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Abstract

Introduction: The gut microbiome helps to maintain a person’s healthy state while perturbations 

in its function often leading to the development of inflammatory diseases including multiple 

sclerosis (MS). Consequently, gut-commensals which restore homeostasis have the potential to 

become novel therapeutic options for treating MS. MS patients have presented gut microbial 

dysbiosis with a reduction in bacteria belonging to the Prevotella genus. Notably, increased levels 

of Prevotella are observed when disease-modifying therapies are used. Additionally, Prevotella 
histicola, an anaerobic bacterium derived from the human upper GI tract, can suppress disease in 

mice with experimental autoimmune encephalomyelitis, a preclinical MS mode.

Areas covered: In this review, the authors compare MS microbiome studies from different 

geographical regions to identify common gut bacteria. Literature on the potential use of P. histicola 
as a therapy for MS and the next steps for developing microbial monotherapies in MS is also 

discussed.

Expert commentary: Recent findings presenting an inverse correlation between Prevotella and 

MS disease severity as well as ability of P. histicola to suppress disease in preclinical models 

suggest that P. histicola might provide an additional treatment option for MS patients. However, 

rigorous testing in well-designed control trials should be performed to determine the safety and 

efficacy P. histicola in MS patients.
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1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 

affecting more than 2.5 million people worldwide and around 600,000 people in the US [1]. 

MS carries an economic burden of billions of dollars annually in medical care and indirect 

expenses, including lost wages and productivity [1,2]. Despite the availability of a number of 

immunomodulatory drugs, current treatment modalities are suboptimal and have substantial 

adverse and undesired effects [3]. Thus, there is a need to discover and develop novel 

therapeutic options for patients with MS in order to reduce adverse effects and improve 

patient outcome.

As is the case in many immune mediated disorders, it is hypothesized that MS patients have 

gut microbial dysbiosis. Gut microbiota analysis of MS patients have suggested that certain 

gut bacterial abundances correlate with clinical disease states. This imbalance in the gut 

microbiota of patients with MS may drive a pro-inflammatory immune response and 

therefore contribute to the development of autoimmunity. However it is unclear how gut 

microbiota exactly impact immune responses and contribute to the development of chronic 

inflammatory disorders.

2. Multiple sclerosis and the gut microbiota

In the last few years, we along with others have demonstrated that MS patients exhibit a 

distinct gut-microbiota profile, with both depletion and enrichment of certain bacteria 

compared to healthy individuals [4–10] (Table 1). Majority of bacteria (~90 %) in the adult 

human gut belong to the Firmicutes or Bacteroidetes phyla, with the remaining belonging to 

Actinobacteria, Proteobacteria, and a few other phyla are represented at a frequency of less 

than 5 % [11]. Despite the large amount of heterogeneity in the human microbiome, data 

summarized from different MS microbiome studies, confirm that certain gut bacteria are 

consistently found to be depleted or others to be enriched in patients with MS (Table 1) [12]. 

These studies largely involved patients with relapsing-remitting MS (RRMS) and had 

reported a decrease in Prevotella levels in patients with MS compared to healthy individuals 

(Table 1) [4–6,9,10]. MS patients also showed decreased levels of Sutterella, Adlercreutzia, 
Collinsella, Clostridium, Faecalbacterium, and Parabacteroides (Table 1) [5]. Two studies 

from the US [5,6], and one from Japan identified a lower levels of Prevotella in MS patients 

relative to healthy control (HCs) [4]., While these studies assessed microbial signature in 

stool samples, a study from Italy reported that duodenal biopsies from MS patients with 

active disease had a lower levels of Prevotella compared to HCs [10]. MS patients in 

remission showed higher levels of Prevotella compared to MS patients with active disease. 

Authors also observed that levels of Prevotella negatively correlated with a Th17 response 

and disease severity. In another autoimmune inflammatory disorder such as rheumatoid 

arthritis (RA), expansion of Prevotella copri has been linked with development of early onset 

arthritis and has been suggested that P. copri has ability to induce pro-inflammatory response 

[13]. However, none of MS microbiome studies had confirmed the finding that the 

abundance of Prevotella is associated with an active inflammatory state/disease severity. 

These data suggest that role of Prevotella in MS and RA is not unanimous and it is difficult 

to say whether discrepancy between RA and MS in regard to abundance of Prevotella is due 
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to difference in disease or due to discrete strains of Prevotella in RA and MS. Based on MS 

microbiome studies, we can conclude that, a reduction or loss of Prevotella in fecal samples 

may have significant consequences in the MS immunopathogenesis.

