes of neurons could be identified based
July 2021 | Volume 12 | Article 679055
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on their gene expression (13). Matching these results to known
entities of enteric neurons based on functional properties, the
authors could propose the following classification: Populations
1-4 can be classified as excitatory motor neurons predominantly
defined via the expression of Tac1 and Calb2. Class 8 and 9 have
been assigned to inhibitory motor neurons and are characterized
by the expression of Nos1/Gal/VIP/Npy. Different classes
(Populations 6, 7, 11) of sensory intrinsic primary afferent
neurons have been identified based on the known markers
Calca/Calcb/Nfem/Calb1/Calb2 and the selective expression for
NMU, Ucn-3/Cck or Nxph2. Interneurons are represented with a
mixed neurochemical signature, such as Nos1/ChAT for
Interneurons group 1, Sst/Calcb/Calb2 for interneurons group
Frontiers in Immunology | www.frontiersin.org 3123
2. The co-expression of Nos1 and ChAT was also found in the
dataset of Zeisel and, thus, may reflect the profile of
interneurons, which connect different neuronal groups (12).
While all the single-cell RNA-sequencing studies nicely
delineate distinct populations of enteric neurons based on
specific transcripts, dissociation and sort-purification of entire
neurons from the muscular sheet of the intestine might not
equally represent all neurons in the ENS, some of which might be
sensitive to the isolation or sorting procedure. It should be noted
that even for tissue-resident immune cells, which are presumably
easier to release from the fabric of the tissue after digestion, a
discrepancy between cells recovered after digestion and those
detected in situ was reported (15).
TABLE 1 | Reference genes for the identification of neuronal subsets based on unbiased single-cell RNA-sequencing (12–14).

Secretomotor, vasodilator IMN EMN IN SN
NOS1 ChAT

ENT1 ENT2 ENT3 ENT4 ENT5 ENT6 ENT7 ENT8 ENT9

VIP low VIP VIP Tac1 Tac1 Penk Penk CCK NMU

Gal high Gal Gal Piezo1 Piezo1 Htr4 Htr4 Ucn3 Calcb

NeuroD6 Piezo1 Piezo1 VIPr2 VIPr2 Tac1 high Calcb Nog

Glp2r NPY high NPY low Caln1 Caln1 Sst
July 20
21 | Volum
e 12 | Article
Bold genes represent key transcripts. IMN, inhibitory motor neurons; EMN, excitatory motor neurons; IN, Interneurons; SN, sensory neurons.
VIP, vasoactive intestinal peptide; Tac1, gene encoding Substance P; PENK, gene encoding proenkephalin (Opioid); Gal, galanin (neuroendocrine peptide); Piezo1, piezo type
mechanosensitive ion channel component 1; Htr4, 5-hydroxytryptamine receptor 4; Caln1, Calneuron 1.
A B

FIGURE 1 | Representation of neurons, key transcripts and functional assignments in the intrinsic enteric nervous system. (A) 2-Dimensional scheme of the enteric
nervous system. Colors represent the schematic representation of distinct functional neuronal groups. (B) Simplified representation from sensing of the environment
of different stimuli (sensory neurons, purple), signaling transmission to interneurons (yellow) and excitation of effector neurons (motor neurons, dark blue; vasodilator
and secretomotor, light blue). Italics are the key transcripts of the respective neuronal group.
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To overcome this potential limitation, a study by the Regev lab
performed single-nuclei sequencing by using sort-purification of
labelled nuclei with a nuclear-tagged fluorescent protein (14). This
approach is expected to result in an equal representation of
neuronal nuclei present in the tissue. The authors sequenced 1´
187´535 colonic and ileal nuclei and eventually profiled 2´657
neuronal nuclei (with 7´369 genes detected per nucleus). By using
nuclear isolation and sequencing, Drokhlyansky and colleagues
identified 21 neuronal populations based on known marker genes.
These 21 identified neuronal classes could be further broadly sub-
classified into 5 populations of ChAT+Nos1+ double-expressing
putative excitatory motor neurons, 7 populations of Nos1+

inhibitory motor neurons (4 subsets are Nos1+Vip+), 2
populations of Glp2r+ secretomotor and vasodilator neurons, 4
populations of CGRP+ sensory neurons, 3 populations of Penk+

Interneurons (Table 1). Apart from the transcripts at the single-cell
level, there is limited data available that reports a deeper
characterization of neuronal subsets after sort purification. Thus,
the detection limit of single-cell RNA-sequencing can miss
important transcripts in certain subpopulations of cells.
Purification of neuronal subpopulations may allow to assign
defined functions and to delineate the neuronal subclasses in
more detail in the near future. In-between the above-mentioned
studies, minor discrepancies in the representation of neuronal
subclasses were reported, which may be due to different reporter
mouse strains used for sort purification, different isolation/
sequencing techniques or differences in bioinformatic analyses.
However, even though transcripts may differ in between different
single-cell RNA-sequencing datasets, the known functional subsets
of enteric neurons are uniformly present in all studies.
Consequently, each study concluded putative functional roles of
identified neuronal subclasses by associating gene expression to a
certain known function, even though without experimental proof.
Thus, future studies need to experimentally confirm functional
coherence of the identified transcripts.

Within the enteric nervous system, only one study performed
sequencing of human neurons (14). By using MIRACL-sequencing,
a total of 436'202 human nuclei were profiled and 1'445 neurons
clustered into 14 neuronal subsets (with ~ 4302 genes detected on
average). By comparing human and mouse colon neuronal nuclei,
the authors found strong congruence between species but also
differences in ENS composition, such as a higher abundance of
motor neurons and a lower diversity of sensory neurons,
interneurons and secretomotor/vasodilator neurons in humans.
The fact that the abundance of neurons is relatively low, future
studies should aim to address to enrich neurons in specimens to
gain deeper insights in regulated neuronal gene expression.
EXPRESSION OF GENES MEDIATING
NEURO-IMMUNE INTERACTION
IN THE ENS

Understanding which genes enteric neurons have adopted for
sensing the immune system is one of the burning questions in the
field today. We aimed to provide an overview by re-examining
Frontiers in Immunology | www.frontiersin.org 4124
published single-cell and single-nuclei datasets deposited in
publicly available databases in silico for expression of cytokine
receptors, chemokine receptors, NOD-like receptors (NLRs) and
toll-like receptors (TLRs) (Figures 2–4) (12, 14). With regard to
cytokine receptors Il11ra1, Il4Ra, Il13ra1, and Il6st (Figure 2)
were detectable in enteric neurons.

The expression of the type 2 cytokine receptors Il4Ra and
IL13ra1 in sensory ganglia and their functional role has been
studied in the context of chronic itch in mice and humans (17).
Functionally, type 2 cytokines can directly activate sensory
neurons, activate itch-sensory pathways and are critical players
in the development of chronic itch sensations. Furthermore, type
2 cytokines induce the JAK signaling pathway in neurons and
JAK inhibitors have been successfully tested in chronic itch
diseases in humans (17). In the same line, the important
initiator of type 2 responses thymic stromal lymphopetin
(TSLP) activates TRPA1+ sensory neurons and promotes itch
responses in mice (18). However, their role in the ENS needs to
be delineated in future studies.