2.1 Beneficial role of Prevotella

The characterization of beneficial bacteria and/or small molecules produced by gut bacteria 

directly or indirectly through metabolism of dietary compounds will help in development of 

enhanced therapeutic options for MS. In the context of MS, there are several studies that 

support a beneficial role for Prevotella. MS patients treated with a disease-modifying 

therapy (DMT) including Copaxone or Interferon-beta had higher levels of Prevotella 
compared to untreated MS patients [6]. In a separate study, MS patients receiving Interferon-

beta treatment showed higher levels of Prevotella copri [10]. Additionally, we have 

identified a unique strain of the species Prevotella histicola, which modulate immune 

response in experimental autoimmune encephalomyelitis (EAE), an animal model of MS, 

and collagen induced arthritis, an animal model of rheumatoid arthritis (RA) [14,15]. 

Specifically, P. histicola could suppress disease in a dose dependent manner in an HLA-class 

II transgenic mouse model of EAE, and disease amelioration was associated with 

substantially reduced or absent CNS inflammation and demyelination [15]. Collectively, 

animal studies performed utilizing P. histicola support a beneficial role of Prevotella genus 

in MS patients.

2.2 Inflammation and P. histicola: a “chicken and/or the egg” dilemma

Reduced relative abundance of Prevotella in MS patient combined with ability of P. histicola 
to suppress inflammatory disease in animal model of MS suggest that lack of Prevotella 
might be responsible for predisposition to MS. However, we cannot rule out the possibility 

that host immune changes are what influence the microbiome since treatment with DMTs 

leads to restoration of Prevotella. Currently we do not have enough information to the 

confirm it one way or other. Thus there are two possibilities regarding relationship between 

Prevotella and inflammation in MS, one that Prevotella suppress inflammation or 

alternatively inflammation can suppress levels of Prevotella. Current observations set us to 

address the obvious question of the causal relationship of Prevotella with inflammation in 

MS especially the direction of causality.

2.3 Mechanism of action

The current understanding regarding the role of microbiome in the field of mucosal 

immunology suggests that the gut microbiota is involved in maintaining the healthy state of 

a host. It’s believed that gut microbiota regulate the balance between anti-inflammatory 

regulatory T cells (Tregs) and pro-inflammatory Th1/Th17 cells, thus influencing the 

immune-homeostasis [16–21]. Alterations in the gut microbiota may result in perturbation of 

balance between pro- and anti-inflammatory immune cell subsets towards pro-inflammatory 

cells leading to development of chronic inflammatory diseases. Gut microbiota profiling 

studies suggest that MS patients have reduced levels of bacteria that can induce 

immunoregulatory cells and higher abundance of bacteria that induce a pro-inflammatory 

response [12]. Consistent with this, MS patients had a greater abundance of Akkermansia 
muciniphila and Acinetobacter calcoaceticus, which can induce pro-inflammatory responses 
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in peripheral blood mononuclear cells. Additionally germfree mice mono-colonized with 

these gut bacteria develop severe EAE suggesting a pro-inflammatory nature of 

Akkermansia muciniphila and Acinetobacter calcoaceticus [6,9]. In contrast, gut bacteria 

showing lower abundance in MS patients, such as Prevotella and Parabacteroides; have 

ability to induce immunoregulatory cells in human PBMCs [9] and HLA transgenic mice 

[15]. Since the levels of Prevotella inversely correlate with severity of MS, it can be 

hypothesized that certain species of Prevotella have immunomodulatory properties and are 

able to induce immunoregulatory cells. This was indeed true in an EAE model, where oral 

administration of P. histicola suppressed disease in HLA-class II transgenic mice compared 

to mice receiving media or control bacteria [15]. Possible mechanisms by which P. histicola 
may suppress disease are explained below. Thus our animal studies suggest that Prevotella 
can suppress inflammation.

A current hypothesis in the pathogenesis of MS suggests that peripheral activation of 

autoreactive T cells with Th1/Th17 phenotypes results in their trafficking into the central 

nervous system (CNS) where they induce an inflammatory process that leads to increased 

permeability of the blood-brain barrier and further recruitment of inflammatory cells into 

CNS [22]. This inflammatory cascade results in demyelination of the CNS, which leads to 

neurological deficits that are manifested as clinical phenotypes in patients. Therefore, 

suppression of the initial pro-inflammatory response by immunoregulatory cells (e.g., Tregs, 

tolerogenic dendritic cells (DCs), regulatory B cells (B-regs), and suppressive macrophages) 

and/or chemical mediators might ameliorate disease and the associated pathology [23,24]. 

Oral tolerance studies have suggested that induction of an immune response in the gut can 

modulate peripheral immune responses [23,24]. Indeed, using a mouse model of MS, 

administration of P. histicola by oral gavage reduced gut permeability compared to mice 

treated with media alone or treated with control bacteria, and resulted in disease suppression 

[15]. This prompted further determination of the ability of immune cells in the gut and 

periphery to modulate inflammatory immune responses and suppress disease.

Mice with chronic EAE have increased gut permeability, suggesting that intestinal immune 

compartment may play an important role in regulating peripheral immune responses and 

CNS inflammation [25]. Specifically, mice treated with P. histicola have an increased 

frequency of tolerogenic DCs (characterized as CD11c+CD103+) [15] and myeloid 

suppressors cells (characterized as CD11b+Gr-1+ ) [14], indicating the ability of P. histicola 
to induce antigen presenting cells (APCs) with tolerogenic capacity. Additionally, mice 

treated with P. histicola showed a higher frequency of CD4+FoxP3+ Tregs in the gut [14]. 

The encephalitogenic T cells can traffic to gut and interact with tolerogenic DCs as well as 

FoxP3+ regulatory T cells. In the gut, pathogenic CD4+ T cells can be converted into 

FoxP3+ regulatory T cells by action of tolerogenic DCs or Tregs [26]. Alternatively gut 

resident regulatory FoxP3+ regulatory T cells can suppress pathogenic autoreactive T cells 

[27]. Thus P. histicola treatment can lead to reduced inflammation and disease due to its 

ability to induce tolerogenic DCs and Tregs in the gut, which can convert autoreactive T 

cells into FoxP3+ regulatory T cells. P. histicola induced tolerogenic DCs and/or Foxp3+ 

Tregs can also directly suppress pathogenic immune cells in the gut. These data indicate that 

P. histicola can restore intestinal integrity by reducing permeability and promote anti-

inflammatory immune responses in the gut.
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In the gut, P. histicola itself and/or P. histicola induced dietary metabolites can induce 

tolerogenic APCs either directly or through their influence on intestinal epithelial cells 

(IEC), which then induces Tregs. The role of IEC in the generation of immunoregulatory 

cells is well established [28], however studies in our laboratory are currently underway to 

determine precise role of intestinal epithelial cells in the induction of immunoregulatory 

cells in the gut. Higher frequency of tolerogenic DCs and suppressive macrophages have 

been observed in the periphery, suggesting suppressive cells (i.e., tolerogenic APCs and 

Tregs) that are generated in the intestine are able to migrate out of the gut. Additionally, 

APCs isolated from P. histicola-treated mice have a decreased antigen presentation capacity 

with have a higher ratio of anti-inflammatory to pro-inflammatory cytokines (IL-10 to IL-12 

or IL-23). Thus P. histicola can modulate both frequency and function of tolerogenic APCs 

[15]. Additionally, mice treated with P. histicola showed a higher frequency of 

CD4+CD25+FoxP3+ Tregs in the periphery and these cells had an enhanced ability to 

suppress antigen specific T cells [15].

Increased permeability of the blood-brain barrier is linked with increased CNS pathology in 

MS patients [22]. In mice treated with in P. histicola, the permeability of the blood brain 

barrier is reduced along with relatively reduced activation of immune cells resulting in fewer 

inflammatory cells trafficking from periphery to the CNS. Data published from our 

laboratory showed that mice treated with P. histicola showed a decrease in the permeability 

of the blood-brain barrier and had decreased proliferation of peripheral antigen-specific T 

cells. Additionally, CD4 T cells from P. histicola-treated mice also produced decreased 

levels of pro-inflammatory cytokines IFN-γ and IL-17 [15]. Based on these data, we’ve 

developed the model that P. histicola or its metabolites interact with intestinal epithelial cells 

and induce chemical mediators (e.g. TGF-β1, IL-10, and TSLP), which then condition DCs 

and macrophages to adopt a tolerogenic phenotype. These tolerogenic DCs and 

macrophages then induce either expansion of natural Treg cell population and/or promote 

differentiation of naïve T cells into Tregs. Subsequently, these Tregs migrate into the 

periphery and modulate CNS-specific autoreactive T cells, thus reducing inflammation and 

disease severity (Figure 1).