Recent studies suggest a role for pattern recognition receptors
(PRR) in DRG neurons and pain sensation (19). Given its
location, the ENS is constantly exposed to microbial factors. A
role for the ENS in sensing microbial metabolites was found but
the importance of PRR on enteric neurons is not well defined.
Reanalysis of the datasets shows expression of Nlrp6 and TLR3
and is consistently found in enteric neurons among several
studies (Figures 3 and 4).

The role of the inflammasome components Nlrp6 and caspase
11 has recently been highlighted to control enteric neuronal cell
death and glucose metabolism in a microbiota-dependent
manner (20). In fact, microbiota-depletion with antibiotics
leads to loss of enteric associated CART+ neurons in a Nlrp6
and Caspase 11 dependent manner. Analysis of SPF-colonized
and GF mice revealed reduction in blood glucose levels, which
was linked to CART+ neurons suggesting the regulation of blood
glucose level independent from CNS control (20). The role of
TLRs in neurons is intriguing because it may suggest direct
microbial sensing of enteric neurons (11). However, the role of
TLR3 in the ENS remains elusive.

The expression pattern of cytokine receptors, NLRs and
TLRs, and chemokine receptors can guide the readers to
design their research projects accordingly (Figures 2–4,
Supplementary Figure 1).
REGULATION OF NEURONAL
POPULATIONS

Excitatory and Inhibitory Motor Neurons
Within the group of motor neurons, a sub-classification
proposed by Furness and colleagues (21) distinguishes five
main classes of motor neurons present in the intestine
including excitatory motor neurons, inhibitory motor neurons,
secretomotor/vasodilator neurons, secretomotor neurons that
are not vasodilator and neurons to enteroendocrine
cells (Figure 1).
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Excitatory motor neurons use the main neurotransmitter
acetylcholine (Ach) for signal transmission and are thus
distinguishable from inhibitory motor neurons, which use
nitric oxide (NO) as the main neurotransmitter (5). This
difference in signal transmission of excitatory versus inhibitory
motor neurons becomes evident in anticholinergic medications,
such as atropine or antidepressants, that typically lead to
constipation due to the lack of signals from excitatory motor
neurons (22). Furthermore, conditional deletion of ChAT in
neural-crest derived neurons by using the Wnt1-cre driver in
mice resulted in gastrointestinal dysmotility, dysbiosis and
eventually death of the mice at post-natal day 30. This
phenotype highlights the extraordinary role of ChAT for host
physiology and its role in the coordination of motor
functions (23).

Even though Ach is the dominant neurotransmitter used by
excitatory motor neurons, these neurons show a residual
excitation after muscarinic block suggesting that other
neurotransmitters are involved (24, 25). The residual excitation
is assumed to be mediated by tachykinins, in particular
Substance P (gene Tac1), which engage on NK1 and NK2
receptors on muscle cells (26). Altogether, these data indicate
that excitation of motor neurons is mediated by cholinergic and
non-cholinergic neurotransmitters and each excitation may be
fine-tuned dependent on the transmitter involved.
Frontiers in Immunology | www.frontiersin.org 5125
On the contrary, experiments in mice with the deletion of
NOS1 revealed that neurons normally expressing NOS remain
intact (apart from grossly enlarged stomach due to pyloric
stenosis) and respective mice do not show evident
histopathological abnormalities (27). These results suggest that
inhibitory neurons are also co-regulated by other
neurotransmitters to terminate the excitatory signal. Several
transmitters/neuropeptides have been described to regulate
inhibitory motor neurons including adenosine triphosphate
(ATP) (28), vasoactive intestinal peptide (VIP) (29), pituitary
adenylyl cyclase activating peptide (PACAP) and carbon
monoxide (30) in addition to NO as neuromuscular
transmitters (31).

In summary, excitatory and inhibitory motor neurons in the
ENS control muscle contraction and relaxation in an
autonomous manner (Figure 1). In this way, ingested food is
squirted, mixed with digestive enzymes and eventually
transported aborally. Based on gene profiles detected in single-
cell RNA-sequencing studies, neurons can be associated to either
excitatory or inhibitory motor neurons. However, the exact
functional role of the subpopulations within excitatory or
inhibitory motor neurons remains elusive.

In this context, putative intrinsic but also extrinsic neurons
are equipped with mechanosensory ion channels. Different cell
types have been described to use mechanosensitive ion channels
FIGURE 2 | Expression of interleukin receptors in different ENS subsets. Dotplots showing the percentage of expressing cells as well as average expression within
the indicated identified neuronal clusters for selected murine interleukin receptor genes. Data was downloaded from http://mousebrain.org/ (12) or from
https://singlecell.broadinstitute.org/ (14). Genes not present in the plot showing the Drokhlyansky data have been filtered. All dataset were normalized and
transformed before the plots were created using the Seurat package (16).
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to detect alterations in mechanical forces. In this way, neurons
can adapt their functions dependent on mechanical
perturbations. Piezo ion channels are important signaling
cationic ion channels for mechanosensation and their role in
the extrinsic nervous system and the enteric nervous system are
emerging (32). Functionally in the peripheral nervous system,
PIEZO ion channels have been linked to the sensation of
nociceptive signals, proprioception and touch. An interesting
finding from an immunologic perspective is that mechanical
processes can also regulate immune cell activity (33). The
authors found that the mechanosensory ion channel PIEZO1 is
able to mount a proinflammatory reprogramming in
macrophages. Upon conditional deletion of PIEZO1 in
myeloid cells in the context of P. aeruginosa infection in the
lung, the PIEZO1-mediated mechanosensation protected against
bacterial infection (33). This data argues for similar mechanisms
used by the nervous and the immune system to adapt
Frontiers in Immunology | www.frontiersin.org 6126
physiological functions to mechanical forces. Thus,
mechanosensory ion channels may be important for neuro-
immune disturbances in ileus and other gastrointestinal
diseases. However, their exact role, in particular the role of
PIEZO1 in the gastrointestinal tract, needs further investigation.

Secretomotor and Vasodilator Neurons
The intestine is constantly exposed to potential external threats,
such as the commensal microbiota, in addition to the needs to
control bowel absorption and to avoid electrolyte disturbances.
Intrinsic secretomotor neurons have their cell bodies
predominantly in the submucosa and play an important role in
the regulation of these functions (Figure 1). In the guinea-pig
small intestine, three different ChAT expressing secretomotor/
vasodilator neurons have been described. Co-expression of
ChAT and Calretinin, both of which innervate glands and
arterioles, has been linked to vasomotor function. Functionally,
FIGURE 3 | Expression of NOD-like receptors in different ENS subsets. Dotplots showing the percentage of expressing cells as well as average expression within
the indicated identified neuronal clusters for selected murine NOD-like receptor genes. Data was downloaded from http://mousebrain.org/ (12) or from
https://singlecell.broadinstitute.org/ (14). Genes not present in the plot showing the Drokhlyansky data have been filtered. All dataset were normalized and
transformed before the plots were created using the Seurat package (16).
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excitation of vasomotor neurons lead to vasodilation and, thus,
increase local blood flow (34). This is interesting because the
topical application of Ach on vascular smooth muscle normally
causes vasoconstriction and thus Ach seems to exert context-
dependent effects. The two other neuronal classes described in
the guinea-pig can be functionally assigned to different
secretomotor neuronal populations. These neurons and their
associated regulatory mechanisms are of great importance in
host physiology because interference with secretory mechanisms
may lead to constipation or diarrhea. Secretomotor neurons are
activated via intrinsic primary afferent neurons following
chemical or physical interactions with luminal contents (34).
Such stimuli can activate cAMP or Ca2+ activated chloride ion
channels, which regulate the movements of chloride towards the
intestinal lumen or through epithelial cells into the lamina
propria and cause water to diffuse along (35, 36). Based on
expressed neuro-transmitters, two types of secretomotor neurons
can be distinguished; the first group co-expresses ChAT and
neuropeptide Y, whereas the second group is characterized by
the expression of ChAT only (37). However, future studies need
to delineate the functional role of each neuro-transmitter in
detail, which will allow to correctly assign the transcriptional
profiles to neuronal classes.