To further understand the mechanism by which P. histicola confers a beneficial effect, we 

explored whether live P. histicola is required for disease suppression. Notably, we observed 

greater disease suppression in mice that received live P. histicola relative to those that 

received heat-inactivated P. histicola. Thus suggesting that interaction of living bacteria with 

host environment (e.g., mucus, IEC, and dietary compounds) is required for disease 

suppression. We can speculate that the beneficial effects of bacteria may occur through their 

metabolism of dietary factors, resulting in the production of small metabolites which harbor 

immunomodulatory properties. Currently, there are at least two known pathways by which P. 
histicola produces metabolites: one method is through production of short chain fatty acid 

(SCFA) from starch/fiber [29,30], and the other method is through the metabolism of 

phytoestrogens [31,32].
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2.3 Diet metabolism and immune regulation by Prevotella

Prevotella have the ability to produce short chain fatty acids (SCFAs) from diet rich in fiber 

and equol plus enterolactone from diet rich in phytoestrogens. A good amount of daily 

complex carbohydrate intake in human are indigestible and are fermented in the colon by gut 

bacteria into SCFAs such as acetic acid, propionic acid, and butyric acid. Although 

Firmicutes such as Clostridium are considered the major SCFA producers [17,33], 

Bacteroidetes such as Prevotella have been shown to produce SCFAs from Xylans [29]. 

SCFAs are known to induce regulatory CD4+CD25+FoxP3+ T cells [34] and suppress 

inflammatory disease in animal models of MS [35] and inflammatory bowel disease [34]. 

SCFAs had been shown to promote differentiation of Tregs through their interaction with 

receptors such as GPR43 [34] or GPR109 [36] as lack of these receptor abolished SCFAs 

induced anti-inflammatory effect. SCFAs such as butyrate can also induce FoxP3 expression 

directly through epigenetic modification of FoxP3 promoter or indirectly through enhancing 

ability of DCs to induce generation of Tregs [37,38]. Thus some of the anti-inflammatory 

effect of Prevotella can be attributed to their ability to produce SCFAs.

P. histicola can modulate host immunity through metabolism of phytoestrogens. Plant 

lignans that are present in flaxseed and isoflavones that are present in soy-based foods are a 

group of compounds termed phytoestrogens and their metabolism leads to the generation of 

enterolactone and S-equol, both of which have structural similarities to human sterols such 

as estrogens [39,40]. This structural similarity with natural estrogen enables enterolactone 

and equol to bind to estrogen receptor (ER) as well as other receptors to elicit biological 

activities [41,42]. Notably, the end metabolites of lignans and isoflavone which are 

enterolactone and equol respectively have a higher affinity for ER with thousand fold more 

estrogenic activity than the parental isoflavones and lignans. Estrogens is known to possess 

immunomodulatory properties [43–45] and it is hypothesized that enhanced levels of 

estrogens during pregnancy results in amelioration of MS [46]. Additionally estrogen 

treatment of mice can reduce the severity of EAE, suggesting it has potential anti-

inflammatory and neuroprotective effects [44,45,47,48]. Importantly, phytoestrogen and its 

metabolites, including equol, have been suggested to regulate immune responses [49].

Certain gut microbia such as the Prevotella species contain enzymes that are critical for the 

metabolism of lignan [50] and isoflavone [51], including Daidzein reductase (DHNR), 

Dihydrodaidzein reductase (DHDR), and Tetrahydrodaidzein reductase (THDR). For 

example, these reductase enzymes provided by gut bacteria such as Prevotella can help 

convert isoflavone Diadzein to S-equol, a biologically active and potent estrogen mimic. 

Plant lignan (secoisolariciresinol diglucoside-SDG) and isoflavone (Genistein and Daidzein) 

can provide health benefits in various diseases [52–54]; however, the use of isoflavone in 

human clinical trials has produced mixed results [55,56]. This could be due to the fact that, 

during some disease states there is a loss of the gut flora that is needed for conversion of 

phytoestrogens into the beneficial metabolites such as enterolactone and equol. Thus, 

identification of beneficial commensals responsible for the metabolism of phytoestrogens 

and a better understanding of the underlying mechanisms by which these enable 

immunomodulatory effects will be necessary to harness their full potential as a therapeutic 
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option. Specifically, understanding the effect of enterolactone and equol on the local 

mucosal as well as systemic immune response will help in filling this knowledge gap.

2.4 Effect of diet and other gut bacteria on the abundance of Prevotella

The gut microbiome is a community structure with thousands of species of bacteria living 

together in a small space, particularly in the colon. There is complex interaction between the 

different bacterial populations to maintain a healthy state. Under homeostatic conditions 

(i.e., in a healthy individual), the balance among different bacterial populations inhibits the 

growth of disease-causing pathobionts or lesions which would allow access to the host. 

Recent developments in the microbiome field suggest that oral intake of certain diet leads to 

production of small metabolites due to action of gut bacteria. These small metabolites are 

hypothesized to play an important role in host physiology [57,58]. Similarly, digestion of 

starch/fiber by gut bacteria leads to production of SCFA, which not only induce proliferation 

of colonic epithelial cells but can also induce anti-inflammatory Treg cells [34]. Thus, the 

ability for gut bacteria to metabolize dietary components into small metabolites is crucial for 

maintaining homeostasis at mucosal surfaces and in the periphery.

In addition to Prevotella, the gut flora of MS patients also has a decreased levels of 

Parabacteroides and Adlercreutzia [5,9]. Notably, these two strains of bacteria are also 

capable of metabolizing phytoestrogens such as isoflavone and lignan [31,59]. As the end 

metabolites of phytoestrogen, such as equol and enterolactone, can induce 

immunoregulatory cells, the lack of bacteria that metabolize these compounds in a 

genetically-susceptible individual could disrupt the balance between an anti-inflammatory 

and a pro-inflammatory environment, which in turn could predispose an individual to 

develop an inflammatory disease such as MS and chronic inflammatory arthritis. Thus, these 

microbiome studies reinforce the importance of a plant-based diet and influences our 

physiological healthy status.

2.5 Inflammation and microbial dysbiosis

Lack of beneficial gut bacteria (symbionts) due to events such as stress, infection, 

antibiotics, or illness can perturb gut homeostasis. This might result in a temporary pro-

inflammatory environment that would allow the growth of pathobionts. In an animal model 

of colitis, inflammation promoted the growth of certain gut bacteria belonging to the 

Enterococcus family due to their ability to utilize free oxygen generated by the inflammatory 

environment [60]. In MS patients there is an elevated Th17 population in the small intestine 

with concurrent higher levels of Streptococcus and lower levels of Prevotella [10]. This 

suggests the possibility of an inverse correlation between Prevotella and Streptococcus that 

contributes to the elevated levels of proinflammatory cytokines such as IL-17 [10]. However, 

currently we do not fully understand the interplay between these factors and how that affects 

disease development. For example, it is unclear whether there is first a decrease in the levels 

of Prevotella, which leads to higher levels of IL-17 and Streptococcus or if higher levels of 

IL-17 suppress the levels of Prevotella. Future mechanistic studies are warranted that may 

provide insights into the relationship between symbionts and pathobionts, particularly with 

regard to their effects on disease.
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2.6 P. histicola and prebiotics

P. histicola can mediate its immunomodulatory effect through metabolism of dietary 

compounds, including the production of enterolactone, equol and SCFAs. Therefore, a 

potential synergetic therapy for patients with MS could be to provide dietary compounds, 

such as phytoestrogen, along with P. histicola with the aim being to restore the gut 

microbiota composition to pre-disease state. The combined use of prebiotics (either dietary 

or chemical-based) and bacteria (probiotics/brugs) is termed synbiotics and could be a 

potential non-complex therapeutic option for patients with MS. Thus, in order to optimize 

the effect of a Brug such as P. histicola, the dietary preference of individual patient needs to 

be ascertained and optimized. Further studies are needed to determine whether Brugs alone 

(i.e., P. histicola) will have an adequate effect on disease, or if patients will also need 

prebiotics, especially phytoestrogens such as diazine and genistein, to provide substrates for 

optimal therapeutic benefit.

2.7 Small intestine vs colon

There has been a substantial amount of attention placed on the fact that the effects of 

probiotics are mediated through the largest microbial mass in the human body (i.e., the 

stool). However the significance of colonic vs. small intestine microbiota in maintaining 

mucosal immune homeostasis is not well understood. It is clear that colonic bacteria produce 

copious amounts of SCFAs that exert local effects on the gut to protect the colonic mucosa 

from microbiota, and that these are suppressed upon treatment with broad spectrum 

antibiotics [15]. Further, the deficit of Prevotella in the duodenum of MS patients, and the 

fact that these mucophilic bacteria are expanded in the small intestine and are in close 

association with the epithelium, suggests that a close relationship exists between these two 

components and likely impacts the gut environment. The bacterial density in the small 

intestine (101-103 CFU/ML) is many logs lower than that in the colon (1012-1013 CFU/ML), 

providing a less competitive environment in which bacteria colonize and expand. The fact 

that P. histicola prefers to inhabit the small intestine and that it must be alive to suppress MS 

suggests that the beneficial effects of P. histicola involve its active interaction with food 

and/or mucosal substrates. In general, the colon has a much more impermeable mucosal 

barrier as it must act as a containment compartment for resident bacteria; in contrast the 

small intestine acts aa a conduit for bacteria movement. Thus, the luminal barrier of the 

small intestine is much more permeable and has a much greater surface area than that of the 

colon. The preference displayed by P. histicola to colonize the small intestine confers an 

advantage to this type of therapeutic approach, as the effects of P. histicola are likely exerted 

through its interactions along the length of the small intestine, thus avoiding competition 

from large bacterial population in the colon.