Sensory Neurons
The ENS needs to monitor mechanical and chemical
perturbations in order to react to incoming physiologic or
pathologic signals and to tune local cellular components
(Figure 1). Extrinsic sensory innervation includes spinal and
vagal afferent neurons, whose cell bodies lie outside the intestine,
e.g. in the Dorsal Root Ganglia or in the nodose/jugular ganglia.
While anatomically defined, distinct afferent neurons originating
Frontiers in Immunology | www.frontiersin.org 7127
from the intestine project into dorsal root ganglia, the vagus
nerve innervates the entire intestine with a denser innervation in
the small intestine as compared to the large intestine. Both types
of extrinsic axons, DRG-derived or vagal, project into the inner
and outer layers of the intestinal wall and perceive signals that
are important to guide homeostatic functions. The respective
neuronal population and its functional role are discussed in the
next paragraph (Dorsal Root Ganglia section of the review).

Intrinsic innervation is characterized by cell bodies lying
inside the gut wall. Neurons that perceive and integrate
sensory information in the ENS are called intrinsic primary
afferent neurons (IPANs). IPANs are integrated in the neuronal
architecture to act in concert with motor neurons, interneurons
and secretomotor neurons to direct homeostatic functions
depending on external stimuli and the needs of digestive
functions (38). Similar to the ENS, sensory neurons can be
classified according to their neurochemical signature. Sensory
IPANs have been identified based on the known markers Calca/
Calcb/Nfem/Calb1/Calb2 and the selective expression for NMU,
Ucn-3/Cck or Nxph2.

Depending on the function of the neurons, three types of IPANs
are identified using small intestine of the guinea pig as a model
organism. First, chemosensitive IPANs respond to chemicals
present on the surface of the small intestine (39). Because nerve
fibers do not reach the surface of the intestine, and thus, do not
come into direct contact with luminal contents, chemical changes in
the intestinal lumen have to be sensed indirectly via signals from
epithelial cells (40). Enteroendocrine cells are specialized epithelial
cells, which for instance release 5-Hydroxytryptamine (5-HT) upon
mucosal chemical or mechanical stimulation, which is a potent
stimulator of IPANs and act as a signal transducer (41). However,
knowledge concerning how endothelial cells communicate with the
FIGURE 4 | Expression of Toll-like receptors in different ENS subsets. Dotplots showing the percentage of expressing cells as well as average expression within the
indicated identified neuronal clusters for selected murine Toll-like receptor genes. Data was downloaded from http://mousebrain.org/ (12) or from https://singlecell.
broadinstitute.org/ (14). Genes not present in the plot showing the Drokhlyansky data have been filtered. All dataset were normalized and transformed before the
plots were created using the Seurat package (16).
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ENS remains a black box. Analysis of single-cell RNA-sequencing
data from epithelial cells suggest the presence of potential
stimulating peptides, such as Substance P, cholecystokinin,
ghrelin, and synthesizing enzymes of signaling amines (5-HT) in
these cells (42). In line with these observations, receptors for the
respective stimulators, such as the 5-HT3 receptor and Substance P
receptor 1, is expressed in IPANs suggesting an enteroendocrine to
ENS signaling hub. Thus, sensory neurons functionally assigned to
chemosensitive IPANs could be identified by a distinct gene profile
for receptors of stimulating peptides and amines. However, the
stimulation of other classes of IPANs, the mucosal
mechanoreceptors, is also mostly indirect via 5-HT released from
enterochromaffine cells (43). The second functional class described
are stretch-sensitive IPANs that react to mechanical tension/
distortion (38). Interestingly, these neurons seem to be not only
mechanosensitive, but can also directly act as inhibitory motor
neurons (44). Thus, their gene profile may be mixed and
complicated for a functional assignment. The third group of
IPANs are mucosal mechanoreceptors, which may be identified
by putative mechanosensitive ion channels (e.g. Piezo2). However,
as stated above, the stimulation of mucosal mechanoreceptors is
mostly indirect and further studies need to unravel their profiles in
more detail.

Interneurons
The interneurons, as the name suggests, are neurons, which
connect functionally diverse neuronal populations in order to
complete a neuronal circuit of varying complexities. For instance,
interneurons receive signal from sensory neurons (which sense
environmental perturbations) and relay the signal to either
inhibitory or excitatory motor neurons to trigger an effector
function to the sensed stimulus (Figure 1). The interneurons, as
a type of 'bridging neurons', are multipolar and can be excitatory
or inhibitory. They are primarily located within the myenteric
plexus forming uniaxonal chains along the length of the gut with
the ascending interneurons projecting orally and the descending
interneurons projecting anally. There are different interneurons
within the myenteric plexus with distinct neurochemical
signatures, which can differ between gut regions. Using the
guinea pig as a model organism, one class of excitatory
ascending interneurons and three classes of descending
interneurons have been described in the small intestine (45). In
the colon on the other hand, three neurochemical classes of
ascending interneurons and four classes of descending
interneurons have been identified (46). These anatomic
differences may come from the distinct local environment (e.g.
microbiota) and the functional role it has to execute in different
anatomic regions. The method applied by the authors was to
morphologically distinguish interneuronal subpopulations.
Whereas, upon distinguishing the subpopulations of
interneurons based on their transcriptional signature,
Morarach et al. was able to identify two subpopulations: one
expressing motor-neuron-like inhibitory and excitatory
neuropeptides Nos1/ChAT and the other expressing sensory-
neuron-like neuropeptides Sst/Calcb/Calb2 (13). The
discrepancy in the findings/characterization of these studies
might be a result of difference in either their method of
Frontiers in Immunology | www.frontiersin.org 8128
evaluation (morphological vs transcriptomic) or the anatomic
locations within the gut studied. However, several studies
demonstrate that neurochemical markers of the interneurons
overlap with other neuronal populations and, as such, do not
have their unique neurochemical signature.
INTEGRATION OF SENSORY NEURONAL
SIGNALS ORIGINATING FROM THE
LUMINAL CONTENT OF THE INTESTINE

Since nerve fibers do not reach the lumen of the intestine under
homeostatic conditions, microbiota and metabolites could directly
stimulate neurons by penetrating the epithelial barrier or indirectly
through epithelial cells or other cell types. Epithelial
enteroendocrine cells were shown to be directly innervated by
neurons and transduce signals to the CNS within milliseconds
after being exposed to sugar (47). Although the finding that
epithelial cells are innervated is still controversial (48), sensing of
secondary signals released from epithelial cells by enteric neurons is
likely to contribute to the regulation of intestinal homeostasis.