3.0 Challenges in translating P. histicola treatment to the clinic

P. histicola makes an ideal candidate to translate into clinics as a potential therapeutic option 

due to its ability to thrive in the gut combined and suppress autoimmunity in two different 

disease models (MS and RA). However, as with any drug, there are a number of factors that 

need considerations before it can be used in the clinic. Drug development involves five steps, 

which include: 1) discovery and development; 2) preclinical research to determine the 
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efficacy and potential toxic effects of a drug in an animal model; 3) implementation of a 

clinical trial to determine the safety and efficacy of a drug in humans; 4) submission of the 

results from the clinical trial to the FDA for approval and, if approved, progression of the 

drug to market; 5) post-market safety monitoring of the drug. The use of P. histicola as a 

potential treatment option for MS is currently being investigated and is in the later stages of 

step 2 of the drug development pathway. The efficacy of P. histicola in treating MS has been 

shown in two different animal models and safety data analysis of its safety is currently 

underway. Notably, P. histicola is part of the normal human gut microbiota as it was isolated 

from human subjects [14,15]. Currently used outcome measures such as annual relapse rate, 

Expanded Disease Severity Scale (EDSS) and MRI imaging can be employed to measure the 

efficacy of P. histicola in modulating disease in patients with MS.

P. histicola could either be used alone or in combination with existing therapeutic options to 

treat MS. Two studies have already demonstrated that treatments with disease modifying 

therapies (DMT) are associated with increase in levels of Prevotella [6,61]. In a study by 

Jangi et., al both Copaxone and Interferon-beta (IFN-β) were grouped together as DMTs 

whereas study by Castillo-Alvarez et. al., only analyzed effect IFN-β on gut microbiota [61]. 

Thus there is direct association between Interferon-beta and abundance of Prevotella (copri), 
however it’s not clear whether Copaxone can also mediate its effect by increasing levels of 

Prevotella. Future studies investigating a direct effect of Copaxone alone on Prevotella 
abundance are needed. Studies are currently ongoing in our laboratory to determine if 

combining P. histicola and first-line therapies such as Copaxone or IFN-β have enhanced 

beneficial effect. Two drugs working through different pathways might show cumulative 

effects in suppressing disease; therefore combining P. histicola with medication that do not 

induce levels of Prevotella might be a better option. The majority of drugs are associated 

with some side effects, and one benefit to the use of P. histicola is its sensitivity to antibiotic 

treatment. Thus, patients that show an adverse reaction to P. histicola can be treated with the 

antibiotic, metronidazole, to kill and deplete the bacteria and thus eliminate side effects from 

this treatment. Interestingly, we have observed that P. histicola can suppress EAE disease in 

the absence of gut microbiota [15]. It should be cautioned that there is a probability of 

developing antibiotic resistance due to overuse of antibiotics; therefore antibiotic use should 

be monitored carefully to avoid development of antibiotic resistant strains of P. histicola.

Diet is a major factor that influences our gut microbiome. The increased abundance of 

Prevotella in MS patients that have received DMT suggests maintaining an appropriate 

balance of the microbiome is important for positive disease outcomes. Moving forward, it 

will be interesting to identify diets that may be associated with an increased abundance of 

Prevotella. As Prevotella can metabolize phytoestrogen and fiber, a vegetarian diet that is 

rich in these types of foods could help to colonize and expand Prevotella and other beneficial 

bacteria. Thus, a clinical trial investigating the effects of certain diets on the expansion 

and/or colonization of Prevotella and other strains of bacteria will be beneficial to patients 

with MS and other autoimmune disorders.
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4. Expert commentary

4.1 P. histicola as a therapeutic agent in the clinic

MS patients have decreased levels of Prevotella [4–6,10] and multiple reports suggest that 

levels of Prevotella are elevated following treatment with DMT [6,10]. These observations 

combined with the ability of a human-derived strain of Prevotella, P. histicola, to suppress 

disease in an animal model of MS [15], strongly enforces P. histicola as a potential 

therapeutic option to treat MS. Many bacteria are purported to have beneficial effects but 

have limited proof of being able to specifically modify the course of disease (e.g., 

probiotics). Because of this, we coined the term “Brug” to imply a bacterium that has drug-

like effects. Based on our current studies, we propose P. histicola could be used as a 

therapeutic option for MS or other immune disorders. The dose, frequency and duration of P. 
histicola treatment need to be standardized in MS patients. However based on our studies in 

preclinical model of MS and RA, we can predict a dose of around one billion CFU of brug 

every other day for first six months to a year and then once a week as a maintenance therapy 

[14,15]. P. histicola could be used as a therapy on its own, or in combination with other MS 

disease-modifying drugs. Currently, studies are underway in our laboratory to determine 

whether administration of P. histicola, either alone or in combination with MS drugs such as 

Copaxone or Betaseron (IFNβ), is effective in suppressing disease in a mouse model of 

EAE. While the relationship between DMT and Prevotella is not completely understood, 

studies such as ours will enable enhanced understanding of the interaction of existing 

therapeutic option of MS.

However, gut microbiome research in MS is still in early stages because majority of MS 

microbiome studies so far have been cross-sectional and have performed16s rRNA 

metagenomic sequencing. Longitudinal studies which involve analysis of gut microbiome 

along with identification of microbial signatures and metabolic pathways being modulated 

will help in determining the direction of causality between gut bacteria, metabolites and 

associated inflammatory processes. As gut microbiome is a community structure, utilizing 

system biology approach to build a model for defining the relationship among different gut 

bacteria will be useful in identifying the gut bacteria functionally linked with disease 

positively or negatively. Studies which integrate data derived from metagenomic, 

metabolomics, inflammatory markers, and disease state will help in narrowing down the 

bacterial communities linked with healthy state vs. those associated with a disease state. 

Recent studies highlight that host and microbiome together form a holobionts which work in 

unison to optimize host physiological and immune responses. Thus understanding the 

interactions between host and gut microbiota as well as among the gut bacteria during health 

and diseases states is required. This information will provide the required data required to 

manipulate the gut microbiota through either diet or directly replenishing the beneficial 

bacterial population to assist us in correcting a disease state. There is paucity of data 

regarding other members of microbiome such as fungal, viral, and phage which need to be 

explored such that they can also be utilized to modulate gut bacteria and cumulatively 

correct pro-inflammatory responses and restoring the normal gut homeostasis and achieving 

optimal healthy status. Creating an environment to diversify as well as promote growth of 

beneficial microbiome might be used as a non-tradition therapeutic intervention. Reduced 
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asthma in individuals living in farmlands or correcting asthma by introducing children to 

farmlands/green space is already being promoted in the field of allergy. Thus altering the 

environment will enable us to improve therapy for MS. One of the major challenges in the 

field of gut microbiome is to define the normal gut microbiota. Currently it is unknown 

whether a given gut bacterial signature is beneficial or harmful as the interaction among 

multiple bacteria with its environment might determine the final outcome. Specifically, 

Akkermansia muciniphila had been shown to be having beneficial effect in diabetes whereas 

in MS it has been shown to be abundant in active disease state. The discrepancy might be 

due to the ability of same bacterium to produce a metabolite which can be protective in 

diabetes but promote inflammation in MS. Thus the P. histicola is a promising therapeutic 

candidate for treating MS patients but there are still number of steps needs to be taken before 

it can be used in clinic.

4.2 Five-year view

Currently majority of MS drugs are either small molecules or biologics but we hypothesize 

that in the next five years microbial and human cell-based therapies will be as effective, if 

not more so, than currently prescribed small molecule and biological-based therapies. 

Inteferon-1β was the first biologic approved for treatment of MS in the early 1990s, 

followed soon by other small molecules such as Copaxone and Mitoxantrone. Later 

Natalizumab and Rituximab were approved for MS. The Human Microbiome Project 

(HMP), a NIH initiative to determine the role of the microbiome in health and disease, has 

helped to identify and characterize a number of gut bacteria with health promoting 

properties. Successful use of fecal microbiome transplantation therapy for severe 

Clostridium difficile colitis has galvanized interest in gut microbiota based therapies for 

inflammatory conditions. P. histicola is one such human-gut bacterium that appears 

attractive Brug, which together with other bacteria or stem cell-based therapies could 

become frontline therapeutic options for treating MS and other immune mediated diseases. 