Using AAV particles for neuronal-specific deletion of aryl
hydrocarbon receptor (Ahr) in enteric neurons, Obata et al.
could demonstrate a pivotal functional for enteric neurons in
metabolite sensing (49). Genetic ablation of Ahr resulted in
reduced peristalsis and increased intestinal transit times.
Further, Ahr expression was altered in germ-free mice
suggesting a role for commensal microbiota in regulating Ahr
expression in neurons. Several studies have reported that the
absence of an intact microbiota resulted in activation of neurons
and alterations of neuronal composition in ENS (48–50) as well
as effects on CNS function were reported (51, 52). This leads to
the question if and how neurons sense microorganisms. In vitro
data show that neurons are able to respond to PAMPs, for
example LPS via an TLR4-independent, or excretory secretory
product of helminth in an Myd88-dependent manner (53, 54).
Analysis of enteric neuronal populations in germ-free mice has
revealed alterations in the enteric nervous system, in particular of
NOS1+ neurons, although there is some discrepancy between the
studies whether NOS1+ neurons are over- or underrepresented
(50, 55, 56). Similar findings were reported in Myd88-deficient
mice arguing for a role of TLRs in microbial sensing and
development of the ENS. However, it remains unclear if the
phenotype is explained by direct sensing of neurons via TLRs or
indirect mechanisms via secondary messengers. Conditional
gene targeting of TLR4 using WNT1-Cre resulted in altered
ENS development. However, it should be mentioned that this
targeting strategy does not exclude a major role for glial cells in
TLR4 microbial sensing instead of or in addition to enteric
neurons (13, 50).

Investigating neuronal-specific gene expression in germ-free
animals by using the Ribotag system activated by SNP25Cre,
Muller et al. could detect cell death of CART+ neurons, which are
involved in regulation of blood glucose levels, mediated by
NLRP6 and Casape-11-dependent pathway (20). Further, the
absence of an intact commensal microbiota is detected in parts
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via SCFA and GPR41 resulted in an increased sympathetic
neuronal activity, as measured by c-FOS expression in the
coeliac-superior mesenteric ganglia, activation of glutamatergic
sensory neurons in the brainstem and decreased intestinal transit
time (48). Similarly, cell death controlled by a NLRP6 and
Casape-11-dependent pathway as well as sympathetic
activation have been reported following Salmonella enterica
infection resulting in decreased intestinal motility. In this
context, activation of the sympathetic nervous system and
release of norepinephrine can instruct a tissue-protective
program in muscularis macrophages characterized by Arginase
1 and BMP-2 expression and responsiveness to enteric neuron-
derived CSF-1 (48, 57).

Altogether, the signaling circuits sensing mucosal
homeostasis are emerging and the integration of these signals
in the CNS can provide on more holistic view on how intestinal
homeostasis is regulated.
DORSAL ROOT GANGLIA

Dorsal root ganglia (DRGs) comprise of neuronal cell bodies of
sensory neurons, whose nerve fibers innervate different anatomic
regions (e.g. thorax, small intestine, colon and extremities). The cell
bodies represent the somas of the first-order sensory neurons and
constitute an integral part of the somatosensory system. DRGs
process sensory information transduced from afferent nerves, which
may include nociceptive information, in addition to signals
generated in steady-state conditions such as the feeling of
discomfort and satiety (Figure 5). The afferent neurons of DRGs
integrate sensory information from distinct body regions and
Frontiers in Immunology | www.frontiersin.org 9129
transmit the signal to the CNS (58). Sensory afferent signals from
the thoracolumbar region predominantly originate from the small
intestine and lumbosacral DRGs mainly project the lower
extremities, but also to the large intestine (59–61). Different types
of sensory neurons within DRGs allow sensing of distinct stimuli.
Initially, sensory neurons were categorized based on their degree of
myelination and the associated conduction velocity. This
classification led to four main classes of neurons, namely thinly
myelinated Ad fibers, unmyelinated C fibers, heavily and
moderately A myelinated fibers. Because of a significant
heterogeneity in the degree of myelination and conduction
velocity in functionally similar classes, this classification
insufficiently reflects function. To gain further insight into
different populations and to functionally discern the neurons
within DRGs, there are now many studies available, which have
performed single-cell RNA-sequencing and associated gene
expression with a function in mice, primates and humans (12,
62–68). The respective datasets can be accessed via online tools and
screened for genes of interest (as outlined in Table 2).

Single-cell RNA-sequencing, if not used with any selection, is an
untargeted and unbiased approach that allows identification of
neuronal cell types based on transcripts expressed by the cells.
However, there is a certain noise in between studies that complicates
the interpretation of the results. Furthermore, a clear limitation of
current techniques is the rather superficial sequencing depth at a
single-cell level and the required dissociation of cells, which may
omit large and long axonal neurons during sort-purification. In
future studies, such limitation may be overcome by the single-nuclei
sequencing approach as described above (14).

However, with the available data, neurons can be classified into
neurofilamentous, peptidergic and non-peptidergic neurons, which
A B

FIGURE 5 | Functional classification of sensory neurons in Dorsal Root Ganglia. (A) Schematic representation of extrinsic sensory afferent neurons that transmit
signals from the periphery to the CNS. (B) Schematic representation of sensory neuronal groups in DRGs with assigned functions. Italics are the key transcripts of
the respective neuronal group.
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are uniformly detected in all the above-mentioned studies. A recent
study used a machine-learning approach for three available
nomenclatures/classification of DRG neurons (12, 63, 68) in
finding the corresponding cell types in different datasets (Table 3)
(64). The Usoskin classification showed the least 'noise' and highest
prediction score when comparing different datasets and may
therefore be the classification of choice (64). However, it has to be
mentioned that the Usoskin study detected fewer neurons (622
neurons) compared to the work of Zeisel (1'580 neurons) or Sharma
(10´922 neurons). The Usoskin-classification proposed a
classification of DRG neurons into a total of 11 groups: 5
subgroups within the neurofilamentous group (NF1-5), 4 non-
peptidergic neurons including TH+ neurons (NP1-3, TH), 2
peptidergic neurons (PEP) including Nav1.8+ neurons (Table 3)
(63). Another study by Zeisel et al. was consistent with the results
obtained by Usoskin, but due to more sequenced neurons, sub-
clusters within peptidergic neurons (PEP1, 2, Trpm8), non-
peptidergic neurons (NP 1, 2) were identified (12). One has to
consider that available single-cell RNA-sequencing studies may
compare DRGs that receive afferents from different anatomic
locations and the subtype composition may vary across axial
levels, which therefore could explain minor discrepancies when
comparing neuronal population datasets (68, 70). Thus, sequencing
of neurons isolated from either thoracic, lumbar or sacral regions
may unravel anatomic fingerprints of gene expression in
future studies.

Another recent study identified a total of 12 classes of DRG
neurons, which consists of Ab-rapidly adapting (RA) low threshold
mechanoreceptors (LTMR), Ad-LTMR, C-LTMR, 6 groups of
Calcitonin Gene-related Peptide (CGRP) neurons, Mrgrd+

polymodal nociceptors, Somatostatin+ and cold thermosensors
(68). Interestingly, a direct comparison of the three main
classifications (Usoskin et al. vs Zeisel et al. vs Sharma et al.) by
the before mentioned machine-learning approach found a high
probability of finding a distinct cell across different datasets (64).
Thus, the same cell can be found in different datasets and the
difference between studies relies on the annotation and is not based
on biologic differences. All the above-mentioned DRG-related
studies have been performed in naïve animals and no specific
disease model was profiled in detail. Therefore, it is of great
interest to decipher transcriptional regulators in disease states
such as nerve injury and concomitant neuronal regeneration at a
single-cell resolution. A recent single-cell sequencing paper
describes interesting features associated with different nerve injury
models (69). First, a reduced expression of neuronal-subtypemarker
Frontiers in Immunology | www.frontiersin.org 10130
genes, such as Tac1,Mrgprd, and Nefh is described. Second, but not
unexpected, genes involved in axon guidance, axogenesis and cell
migration have overall increased. Of particular interest are specific
transcripts found in nociceptive neurons because of their role in the
development of neuropathic pain (69). Genes of interest can be
browsed in the available online tool (see Table 2).

A large set of publications has studied different neuronal
molecules, which help to propose a relation of the molecular
profile of the respective neuron with modality-specific function
within DRG neurons. These studies allow to functionally predict
the different neuronal populations found in single-cell RNA-
sequencing studies (Figure 5). Generally, neurofilamentous and
TH populations are proprioceptors (control of body positioning
and balance) and LTMRs (touch sensations), whereas non-
peptidergic and peptidergic neurons are nociceptors (damage/
potential damage signals), which represent the majority of all
DRG neurons. Within the group of nociceptors and based on the
molecular signature, a broad functional sub-classification is
made: TRP cation channel subfamily member 8 (TRPM8)
neurons are cold-sensory neurons, peptidergic neurons detect
heat and pain, isolectin4-binding non-pepdidergic neurons can
sense noxious touch, itch and chemical signals (Figure 5).

Because of available top gene transcripts, the populations can
be identified and targeted, either via immunohistochemistry,
potentially flow cytometry or used for a conditional deletion by
using specific Cre-drivers in mice that allow deleting genes
within a neuronal subpopulation.

Colonic Afferent DRGs
A recent single-cell RNA-sequencing study on retrogradely traced
colonic sensory neurons in the mouse identified seven neuronal
subtypes (70). The authors identified 5 specific subtypes in the
thoracolumbar region and seven subtypes in the lumbosacral
region, two of them being exclusively found in the lumbosacral
region. The populations identified in both anatomic regions
included Neurofilament-a and Neurofilament-b, which express
genes typically associated with myelinated DRG neurons, such as
neurofilament heavy chain (Nefh) and lactate dehydrogenase B
(Ldhb). The third subtypewas classifiedas non-peptidergic neurons
and showed an expression pattern of non-peptidergic nociceptors,
such as the purinergic receptors P2X3 or glial-cell line derived
neurotrophic factor family receptor alpha2 (Gfra2). The last two
subtypes express Calca, Tac1 and TrkA and have been termed as
peptidergic nociceptors. The subtypes of neurons exclusively found
in the lumbosacral region included a neurofilament and a
TABLE 2 | links to access the respective datasets.

Study Sequencing site Links

Zeisel et al. (12) ENS http://loom.linnarssonlab.org/dataset/cellmetadata/Mousebrain.org.level6/L6_Enteric_neurons.loom
Usoskin et al. (63) DRG naive http://linnarssonlab.org/drg/
Sharma et al. (68) DRG naive https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/Sharma2019/all
Zeisel et al. (12) DRG naive http://loom.linnarssonlab.org/dataset/cellmetadata/Mousebrain.org.level6/L6_Peripheral_sensory_neurons.loom
Renthal et al. (69) DRG after axonal injury http://www.painseq.com
Hockley et al. (70) DRG colon http://hockley.shinyapps.io/ColonicRNAseq.
Häring et al. (71) Dorsal horn of spinal cord https://linnarssonlab.org/dorsalhorn/
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peptidergic subtype, both of which show a relatively similar basic
expression pattern (neurofilament subgroup: Piezo2, Nefh, Ldhb;
peptidergic subgroup: Calca, Tac1) but are furthermore
characterized by a specific gene set suggesting that neurons have
an anatomic fingerprint.

DRGs Originating From Iliac/Skin-Innervating
Lymph Nodes
Apart from sensory neurons directly originating from organs such
as the intestine, lymph nodes show a spatial distribution of sensory
and sympathetic neurons (72). A more comprehensive view by
using tracing experiments via the injection of Cre-expressing viruses
into iliac lymph nodes and single-cell RNA-sequencing of labelled
DRG neurons reveals 4 transcriptionally distinct neuronal subtypes
(72). The vast majority of detected neurons expressNav1.8 and only
few co-expressed TH. By comparing the detected neurons to
publicly available datasets (63, 68), the study revealed that lymph
nodes are equipped with transcriptionally heterogenous,
predominant peptidergic nociceptors. Of great interest in
inguinal-lymph nodes are particularly enriched genes involved in
inflammation and neuro-immune-communication, such as Il33,
TLRs or Ptgir. The same authors also observed sensory neuronal
remodeling after LPS application suggesting modular sensing of
danger signals by the nervous system (72). Future studies should
focus on the sensory DRGs of mesenteric lymph nodes to delineate
transcriptional profiles associated with the primary hubs exposed to
constant PRR signals.

Vagal Ganglia
Apart from DRGs located in close proximity to the spinal cord,
vagal ganglia receive afferent signal input and mediate host
protection against a broad variety of sensations. The upper
airways are densely innervated by the vagus nerve with the fused
primary order neurons located in the nodose/jugular/petrosal
superganglia clustering near the jugular foramen. These sensory
neurons play a pivotal role in swallowing reflex pathways and
coordinate the upper airways to prevent aspiration pneumonia or
dysphagia (73). Single-cell RNA-sequencing of nodose/jugular/
petrosal ganglia with a coverage of 25'117 sensory neurons
(spanning 2293 genes) revealed a total of 37 classes of neurons.
P2RY1+ neurons seem to be particularly relevant with respect to
swallow reflexes because conditional ablation of P2RY1 neurons led
to impaired swallowing responses (73). Given the wide variety of
neurons located in vagal ganglia, the role of other subclasses remains
elusive and needs to be studied in future projects.
FUNCTIONAL ROLE OF NEURONAL
SUBPOPULATION IN DRGs

Neurofilaments-Expressing Neurons
(Groups NF1-4)
Neurofilaments (NF, gene Nefh) are 10nm bundles of fibrils
within neurons (74). In contrast to the perikarya, NF can be
highly abundant in axons (75). In concert with microtubule and
microfilaments, NF form the neuronal cytoskeleton and are
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aligned in parallel along the axonal axis. The filaments primarily
support neuronal structure and regulate the axonal diameter,
which is a critical determinant of neuronal conduction velocity
(76, 77). Based on the marker NF200, two distinct neuronal
subtypes have been identified that allow the discrimination
between large myelinated or thinly myelinated neurons with
fast conduction velocities (NF200 positive) and small
unmyelinated neurons with low conduction velocities (NF200
negative) (78). Because of their high conduction velocities, NF
neurons are involved in signals that require fast signal
transmission, such as touch sensations and proprioception.
Apart from NF, spinal proprioceptive neurons, which
innervate muscle spindles and Golgi tendon organs, are further
characterized by the expression of neurotrophin-3 (Ntf3) and
parvalbumin (Pvalb) (79). The expression of other marker genes,
such as Tropomyosin receptor kinase A and B (TrkA, TrkB), Ret,
calbindin (Calb), functional predictions can be made of NF
neurons and allow for a certain functional classification (58).

According to the Usoskin-classification, gene expression
profiles of NF group 1-3 is characterized by a pattern of Nefh,
Ntrk2, Ret, Calb1 and Ntrk3 (63). These groups can be
functionally assigned to low threshold mechanoreceptors
(LTMRs). The expression of Ntrk3 and Pvalb in NF groups 4/5
suggests that these neurons have a proprioceptive role (Table 3)
(63). In general, proprioceptors are located within the
musculoskeletal system and relay the information to the CNS
concerning body position and movements (Figure 5).

A more comprehensive view into the subgroups and the
associated gene expression suggests that NF group 1 are lightly
myelinated Ad LTMRs and very sensitive velocities detectors
tuned to the deflection of body hairs (80). NF group 2 are rapid
adapting LTMRs that end in Meissner corpuscle and
longitudinal lanceolate endings and are critical for the
perception of skin movement and vibration (81). Because of
the high expression of Ntrk3, NF group 3 can be assigned to
slowly adapting LTMRs, which control the perception of stretch
and indentation (81).

TH Neurons
TH-expressing DRG neurons have been shown to be C-LTMRs
(82). One of the top genes expressed in this population, Vglut3,
has been identified to be uniquely found in C-LTMRs.
Functionally, absence of Vglut3 in Vglut3-/- mice has been
linked to defects in acute mechanical pain sensations upon
intense noxious stimuli (83). An additional feature of these
neurons is the high expression of the mechanosensitive ion
channel, Piezo2. Apart of mechanical pain, C-LTMRs perceive
low mechanical forces such as pleasant touch of the skin.

Peptidergic and Non-Peptidergic Neurons
Slow conducting DRG neurons are classified into peptidergic and
non-peptidergic neurons. Peptidergic neurons are defined based
on the expression of the neuropeptides substance P, calcitonin
gene-related peptide (CGRP), and somatostatin, whereas non-
peptidergic neurons bind the plant lectin IB4, express the Mrg
family of G-protein coupled receptors and P2X3 (84, 85).
However, one must take into account that all of these markers
Frontiers in Immunology | www.frontiersin.org 12132
are only partially selective and some overlap can exist (86).
Basically, peptidergic and non-peptidergic neurons are
unmyelinated, primary afferent neurons assigned to
nociceptors and thus respond to damage and potential damage
stimuli (Figure 5).

From an immunologic perspective, peptidergic neurons and
their secreted neuropeptides, including Substance P, CGRP and
NMU, have a marked immunoregulatory potential, which has
been shown by many studies (54, 87–91) and will be discussed in
detail in a later paragraph.

Non-Peptidergic Neurons
The expression of the Mas-related G-protein coupled receptor
member D (MrgprD) in non-peptidergic neurons group 1 (NP1)
suggests its role in the perception of noxious mechanical and
thermal stimuli as well as in the perception of itch (92, 93). NP2,
expressing MrgprA3 and Calca, are polymodal nociceptors and
evoke itch responses (94). Both groups, NP1 and NP2, have been
linked to the development of neuropathic pain (63, 95, 96). Even
though characterized by a different set of key genes, NP3 have
similar functions than NP2 and are also itch-sensing neurons.
Relevant genes in this neuronal subset include the natriuretic
polypeptide B (Nbbp) and Somatostatin (Sst). Injection of Nbbp
intrathecal triggered itch responses in mice whereas itch-
responses were blocked upon ablation of Nbbp-receptor-
expressing cells (97). In the same line, Sst co-expressed with
Nbbp neurons and Sst+ neurons triggered itch behavior (98).

Peptidergic Neurons
Pep1 neurons can be largely grouped by the expression of Tac1,
which represents the gene for substance P. In terms of neuronal
funct ion, this neuronal populat ion is involved in
thermosensation and thus reacts to noxious heat and cold
stimuli (63, 99, 100). However, substance P has also a major
role in neuro-immune interactions, which will be discussed in a
later paragraph. Similarly, these neurons express CGRP (Calca),
which has also been implicated in regulating immune functions.
Pep2 neurons express neurofilament heavy chain (Nefh) as well
as Ntrk1, suggesting that these neurons are lightly myelinated Ad
nociceptors, which have a higher conduction velocity than
unmyelinated neurons (63). Thus, these neurons respond to
dangerously intense mechanical or mechanothermal stimuli.
TRPM8 neurons are involved in thermal perception of
temperatures <20°C and cold-triggered nociception (101).
THE DORSAL HORN OF THE SPINAL CORD

Somatosensory sensations, as described above, can be activated
by a large variety of stimuli. Excitatory and inhibitory afferent
neurons transmit the signal to DRGs, where a first processing of
the signal input occurs. Afferents from DRGs relay the
information to the CNS via interneurons located in the dorsal
horn of the spinal cord. The incoming information is further
processed within the dorsal spinal cord and ultimately relayed to
different brain areas (102). A recent study using single-cell RNA-
sequencing of the dorsal spinal cord identified that all neurons
July 2021 | Volume 12 | Article 679055

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jakob et al. Bird’s Eye-Vew on Neuronal Subsets
either express the vesicular glutamate receptor 2 (Vglut2) or the
vesicular GABA transporter (Vgat), thus, representing
glutamatergic excitatory or GABAergic inhibitory neurons. To
enrich neurons, the authors used the reporter mouse lines
VgattdTom and Vglut2tdTom and FACS-enriched the samples for
the respective neuronal subsets (71). The final dataset of 1'545
neurons revealed 15 glutamatergic and 15 GABAergic neuronal
subsets and based on literature, the expressed transcripts have
been linked to certain physiologic functions (71). For detailed
information, we kindly refer to the original articles since the
complexity of spinal cord neuronal population is beyond the
scope of this review (71, 103). A very interesting novel feature
that allows to monitor activation of cell types involved in sensory
signal transmission is the sensory-transcription coupling. By
using triple in-situ hybridization and the combination of the
immediate-early gene expression of Arc with markers for distinct
neuronal cell types revealed that noxious heat and cold activate
different sets of excitatory and inhibitory neurons (71). This
finding underlines the complexity of neuronal networks and
argues for a broad activation of neurons in response to one
distinct modality.
NEURO-IMMUNE SIGNALING IN HOST
PHYSIOLOGY AND DISEASE

Enteric and DRG neurons express the neuro-peptides VIP, CGRP,
Substance P, and NMU, and the neuro-transmitters norepinephrine
and acetylcholine. Many studies identified the respective receptor
expression on a large set of immune cells, which implies the
regulation of immune responses by the nervous system.
Furthermore, the close co-localization of hematopoietic cells with
neuronal fibers suggests a bidirectional signaling exchange. These
neuro-immune modules constantly interact in order to adapt
physiologic processes. The following paragraph reviews neuro-
immune interactions based on neuro-peptides or transmitters.

Vasoactive Intestinal Peptide (Gene: VIP)
VIP engages on two subsets of receptors, Vipr1 and Vipr2. Thus,
solely studying the experimental effects of VIP may be difficult to
interpret because of receptor-dependent responses. Furthermore,
mechanisms behind such studies do not allow to conclude
specific effects on a cellular level. This fact has been observed
in the following experimental designs: On one hand and in the
context of gastrointestinal inflammation, VIP knock-out mice
showed a more severe phenotype in DNBS- and DSS-induced
colitis in mice and VIP has been linked to the maintenance of
intestinal integrity (104). On the other hand, models of DSS-
induced colitis in Vipr1-/- and Vipr2-/- mice displayed opposite
results. In fact, Vipr1-/- mice showed a milder disease score
compared to wild type mice, whereas Vipr2-/- developed a more
severe colitis (105, 106). Thus, studies addressing the role of VIP
need to take into account the distinct affinity of VIP onto its
receptors and the distinct receptor expression on a broad array of
immune cells. Vipr2 is expressed by a large set of immune cells
including innate lymphoid cells type 3 (ILC3), which play a
Frontiers in Immunology | www.frontiersin.org 13133
crucial role in host defense mechanism against bacteria. Recent
studies have now described Vipr2 expression by ILC3s and
binding of the ligand VIP regulates the release of IL-22 (106,
107). Because IL-22 controls the antimicrobial peptide
production and regulates lipid absorption, the VIP-IL-22 axis
has been proposed to shift the balance in host defense
mechanisms and lipid uptake (107). Furthermore, VIP and IL-
22 is released in a feeding-dependent manner and, thus,
underlines the role of neuro-immune signaling for adaptations
of barrier mechanisms dependent on food-uptake. However, the
role played by VIP on ILC3s seems to be context dependent
acknowledged by controversial results published by different
authors (106, 107). VIP has also been shown to regulate type 2
immune reactions in the lung (108). By using ovalbumin-
induced lung inflammation, the authors showed an increase of
VIP transcripts in nodose ganglia of inflamed lungs, which was
dependent on nociceptive neuronal firing. Upon release, VIP
engages to Vipr2 and activated the release of type 2 cytokines
from ILC2 and CD4+ T cells (108). In the same context,
nociceptors express FcϵR1 and directly sense IgE-OVA
complexes to initiate type 2 immune reactions (109). In
summary, VIP appears as an important regulator of type 2 and
type 3 immune responses.

Calcitonin Gene-Related Peptide
(Gene: Calca and Calcb)
By using Capsaicin-induced denervation in neonatal mice and
immunoassays, early studies already suggested that the vast
majority of CGRP neurons have an extrinsic source in the
intestine (110). According to current knowledge, the main source
of CGRP are the unmyelinated sensory C fibers in DRGs (111). As
reviewed above, CGRP-expressing neurons are assigned to
nociceptive neurons and, thus, sense damage and potential
damage stimuli and are involved in the perception of pain.
Because CGRP expressing nerve fibers have been found in many
immunologic organs including bone marrow, spleen, lymph nodes,
skin and the intestine, and the receptor is expressed on many
different immune cells, the immunoregulatory potential of CGRP
has been repeatedly shown (54, 88, 89, 111–113). Following the
release, CGRP engages the calcitonin receptor-like receptor
(CALCRL) and the receptor-modifying protein 1 (RAMP1). It is
important to note that immune cells have also been shown to
express CGRP, which suggests a bi-directional crosstalk between
immune cells and the nervous system (114, 115). In general, CGRP
seems to have anti-inflammatory effects in the GI-tract. This has
been highlighted in gain-of function experiments by modelling
inflammatory bowel disease and the systemic administration of
CGRP in rats, which resulted in an amelioration of TNBS-induced
colitis (116, 117). In line with these results, loss-of-function
experiments by using CGRP antagonists in rats or CGRP knock-
out mice revealed increased susceptibility to colitis (118, 119). These
results suggest that CGRP agonists may be potential therapeutic
targets for the treatment of inflammatory diseases. The anti-
inflammatory role of CGRP has also been highlighted in the
context of Streptococcus pyogenes infection in the skin, which is
the leading cause of the life-threatening necrotizing fasciitis. The
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authors found that S. pyogenes directly secretes streptolysin S and
promotes the release of CGRP from nociceptors, which inhibits
neutrophil recruitment and phagocytic killing (120). In the same
line and in the context of Salmonella enterica infection, TRPV1+

nociceptors release CGRP and modulate M cells to eventually
control host defense against Salmonella (121). In terms of type 2
immune reactions, innate lymphoid cells type 2 (ILC2) express the
receptors CALCRL/Ramp1 and binding of CGRP modulate ILC2
activation, whereas deletion of this signaling cascade elevated ILC2
responsiveness and type 2 immunity (88, 89, 113). Thus, the
prevailing view regarding the role of the neuropeptide CGRP is
its overall anti-inflammatory properties. With regard to many
overwhelming immune reactions, topic or systemic application of
CGRP may be a valuable treatment strategy. However, further
studies need to investigate the related mechanisms in more detail.

Substance P (Gene: Tac1)
Substance P (SP) is a member of the tachykinin family of
neuropeptides and is encoded by the Tachykinin 1 (Tac1) gene.
SP exerts its function via the engagement on G-protein coupled
neurokinin receptors but predominantly binds on the neurokinin 1
receptor (NK1R) (122). SP is expressed in the central and peripheral
nervous system and intrinsic neurons seem to be the major source
in the intestine (123, 124). Once synthesized, SP is transported in
large dense-core vesicle and released via exocytosis where it exerts
its function on the same cell or the adjacent cell (125). Apart from
neurons, immune cells have been implicated to express both, SP and
its receptor NK1R (126). The relative broad expression of the
receptor on immune cells in the lamina propria, such as mast
cells, eosinophils, neutrophils, macrophages, dendritic cells and
natural killer cells implies its tight regulatory immune function. In
general, SP has a pro-inflammatory role via the induction of pro-
inflammatory cytokines in immune cells (127). In particular, it has
been highlighted that SP and its receptor NK1R increase the
susceptibility to DSS- and TNBS-induced colitis (128, 129). A
newly developed intestinal organ culture system observed an anti-
correlation of Tac1 and its receptor TacR1 after the application of
different microbiota strains into the in vitro system. This negative
correlation has then been linked to alterations of Rorgt+Tregs. Such
observations suggest the potential of microbiota-sensing by Tac1+

neurons and the consecutive modulation of immunologic reactions
(130). In the allergic setting, nociceptors release SP after allergen
exposure and promote migration and activation of adaptive type 2
immune responses (131). However, because of its broad expression
in several tissues, the exact cellular role of SP/NK1R has to be
further studied in conditional deletion models in order to decipher
the mechanism behind the observed phenotypes.

Neuromedin U (Gene: NMU)
NMU is a short neuropeptide with highly conserved amidated C-
terminus required for receptor binding. Neurons of the CNS, the
pituitary gland and the ENS express NMU (132). Within the ENS,
NMU labels together with CGRP a subset of ChAT+ sensory
neurons (12, 53, 132). Further, NMU expression is regulated by
the commensal microbiota and modulated by secretory excretory
products of helminths (48, 53, 133). To mediate its biological
Frontiers in Immunology | www.frontiersin.org 14134
function, NMU binds to two large G-protein coupled receptors
Nmur1 and Nmur2. Nmur2 is expressed in neurons in particular
in the CNS and regulates feeding-behavior, circadian rhythm as
well as pain perception and bone formation (132). The
immunomodulatory functions of NMU were recognized years
ago (134–136), however, before ILCs were emerging. Thus, the
mechanism remained elusive until several publications
demonstrated that NMU acts specifically via ILC2s in different
organs (53, 133, 137). By binding to Nmur1, NMU triggers a signal
cascade via Gaq - PLC, activation of NFAT, resulting in activation
of ILC2, proliferation and cytokine production. Upon NMU
stimulation, ILC2 promote the type 2 immune response
characterized by eosinophil recruitment, goblet cell hyperplasia
and mucus production, resulting in increased worm expulsion
during N. brasiliensis infection or enhanced airway inflammation
following papain challenge. Altogether, these data indicate that
sensory neurons regulate ILC2 activation viaNMUandCGRPwith
downstream effects on various immune cell types participating in
type 2 inflammation at mucosal barriers.

Norepinephrine (Synthesizing Gene:
Thyroxine Hydroxylase)
Norepinephrine has a dual function in mammalian hosts. On one
hand, it is a stress or danger hormone, which is released during a
fight-or-flight reaction and results in a concomitant increase in
blood pressure, heart rate, glucose mobilization and other stress
reactions. On the other hand, norepinephrine acts as a
neurotransmitter released from sympathetic nerves located in
sympathetic ganglia. Once released, norepinephrine binds and
activates a- and b-adrenergic receptors, which are G protein-
coupled receptors and thus exert their effect via a second
messenger system. In general, b-adrenergic receptors seem to be
immunologically more important given their anti-inflammatory
effects in neutrophils, macrophages and ILCs (138–140). More
specifically, b-adrenergic stimulation mediates the polarization of
intestinal macrophages, which reside in close proximity to
sympathetic neurons (138). After the activation of the b2-
receptor, macrophages upregulate tissue protective-programs
(138). Reciprocally, macrophages upregulate neuro-protective
programs through an arginase1-polyamine axis, and, thus limit
neuronal damage (57).

b2-adrenergic receptors are expressed in ILC2s and argue for
a regulatory role of the sympathetic nervous system in
controlling type 2 immune reactions. Indeed, norepinephrine
has been shown to inhibit ILC2s, whereas ILC2 specific ablation
of the b2 receptor magnified type 2 immune reactions and
improved worm clearance in the context of N. brasiliensis
infection (139). In summary, sympathetic neurons have an
anti-inflammatory role in a broad range of immune cells.

Acetylcholine (Synthesizing Gene:
Choline Acetyltransferase)
Acetylcholine (Ach) is a neurotransmitter predominantly used in
the autonomous nervous system and the major neurotransmitter
of the parasympathetic nervous system. In addition, excitatory
motor neurons, sensory neurons and interneurons within the
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ENS are capable of producing Ach. Ach mediates biological
effects by binding to two different families of cholinergic
receptors, the nicotinic and the muscarinic Ach receptors.
Among immune cells, the nicotinic a7-Ach receptor is
expressed on macrophages and ILC subsets and was
investigated in detail due to its anti-inflammatory effects in
various disease settings including but not limited to sepsis, IBD
and arthritis. This intriguing finding, termed ‘cholinergic anti-
inflammatory pathway’, uncovered a vagal regulated release of
Ach, which binds on the nicotinic a7-Ach receptor on
macrophages to suppress release of pro-inflammatory
cytokines and in particular TNF-a, which is mediating
immunopathology during sepsis or intestinal inflammation
(141, 142). The cholinergic anti-inflammatory pathway has
profound and rapid anti-inflammatory properties. The potent
effects are illustrated by the prevention of septic shock in mice
mediated by this pathway (143). Furthermore, stimulation of the
vagal nerves using a medical device was successfully used in
patients suffering from chronic arthritis to mitigate disease
symptoms, which have been proven resistant to glucocorticoid
treatment (144).

a7-nicotinic Ach receptor agonists were also shown to
suppress ILC2 activation during allergic asthma (145). These
data suggest a broad role of a7-Ach receptor signaling in
damping chronic inflammation in various settings. On the
contrary, vagotomy was shown to delay the resolution of
inflammation following peritoneal E. coli infection. In this
disease model, vagal stimulation promoted biosynthesis of
resolvins in ILC3s (146). In addition, ILC3 might also serve as
a source of Ach as described during allergic airway inflammation
(147). In summary, Ach emerges as an important checkpoint for
immune activation but the multifaceted actions as mucosal
barriers require further investigation.
SUMMARY AND FUTURE PERSPECTIVE

The identification of different neuronal subpopulations within
the intrinsic ENS, as well as the extrinsic sensory compartment,
provides the basis for studying the peripheral nervous system in
detail. We noticed that certain genes are more ubiquitously
expressed by different neuronal subpopulations and may
therefore be involved in different functions depending on the
neuronal subtype. However, our review combines several
datasets and allows for the identification of neuronal subtypes
based on genes expressed, morphology and function. The
identification of key transcripts of neuronal populations now
allows to design specific Cre-driver mouse lines to study
neuronal programs in health and disease. There are three
technical strategies available to study gene expression in
neuronal populations: The desired Cre-driver mouse line can
be crossed to a mouse with conditional expression of a
fluorescent protein. Fluorescent cells can then be FACS-sorted
und analyzed for gene expression (12). The other option is the
nuclear dissociation and FACS-enrichment of neuronal nuclei as
described recently (14). And the third option is the use of Ribotag
Frontiers in Immunology | www.frontiersin.org 15135
mice, which have a hemagglutinin-tagged ribosomal protein
specifically active activated following Cre-recombination. Such
an approach allows to study ribosomal transcripts specifically
active for the desired cre-driver (148). To gain more fundamental
insights into expressed genes, their regulation in health and
disease as well as more definite view into neuronal
subpopulations, the readers are kindly encouraged to upload
their sequencing datasets into public available bioportals. This
will allow the scientific community to browse for their genes of
interest. Future studies should especially focus on comparing
steady state gene expression to different diseases to unravel
important transcripts in certain neuronal subpopulations.

If we consider the central role of the nervous system in
regulating immune functions, the potential is remarkable. The
work of Tracey and colleagues has underlined its potential by the
discovery of the ‘cholinergic anti-inflammatory’ pathway (143,
149). Such profound anti-inflammatory properties are of need
for overwhelming inflammatory diseases, such as inflammatory
bowel disease, sepsis, rheumatoid arthritis, and many more. Of
note, the therapeutic potential of the anti-inflammatory
properties of the nervous system has been successfully tested in
clinical trials in humans (144, 150, 151). Even more impressive is
the notion that patients in one clinical trial did no longer respond
to conventional anti-inflammatory treatments, whereas vagal
nerve stimulation improved clinical symptoms of rheumatoid
arthritis patients (144). However, there is an emerging need to
identify neuronal mechanisms that construct anti- as well as pro-
inflammatory reactions in more detail. Such insights may
uncover key neuro-immune cues that can potentially be
harnessed by drugs or biologics in the near future.
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Supplementary Figure 1 | Expression of chemokine receptors, C-type leptin
receptors and other genes of interest in different ENS subsets. Dotplots showing the
percentage of expressing cells as well as average expression within the indicated
identified neuronal clusters for selected murine chemokine receptor, C-type leptin
Frontiers in Immunology | www.frontiersin.org 16136
receptor and other genes of interest. Data was downloaded from http://mousebrain.org/
(12) or from https://singlecell.broadinstitute.org/ (14). Genes not present in the plot
showing the Drokhlyanski data have been filtered. All dataset were normalized and
transformed before the plots were created using the Seurat package (16).
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