Given the rapidity with which novel therapies such as chimeric antigen receptor (CAR) T-

cell are being adapted for immune cell therapeutics, we expect that there will similarly be a 

strong impetus for the clinical development of microbial therapies for the treatment and 

prevention of MS. Many patients are already exploring self-treatment with probiotics and 

dietary manipulations. However several refinement steps need to be taken before P. histicola 
can be prescribed as a treatment option in the clinic. Specifically, large scale toxicological 

and efficacy studies need to be performed in MS patients and on healthy individuals to 

ensure that treatment with P. histicola is a safe and effective therapeutic option. We foresee a 

time when there will be a whole variety of microbial derived options being explored in 

therapeutics of human disease. These could include monotherapies with potent single living 

bacteria (Brugs), administration of bacterial byproducts or components, manipulation of the 

background microbiome by alterations of diet, addition of prebiotics or targeted removal of 

bacteria and finally blocking or enhancing the hoist responses to the microbiome. Thus 

various clinical studies and experimental evidence suggest that Prevotella could be taken 

from bench to bedside in the form of Brug.
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Key issues

• MS patients have gut dysbiosis with depletion and enrichment of certain gut 

bacteria

• The majority of MS microbiome studies show that MS patients are depleted 

of, or have a lower abundance of, Prevotella

• MS patients on disease-modifying therapies have higher levels of Prevotella 
compared to those that are untreated

• Prevotella histicola has been isolated from the human gut and shows disease-

suppressing abilities in a preclinical animal model of MS and in an animal 

model of rheumatoid arthritis

• P. histicola suppresses disease by restoring gut permeability and by inducing 

immunoregulatory cells

• P. histicola induces immunoregulatory cells by metabolizing phytoestrogens 

into equol and enterolactone, which share structural similarities to estrogen 

and regulate immune responses.

• Due to its ability to indirectly modulate immune responses, P. histicola is a 

potential cell-based therapeutic agent for the treatment of MS

• Rigorous testing to determine the safety and efficacy of P. histicola is needed 

before its use can be translated into the clinic.
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Figure 1: P. histicola-induced immunomodulation and disease suppression.
Based on our data, we hypothesize that P. histicola either directly, or through the metabolism 

of dietary compounds, induces intestinal epithelial cells (IECs) to produce anti-inflammatory 

cytokines such as IL-10, TGFβ, and TSLP, which condition DCs and/or macrophages to 

adopt a tolerogenic phenotype characterized by expression of CD11b, CD11C, and CD103. 

These IEC-conditioned tolerogenic DCs can induce FoxP3+CD4+ Tregs, which can travel to 

the periphery and suppress CNS-specific autoreactive CD4+ T cells harboring a Th1 or Th17 

phenotypes. This cascade of events leads to reduced trafficking of pro-inflammatory cells 

into the CNS, resulting in reduced inflammation and demyelination.
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Table 1:

Comparison of Adult MS Gut Microbiome Studies

 MS Microbiome Study # samples 
Tissue (Country) (Reference)

 Bacteria genera showing lower abundance in MS patients 
vs. HC

Bacteria genera showing 
higher abundance in MS 
patients after treatment

RRMS (n = 31)
 HC (n = 36)
 Fecal (USA)
Chen et al.2016

Prevotella, Parabacteroides, Adlercreutzia, Collinsella, 
Lactobacillus, Coprobacillus,

 

RRMS (n=60)
 HC (n=43)
 Fecal (USA)
Jangi et al. 2016

Butyricimona, Prevotella Parabacteroides Prevotella Sutterella

RRMS (n=20)
HC (n=40)
 Fecal (Japan)
Miyake et al. 2015

 Bacteroides Fecalibacterium Prevotella, Anaerostipes, 
Clostridium, Sutterella

  

Treatment Naïve MS (n=64) Fecal (USA) 
Cekanaviciute et al. 2017

 Parabacteroides, Prevotella   

Monozygotic twins (n=32) Fecal (Germany) 
Berer et al. 2017

 Lower levels of Adlercreutzia in GF mice colonized with fecal 
samples from MS patients vs GF mice colonized with fecal 

samples from HCs

  

RRMS (n=19)
 HC (n=17)
 Mucosa (Italy)
Cosorich et al. 2017

Prevotella Inverse correlation between Prevotella abundance and 
levels of IL17 producing cells

  Prevotella

Expert Rev Neurother. Author manuscript; available in PMC 2020 January 01.


	Abstract
	Introduction
	Multiple sclerosis and the gut microbiota
	Beneficial role of Prevotella
	Inflammation and P. histicola: a “chicken and/or the egg” dilemma
	Mechanism of action
	Diet metabolism and immune regulation by Prevotella
	Effect of diet and other gut bacteria on the abundance of Prevotella
	Inflammation and microbial dysbiosis
	P. histicola and prebiotics
	Small intestine vs colon
	Challenges in translating P. histicola treatment to the clinic

	Expert commentary
	P. histicola as a therapeutic agent in the clinic
	Five-year view

	References
	Figure 1:
	Table 1:

