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ABSTRACT 

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system 

(CNS) in which the myelin sheaths of neurons are attacked. The resulting demyelination, 

as well as incidental immune-mediated neurodegeneration, contributes to variable 

disability that increases over time. Environmental risk factors play a major role in both 

disease initiation and progression, and the gut microbiome is of growing interest as a 

modifiable risk factor in MS. Research on the gut microbiome and MS has uncovered 

patterns associated with MS disease status and progression, with Akkermansia 

muciniphila arguably the most notable bacterium studied for these purposes. Literature 

comparing people with MS to healthy controls has consistently found A. muciniphila 

associated with MS, however, studies comparing the abundance of A. muciniphila and 

MS disease severity have often linked A. muciniphila with reduced disability, leading to a 

lack of consensus on the role that A. muciniphila plays in the disease.  

To address this lack of consensus, we utilized an animal model of MS, 

experimental autoimmune encephalomyelitis (EAE), that mimics the disease process of 

MS in mice and assessed disease severity in combination with experimental approaches 

involving A. muciniphila. Initially, treatment of SPF A. muciniphila-colonized mice with 

A. muciniphila, akin to probiotic supplementation in humans, failed to produce any

significant differences in EAE severity or increase A. muciniphila levels. Thus, we

pivoted to leveraging two complex and divergent A. muciniphila-free microbiomes in

mice that we colonized with A. muciniphila or maintained as A. muciniphila-free to

isolate the impact of A. muciniphila colonization on ecologically distinct microbiome and

subsequent severity of CNS autoimmunity.

We observed exacerbated disease severity and an amplified Th17 CNS immune 

response in A. muciniphila-colonized mice in a microbiome context-dependent manner. 

To better understand the underlying differences in the gut and how A. muciniphila 

colonization alters the microbiome as a whole, we analyzed full-length 16S DNA 

sequences. We observed a reduction in Clostridia in the microbiome model in which A. 

muciniphila colonization worsened diseases, whereas the A. muciniphila-free counterpart 

microbiome was relatively rich in Clostridia. Broadly, commensal Clostridia metabolize 

dietary fiber and produce short-chain fatty acids, small molecule metabolites that have 

been shown to drive tolerogenic immune responses over inflammatory responses. 

Furthermore, profiling predicted functional pathways, analyzing specific SCFA-

producing bacteria, and quantifying SCFA by mass spectrometry showed reduced SCFAs 

and SCFA production. Additionally, supplementation with dietary fiber prior to EAE 

severity in the Clostridia-rich microbiome model ameliorated disease. Conversely, we 

wondered if A. muciniphila was contributing to a local inflammatory state in the gut, but 

found no such evidence from analyzing lipocalin-2, a measure of intestinal inflammation. 

Interestingly, however, we found increased IgA responses after EAE induction and in A. 

muciniphila-colonized mice that did not exhibit increased disease severity, suggesting 

that host response to A. muciniphila may contribute to the abundance and consequences 

of A. muciniphila colonization. 

Together, our results demonstrate 1) a concordance of A. muciniphila-

colonization that pairs with a reduction in Clostridia and SCFAs that may antagonize 

CNS autoimmunity, and 2) the importance of the microbiome context in understanding 

how microbes contribute to health and disease.  
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CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW 

1.1 Multiple Sclerosis 

1.1.1 Introduction 

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system 

(CNS) in which the immune system mounts an aberrant response targeting the myelin 

sheaths that coat neurons [1]. MS pathology is characterized by demyelination, axonal 

damage, and gliosis leading to the destruction of CNS tissue [2, 3]. The name “multiple 

sclerosis” comes from the Greek word, “skleros”, meaning scarring, and refers to the 

lesions formed in “multiple” regions of the central nervous system [4]. As a result, people 

with MS experience varied neurological dysfunction that can include cognitive, motor, 

and sensory symptoms [5]. Precise causes of MS are not well understood, although 

current literature suggests that genetic, environmental, and gene-by-environment 

interactions contribute to the initiation of the immune responses in MS [6-8]. Current 

treatments for MS, although beneficial in delaying disease progression, are not 

preventative or curative [9, 10]. Therefore, further research into MS pathology is 

essential to identify risk factors, discover biomarkers of progression, develop new 

treatment strategies, and reduce the overall disease burden.  

1.1.2 Epidemiology 

Globally, an estimated 2-3 million individuals live with MS [11, 12]. Research on 

MS in the United States circa 2020 has led to estimates for a prevalence of about 126 

cases per 100,000 individuals and incidence of 22 cases per 100,000 person-years [12, 

13]. Although these estimations vary considerably, multiple studies report rising rates of 

MS across the globe over the past few decades, often attributed to improved and earlier 

diagnosis, longer survival of people living with MS, and improved case ascertainment 
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[11]. Exogenous environmental risk factors for MS have also been said to contribute to 

increased rates of MS and autoimmunity broadly [14-19], although this is widely debated 

[20, 21].  

Like most other autoimmune disorders [22], women are 2-3 times more likely to 

develop MS than men [23]. In line with research documenting increased rates of MS, 

some research suggests that this rate is increasing faster among women compared to men 

[24, 25]. Reasons for the increased rates of MS among women have been proposed, 

namely lifestyle changes related to urbanization, reduced vitamin D/sunlight exposure, 

smoking, and alcohol use [26, 27]. Limited evidence shows that among transgender 

people, gender-affirming hormone therapy, especially estrogen hormone therapy among 

transgender women, may elevate the risk and progression of MS [28, 29], however 

research on gender-diverse individuals with MS is severely limited. Mechanisms 

underlying sex differences in MS are complex and multifactorial. They include protective 

effects of sex hormones, especially estrogen, influences of sex on immune functioning, 

CNS-specific effects, and a range of genetic and epigenetic factors, primarily related to 

the X chromosome [30-33].  

Age of onset for MS is most common between 25 and 40 years of age, although 

numerous groups have documented an increase in age of onset, often called late onset 

multiple sclerosis, over the past couple decades [34-36]. There are several hypotheses 

concerning the rising age of onset, such as increased exposure to environmental risk 

factors and an increased maternal age of childbirth. Late onset MS disproportionately 

affects women, again suggesting elevated exposure to environmental risk factors in a sex-

specific manner [35]. Pediatric onset multiple sclerosis, in which the disease presents 
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before the age of 18, has also been documented and is associated with increased disability 

progression and poorer prognosis [37]. 

Historically, White individuals have had a much higher rate of MS compared to 

non-white individuals, including Black, Indigenous, Asian, and Hispanic/Latino 

individuals [38, 39], although it is important to note that classification inconsistencies and 

shortcomings in reporting race and ethnicity are rampant across studies. It is difficult to 

disentangle the racial and ethnic landscape of MS from the geographical landscapes of 

MS, as greater latitude is a predominant risk factor for the disease. However, greater 

latitude is observed as a risk factor even within racially stratified populations [39]. Recent 

evidence suggests that MS incidence among non-White individuals, especially Black 

individuals, is on the rise, in part due to prior longstanding under-recognition of MS in 

the Black community [40]. Additionally, Black people may experience MS differently, 

with more aggressive progression and a different clinical presentation, and face unique 

challenges in managing disease burden related to health disparities and a lack of 

representation in clinical trials [41]. Altogether, these demographic patterns highlight the 

multifaced and evolving nature of MS risk, underscoring the importance of inclusive, 

longitudinal research. 

1.1.3 Clinical Presentation 

People with MS (pwMS) can experience a myriad of motor, sensory, cognitive, 

and mental symptoms, as MS pathology is not defined to one functionally relevant region 

or circuitry of the CNS [42, 43]. These symptoms can vary widely between and within 

patients over time. As noted earlier, optic neuritis, defined by unilateral, acute, painful 

vision impairment or loss, occurs in 50-70% of pwMS, and is often the initial presenting 

symptom of MS [42, 44]. Other leading symptoms of MS include fatigue, sensory 
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disturbances that include numbness and tingling (paresthesia), bowel and bladder 

dysfunction, and issues with walking and/or balance [45]. Additional sensory symptoms 

can include sensations of itching, burning, temperature sensitivity, and pain 

(dysesthesias) and Lhermitte’s symptom, an electric shock-like sensation felt following 

neck movement [43]. Additional motor symptoms seen in MS are limb and facial muscle 

weakness, hyperreflexia, tremor, and spasms [43]. Additional symptoms associated with 

brainstem functions can include difficulty with speech (dysarthria) and swallowing 

(dysphagia), dizziness, vertigo, or lightheadedness, issues concerning hearing and sound, 

and migraines/headaches [45]. “Invisible symptoms”, such as urinary and bowel 

incontinence, retention, and/or urgency, sexual dysfunction, and sleep disturbances may 

contribute greatly to reduced quality of life reported by pwMS [46]. Especially over time, 

cognitive impairment, with deficits in memory, executive functioning, attention, and 

concentration, can be experienced among pwMS as the disease progresses [47]. Lastly, 

mood symptoms like depression and anxiety are common among pwMS, are believed to 

be independent of the stress caused by the disease, and may in fact be relevant signs of 

the MS prodrome, prior to formal MS diagnosis or symptoms [48, 49]. These diverse 

symptoms contribute to the heterogeneity of MS presentation and underlie the various 

diagnostic categories described below 

Clinically, MS is categorized based on the disease course and pattern of 

progression. Prior to their formal diagnosis, pwMS often experience an initial 

neurological incident associated with the aforementioned symptoms, referred to as a 

clinically isolated syndrome (CIS). Most (83%), although not all, people that experience 

a CIS go on to experience a second clinical demyelinating event with disability and are 
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diagnosed with definitive MS within 20 years [50]. Similarly, incidental findings of a 

CNS demyelinating lesion in the absence of clinical symptoms, termed a radiologically 

isolated syndrome (RIS), can be suggestive of MS, although an RIS is less specific to 

MS, with only about 60% of RIS cases progressing to an MS diagnosis [51]. Both CIS 

and RIS were recognized under 2013 revisions to the standardized phenotypes of MS, 

although only CIS considered a subtype of MS [52]. 

Aside from CIS, the disease course of MS is defined in 3 subtypes: relapsing-

remitting (RR), secondary progressive (SP), and primary progressive (PP) [52]. RRMS, 

which represents 85% of pwMS [53], is characterized by relapses in which disability 

develops over days to weeks after which it plateaus and includes a remission period with 

gradual partial or complete recovery [52]. RRMS can transition into SPMS over the 

course of years, with about a 10% of cases transitioning after 10 years, but most (93%) 

transitioning to SPMS after 30 years [54]. The transition to SPMS, in which increases in 

disability are more gradual, less defined by distinct relapses, and not often accompanied 

by remission, is gradual and not delineated by any specific clinical, radiological, or 

otherwise apparent sign [52]. However, early intervention with treatment may delay 

conversion to SPMS [55, 56]. Lastly, 10-20% of pwMS present with a purely progressive 

course of disease from the start, PPMS [43, 57]. Both progressive forms, SPMS and 

PPMS, are associated with reduced responsiveness to treatment and distinct pathology 

that includes more diffuse demyelinating regions and axonal degeneration [58]. 

Interestingly, the female preponderance for MS breaks down in progressive forms of MS, 

as men with MS are more likely to present with PPMS than women and are typically 

faster to transition from RRMS to SPMS [59]. 



 6 

Additional, less common forms of MS have been documented, although often 

defined inconsistently across the field: tumefactive MS, with radiological evidence of 

tumor-like lesions [60]; Baló’s concentric sclerosis, where lesions appear in concentric 

myelinated and demyelinated circles [61]; and Marburg variant multiple sclerosis, in 

which a single large lesion is found and associated with severe potentially lethal 

progression [62]. Benign MS, typically defined by a lack of or severely little progression 

in disability and/or relapses, is estimated to affect between 6% and 64% of the total MS 

population, although some criticize that benign MS is a result of the failure to capture 

less-physical disability experienced in MS [63]. These diverse subtypes and variants 

reflect the clinical and pathological complexity of MS, posing significant challenges for 

diagnosis, treatment, prognosis, and in research characterizing the neuro- and 

immunopathology of MS. 

1.1.4 Diagnosis and Disease Monitoring 

The diagnosis of MS can be a challenging journey for patients, involving 

considerable emotional upheaval, and as no individual or series of tests can definitively 

identify MS pathology [64]. The range of symptoms shared among MS, non-MS 

demyelinating disorders, and other neurological disorders contribute to the difficulty in 

diagnosing a patient. MS is often considered a diagnosis of exclusion in which other 

explanations for a patient’s symptoms must be ruled out before pursing treatment and 

receiving a diagnosis [65]. To facilitate this process, MS is diagnosed based on the 

McDonald Criteria, a set of guidelines outlining an MS diagnosis suggested upon 

evidence of CNS damage that is both disseminated in time and space [52, 66, 67]. 

Dissemination in time and space refers to the occurrence of two or more lesions indicated 

by radiological imaging and/or clinical attacks that are both found at distinct timepoints 



 7 

(dissemination in time) and that are either at distinct locations within the CNS (by 

radiological imaging) and/or a clinical attack demonstrative of a different CNS site 

(dissemination in space) [43]. It should be noted that the inclusion of clinical attacks 

requires the presence of clinical symptoms for at least 24 hours and for individual attacks 

to be separated by at least 1 month, and radiological evidence is typically defined by MRI 

[43].  

In additional to clinical findings, cerebrospinal fluid (CSF) has gained relevance 

in the diagnosis of MS. Revisions to the McDonald criteria now allow for the presence of 

positive oligoclonal bands in CSF for a diagnosis of MS with typical presentation of CIS, 

even without dissemination in time [67]. Oligoclonal bands are bands of antibodies 

(immunoglobulin G) against cellular debris, likely related to CNS tissue, that can be 

found in both serum and the CSF, with bands in the CSF suggestive of neuropathy [68]. 

While they are not specific to MS, 85-90% of pwMS are positive for CSF oligoclonal 

bands [69], making their detection a valuable tool in diagnosing MS.  

Perhaps most important for diagnosing, monitoring, and studying MS is the use of 

MRI to observe lesions in both the brain and spinal cord, especially in finding evidence 

of dissemination in time and space after a CIS or during stages disease progression 

(PPMS). T2-weighted MRI, where differences in the movement of fluid can be observed 

between gray and white matter regions, is most common because of its ability to 

highlight areas of white matter loss [43, 67]. Furthermore, the use of gadolinium-

enhancement T1-weighted are instrumental in localizing active lesions in pwMS. 

Following intravenous administration, gadolinium is able to enter the CNS when and 

where the blood-brain barrier (BBB) is disrupted, such as during an active localized 
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lesion [43, 67]. In addition to its usefulness in diagnosing MS, gadolinium-enhanced MRI 

is weakly correlated with the occurrences of relapses and is important in monitoring 

disease activity to guide treatment [70]. Lastly, changes in signal conditioning 

demonstrating evidence of demyelination (due to the reduced electrical conduction of 

axons) is sometimes measured by evoked potentials to facilitate the diagnosis of MS and 

may also of use in monitoring disease progression and treatment [71]. 

Like many other neurological disorders, disease-associated disability is scored 

using standardized scoring criteria for MS, the Expanded Disability Status Score (EDSS) 

and sometimes the functional systems scores (FSS). EDSS is a scale from 0 (normal 

neurologic exam) to 10 (death) that focuses on the ambulatory functioning of a person 

living with MS, such as walking distance, independence in mobility, and self-sufficiency 

in care [72]. Considering the heterogeneity of MS disability and reliance of the EDSS on 

ambulatory capabilities, some prefer the FSS because of the way it is subset by functional 

groups: pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, and cerebral 

(mental) functions [72, 73]. With these limitations of the EDSS, several other functional 

rating systems have been developed [73-76]. In fact, in a studies comparing EDSS and 

functional scoring systems such as the FSS, functional scoring may be more accurate in 

addressing the overall impact symptoms and sensitive in quantifying disability in some 

functional groups, such as visual and mental impairments [77], although these functional 

assessments often require additional specific time-intensive testing [73]. Altogether, 

disability assessment for pwMS is complex and challenging, requiring both patients and 

physicians to be attentive to the changing needs of pwMS. 
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Considering the overlap in clinical and radiological features of MS and other 

neurological disorders, differential diagnosis requires the consideration of other closely 

related disorders. These include disorders that also involve CNS demyelination, such as 

antibody-driven neuromyelitis optica spectrum disorder (NMOSD) and myelin 

oligodendrocyte glycoprotein antibody-associated disease (MOGAD), and non-CNS or 

non-demyelinating disorders, such peripheral neuropathies, amyotrophic lateral sclerosis, 

and systemic autoimmune diseases [65, 78]. Also of relevance are several comorbidities 

in the MS population, some of which may be related to the disease course of MS itself. 

One study involving nearly 18,000 pwMS in clinical trial cited most common 

comorbidities as depression, anxiety, hypertension and other cardiovascular diseases, 

migraine, and other autoimmune diseases [79]. Because of the overlap between some 

comorbidities and symptoms of MS, it is especially important to integrate comorbidity 

care with MS treatment and the management of symptoms [80].    

1.1.5 Gross Pathology 

The hallmark gross tissue pathology of MS is demyelinated lesions in the CNS 

white matter, well-demarcated areas damaged by cellular immunopathology. The 

anatomical distribution of these lesions varies considerably patient-to-patient, although 

there are patterns of lesion locations seen across pwMS [81, 82]. Optic neuritis, one of 

the most common first symptoms of MS, can contribute to atrophy of the optic nerve that 

is observable by imaging such as fundus photography [44]. Periventricular lesions are 

also common, including finger-like projections called “Dawson’s figures” that show 

demyelination of the corpus callosum, and can be utilized in differentiating between MS 

and other demyelinating disorders [83]. Other common lesion locations and patterns 

include juxtacortical lesions, U-shaped areas following the contour of the cortex, 
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infratentorial lesions in the brainstem, and spinal cord lesions that are short cigar-shaped 

areas as seen by MRI [81, 82]. It should be noted that the extent of radiological lesions 

observed in pwMS does not necessarily correlate with disease severity (the “clinical-

radiological paradox”), and the location of lesions does not necessarily match with 

neurological disability (the “neuroanatomical–functional paradox”) [84, 85], although 

there may be weak correlation between lesion and disease severity [86], and absence of 

new lesions is suggestive of the absence of disease progression [87]. Nonetheless, 

radiological lesion assessment plays a crucial role in MS diagnosis and care.  

1.1.6 Treatments 

The central strategy of treatments for MS involves medications that dampen 

disease progression, reduce relapse rate, and limit the emergence of new lesions. These 

strategies are defined under various criteria used to evaluate treatment effectiveness, 

typically in clinical trials; the (modified) Rio score that incorporates lesion number by 

MRI and clinical symptoms/relapses, no evidence of disease activity (NEDA), defined by 

the absence of MRI lesions, clinical signs, and increased EDSS, and disease-free survival 

(DFS), in which the time until death from any cause or until worsening disease disability 

[88].  

Previously, older “first-line” disease modifying therapies (DMTs) considered to 

have milder efficacy, such as interferon beta (IFNβ) or glatiramer acetate, were used until 

breakthrough disease occurs [43, 89]. Although the precise mechanisms of action for 

these two injectable therapies is not fully understood; IFNs are believed to downregulate 

major histocompatibility complex (MHC), modulate T and B cell function, alter cytokine 

expression, and reduce BBB permeability, while glatiramer acetate, a complex of four 

amino acids, may uniquely mimic myelin basic protein autoantigens of autoreactive T 
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cells and induce regulatory T cell responses [90]. The current focus is to initiate newer 

high-efficacy DMTs early in the disease course and to utilize DMTs that are sufficient in 

delaying or reducing progression, especially in early-onset MS [89, 91]. The overarching 

mechanism of these DMTs is to target the aberrant immune response that drives disease 

pathology in MS. Considerations for DMT usage are complex and highly specific to the 

current disease subtype, recent disease activity, patient responsiveness, the occurrence of 

adverse events, comorbidities and contraindications, and more practical patient-centered 

considerations such as cost and route of administration [89]. 

In line with current efforts towards early treatment initiation, patients presenting 

with CIS or RRMS even in the absence of disease activity are often treated with 

fingolimod or dimethyl fumarate (considered 1st line), or IFNβ, glatiramer acetate, or 

teriflunomide (2nd line) if additional treatment options need to be explored [43]. 

Fingolimod works by modulating sphingosine-1-phosphate receptor, reducing emigration 

of activated T cells from lymph nodes, while dimethyl fumarate’s mechanism of action is 

to shift T cells toward a Th2 response, reducing the inflammatory immune response in 

MS [90, 92]. Teriflunomide is an inhibitor of dihydro-orotate dehydrogenase and 

interferes with synthesis of pyrimidine in proliferating B and T cells [90]. Patients may 

be more inclined to use oral medications such as fingolimod, dimethyl fumarate, and 

teriflunomide, although both fingolimod and teriflunomide are contraindicated in 

pregnancy [90]. For RRMS with more recent or active disease activity, antibody therapies 

ocrelizumab and natalizumab are first-line, with fingolimod, dimethyl fumarate, and 

others being considered second-line [90]. Ocrelizumab is an anti-CD20 antibody that 

selectively depletes B cells implicated in MS pathology [93]. Natalizumab blocks 
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lymphocyte migration into the CNS by targeting α4 integrins involved in the rolling 

adhesion within vascular endothelial tissue [94]. Additional DMTs prescribed in RRMS 

include alemtuzumab and mitoxantrone, which both suppress B and T cell proliferation 

but with limited uses due to risks of secondary autoimmunity in the case of alemtuzumab 

and cardiotoxicity and leukemia in the case of mitoxantrone [43, 95, 96].  

Treatment of SPMS and PPMS faces additional challenges due to reduced 

efficacy in DMTs delaying progression. For the treatment of SPMS, siponimod a 

sphingosine 1-phosphate receptor modulator, like fingolimod, is the recommended, as is 

ocrelizumab [43, 97, 98]. As pwMS transition from RRMS to SPMS, it is generally 

recommended to maintain prior DMT usage while relapses may still be present but 

continue RRMS-specific DMTs as relapses subside. European guidelines for SPMS 

treatment also include interferons (IFNβ), mitoxantrone, and cladribine, a purine 

analogue drug that interferes with rapidly proliferating cells such as B and T lymphocytes 

but associated with additional safety concerns [98, 99]. For PPMS, ocrelizumab is the 

only currently approved DMT [43]. Notably, several DMTs approved for RRMS have 

been shown to lead to no significant reduction in disability progression in PPMS [98], 

emphasizing the unaddressed need for additional treatment avenues for PPMS. 

Acute management medications, symptomatic treatments, and non-medication 

therapies also play an important role in managing MS. Methylprednisolone, a 

corticosteroid and strong anti-inflammatory, is sometimes prescribed for acute clinical 

attacks in MS, particularly for relapses that contribute to significant impairment of daily 

living, such as vision loss during optic neuritis [100]. The use of methylprednisolone, 

while effective in providing immediate relief of symptoms, radiological improvement, 
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and short-term effects on the immune system, its use comes with numerous side effects, 

especially when taken continually, and with no long-term benefits on disease progression 

[101]. Along similar lines, symptomatic treatments for pwMS are valuable in limiting 

reductions in quality of life associated with the disease. Therapies used to manage MS-

related symptoms include: baclofen and tizanidine for spasticity, SSRIs and SNRIs for 

depression and anxiety, NSAIDs and acetaminophen for pain, dopaminergic agonists for 

certain sleep disturbances, and for bladder and bowel dysfunction, antimuscarinic 

compounds, laxatives, and anti-diarrheal medications [102]. Although they may not 

contribute to significantly improved clinical outcomes, non-medication therapies, 

sometimes called neuropalliative care,  play a major role in MS management and improve 

patient quality-of-life outcomes. These include exercise programs and structured physical 

therapy, cognitive behavioral and group talk therapies, transcranial magnetic and other 

electrical stimulation. Overall, current evidence suggests that exercise and cognitive 

therapies should be emphasized in the clinical care of MS, especially considering their 

safety and potential to improve management of a wide variety of MS symptoms [103, 

104].  

Lastly, several emerging therapeutic avenues are being explored for their future 

disease-modifying potential, including strategies to promote remyelination. Most 

prominently, Bruton tyrosine kinase (BTK) inhibitors are being explored for their 

capabilities to inhibit B cell maturation and activation, thus lessening the contribution of 

B cells in orchestrating autoimmune responses in MS [105]. Most recently, tolebrutinib, 

an oral BTK inhibitor completed a phase 3 clinical trial for the treatment of SPMS, 

demonstrating delayed advancement of disability over placebo, and was awarded 
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Breakthrough Therapy designation from the U.S. Food and Drug Administration [106]. 

While tolebrutinib performed similar to teriflunomide in RRMS [107], its effectiveness in 

SPMS is remarkable due to the lack of available DMT options for SPMS. Additional 

BTK inhibitors under investigation include fenebrutinib (NCT04544449), which recently 

completed its phase 3 clinical trial compared to ocrelizumab for PPMS, evobrutinib 

(NCT02975349), which was not superior to teriflunomide for RRMS [108], and 

remibrutinib (NCT05147220), which is still recruiting for its phase 3 trial [105]. 

Hematopoietic stem cell transplantation has been promising in producing remission in 

patients with RRMS, with ongoing phase 3 clinical trials (NCT04047628), however this 

approach is currently reserved only for treatment-refractory RRMS in which risk of 

future disability is high [109]. Finally, a number of therapies are under investigation for 

their potential to facilitate remyelination in the CNS, often by promoting the 

differentiation of oligodendrocytes that generate CNS myelin [110]. However, these 

avenues often face a number of roadblocks, and one recent trial involving the 

antihistamine, clemastine fumarate, was terminated due to accelerated disability 

progression compared to placebo [111].  

1.1.7 Etiology 

Although the etiology of MS is not well understood, it is believed to be 

multifactorial, with genetics, the environment, and gene-by-environment risk factors 

contributing to the disease. Evidence from studies utilizing GWAS, geographical, and 

environmental risk factor data suggests that genetics contribute about 30% of the disease 

risk for MS, while environmental factors contribute about 70% [6, 7, 112, 113]. Strong 

evidence for genetic risks of MS comes from familial heritability and cases in 

monozygotic twins, where the concordance rate is about 25% compared to ~5% in 
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dizygotic twins and 3% among non-twin siblings [8]. Meanwhile, studies uncovering 

environmental risk factors have utilized large cohort databases, geographical surveys, 

migration analyses, and patient lifestyle and demographic information to uncover many 

modifiable risk factors [114].  

Differences in MHC, or human leukocyte antigen (HLA), alleles are most 

thoroughly studied in MS and are associated with both increased and reduced MS 

susceptibility depending on the allelic variant [115]. The HLA-DR15 haplotype, 

specifically the HLA-DRB1*15:01 allele is the strongest predictive genetic contributor to 

MS risk, with the HLA-DRB1*15:01 allele increasing the risk of MS by approximately 3-

fold [116]. Variant HLA-DRB1*03 is also associated with MS risk, while carrying HLA-

DRB1*01, HLA-A*20, or HLA-DRB1*11 is protective against MS [116, 117]. HLA is 

thought to play a role in autoproliferation and autoreactivity of B and T cells responsible 

for neuroinflammation in MS [115].  

Aside from MHC polymorphisms, several genes related to lymphocyte 

functioning are implicated in MS; the interleukin-2 receptor alpha gene (IL2RA), 

important for the functioning of regulatory T cells [118], interleukin-7 receptor alpha 

gene (IL7R), relevant to inflammatory responses in autoimmunity [119], and interferon 

regulatory factor 8 (IRF8), contributing to type 1 interferon responses [120]. Conversely, 

some genes have been tied to protection against of MS; a rare functional variant of 

tyrosine kinase 2 (TYK2), involved in the STAT signaling pathway and Th1 responses 

[121] and leukocyte function-associated antigen 3 (LFA-3), also called CD58, relevant to 

regulatory T cell FoxP3 signaling [122]. The use of recent large-scale genome-wide 

association studies has contributed greatly to our understanding genetics in predisposing 
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immune responses towards autoimmunity, including 233 statistically significant 

associations with MS susceptibility, over 10% of these related to MHC [123]. 

While genetic contributions to MS and autoimmune disease boredly are relevant 

to MS diagnosis and considerations, the lack of any individual genes contributing to a 

definitive MS status, and substantial evidence from epidemiological data, underscores the 

important involvement of environmental factors in MS. Major environmental risk factors 

for MS include reduced sun exposure, living further from the equator, nutritional vitamin 

D deficiency, Epstein-Barr virus (EBV) status, smoking, diet and obesity, and alterations 

in the gut microbiome (discussed in section 1.4). 

Sun exposure, vitamin D (synthesized by skin exposure to sunlight), and living at 

higher latitudes are closely related, making them difficult to study as independent risk 

factors. Reduced sun exposure contributes to MS risk throughout one’s lifetime, 

suggesting its role in both onset and progression [124]. In one study, 30% of the effect of 

reduced sun exposure is mediated by vitamin D deficiency, and 12% of the effect can be 

accounted for by interactions between sun exposure and vitamin D, emphasizing an 

independent contribution of both factors [125]. Vitamin D deficiency as a risk factor is 

also supported by a 40% reduced risk of MS in women who take vitamin D supplements 

[126]. Similarly, studies in Sweden and Norway demonstrated that high fish 

consumption, rich in vitamin D, is correlated with reduced MS risk [127, 128]. While it 

can be postulated with living at higher latitudes plays a role in sun exposure and vitamin 

D synthesis, migration studies have indicated that some of the risk associated with 

increased latitude persists in individuals who migrate from low-incidence latitudes to 
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high-incidence latitudes [129], demonstrating environmental factors contributing to MS 

may have important critical exposure windows. 

Like many other neurodegenerative and autoimmune disorders, smoking increases 

one’s susceptibility to MS and possibly severity of MS progression [130]. A meta-

analysis of smoking and MS risk found a significant association between smoking and 

MS risk but did not find conclusive evidence that smoking worsens disease progression. 

However, more recent findings suggest that smoking cessation after MS onset leads to 

reduced disability progression [130, 131]. Smoking is proposed to increase MS risk 

through the effect of neurotoxins [130] and by modulating the immune system, 

contributing to a generally increased inflammatory state [132]. However, the precise 

changes to the immune response are complex; nicotine alone, may have neuroprotective 

effects against MS and is not itself considered a risk factor for MS [133, 134]. 

Viral infection may contribute to MS through a variety of proposed mechanisms, 

including the triggering of myelin-targeted immune responses [135]. Although many 

different viruses have been proposed to increase MS risk, there is strong and consistent 

evidence for the role of Epstein-Barr virus (EBV) in elevating MS risk [124, 136]. 

Specifically, a large cohort of military personnel identified that nearly all pwMS included 

in the study were seropositive for EBV, indicative of prior infection, but a significantly 

smaller proportion of those without MS were seropositive for EBV [137]. Relatedly, a 

greater number of viral infections in early childhood may reduce one’s risk of MS, while 

infection later in adolescent and early adulthood increases MS risk [136]. This trend is 

shown well with EBV infections, which tend to occur earlier in life in more tropical and 

developing countries compared to more temperate, high-income countries where MS is 
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more common [126]. Notably, while most individuals, regardless of MS status, are 

infected with EBV [136], EBV seroconversion later in life is a significant risk factor for 

MS [137]. 

It is also possible that remaining contributions to MS aside from genetics fall 

within gene-by-environment interactions and epigenetic factors. For example, HLA 

allelic variants have been shown to modulate the viral infection of EBV [138]. 

Additionally, smokers with the HLA-DRB1*15:01 gene were 13 times more likely to 

have MS compared to never-smokers without HLA-DRB1*15:01 [139]. Evidence, or the 

lack thereof, for epigenetic factors contributing to MS broadly stems from twin studies, 

where the epigenome sequences of lymphocytes were determined, finding no epigenetic 

differences explaining discordance in MS status between monozygotic twins [140]. 

However, differences in the levels of short-chain fatty acids (SCFAs; discussed in detail 

in following sections), which are known to act as histone deacetylase inhibitors [141-

143], may act through epigenetic regulation in MS. 

Finally, it is worth mentioning in the lens of etiology that some literature argues 

for non-autoimmune disease mechanisms in MS. These arguments claim that a lack of a 

defined autoantigen (such as myelin oligodendrocyte protein in MOGAD), autoimmune 

evidence is largely driven by animal models of MS that poorly recapitulate human 

disease phenotypes, and that MS may instead be a neurodegenerative disease associated 

with chronic infection [144]. Many of these ideas stem from important aspects MS 

research, emphasizing deficits in MS research models, the lack of effective therapies for 

progressive MS, and the need to focus research understanding drivers of MS initiation. 

However, this review fails to recognize several distinct features of MS, including the 
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efficacy DMTs that are of widely immunomodulatory in mechanism and that antigenic 

responses in autoimmunity can be heterogeneous [145, 146]. In summary, the interplay of 

genetic, epigenetic, and environmental factors reflects the multifaceted etiology of MS, 

warranting continued investigation of MS etiology across biological systems. 

1.2 Cellular Pathology of Multiple Sclerosis 

1.2.1 Effector T Cells 

In MS, lymphocytes, including T and B cells, become autoreactive and cross the 

blood-brain barrier, where they become (re)activated by the presence of autoantigens 

[135]. Once in the CNS, T cells release cytokines that recruit additional T cells, B cells, 

and macrophages among other innate leukocytes, leading to the damage of myelin 

sheaths, neuroinflammation, and secondary tissue damage [135]. Evidence for T cells as 

mediators of MS comes from their detection in the early stages of the disease and in 

active MS lesions [147, 148], as well as the association of MHC allelic variants with MS 

indicating the involvement of T cell antigens. Additionally, research on experimental 

autoimmune encephalomyelitis (EAE), an animal model of MS, has provided exhaustive 

evidence of the involvement of T cell responses to myelin proteins, and adoptive transfer 

of these myelin-reactive T cells is sufficient to induce EAE [149, 150]. As stated earlier, 

no single autoantigen is identified as causing MS, and while it has been demonstrated that 

pwMS have T cell antigenic responses to various myelin proteins, these responses have 

also been found in healthy individuals [151]. Nonetheless, the frequency and magnitude 

of these autoreactive responses are greater and functionally distinct in pwMS [151, 152].  

Both CD4 and CD8 effector T cells are implicated in MS. Their roles in MS 

pathology involve direct response to self-antigens, orchestration of adaptive and innate 

immune responses, and the secretion of a milieu of cytokines [1]. These effector T cells 
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can be further broken down into T helper subsets 1, 17, and 2, with Th1 and Th17 subsets 

being implicated in autoimmunity, while Th2 responses are relevant to allergies, asthma, 

and parasitic infections [153].  

Th1 CD4 T cells are canonically involved in responses against intracellular 

pathogens by secreting interferon gamma (IFNγ) to orchestrate killing by innate cells 

such as macrophages [153]. Early research on EAE mice demonstrated that Th1 CD4 T 

cells were most the frequent effector T subset in the CNS of EAE mice [154]. Indeed, 

Th1 CD4 T cells are also found in lesion tissue of pwMS [155], and initially treatments 

of IFNγ in pwMS contributing to severe disease worsening [156], supporting its 

involvement. Furthermore, following EAE experiments in which disease was lessened by 

treatment with altered peptide ligands of myelin basic protein, clinical trials were done 

[155] in pwMS to assess the use of altered peptide ligands that may skew T cell 

autoantigen responses away from autoreactive responses. However, this led to a 2000-

fold expansion of IFNγ-producing myelin-specific T cells and exacerbated symptoms. 

Although problematic to patients, this outcome further supported the involvement ofTh1 

CD4 T cells in MS [157]. 

The Th17 subset of T cells, discovered only 2 decades ago, is a unique T helper 

subset that respond to some extracellular pathogens and are capable of driving 

autoimmune responses, including CNS autoimmunity seen in EAE [158]. Th17 cells 

produce cytokines, IL-17 (for which they are named), IL-21, and IL-22 to facilitate host 

defenses against extracellular bacteria and fungi [153]. While IL-21 contributes to Th17 

feedback loops and IL-22 acts on epithelial interfaces to produce antimicrobial peptides, 

IL-17 coordinates the secretion of proinflammatory cytokines and activates microglia, 
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neutrophils, and macrophages [153]. IL-17 has been shown to contribute directly to 

damage of the BBB, facilitating immune infiltration into the CNS, including Th17 cells 

themselves, central to cellular pathology in MS/EAE [159]. Both Th17 and Th1 cells 

have been shown to be important in MS/EAE pathology. Th17 cells have been found at 

elevated levels in the CSF of pwMS during relapses, although additional literature argues 

that IFNγ rather than IL-17 are more associated with relapses in MS contributing to a 

mixed narrative of Th1/Th17 involvement in MS pathology [160, 161]. 

While CD4 T cells were most frequent in EAE mice [154], the majority of T cells 

in active MS lesions may in fact be CD8 [148]. Immunohistochemical analysis of 

postmortem pwMS has shed light on this, emphasizing that cellular involvement shifts 

considerably across the landscape of a given lesion. Classically defined as cytotoxic 

killers important for antiviral and antitumor response, CD8 T cells in MS are driven by an 

antigenic response [162, 163]; in the CNS, they advance axonal damage, release of 

proinflammatory cytokines [164], and establish resident memory phenotypes that may 

promote disease chronicity [165]. In fact, CD8 T cell populations from biopsies of MS 

lesions correlated with acute axonal damage measured by the accumulation of amyloid 

precursor protein [166]. Altogether, Th1 and Th17 subsets of CD4 and CD8 T cells 

contribute to immunopathology in MS, although the defined role of these cell types is 

complex and varies by the disease course, MS subtype, and lesion state [153]. 

1.2.2 Regulatory T Cells 

Regulatory T cells (Tregs) are essential players in balancing immune responses 

against pathogens while protecting host tissue against aberrant unchecked targeting by 

the immune system. Tregs are a distinctive population of CD4 T cells that are trained on 

self-antigens to suppress inflammatory effector responses, maintaining self-tolerance 
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[167]. Distinguished by high expression of CD25 and co-expression of FoxP3, Tregs are 

both reduced in frequency and function in MS [168]. In RRMS specifically, fewer Tregs 

are present in the blood and have reduced cellular FoxP3 expression [169]. Additionally, 

pwMS currently treated with IFNβ, alemtuzumab, and potentially other DMTs had 

increased numbers of Tregs [169, 170].  

Functionally, Tregs produce IL-10 and TGFβ with anti-inflammatory potential and 

animal studies have demonstrated the role of these cytokines in autoimmunity [171]. In 

the CNS, Treg production of IL-10 is increased during the EAE course concomitant with 

recovery phase in which disease severity is declining [172]. Experiments employing the 

transfer of transgenic T cells with specificity for myelin basic protein have demonstrated 

that Treg deficient RAG-1-/- mice will spontaneously develop EAE, while Treg competent 

RAG-1 wild-type mice do not [173]. Collectively, dysregulation of effector responses by 

Tregs facilitate the autoimmune response in MS. 

1.2.3 B cells and Antibodies 

B cells have not been historically considered key drivers of MS pathology, in part 

due to their limited involvement in EAE models of MS and because MS is not considered 

an antibody-driven autoimmune disease [174]. However, especially with the success of 

more recent B-cell targeted therapies for MS, ocrelizumab and rituximab, B cells have 

garnered substantial attention for their ability to drive CNS demyelination [93, 175]. 

Plasma cells, terminally differentiated B cells, do produce antibodies that contribute to 

MS diagnosis upon detection in the CSF (oligoclonal bands). Additionally, B cells serve 

as antigen-presenting cells that may train other lymphocytes to attack myelin [176], and, 

like T cells, B cells migrate across the BBB during CNS autoimmunity and release 

chemokines and cytokines to further immunopathology [177]. 
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These roles are further supported by the efficacy of B cell-targeting therapies. 

Ocrelizumab and rituximab (off-label use) are effective in both RRMS and progressive 

forms of MS by targeting CD20 [93, 175], which is expressed on B cells, serving as 

primary evidence for the contribution of B cells in MS. Proposed mechanisms underlying 

the effectiveness of these treatments are through the depletion of B cell antigen 

presentation and proinflammatory IL-6 production, whereas antibody producing B cells 

are not affected by these treatments [178]. Indeed, IL-6 is increased in pwMS, which is 

secreted by B cells and enhances T cell activation and responses [178]. Anti-

inflammatory and pro-regulatory roles of B cells have also been demonstrated, where B 

cells may produce IL-10, IL-35, and TGFβ [179, 180]. Similar to T cells, it is likely that 

B cells, and by extension, plasma cells, are differentially involved across the spectrum of 

MS disease initiation, subsequent advancement of disability, and especially in 

progressive forms of MS where anti-B cell therapies are beneficial.   

1.2.4 Neurons and Oligodendrocytes 

Understanding neurons and oligodendrocytes is central to conceptualizing the 

disability seen in MS. CNS axons are wrapped in myelin sheaths produced by 

oligodendrocytes, CNS-resident glial support cells. While myelination of axons is often 

described in the lens of increasing the conduction velocity of action potentials that 

propagate the length of axons (termed saltatory conduction), myelin and 

oligodendrocytes are also vital in providing metabolic and homeostatic support to CNS 

neurons [181]. Furthermore, demyelination of axons contributes to deficits in electrical 

signaling and neuronal health. Electrical signaling in neurons is accomplished by a 

complex series of ion channel activity that, on unmyelinated axons, are distributed 

throughout the axon. However, demyelinated axons lack sufficient ion channel coverage, 
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impairing action potential propagation, reducing the reliability of signal transmission, and 

increasing the metabolic demand of axons [182].  

Oligodendrocytes can extend processes to axons of several different CNS 

neurons. Developmentally, oligodendrocytes arise from oligodendrocyte precursor cells, 

which are capable of repopulating oligodendrocytes following CNS insult [183]. 

Additionally, mature oligodendrocytes are capable of remyelinating axons, although 

remyelination efforts likely fall short in MS. In more detail, oligodendrocyte 

remyelination and oligodendrocyte precursor differentiation facilitates the recovery 

process after a single demyelination event in EAE rats [183], suggesting that this process 

is present in the early stages of MS. However, these regenerative properties fell short 

after multiple lesions were induced, implicating a deficient demyelination response in MS 

progression [184]. While strategies employing oligodendrocyte remyelination are being 

investigated for their therapeutic potential, it is possible that these efforts fall short 

because of the accumulation of fibrinogen at lesion sites and reduced remyelination seen 

in aging [181].  

Following demyelination, axons undergo a series of functional changes associated 

with dysfunction. Amyloid precursor proteins and the pore-forming subunit of some 

calcium channels accumulate in the axon, indicative of acute injury and potentially 

contributing to calcium-mediated axonal degeneration [185]. Indeed, neurodegeneration 

subsequent to MS pathology may result in axonal dysregulation that follows chronic 

myelin dysregulation. Aside demyelination-associated damage, neuron damage can result 

from off-target immune-cell toxicity and inflammation in pwMS. In vivo imaging has 

detected direct interactions between Th17 cells and neurons in EAE despite the lack of T 
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cell receptor involvement [186]. Lastly, neuronal death is mediated by downstream 

processes of neuron malfunctioning, including glutamate toxicity, the generation of 

reactive oxygen species, and cellular hypoxia [187]. 

1.2.5 Astrocytes and Microglia 

CNS glia also include astrocytes, major players in maintaining neuronal 

homeostasis, and microglia, distinct CNS-resident macrophages [188]. Astrocytes 

comprise 30% of all glial cells in the CNS. Closely connected to neurons, 

oligodendrocytes, and other glia, astrocytes support metabolic functions by providing 

lactate, uptake and release of glutamate, GABA, and ATP, and regulate ion 

concentrations in the extracellular space [188, 189]. Also important in the context of MS, 

astrocytes possess appendages called ‘endfeet’ that form the BBB, closely regulating the 

transfer of contents from CNS vasculature via tight junctions. In response to circulating 

inflammatory cytokines and NF-κB signaling cascades [190], the tight junctions formed 

by astrocytic endfeet break down, permitting lymphocyte infiltration of the CNS in MS 

and EAE, an otherwise immune-privileged site [191]. Following activation by NF-κB, 

reactive astrocytes can be found in MS lesions, particularly the active margins of lesions, 

and may be active prior to significant immune infiltration, demonstrating their functional 

role in neuropathology [192]. These reactive astrocytes also release adhesion molecules, 

ICAM-1 and VCAM-1, to recruit innate and adaptive immune cells into the CNS 

parenchyma [193]. Further evidence for the role of astrocytes in MS comes from effects 

of dimethyl fumarate. In cultured human astrocytes, dimethyl fumarate promoted 

cytoprotection via NRF2 transcriptional pathways that combat oxidative stress, opposing 

NF-κB pathways [194, 195]. 
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Morphologically and functionally distinct glia called microglia play a more 

complex role in CNS autoimmunity, where they can participate as both drivers and 

dampers of neuroinflammation. Depletion of microglia by targeting CSF-1, a key 

regulator of microglia differentiation and survival, ameliorated disease severity on both 

EAE and the cuprizone model of demyelination [196, 197]. In CNS demyelinating 

lesions, microglia coordinate immune responses by releasing a range of cytokines, 

including tumor necrosis factor (TNF), IL-1A, and IL-1β, and chemokines CCL3 and 

CCL5, while directly attacking neurons and oligodendrocytes with reactive oxygen 

species [198]. Conversely, microglia are also involved in myelin repair and clearing 

cellular debris following immune attacks. Dong and colleagues modeled MS lesions in 

vivo and in vitro by treatment with oxidative stress-inducing molecules seen in pwMS 

[199]. The addition of microglia to cultured neurons and oligodendrocytes ameliorated 

cell death, while in vitro deletion of microglia exacerbated neurodegeneration. While 

lesion stage and context contribute to the inflammatory/anti-inflammatory balance in 

microglia [192, 200], metabolites of gut microbiota may also influence microglia activity. 

SCFAs, metabolites of dietary fiber, and other metabolites of specific gut bacteria confer 

epigenetic influence over microglia, dampening their inflammatory profiles [201, 202]. 

Together, astrocytes and microglia demonstrate the multifaceted contributions of glial 

cells to both neuroprotection and neuropathology in MS. 

1.3 Animal Models of Multiple Sclerosis 

1.3.1 Experimental Autoimmune Encephalomyelitis  

Because there is no individual cause of MS, it is difficult to generate animal 

models that precisely recapitulate MS pathology. Instead, MS pathology is modeled using 

a few different approaches in animals, including experimental autoimmune (or “allergic”) 
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encephalomyelitis (EAE), cuprizone demyelination, and viral models of demyelinating 

disease [203]. 

EAE, the most common model used to study MS, is induced by injecting animals 

with myelin proteins, complete Freund’s adjuvant (CFA), and typically pertussis toxin 

(PTX), an additional chemical used to facilitate the immune response involved in EAE 

[203]. Myelin antigens used include myelin oligodendrocyte glycoprotein (amino acid 

residues 35-55; MOG35-55), myelin basic protein, and proteolipid protein [203]. This 

active immunization model induces immune responses responsive to the myelin proteins 

involved, producing disease that can be quantified by scoring observed ascending 

paralysis using criteria that are somewhat standardized throughout the field [204]. Non-

motor symptoms are also sometimes analyzed in EAE models, where findings have 

recapitulated symptoms related to cognition, pain, sensory changes, anxiety, depression, 

and autonomic functioning, though results have been mixed [205]. A variety of 

transgenic mice, typically those carrying myelin-reactive T cell receptors, can 

spontaneously develop EAE [4]. These models are particularly useful in evaluating the 

ability of experimental variables, such as environmental risk factors, to increase the risk 

of CNS autoimmunity. Additionally, adoptive transfer models, in which autoreactive T 

cells from EAE donors or in vitro culture [149], allow researchers to interrogate 

mechanisms of immune priming, proliferation, and polarization under different contexts. 

While the pathology of EAE in many ways resembles that of MS, many have 

criticized it as a distinct model of autoimmunity that fails to capture the nuances of MS. 

Although certain mouse strains and immunization procedures allow the examination of 

the various MS clinical subtypes, EAE studies are often limited to observations of 
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physical disability over 30 days in which relapses and chronic progression do not occur 

[203]. At the tissue level, EAE contributes to more pathology in the spinal cord, whereas 

MS lesions are often more common in the brain [206]. At the cellular level, the 

involvement of T cells in EAE is dominated by CD4 T cells, whereas CD8 T cells 

predominate in MS lesions [206]. Additionally, EAE models fall short at capturing the 

contribution of B cells to MS pathology [203]. Nonetheless, EAE is incredibly valuable 

in mimic CNS autoimmune processes, and recent adaptations of the model have 

improved the translatability of EAE findings [207]. 

1.3.2 Other Models 

Cuprizone, a copper chelator, induces demyelination in the CNS by disrupting the 

mitochondria of oligodendrocytes. Although its toxin specificity for oligodendrocytes is 

not well understood, this dietary consumption treatment model is instrumental in isolating 

immune-independent effects of demyelination and remyelination [208, 209]. 

Remyelination by oligodendrocytes following cessation of cuprizone feeding is a major 

benefit to this model, advantageous for research on remyelination treatments and 

impediments seen in pwMS [208]. Several other similar models involve injection of 

demyelinating toxin (lysolecithin or ethidium bromide) directly into the brain [210]. 

Notably, these models come with substantial differences from MS pathology and unique 

strengths in studying of CNS demyelination and remyelination relevant to MS.  

Viral models of MS-related demyelination most commonly involve 

intracerebrally infecting animals with Theiler’s murine encephalomyelitis virus (TMEV), 

although other viruses are sometimes used [211]. Pathology in TMEV is more 

reminiscent of MS or EAE pathology, where T cells, including Th1 and Th17 effector 

types, are trafficked to the brain to facilitate clearance of virally infected axons, leading 
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to degeneration and microglia activation [212]. Chronic stages of the disease involve 

persistent infection of oligodendrocytes that are then targeted and damaged by an 

immune response [213]. Additionally, antibody responses to TMEV react with myelin 

and oligodendrocytes, contributing to epitope spreading like that seen in MS and 

furthering the immune process [214]. 

Although no animal model captures all the features of MS, these models offer 

complementary insights into MS pathology and provide approaches in which new 

treatments, biomarkers, risk factors, and disease drivers can be investigated. Furthermore, 

improved understanding of genetic and environmental contextual factors that contribute 

to variation in EAE has furthered the repertoire of disease models used to study MS [215, 

216].  

1.4 The Gut Microbiome 

1.4.1 Human Gut Microbiomes 

The human gut microbiome refers to the ecosystem of various microorganisms 

that cohabitate in a person’s gastrointestinal tract. In fact, distinct microbiomes have been 

characterized on all body sites with external interfaces, including the lungs and upper 

airways, skin, vagina, ear, and eye [217-221] and research on the influence of these 

microbiomes has burgeoned over the past decade [222]. The gut microbiome includes 

viruses, yeasts, fungi, archaea, and most notably, bacteria [223]. Gut bacteria make up at 

least 1% of an adult human’s body mass, are the most abundant microorganism by 

genetic sequencing, and are often the primary focus of gut microbiome research related to 

human health and disease [224-226]. Collectively, gut bacteria are responsible for the 

breakdown of complex carbohydrates and the synthesis vitamins and other nutrients, 

maintain the structural integrity of the gut mucosal barrier, important for preventing 
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colonization of pathogenic bacteria, and participate in the instruction of host immune 

systems [227]. In this dissertation, ‘[gut] microbiome’ or ‘microbiota’ will be used to 

refer to the bacteria of the gut microbiome, as gut bacteria are the primary focus of this 

work. 

Gut microbiota are composed of several taxonomic categories of bacteria, 

dominated by two phyla, Firmicutes (recently renamed to Bacillota) and then 

Bacteroidetes, which together make up 90% of gut bacteria, followed by other phyla, 

such as Actinobacteria, Proteobacteria, and Verrucomicrobia [227]. At the genus level, 

Bacteroides (within the phylum Bacteroidetes) dominates the phylogenetic abundance of 

identified bacteria, whereas Firmicutes are represented by several different genera, 

Lactobacillus, Bacillus, Clostridium, Enterococcus, and Ruminococcus [227]. 

Actinobacteria are dominated by Bifidobacterium, most studied for their role in infant 

digestion of milk [227]. Proteobacteria include the Enterobacteriaceae family that 

includes potentially pathogenic species and is sometimes observed as elevated in 

gastrointestinal disorders such as irritable bowel disease (IBD) [228-230]. 

Verrucomicrobia include very few individual species that colonize the human gut, all 

within the genus Akkermansia, discussed in detail in future sections. Despite the high 

abundance of some of these bacteria, low-abundance microbes contribute many 

specialized functions of consequence to the host [226]. Numerous studies have 

demonstrated that when analyzing the abundance of metabolic pathways rather than 

bacterial gene sequences, low-abundance species contribute to relatively highly abundant 

pathways [231-233], emphasizing the importance of understanding and studying the 

functional output of the gut microbiome in conjunction with the bacterial composition. 
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Historically, non-pathogenic gut microbiota are referred to as commensal 

microbiota; however, especially considering vast evidence supporting their beneficial 

effects, modern microbiota-host interactions may be more accurately described as 

mutualistic [234]. In fact, gut microbiota fall have a wide spectrum of relationships with 

their hosts, from pathogenic to mutualistic. The classification of some gut bacteria as 

opportunistic pathogens, where commensal bacteria have deleterious potential, 

underscores that the environment, including the composition of co-residing microbiota, is 

essential in understanding bacteria-host interactions. In reality, dichotomizing bacteria-

host interactions fails to capture the complex role of microbiota and can mischaracterize 

bacteria contributions as static. 

Some hypotheses suggest that gut microbiota have evolved alongside the human 

gastrointestinal tract, and by extension, the evolution of human diets and lifestyles [235]. 

Both host immune responses and bacterial competition impart evolutionary pressure on 

gut bacteria, in turn, contributing to bacteria developing mechanisms to manipulate their 

host, environment, and other bacteria. Altogether, commensal or mutual gut bacteria are 

carefully controlled by the host via biogeographically confinement. With evolution, gut 

bacteria may be entrained to work both competitively and cooperativity with other 

bacteria, allowing them to persist in their environment without eliciting tighter control by 

the host [235]. 

While the co-evolution of the gut microbiome and their hosts has occurred on a 

multi-year scale, it is important to recognize that gut microbiota adapt both genetically 

and compositionally to their host on a much shorter timescale, with the intra-host gut 

microbiome as a whole shifting dramatically across one’s lifespan [236, 237]. Although 
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principal colonization of the human gut occurs during infancy, recent evidence has 

demonstrated the fetus, placenta, and amniotic fluid are not sterile environments and 

indeed contain bacteria [238, 239], suggesting that colonization of the human GI starts in 

utero. Sequencing of the initial fecal matter from an infant, the meconium, includes 

Lactobacillus, Staphylococcus, and Enterobacteriaceae, which may originate from the 

uterus of the mother [240, 241] with several other bacterial genera shared between the 

meconium and amniotic fluid, suggestive of colonization by ingestion of amniotic fluid 

[242]. Bacterial diversity rapidly increases in early life, where facultative anaerobic 

bacteria, like Enterobacteriaceae, create an anaerobic environment in the intestine that 

facilitates the colonization of more oxygen-sensitive anaerobes, Bifidobacterium, 

Clostridium, and Bacteroides [243, 244]. Notably, Bifidobacterium, have been isolated 

from human breast milk and have been studied extensively for their role in the 

metabolism of non-digestible human milk oligosaccharides and contribution to infant 

health [245, 246]. The combination of colonization in utero, during birth, and by 

breastmilk bacteria combined encapsulate vertical transmission, where bacteria are 

transmitted from the birth mother, although early colonization by bacteria from other 

humans and the environment also occurs. The introduction of solid food sources initiates 

the next major change in the gut microbiome, expanding additional anaerobic fermenters 

of polysaccharides, Firmicutes genera Clostridium, Ruminococcus, and Faecalibacterium 

[247, 248] and bringing the infant microbiome in much more resemblance of the adult 

human microbiome [236, 248]. 

By approximately age 3, the gut microbiome reaches a more stable adult-like 

composition. Subseqeuently, modifiable and variable factors like exercise, smoking, 
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antibiotic use, stress, and most notably, diet influence the adolescent and adult gut 

microbiomes [249]. Smoking increases the abundance of gut Proteobacteria and 

Bacteroides, specifically Prevotella spp., although less has been identified among users 

of electronic tobacco products [250]. Psychological stress may reduce the abundance of 

Lactobacillus, which are associated with beneficial immunomodulation and reduced 

inflammatory responses [251], although substantial evidence points to bidirectional 

effects of stress and gut microbiota [252]. Research on exercise and obesity has identified 

increases in Akkermansia and other SCFA-producing genera Faecalibacterium, and 

Roseburia, associated with exercise and low BMI [253-255], although it is difficult to 

isolate effects of exercise from effects of diet in human studies. Diet, particularly dietary 

fiber, is perhaps the biggest everyday lifestyle factor that contributes to gut microbiome 

composition, where elevated consumption of dietary fiber correlates broadly with 

promotion of Faecalibacterium, Ruminococcus, Lactobacillus, Akkermania, and 

Roseburia abundance [256]. Shared among many of these bacteria is their ability to 

ferment fiber and produce SCFAs, acetate, propionate, and butyrate, which play crucial 

roles in host metabolic homeostasis, modulation of immune responses, maintenance of 

the mucosal barrier, and neuronal function, among others [256]. Importantly, dietary 

interventions impart changes to the gut microbiome, where macronutrient changes lead to 

rapid alterations in the microbiome composition, but these changes are transient and often 

limited to the intervention duration [257].  

Intra-host differences in gut microbiota are also seen along sections of the 

gastrointestinal tract and across tissue anatomy. High acidity in the stomach creates a 

harsh environment for bacteria, yet genera such as Prevotella, Streptococcus, Veillonella, 
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Rothia, and Haemophilus colonize the gastric microbiome [258]. From there, the 

abundance and diversity of microbiota expands in each distal section of the GI as the 

intestinal environment becomes less acidic and more anaerobic [259]. The small 

intestine, duodenum, jejunum, and ileum, include Lactobacillus, Clostridium, 

Staphylococcus, Streptococcus, and Bacteroides among the normal bacterial flora, 

although bacteria overgrowth in the small intestine is associated with disease [260]. The 

colon contains the highest density of commensal bacteria, with an estimated 1011-1012 

CFU/mL, mostly consisting of Firmicutes and Bacteroidetes, with functionally 

distinctions between the proximal colon and cecum, major sites of fermentation, and the 

distal colon, where remaining fluids and nutrients are absorbed by the host [261]. 

Gradients in bacterial density and oxygen can be found in cross-sections of the colon as 

well, where oxygen levels increase closer to host tissue and bacteria are somewhat 

confined to the intestinal lumen. However, the outer mucus harbors many distinct 

microbiota, including many Lachnospiraceae, Ruminococcaceae, Bacteroidaceae, and 

Akkermansiaceae, some of which are capable of digesting host mucosal glycoproteins, 

contributing to complex microbiota cross-feeding [262]. Under healthy physiological 

conditions, perpetual shedding of mucus maintains relatively low levels of bacteria 

adjacent to the intestinal wall, key in preventing bacterial penetration [263]. 

Altogether, the gut microbiome is a highly specialized, dynamic, and complex 

ecosystem essential to host digestion and homeostasis. The biogeography of the gut 

microbiome and the role of various microbiota facilitates our understanding of health and 

disease states and allows us to consider interventions that may support human health. 
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1.4.2 The Gut-Brain and Gut-Immune Axes 

The gut-brain axis is a bidirectional communication between the CNS and the gut, 

including gut nutrients, microbiota, and enteric nervous system. In a top-down fashion, 

CNS provides signals to the gut and autonomic nervous system primarily through the 

hypothalamic pituitary adrenal (HPA) axis in which stress responses modulate autonomic 

nervous system control over the GI, where sympathetic activation reduces intestinal 

motility and parasympathetic activation stimulates motility [264]. Bottom-up afferent 

signaling from the autonomic nervous system transmit signals to the CNS. Much of these 

signals are relayed through the vagus nerve, which is comprised of 80% afferent fibers 

and 20% efferent fibers. The vagus nerves serve as a conduit for information to and from 

various GI sections and tissue layers [265]. Vagal afferent endings involve 

chemoreceptors, thermoreceptors, osmoreceptors, and mechanoreceptors, relaying 

information via hormones and peptides to the medulla, specifically the nucleus tractus 

solitarius [266, 267]. Vagal efferents modulate smooth muscle contraction of the 

intestine, and evidence for the importance of vagal efferents facilitating GI movement 

stems from research where vagus nerve stimulation ameliorates experimental models of 

colitis, whereas vagotomy worsens colitis [268, 269]. Both signaling approaches are 

important in communicating feelings of hunger and satiety, facilitating nutrient 

absorption, influencing feeding behavior, and responding to chemical, immune, and 

psychological stressors, and many of these processes are intimately linked with the gut 

microbiota [264]. 

The gut-immune axis is in some ways indistinguishable from the gut-brain-axis, 

in which neuropeptide and neuroendocrine signals contribute to neuronal and immune 

cell crosstalk that mediates GI functions. Literature on the gut-brain or gut-immune axes 
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often discusses the CNS, immune system, and GI/microbiota in a 3-way connection, 

where effects from one system have implications and interactions with the other two 

[270]. As one such example, psychological stress imparts consequences on the GI 

mediated by the immune system and gut microbiota [271]. In many ways, the immune-

mediated contributions to GI homeostasis overlap with CNS-mediated contributions. 

Most notably, signaling from the CNS and immune system combine to facilitate intestinal 

permeability by modulating motility and  mucus production [264]. 

Approximately 75% of the body’s immune cells can be found within gut-

associated lymphoid tissue (GALT), which include Peyer’s patches and mesenteric 

lymph nodes, reflecting the intimate relationship between the immune and 

gastrointestinal systems [264]. The gut-immune interface is a major location of immune 

cell instruction, where many gut resident immune cells develop a balance between 

inflammatory and tolerogenic responses to foreign antigens and bacteria, but also where 

many adaptive immune cells circulate from carrying specific transcriptomic imprints to 

various organ systems. A recent atlas of colon-derived immune cells showcased 

migration of CD45+ cells to the lung, liver, spleen, and kidney, where they influence 

peripheral immunity with implications in various non-GI diseases [272]. Furthermore, T 

cells, trained in the intestine, play pivotal roles in inflammatory and anti-inflammatory 

processes of CNS disease states, including stroke, where IL-17+ γδ T cells and Tregs 

migrate from GI to the brain with implications for stroke recovery [273]. 

In addition to direct evidence of migration from colonic tissue, perturbations in 

the gut microbiota among non-GI immune diseases supports the role of the GI in 

conditioning of the immune system. Segmented filamentous bacteria promote 
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inflammatory Th17 responses that aggravate mouse models of autoimmune arthritis and 

MS while contributing to Th17-mediated protection against type 1 diabetes models [274-

276]. In the GI, mucosal immune cells intimately interact with the gut microbiota, where 

typical responses to commensal bacteria are tolerogenic, while pathogenic organisms 

engender a more active defense response [277]. In fact, hyporesponsive immune signals 

to commensal bacteria and food antigens is essential in maintaining normal healthy 

microbiota, preventing food allergies, and dampening excessive inflammation or 

inflammatory diseases [277]. Microfold (M) cells pack samples of luminal contents, 

which are then passed to antigen processing cells within Peyer’s patches via transcytosis 

[277]. Additionally, dendritic cells regularly sample the luminal environment, extending 

dendrites out of the epithelial surface. When antigens are processed in conjunction with 

damage-associated molecular patterns, such as by toll-like receptor signaling, appropriate 

inflammatory responses can be initiated with the release of cytokines IL-1β, IL-6, IL-12, 

IL-23, TNF-α, and CXCL10, among others, recruiting additional immune cells [265, 

278]. Additionally, the vagus nerve has been shown to facilitate these immune responses, 

such as by the recruitment mast cells [279]. Altogether, communication between the 

immune, nervous, and gastrointestinal systems work in conjunction to regulate nutrition 

and immunity. 

1.4.3 Interbacterial Interactions and Ecological Contexts 

As described earlier in section 1.4.1, the gut microbiota is a complex and dynamic 

ecosystem and considering the vast influences of the gut microbiota on the GI, CNS, and 

immune system, and by extension, other host organ systems, understanding the principles 

governing the microbiome ecosystem provides a necessary framework for deciphering 

patterns of microbiota associated with human health. Like many other macro-ecosystems, 
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the gut microbiota depend heavily on a macronutrients from the host diet as a source of 

energy, including many complex carbohydrates incapable of digestion by the host [280]. 

This energy flow contributes to the generation of bacterial-derived nutrients that are 

cycled among bacteria and absorbed by the host. This nutrient cycling fosters bacterial 

interactions and the specialization of bacteria in nutritional and spatial niches, where 

bacteria serve unique functions based on their metabolic capabilities and adaptions in 

colonizing particular tissues within the intestinal tissue. The summation of these 

interactions influences both bacterial abundance and function, and altogether, they shape 

the total functional output of the gut microbiome and its consequences to the host.  

Trophic levels, hierarchical categories of organisms’ ability to obtain energy, are 

evident in the gut microbiome, with primary degraders hydrolyzing complex 

polysaccharides, freeing smaller oligo- and monosaccharides that can feed other bacteria 

[281, 282]. Examples of primary degraders include the genera Bacteroides, 

Parabacteroides, and Prevotella [281]. At the second and third trophic level, primary and 

secondary fermenters utilize glycolysis to further metabolize oligo- and monosaccharides, 

generating phosphoenolpyruvate, alcohols, and organic acids, including SCFAs [281]. 

Many of these fermentative processes involve cross-feeding of metabolic intermediates 

among various species, such as the production of acetate, lactate, pyruvate, and formate 

that is important for many butyrate-producing Clostridia [281, 283]. Some distinct low-

abundance taxa operate in a fourth trophic level, scavenging fermentation byproducts and 

utilizing molecule hydrogen (H2) that served as an electronic sink for other anaerobes. 

Metanobrevilbacter, Desulfovibrio, as well as some gut Archaea generate energy through 

hydrogenotrophic respiration, methanogenesis, and sulfate reduction to drive ATP 
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synthase [281]. Notably, bacteria are often capable of operating at multiple trophic levels, 

and characterizing bacteria by their trophic level may oversimply the dynamic nature of 

microbiota, but this model demonstrates strongly the cooperation among gut bacteria that 

can improve bacterial fitness [282]. 

Specific cross-feeding mechanisms of gut bacteria underscore the intricacy of the 

gut microbiome ecosystem and the importance in considering the broader ecological 

context when evaluating the functional potential of microbiota. Two Bacteroides species, 

ovatus and vulgatus exhibit reciprocal cooperation in the gut. B. ovatus is capable of both 

extracellular and intracellular digestion of the plant fiber, inulin, with extracellular 

digestion coming at a potential cost to B. ovatus’ growth compared to B. ovatus mutants 

lacking extracellular inulin digestion. This extracellular digestion facilitates the growth of 

B. vulgatus, which itself cannot digest inulin, and co-culture of B. vulgatus with wild-

type B. ovatus but not mutant B. ovatus improves the growth of B. ovatus, showcasing a 

metabolic process in which cooperation is necessary for improved fitness [284].  

Negative interactions between gut microbiota, such as when bacteria species 

compete for resources, also drive the dynamics of the gut microbiome. Bacteria may 

compete by 1) sequestering necessary nutrients, limiting their availability to other 

microbes, sometimes referred as ‘scramble’ competition, and 2) by direct antagonism 

akin to bacteria-bacteria warfare, also called contest or interference competition [285]. In 

another example from the Bacteroides genus, B. thetaiotaomicron and B. caccae 

complete for inulin through the use of polysaccharide binding machinery [286]. Notably, 

this competition is dependent on the host diet, where inulin supplementation eliminated 

the dominance of B. thetaiotaomicron in co-colonized mouse models [286]. Antagonism 
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between gut bacteria often facilitates competition over distinct ecological niches and 

include the use of Type 6 and 7 secretion systems and antimicrobial molecules such as 

bacteriocins [287], and the ensuing genetic and molecular responses to these threats 

fosters more complex competitive interactions. Many of these interactions, especially 

antagonist functions, are regulated by quorum sensing, by which bacteria detect local 

population density, allowing bacteria to respond to their unique microbial environment 

[285]. 

Fundamentally, cooperative and competitive interactions demonstrate the 

importance of the gut microbiome context, especially related to the microbiome 

composition. One of the benefits of commensal bacteria colonization is that it confers 

resistance to colonization by pathogenic bacteria. Basic demonstrations of this effect 

involve comparing mono-colonized mice and those colonized by more diverse ‘complex’ 

microbiota, where mono-colonized mice are more susceptible to the invasion of gut 

pathogens [288]. Colonization resistance also extends to strain-level differences within 

individual bacterial species. As an example, oral gavage of experimental B. vulgatus 

strains is sufficient to mice but is considerably less effective when B. vulgatus strains are 

already present in the mice [289]. Meanwhile, A. muciniphila (discussed in detail later) 

was strictly governed by competitive exclusion by existing A. muciniphila strains, only 

colonizing A. muciniphila-free mice [289]. Competitive exclusion of both pathogenic and 

commensal bacteria demonstrates additional ways in which the ecological and 

compositional context of the gut microbiota is important in understanding the broader 

impact of the gut microbiome. 
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1.4.4 The Gut Microbiome in People with Multiple Sclerosis 

Contributions of the gut microbiota to shaping immune responses have called into 

attention the role of the microbiome in MS. This interest is further supported by 

experimental evidence demonstrating the ability of antibiotic treatment to modulate 

immune responses with consequence to CNS autoimmunity [290], as well as 

observational evidence of antibiotic usage among pwMS [291], indicating gut 

microbiota’s significant role in MS immune pathology. 

Case-control studies have demonstrated numerous differences in the gut 

microbiome between pwMS and healthy controls, with both concurrent and disparate 

findings across research groups. Among the largest (if not the largest) study of its kind, the 

international Multiple Sclerosis Microbiome Study (iMSMS) compared over 500 pwMS 

with over 1,000 genetically unrelated healthy household control subjects [292]. No 

differences were found in alpha diversity (Shannon and Chao1 indices), which measure 

species richness. However, beta diversity, a metric of the overall microbiome composition, 

differed between pwMS and healthy controls as well as between relapsing-remitting and 

progressive MS. A lack of differences in alpha diversity has been upheld in other studies, 

although many of these studies failed to find differences in beta diversity [293, 294], 

perhaps due to a lack of statistical power. At the species level, microbiome differences 

included increases in Akkermansia and Ruminococcus with a decrease of various 

Firmicutes, Blautia, Clostridium, and Faecalibacterium prausnitzii. Associations between 

Akkermansia and MS have been found in numerous other studies, and these associations 

will be discussed further in detail in section 1.5.2.  

Indeed, within the iMSMS cohort, several taxa that were increased in untreated 

people with RRMS showed no such difference within DMT-treated groups, including 
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Parabacteroides and Akkermansia species. While stratifying microbiome differences by 

DMT use may highlight unique patterns within MS cohorts, many DMTs may have their 

own MS-independent interactions with gut microbiota [295]. It is similarly difficult to 

disentangle shifts in the gut microbiome related to MS itself from shifts caused my DMT 

use. Correlations between microbiota and severity scores among untreated pwMS in the 

iMSMS study include Bacteroides species and Clostridium and Ruminococcous correlating 

with reduced severity, while Collinsella aerofaciens correlated with increased severity 

[292]. Increases in Prevotella associated with elevated MS severity were found specifically 

within the untread progressive MS group, consistent with other evidence suggesting it 

promotes inflammatory disease [296]. 

Differences in the abundance of specific taxa within Firmicutes have been 

corroborated across numerous, including one such small pilot study on women with 

RRMS, where Faecalibacterium were decreased compared to healthy controls, and this 

difference may be related to vitamin D levels [297]. This study also found an increase in 

Ruminococcus among pwMS, in contrast with the iMSMS study. Elevated levels of 

Ruminococcus have also been demonstrated in mice receiving MS-derived fecal microbiota 

[293]. Notably, a longitudinal study looking at effects of dimethyl fumarate therapy found 

a decrease in Lachnospiraceae among pwMS compared to healthy controls [298], and, 

along with another similar longitudinal study, found Lachnospiraceae increased after 

dimethyl fumarate therapy [299]. Contrary to these studies showing underrepresentation of 

Firmicutes in MS, a study of monozygotic twins discordant for MS found that the majority 

of differentially abundant taxa included increased Firmicutes in pwMS, though few 

belonged to Lachnospiraceae, Ruminococcus, or Faecalibacterium [300]. Furthermore, 
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this study utilized enteroscopic collection of ileum lumen contents collected after laxative 

use, which likely confounds these findings and separates them from other microbiome 

studies that use fecal samples. A Mendelian randomization study to identify causal 

relationships between microbiota and MS identified 5 taxa associated with disease after 

replication and collaboration analysis, including  Anaerofilum and Ruminococcus taxa 

associated with increased MS risk and distinct Ruminococcaceae, Ruminiclostridium, and 

Anaerotruncus  associated with decreased MS risk [301]. Interestingly, all 5 of these 

microbiota are within the Ruminococcaceae family. Lastly, a meta-analysis of pooled and 

re-analyzed fecal microbiome data from seven studies on pwMS and healthy controls 

demonstrated increased Actinomyces abundance and reduced Prevotella and 

Faecalibacterium in MS, similar to the iMSMS study, which was not included in the meta-

analysis [294]. Altogether, these studies find strong associations between several 

Firmicutes taxa, especially within the Clostridia class and MS, with partially conflicting 

reports as to the direction of these associations. 

1.4.5 Microbial Metabolites and their Relevance to Multiple Sclerosis 

As previously mentioned, the functional output, including the metabolic 

processes, of gut microbiota may be equally if not more relevant in conferring disease 

risk for MS and contributing to MS progression than the presence or abundance of 

specific bacterial species. Studies on metabolomic profiles have uncovered many 

microbial-derived molecules, mostly with immunomodulatory potential, that associate 

with MS. Metabolites linked to MS include microbial-derived neurotransmitters, bile 

acids, disease-driving toxins, and SCFAs. 

The gut microbiome is notable for its vast production of the neurotransmitter, 

serotonin, which conveys signals to the enteric nervous system important for gut motility 
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and blood flow [302, 303]. Among other neurotransmitters that can be produced by gut 

bacteria, gamma-aminobutyric acid (GABA) has been shown to be relevant to MS 

pathology, and microbial GABA transaminase activity is enhanced in pwMS [304], 

building upon prior work showing reduced GABA among the CNS of pwMS [305]. 

While it is less clear whether these gut neurotransmitters can make their way into the 

CNS through the BBB, experimental administration of GABA-producing Lactobacillus 

has been shown to reduce symptoms associated with affective disorders [306], and 

GABA-producing Bacteroides fragilis are negatively associated with brain signatures of 

depression [307]. A. muciniphila has also been characterized as a GABA-producing 

commensal [308], although some evidence points to A. muciniphila-related GABA 

production being unrelated to CNS autoimmunity [309]. 

Primary bile acids, produced by the host liver and gall bladder, are secreted into 

the gut to facilitate the absorption of fats. In the gut, bacteria chemically modify host 

primary bile acids to generate secondary bile acids, which can enter host circulation and 

act on other organ systems, including the CNS [310, 311]. Both primary and microbial 

secondary bile acids may act as anti-inflammatory through activating farnesoid X 

receptors and G protein-coupled receptors (GPCRs) [312]. Both animal models of MS 

and pwMS have reduced levels of circulating bile acids [313, 314]. Furthermore, primary 

bile acid levels positively correlated with reduced brain atrophy in MS and is being 

investigated for its therapeutic potential [314, 315]. 

Not all metabolites of gut microbiota have been implicated as beneficial in the 

context of MS. A recent hypothesis points to Clostridium perfringens toxins as driving 

barrier permeability involved in the initial stages of MS pathology. Initial evidence from 
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people with neuromyelitis optica, a CNS autoimmune disease distinct from MS, explains 

an overabundance of C. perfringens in the microbiome, where it stimulates immune 

responses through molecular mimicry and/or as a Th17-polarizing adjuvant [316]. 

Similar results were found in pwMS, where specifically epsilon toxin-producing strains 

of C. perfringens were more common [317]. Moreover, this epsilon-toxin was capable of 

facilitating BBB disruption necessary for EAE induction in mouse models, suggesting 

that some strains of C. perfringens may act as pathogens in MS. 

Potentially the most studied microbial-derived metabolites pertinent to MS (and 

many other immune-related disorders) are SCFAs. The term SCFA is generally used to 

refer to fatty acids acetate (C2), propionate (C3), and butyrate (C4), but can be inclusive 

of any fatty acids with 1-6 carbon chains, including formate (C1), valerate (C5), and 

caproate (aka hexanoate; C6) [318, 319]. Functionally, SCFA serve as an energy source 

for gut microbiota and the host, with SCFA being implicated in numerous cross-feeding 

pathways as discussed in section 1.4.3. The general mechanism through which SCFA act 

on host cells is through activation of GPCRs, such as free fatty acid receptors (FFAR) 2 

and 3, and through inhibition of histone deacetylases, modulating gene expression [320]. 

At the host level, local goblet cells metabolism of SCFA can lead to increased mucus 

production [321], which contributes to the intestinal barrier that can be compromised in 

MS [322]. Microbial SCFA can also reach distal host sites, where they are utilized by the 

liver to support cholesterol and fatty acid synthesis [320], and importantly, the CNS, 

acting on neurons to support neurogenesis [323, 324] and promote brain-derived 

neurotrophic factor expression [325], improving memory formation, cognitive 

functioning, and depression-like symptoms [326]. SCFAs also facilitate recovery of 
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damaged neurites in a ‘disease-in-a-dish’ model of neurons from pwMS, where 

propionate and butyrate work synergistically to combat oxidative stress and increase ATP 

synthesis respectively [327].  

Mediation of MS-specific cellular pathology by SCFA extends beyond neuronal 

effects, with immunomodulatory effects of SCFA considered a major factor in MS 

immunopathology and potential therapeutic avenue. In the CNS, SCFA can dampen 

inflammatory LPS-stimulated microglia responses; in vitro treatment of primary 

microglia with acetate and butyrate lowered expression of Tnfa and Il1b and reduced NF-

κB nuclear translocation after LPS treatment [202]. In the same study, inulin-fed mice 

had increased cecal and plasma SCFA levels and reduced TNF-α expression among their 

isolated microglia a day after LPS stimulation. Some sex-specific effects of SCFAs on 

astrocyte functions have been identified, where butyrate treatment increased Bdnf 

and Pgc1-α expression in astrocyte culture from female mice, while acetate treatment 

correlated with Ahr and Gfap expression in culture from male mice [328], implicating 

potential links between SCFAs and astrocytic functions related to stress and 

inflammatory. Additional research has demonstrated that SCFA promote astrocyte-

neuron metabolic coupling, increasing resilience against glutamate-mediated 

excitotoxicity [329]. Furthermore, in cuprizone-fed mice, butyrate suppresses 

demyelination and enhanced remyelination, indicating effects on oligodendrocytes [330]. 

Broadly, SCFA act on the peripheral immune system that promote anti-

inflammatory regulatory responses over inflammatory effector responses [331]. Within 

the innate immune system, SCFA regulate macrophage activation processes, dampening 

polarization of inflammatory M2 macrophages [332]. Like evidence seen in astrocyte 
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culture, butyrate treatment of macrophages reduces the generation of inflammatory 

mediates after LPS exposure [333], although, interestingly, these effects don’t necessarily 

lead to deficits in macrophage-mediated defenses against infectious pathogens [334]. 

SCFA treatment in vitro and fiber supplementation in vivo facilitates intestinal epithelial 

cell-mediated polarization of dendritic cells towards tolerogenic phenotypes [335]. 

Research has found contradictory findings for the effects of SCFA activation of innate-

like cells, in which FFAR activation facilitates inflammatory activation against intestinal 

pathogens [331], but SCFA may overall suppress innate-like cell activity [336]. SCFA 

levels are reduced in pwMS, where several studies have reported on levels and ratios of 

acetate, propionate, and butyrate that were lower in pwMS compared to healthy controls 

[337-340], a pattern linked to reductions in  Treg functionality that otherwise dampens 

autoimmunity. Evidence among differential abundant microbiota also supports this, 

where pwMS have reduced SCFA-producing bacteria, especially Clostridia [339-343].  

In the adaptive immune system, SCFA have repeated demonstrated suppression of 

Th1 and Th17 responses while promoting Treg responses. SCFA promote the suppressive 

activity of Tregs [142, 344, 345], although it is less clear if or how SCFA may directly 

promote Treg differentiation from naive CD4 T cells [331]. GPCR signaling by SCFAs in 

the thymus may induce Treg differentiation and activation, an mechanism through which 

SCFAs promote immune tolerance [332]. Although generally involved in dampening 

effector responses, SCFA effects on Th1 and Th17 cell subsets are more complicated. 

Propionate blunt NF-kB activity and reduces IL-6, IL-17, and IFNγ release [346]. During 

intestinal infection, acetate administration enhanced induction of Th1 and Th17 cells, but 

also IL-10+ Tregs [142]. While oral SCFA treatment showed IL-10-mediated protective 
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effects against EAE, mutant mice deficient in SCFA receptors were resistant to EAE, 

demonstrating a multifaceted function of these receptors [339]. The cellular context and 

concentrations of SCFA may dictate the balance between inhibition and promotion of T 

effector subsets, with evidence that low butyrate concentrations facilitate Treg 

differentiation, but higher concentrations induce T-Bet and IFNγ producing Th1 cells 

[347]. Additionally, in B cells, SCFAs are utilized as an energy source that facilitates the 

differentiation into plasma cells and antibody production [348].  Additionally, SCFA 

treatment, and indirect increases SCFA by supplementation with dietary fiber, increased 

intestinal IgA and systemic IgG responses, improving B-cell mediated mucosal 

immunity. Altogether, these studies contribute to both an understanding of microbiome-

related MS etiology, as well as potential biomarkers and potential targeted treatment 

approaches for MS. 

1.4.6 Microbiome-targeted Treatment Approaches 

In line with evidence from gut microbiota and their metabolites as both drivers of 

MS pathology and predictors of MS progression, various therapeutic tools have been and 

are currently under investigation for their potential to benefit pwMS by modulation of the 

gut microbiome. Broadly, these treatment approaches include 1) live microbiota 

therapies, including probiotics and fecal matter transplants, 2) direct supplementation of 

microbial metabolites, and 3) prebiotics or larger dietary interventions to drive changes in 

the gut microbiome.  

Probiotics are available as dietary supplements and often far less stringently 

regulated compared to medications like DMTs for MS. While probiotic use is generally 

safe, certain populations, including those with impaired immune functioning, potentially 

inclusive of pwMS, may be at risk of adverse effects [349]. Zangeneh et al., recently 
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published a meta-analysis of probiotic effectiveness in reducing MS progression from 

preclinical and clinical studies [350], where probiotics were well-tolerated and regarded 

as safe. In EAE models of MS, it was concluded that Bifidobacterium, Prevotella, and 

Lactobacillus may modulate Th1 and Th17 responses, with an overall decrease in IFNγ 

and IL-17 responses and an increase in IL-10, but considerable heterogeneity was noted 

among studies. Improvements in EAE clinical scores were observed in all 14 studies. 

Among the 6 human trials analyzed, more modest reductions in inflammatory cytokines 

were observed, although there were favorable effects on EDSS. Bifidobacterium and 

Lactobacillus are among the most common bacteria used in probiotic, with implications 

for SCFA production and MS [351-353]. A randomized trial involving Visbiome versus a 

commercial prebiotic (containing inulin) in pwMS reported both supplements associated 

with mild and limited adverse effects and improved patient reported symptom burden 

[354]. Interestingly, patients also reported subjective preference for prebiotics, and the 

prebiotics were used at a higher CFU/day dosage than any recommended dose per their 

commercial website. Fecal microbiota transplant is also being investigated as a way to 

modulate the microbiome in pwMS and patient symptoms, with evidence in support of 

symptom improvement and tolerability [355, 356]. However, both FMT and probiotics 

face a number of hurdles in demonstrating sufficient and reliable efficacy in treating MS, 

related to scientific design of their study and challenges navigating governing regulatory 

bodies [357, 358]. 

Most studies evaluating the supplementation of microbial metabolites in CNS 

autoimmunity focus on SCFAs. While numerous studies on animal models of CNS 

autoimmunity and demyelination demonstrate effectiveness of SCFA administrating 
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improving clinical scores and immunopathology related to MS [330, 339, 359, 360], 

fewer studies demonstrating improved outcomes have been documented involving 

pwMS. Duscha et al. showed that supplementation of 1,000mg/day of propionic acid in 

untread pwMS lead to an increase in Tregs and decrease in Th1 and Th17 cells after 14 

days of treatment, and benefits to annual relapse rate, disability, and brain atrophy after 3 

years of treatment [343]. Interestingly, oral feeding of SCFA has been criticized as a 

translatable approach because of the high doses used in experimental models and the poor 

absorption in GI organs. Nonetheless, chemical modifications to SCFA may resolve these 

issues while retaining the immunoregulatory and therapeutic potential of SCFA in MS 

[361]. 

Dietary interventions represent a major translatable approach to disease treatment 

in humans, in which macronutrient balance can be precisely modulated in animal 

research, and findings can be recapitulated in human studies involving procured meals or 

changes to dietary macronutrient composition. In a survey of dietary patterns in pwMS, 

consumption of fiber and leafy greens associated with reduced disease severity [362], 

supporting the role of fiber in alleviating disease severity. A major approach in 

therapeutic dietary intervention studies is to supplement with prebiotic dietary fiber as 

means to addressing deficits in SCFA-producing microbiota, such as Clostridia, and 

support their metabolic potential. Various fiber types including pectin, inulin, cellulose, 

maltodextrin, resistance starch, xylan, and guar gum, have demonstrated modulatory 

effects on the gut microbiome, often by increasing SCFA-producers, Lachnospiraceae, 

Akkermansia, Bifidobacterium, Lactobacillus, Ruminococcus, Roseburia, Clostridium, 

Faecalibacterium [363-365]. In the previously mentioned Visbiome-prebiotic study, 
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pwMS receiving the inulin prebiotic treatment was well-tolerated and showed trends in 

improved outcomes, although these were not significant, possibly due to limited 

statistical power [354]. Evidence from animal studies also supports therapeutic effects of 

fiber supplementation [309], including specific studies on dietary cellulose, a non-

fermentable fiber [365], and guar gum, a soluble legume-based polysaccharide [364]. 

Importantly, while most fiber types are complex indigestible plant polysaccharides, these 

fibers differ by their solubility, fermentability, and structure, and different fiber types 

may contribute to differential effects on the host [363]. 

Other dietary interventions have demonstrated protective effects in pwMS, 

including isoflavone-rich legume-based diet, intermittent fasting, and the mediterranean 

diet [366]. Lastly, it should be noted that antibiotics are also being investigated as 

potential ways to mediate what is sometimes described as gut dysbiosis in MS or in 

conjunction with live microbiota therapies, where antibiotics facilitate overcoming 

colonization resistance by existing microbiota [367, 368]. Each of these therapeutic 

approaches represent emerging options for pwMS, with the potential to come with fewer 

adverse effects and reduced economic burden. 

1.5 Akkermansia muciniphila 

1.5.1 Associations between A. muciniphila and Human Health 

Akkermansia muciniphila is a mucin-degrading commensal anaerobic bacterium 

capable of utilizing mucin as its sole carbon source [369]. Changes in the abundance of 

A. muciniphila have been found consistently across various studies investigating the gut 

microbiome on pwMS and models of CNS autoimmunity [292, 293, 370, 371], making it 

a microbe of considerable interest as a potential biomarker and therapeutic target. 
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Understanding how A. muciniphila contributes to human health broadly and in other 

disease contexts is helpful in understanding its unique association with MS. 

The abundance and prevalence of A. muciniphila likely shift over one’s lifespan, 

with evidence of A. muciniphila in fecal samples of over 95% of individuals at least 1 

year old and representing 1-3% of the total microbiota [372, 373]. A. muciniphila likely 

colonizes in early life [372], when it uses human milk oligosaccharides as a substrate and 

energy source [374], which may facilitate the development of the gut microbiome as 

liberated sugars provide an energy source for other microbiota [375]. In addition to its 

influence on the broader gut microbiome, A. muciniphila contributes to the gut-brain-axis 

through vagal nerves stimulation [376] and has been shown to train gut immune 

responses, where it induces tolerogenic responses via intracellular survival and signaling 

in host macrophages [377]. 

A large host of literature on A. muciniphila as a commensal suggests that it plays 

a beneficial role in the context of metabolic health, where its abundance associates with 

physical activity [378], and underrepresentation of A. muciniphila is found in obesity, 

cardiovascular disease [379, 380], and high-fat diet-fed animals [381]. Diet-facilitated 

weight loss and exercise contributes to an increase in the level of A. muciniphila, along 

with increases in SCFA-producing bacteria [378], improved colonization resistance 

against gut pathogens [382], and reduced inflammatory signaling [383], although these 

are notably correlative features with A. muciniphila abundance.   

In the context of irritable bowel disease (IBD) and colitis, the role of A. 

muciniphila is more complicated. IBD is characterized by periods of inflammatory 

immune responses to intestinal antigens, specifically commensal gut microbiota, where 
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A. muciniphila may play a role in immunopathology but not necessarily neuropathology 

[384]. Patients with IBD have a reduction of A. muciniphila, which has correlated to 

phenotypes in murine models of colitis and patients with ulcerative colitis [385]. 

Furthermore, numerous treatment strategies involving stable colonization of A. 

muciniphila and probiotic supplementation of A. muciniphila have demonstrated 

effectiveness in ameliorating mouse models of colitis [386-389]. However, conflicting 

evidence points to a deleterious effect of A. muciniphila in IBD/colitis. Mice lacking the 

IBD-associated Hnf4a gene, have an overabundance of A. muciniphila, which correlated 

with elevated pathology scores of inflammation and lipocalin-2, a marker of intestinal 

inflammation in mice[390]. Additionally, A. muciniphila promoted inflammation in IL-10 

knockout mice that develop spontaneous colitis [391, 392]. Research investing the 

mucosal barrier in the context of colitis has proposed that the effects of A. muciniphila 

are context-dependent, where A. muciniphila exacerbates barrier integrity and disease 

states in mouse models with thinned mucosal barriers [392, 393]. 

Deleterious effects have also been attributed to A. muciniphila in the context of 

Parkinson’s disease, where neuropathology rather than immunopathology (at least 

peripheral immunopathology) is thought to initiate disease drivers [394]. Gut microbiome 

research on people with Parkinson’s also demonstrates an enrichment of A. muciniphila 

compared to healthy controls [395, 396]. Fiber-free and -poor diet interventions that 

enriched A. muciniphila as well as supplementation with A. muciniphila contributed to 

disease worsening in mouse models of Parkinson’s [397, 398]. Interestingly, SCFA-

producing bacteria are depleted in Parkinson’s, and, along with postulated 

immunomodulatory effects of A. muciniphila, this suggests that immune functioning may 



 54 

indeed be related to Parkinson’s disease [395]. When taken in contrast with the beneficial 

roles of A. muciniphila in metabolic disease, this evidence suggests that A. muciniphila 

may exert opposing effects in neurodegenerative diseases versus immune-mediated 

diseases [397]. 

1.5.2 A. muciniphila in Multiple Sclerosis 

The abundance of A. muciniphila is increased in pwMS and in the context of CNS 

autoimmunity. In the iMSMS study comparing pwMS and healthy household controls, A. 

muciniphila abundance was significantly increased in untreated RRMS and untreated 

progressive MS [292]. Interestingly, A. muciniphila abundance was not different among 

DMT treatment groups of RRMS subjects, and in a study on pediatric-onset MS in which 

the abundance of A. muciniphila was also elevated with MS, no differences between 

pwMS on DMTs and untreated pwMS were found [399]. When comparing monozygotic 

twins in which only one had untreated clinically definite MS, A. muciniphila was 

similarly enriched. Additionally, in another study, no changes were found in the overall 

microbiota composition comparing pwMS on DMTs versus untreated pwMS, suggesting 

that disease status is the main driver of changes to the gut microbiome rather than DMT 

usage, although A. muciniphila was associated with progressive MS in this study [370]. 

This same study found that the abundance of A. muciniphila correlated with reduced 

disease severity, and A. muciniphila being predictive of reduced disease progression has 

been support in other literature [400].  

However, a wealth of literature has also shown that A. muciniphila plays a 

complex role in MS, where it may instead facilitate disease processes and symptom 

worsening. In one such study, antibiotic-treated mice received spore-forming bacteria 

from pwMS, which included potentially pathogenic C. perfringens, leading to an increase 
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in A. muciniphila [317, 401]. In this cohort, A. muciniphila abundance itself correlated 

strongly with proinflammatory IFNγ Th1 responses that may drive disease. Work by this 

same group similar showed that A. muciniphila stimulated Th1 responses in mice 

monocolonized with A. muciniphila derived from pwMS [371]. When FMT from human 

donor twins discordant for MS was applied to germ-free transgenic mice prone to 

spontaneous CNS autoimmunity, FMT from MS donors, who had elevated A. 

muciniphila levels, was significantly more likely to lead to spontaneous EAE than FMT 

from non-MS twins [293]. A study investigating metabolite signatures of pwMS that 

either transition from RRMS to SPMS or remained with RRMS, pyridoxamine and 

nicotinate produced by A. muciniphila correlated with progression to SPMS. 

Furthermore, host immune responses suggest interplay between immune responses to gut 

A. muciniphila and lymphocytes involved in immunopathology. The CSF of pwMS 

includes increased A. muciniphila-specific IgG responses, and anti-A. muciniphila IgG 

correlated with EDSS [402]. Although these effects were modest, they are supported by 

additional literature demonstrating that autoreactive T cell clones from pwMS can cross-

react with foreign antigens from EBV and A. muciniphila, providing a mechanistic 

hypothesis in which A. muciniphila could initiate CNS autoimmunity [403].  

As longitudinal research on the gut microbiome in pwMS is lacking, experimental 

approaches using animal models of CNS autoimmunity are instrumental elucidating the 

role of A. muciniphila in MS. Probiotic supplementation of A. muciniphila in EAE mice 

reduces disease severity, with various degrees of disease lessening across different 

pwMS-derived strains of A. muciniphila [370, 404]. Other work by this group 

demonstrated that like in MS, EAE mice have increased abundance of A. muciniphila and 
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that daily oral transfer of peak-EAE feces mice to EAE mice during early symptom onset 

led to reduced clinical scores [404]. In a separate study, similar treatment with A. 

muciniphila also reduced neuropathology and disease severity in mice with EAE, but 

with a concomitant reduction in Firmicutes [405], which includes SCFA-producing 

bacteria that are typically considered beneficial and depleted in the context of MS. 

Interestingly, EAE mice treated with fecal microbiota transplantation exhibited both an 

increase in A. muciniphila and amelioration of disease severity, but post-transplantation 

A. muciniphila abundance was correlated with disease severity, indicating that A. 

muciniphila may drive disease [406].  

A key distinction in these animal studies may be that they utilize a probiotic 

treatment approach rather than focus on the effects of stable colonization by A. 

muciniphila prior to disease induction or dietary interventions to modulate already 

established A. muciniphila in the gut. When mice were supplemented with ellagic acid, a 

polyphenol rich in the Mediterranean diet, mice exhibited a milder EAE course and 

reduced relative abundance of A. muciniphila [407]. Compared to antibiotic-treated mice 

on  an isoflavone-free diet, an isoflavone-rich diet ameliorated EAE and led to an 

expected increase in A. muciniphila abundance [408]. A. muciniphila is known to 

metabolize phytoestrogens like isoflavone, and similar flavonoid molecules have been 

demonstrated to modulate gut barrier function with an increase in A. muciniphila [409, 

410]. However, when these mice transitioned from antibiotic treatment to daily treatment 

with A. muciniphila or bacterial growth media, A. muciniphila treatment exacerbated 

EAE. Frustratingly, fecal A. muciniphila DNA was not assessed by this study, making it 

difficult to determine if A. muciniphila treatment led to colonization or if this effect was 
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dependent on diet-treatment interactions. In contrast, research utilizing colonization with 

defined microbiota in mice has found exacerbation of EAE by stable colonization of A. 

muciniphila. Lin et al. orally administered cecal content collected from A. muciniphila+ 

or A. muciniphila- SPF mice following microbiota depletion via antibiotics [411]. A. 

muciniphila+ mice displayed more severe EAE and heightened Il-17 production among 

CD4+ T cells [411]. In other research, authors found that A. muciniphila abundance 

correlated negatively with EAE score when evaluated across mice of different genetic 

backgrounds fed fiber-rich and fiber-free diets [309]. However, this group homed in on 

the role of A. muciniphila in EAE by colonizing germ-free B6 mice with a defined 

synthetic consortium of 13 gut commensal microbiota with or without the addition of A. 

muciniphila, maintained these mice on fiber-rich or fiber-free diets, and then induced 

EAE. A. muciniphila-colonization of mice on both fiber-rich and fiber-free diets resulted 

in aggravated EAE severity, suggesting that A. muciniphila colonization may be casually 

linked to CNS autoimmunity. Indeed, this colonization technique and its effects on EAE 

stands in opposition to literature proposing protective properties of A. muciniphila. 

Together, this body of literature paints a complex role of A. muciniphila in MS 

pathology, in which it may facilitate disease drivers or dampen disease depending on the 

gut microbiome composition and ongoing disease state. Additional work is needed to better 

understand discrepancy in A. muciniphila’s effects in the literature and address factors that 

may contribute to A. muciniphila as a disease driver rather than beneficial microbe.  

1.5.3 Interactions among A. muciniphila, MS, and Intestinal Mucus 

As its name would suggest, A. muciniphila can metabolize mucin, and this 

process relates to how A. muciniphila modulates the immune system in a way that 

contributes to CNS autoimmunity. Generally, this process is hypothesized to be mediated 
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by degradation of the mucosal barrier, leading to encroachment of commensal bacteria 

that elicit immune responses, resulting in an inflammatory response [412]. In many ways, 

this proposed process is reminiscent of that in IBD [392].  

While some evidence supports the notion that impaired intestinal permeability and 

gut inflammation can drive chronic immune responses outside the GI [316, 317], 

evidence for intestinal permeability and gut inflammation in MS and CNS autoimmunity 

is mixed [322, 413-415]. There is limited evidence that lipocalin-2, a neutrophil marker 

of intestinal inflammation and immune activation, may be elevated in pwMS and 

predictive of disease progression [413, 415]. Furthermore, pwMS that have high levels of 

fecal lipocalin-2 have distinct changes in the gut microbiota, including reductions in 

SCFA-producers, Anaerobutyricum, Blautia, and Roseburia, and serum acetate [415]. 

A. muciniphila has been attributed to both mucin depletion and as a stimulator of 

mucus production. The genome of A. muciniphila encodes many mucinase proteins [416], 

and A. muciniphila over-colonization and probiotic treatment can contribute to impaired 

intestinal barrier with implications in ulcerative colitis [393], pathogen susceptibility 

[417], and adverse effects to cancer treatment [418, 419]. However, heat-inactivated A. 

muciniphila and A. muciniphila-conditioned media has been shown to increase 

expression of epithelial tight junction genes and protein expression of MUC2 protein, a 

primary component of the gut mucus layer [420]. In vitro experiments involving 

treatment with A. muciniphila supernatant demonstrated activation of innate immune 

pathways that facilitate MUC2 gene expression and intestinal barrier function, although 

secreted metabolites of A. muciniphila that facilitated this process also induce pro-
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inflammatory cytokine release [421]. Additionally, treatment with pasteurized A. 

muciniphila lead to a diet-dependent increase in ileal goblet cell density [422]. 

In summary, diet and disease context are again major variables that may 

contribute to A. muciniphila’s effects on intestinal health and the subsequent immune 

state [309, 392, 418, 419, 423], such that pre-existing barrier dysfunction, dysbiosis, or 

poor diet create a mucosal environment susceptible to further disruption by A. 

muciniphila. 

1.5.4 Metabolites and Treatment Strategies Related to A. muciniphila 

Stemming from research supporting a role of A. muciniphila, SCFA producing gut 

bacteria, and other gut microbiome signatures in MS, several treatment strategies have 

been designed to modulate MS pathology that involve interactions with A. muciniphila. 

This section will highlight a few examples of these treatments that relate to both A. 

muciniphila and CNS autoimmunity, including SCFA production by A. muciniphila, its 

membrane protein Amuc_1100, and metformin. 

A. muciniphila has been shown to produce acetate and propionate both in vivo and 

in vitro [369, 424, 425]. SCFA are thought to play a beneficial immunoregulatory role in 

CNS autoimmunity, including direct evidence of therapeutic potential for propionate in 

pwMS [343]. However, evidence for SCFA production by probiotic treatment of A. 

muciniphila has been inconsistent [386, 426]. Nonetheless, trophic interactions between 

A. muciniphila and other gut bacteria may facilitate an increase in SCFA, in which A. 

muciniphila breaks down mucin to promote specifically butyrate production and the 

growth of other SCFA-producers, such as Anaerostipes caccae, Eubacterium hallii, and 

Faecalibacterium prausnitzii [427, 428]. Interestingly, these interactions may be 

dependent on the availability of vitamin B12, which may facilitate bidirectional SCFA-
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producing pathways between A. muciniphila and other bacteria [427, 429]. Although this 

literature demonstrates A. muciniphila’s involvement in microbial SCFA-production, 

further work is needed to better understand how this involvement is balanced with 

mucolytic properties of A. muciniphila and dependent on availability of specific 

metabolic precursors or substrates. 

Amuc_1100 is an outer membrane protein of A. muciniphila that has been shown 

to ameliorate obesity in high-fat diet mice, maintain gut homeostasis and cognitive 

impairment in aged mice, and alleviate cardiotoxicity of cancer drugs [422, 430-432]. 

Amuc_1100 itself may induce re-structuring of the gut microbiome composition in favor 

of SCFA-producers and dampen peripheral inflammation [431, 433]. Although 

Amuc_1100 has not been studied in the context of CNS autoimmunity, these findings 

warrant investigating the potential for Amuc_1100 to regulate CNS immune responses 

[404, 426]. Separately, A. muciniphila-derived extracellular vesicles may impart similar 

ameliorative effects in the context of obesity [434], providing another defined approach 

to study mechanisms in which A. muciniphila may contribute to MS. 

Lastly, metformin, a medication used commonly to lower blood sugar in those 

with type 2 diabetes, is currently under investigation for its therapeutic potential in MS 

(NCT05893225) [435, 436]. The mechanism of action for metformin as an anti-diabetic 

drug is not completely understood, and its effects on CNS autoimmunity may be complex 

as well. Evidence points to changes in the gut microbiota caused by metformin treatment, 

including an increase in the abundance of A. muciniphila and improvements in cognition 

and mucus barrier functioning [437-440]. Metformin reduces disease severity when 

applied as treatment concurrent with EAE-induction with attenuations of Th1 and Th17 
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immune responses, reduced microglia activation, and protection of existing myelination, 

however delaying metformin treatment until symptom onset after EAE induction did not 

significantly improve outcomes [441, 442]. Additional work will be needed to parse out 

mechanisms of metformin-related CNS protection via modulation of gut microbiota, 

independent dampening of immune responses, and direct effects on the CNS. 

Altogether, these approaches establish several ways in which A. muciniphila may 

be implicated in MS and CNS autoimmunity and feature new strategies to bolster A. 

muciniphila in the gut or exploit distinct A. muciniphila metabolites to modulate disease.  
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2.2 Abstract 

Multiple sclerosis is an autoimmune disease of the central nervous system (CNS) 

in which myelin-reactive immune attack drives demyelination and subsequent disability. 

Various studies have documented elevated abundance of the commensal gut bacterium 

Akkermansia muciniphila (A. muciniphila) in people with multiple sclerosis compared to 

healthy control subjects, suggesting that its elevated abundance may be a risk factor for 

the development of CNS autoimmunity. However, A. muciniphila is considered 

beneficial in various other pathological contexts, and recent studies suggest that A. 

muciniphila may be paradoxically associated with reduced disability and progression in 

multiple sclerosis. Moreover, experimental modulation of A. muciniphila levels in 

experimental autoimmune encephalomyelitis (EAE), an autoimmune model of multiple 

sclerosis, has generated conflicting results, suggesting that the effects of this microbe on 

CNS autoimmunity could be context-dependent. To address this possibility, we generated 

two distinct microbiome models in C57BL/6J mice, each stably colonized by A. 

muciniphila or A. muciniphila-free, providing divergent ecological contexts in which A. 

muciniphila may exert a differential impact. We found that A. muciniphila colonization 

increased EAE severity only in a specific microbiome context, in conjunction with 

increased Th17 responses and CNS-infiltrating immune cells. Using full-length 16S DNA 

sequencing to profile gut microbiome composition, we found that A. muciniphila 

colonization drove a reduction of Clostridia, key producers of short-chain fatty acids 

(SCFAs), specifically in the microbiome model in which A. muciniphila exacerbates 

EAE. Inferred metagenomic analyses suggested reduced SCFA production in the 

presence of A. muciniphila, which was confirmed by mass spectrometry. Consistently, 

provision of high dietary fiber as a substrate for SCFA production suppressed EAE only 
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in the context of the Clostridia-rich microbiome responsive to A. muciniphila 

colonization. Taken together, our data suggest that the effect of A. muciniphila on CNS 

autoimmunity is highly dependent on the overall composition of the gut microbiome and 

suggest that this microbe may contribute to decreased gut SCFA metabolism in multiple 

sclerosis.  
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Figure A2.1: Graphical Abstract.  

Leveraging divergent gut microbiome backgrounds, we assessed the severity of the 

experimental autoimmune encephalomyelitis model of multiple sclerosis and changes in 

the microbiome composition caused by experimental colonization by A. muciniphila. A. 

muciniphila colonization in the Clostridia-rich microbiome contributed to worsened 

disease severity, an exacerbated Th17 immune response, depletion of Clostridia, and a 

reduction in SCFAs.  
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2.3 Introduction 

Multiple sclerosis (MS) is the most common demyelinating and nontraumatic 

neurological disorder among young adults, affecting ~2.8 million individuals globally 

[11, 443]. In MS, immune cells infiltrate into the central nervous system (CNS) and 

mount an autoimmune response against myelin, leading to demyelination, axonal loss, 

and neurological dysfunction [1]. People with MS (pwMS) can experience a myriad of 

cognitive, sensory, and motor symptoms [5]. At the cellular level, peripheral myelin-

specific CD4+ T cells migrate across the blood-brain barrier into the CNS and drive MS, 

with Th1 and Th17 cells being implicated in disease initiation and progression [1]. CNS 

myelin autoreactivity and subsequent neuropathology can be modeled using experimental 

autoimmune encephalomyelitis (EAE), by immunizing mice with myelin peptides to 

elicit CNS demyelination and neurological disability akin to some symptoms experienced 

by pwMS [444]. 

Research on the etiology of MS has emphasized that while genetics impart a 

consequential portion of disease susceptibility, environmental factors, including the gut 

microbiome, contribute significantly to disease risk and progression [6-8, 445, 446]. 

Perturbations in the gut microbiome are of growing interest in understanding underlying 

MS risk factors, pathology, treatment, and prognosis. A key function of the gut 

microbiome is the production of various bacteria-derived secondary metabolites, 

including short-chain fatty acids (SCFAs) that can have immunological consequences for 

the host [445, 446]. Multiple studies have identified changes in the gut microbiome 

correlated with MS disease status and progression [447]. These studies have highlighted 

two major consistent phenotypes associated with pwMS compared to healthy controls: an 

increased abundance of Akkermansia muciniphila and a reduction in SCFA-producing 
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bacteria [293, 342, 448-451]. Increased abundance of A. muciniphila is associated with 

MS, as documented by numerous studies [292, 370, 452], making it a key species of 

relevance to the MS microbiome. Paradoxically, higher levels of A. muciniphila in pwMS 

are associated with lower disease severity or progression [370, 400]. However, beyond 

these associations, causal and mechanistic relationships between specific gut bacteria and 

MS pathophysiology are lacking. 

A. muciniphila is a commensal gut bacterium capable of metabolizing host mucin, 

and it can represent up to 3% of the total gut bacteria in humans [369, 373]. It has been 

negatively associated with a variety of metabolic human conditions, including type 2 

diabetes, obesity, and cardiovascular disease [380, 383, 453]. In contrast, it is elevated in 

MS and Parkinson’s disease and altered in other neurological conditions [454-456]. 

While A. muciniphila has been shown to produce the SCFAs, acetate (C2) and propionate 

(C3), from host mucin in vitro [369, 425, 457], it remains unclear whether this mucin 

degradation or acetate and propionate production are consistent across microbiome 

contexts and/or sufficient to affect CNS autoimmunity in the host. Other studies have 

failed to find elevated SCFAs associated with A. muciniphila in gut microbiome models 

in vivo, suggesting instead that its effects on SCFA levels may be microbiome-specific, 

diet-specific, and/or indirect (i.e. via other microbes) [423, 458, 459]. 

Similar to the human studies described above, animal models have suggested 

opposing roles for A. muciniphila. Akin to pwMS, the abundance of A. muciniphila is 

elevated in mice with EAE, and daily gavage with high doses of A. muciniphila as a 

therapeutic intervention suppresses EAE severity [370, 404, 452]. However, this 

experimental approach, while informative for a probiotic strategy, does not appropriately 
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model complex interactions among endogenous and stably colonized commensal bacteria 

assessed in observational studies of disease in humans [460-462]. In contrast to 

therapeutic intervention, stable colonization by A. muciniphila has been associated with 

increased EAE severity [309, 463], emphasizing the difference between treatment and 

colonization experimental approaches, and/or the importance of ecological context (i.e. 

well-known differences in gut microbiota composition across different mouse colonies) 

[464, 465]. Altogether, the role of A. muciniphila in the context of MS warrants further 

exploration to better understand its role in disease pathophysiology, as a potential 

biomarker, and/or for guiding preventative measures and therapeutics.  

Within the mammalian host, SCFAs are thought to exert beneficial effects by 

modulating neuronal activity, supporting blood-brain barrier integrity, and producing 

anti-inflammatory IL-10 and T regulatory responses [320, 340, 466-468]. Butyrate is also 

relevant to gut mucus homeostasis and has been shown to increase mucin gene 

expression in goblet and epithelial cells [321]. SCFA concentrations are depleted in the 

sera and feces of pwMS compared to healthy controls, and SCFAs have been broadly 

associated with reduced progression of disability [141, 292, 338, 342]. Bacteria within 

the class Clostridia, including Lachnospiraceae, Ruminococcaceae, and 

Oscillospiraceae, are known to produce butyrate and other SCFAs from dietary fiber 

[469-473]. Case control studies on pwMS and healthy controls also demonstrate a 

reduction in SCFA-producing Clostridia species associated with MS [292, 337, 342], and 

a reduction in Clostridia is similarly observed after EAE induction [474]. Like studies on 

A. muciniphila gavage treatment, treatment with serial gavages of Clostridia in EAE mice 

reduced disease severity and increased serum butyrate concentrations [475, 476]. 
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Supplementation of individual SCFAs, SCFA cocktails, and prebiotic dietary fiber have 

been shown to ameliorate disease severity in EAE models [142, 361, 477], although 

evidence in support of SCFA supplementation for pwMS is so far preliminary [343]. 

Importantly, factors that drive the reduction in SCFA-producing bacteria in pwMS are 

not understood.  

Microbe-microbe interactions are critical to understanding how the gut 

microbiome influences host physiology. These interactions can include collaboration, 

where bacterial cross-feeding contributes to secreted metabolites [478-480], and 

competition, where species may sequester nutrients and/or produce small molecule 

antagonists that target other bacteria [288, 392, 481]. Specifically, A. muciniphila 

contributes to trophic interactions by liberating host mucin glycans that may be 

catabolized by other gut bacteria [374, 428, 463, 482-484]. These interactions emphasize 

the importance of the broader gut microbiome ecological context as a key unaddressed 

variable in human and animal studies on CNS autoimmunity. 

Previous work in our lab has established compositionally complex yet 

reproducible gut microbiome models by colonizing germ-free C57BL/6J (B6) hosts with 

cecal microbiota from specific pathogen-free (SPF) B6 and wild-derived and genetically 

divergent Prague wild derived D (PWD) mice, generating genetically identical hosts with 

divergent microbiomes [215]. Here, we utilized these models to isolate the effects of 

ecological context on A. muciniphila colonization and its subsequent consequences for 

the host. Given that A. muciniphila is an endogenous commensal in humans rather than 

an exogenous therapeutic, we focused on colonization approaches to better understand 

how A. muciniphila can predispose to or protect against subsequent disease development 
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and/or severity. Our data demonstrate that A. muciniphila colonization increases EAE 

severity in a highly microbiome context-specific manner. 16S analyses demonstrated that 

EAE exacerbation by A. muciniphila is coupled with a reduction in the abundance of 

Clostridia and SCFA production potential, all of which are microbiome-context 

dependent. Functionally, a high fiber diet selectively ameliorated EAE severity in mice 

harboring Clostridia-rich microbiome, emphasizing the dependency of this microbiome 

on gut SCFAs and its susceptibility to A. muciniphila-mediated EAE exacerbation by a 

reduction in Clostridia. Together, our results demonstrate that the effects of A. 

muciniphila on CNS autoimmunity are highly dependent on interactions with other 

members of the gut microbiota, suggesting that A. muciniphila’s use as a biomarker or 

therapeutic in pwMS will require assessment of the full microbiome composition as a key 

covariate.  

2.4 Materials and Methods 

2.4.1 Animals 

All experimental procedures used in this study were approved by the University 

of Vermont’s Animal Care and Use Committee. Mice were maintained under barrier 

conditions with sterilized caging, fed irradiated diets (Prolab IsoPro RMH 3000), and 

handled minimally in a structured sequence to avoid cross-contamination and the 

introduction of new microbes. Donor C57BL/6J (B6) and PWD/PhJ (PWD) mice used 

for cecal microbiota transplant were purchased from Jackson Laboratories (Bar Harbor, 

Maine, USA) and housed within a single vivarium room at the Larner College of 

Medicine at the University of Vermont for 2-4 generations. Gut microbial transplantation 

from cecal donors was performed as previously described [215]; ceca from donor B6 and 

PWD mice were collected and transferred to an anaerobic chamber where the contents 
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were flushed out and mixed to a final concentration of 20% glycerol in Hungate tubes, 

flash frozen, and stored at -80°C in single use aliquots. PWDβ cecal stocks were 

generated by collecting and combining cecal contents of ex-germ free B6 mouse 

recipients of the PWD microbiome, and pups of ex-germ free B6 mouse recipients of the 

PWD microbiome, performed as above. 

Germ-free (GF) 7-9 week-old B6 mice from the National Gnotobiotic Rodent 

Resource Center at the University of North Carolina School of Medicine (USA) were 

shipped in sterile crates. GF B6 mice were opened under a laminar flow hood and 

immediately inoculated by gastric gavage with 100-200 µL of cryopreserved stocks from 

B6 or PWD ceca, generating B6.GutB6 mice (denoted as “B6”) and B6.GutPWD mice 

(denoted as “PWD”), respectively (Fig. 2.2d). Colonization by A. muciniphila was 

achieved in B6 and PWD microbiome-colonized mice with a series of 3 gastric gavages 

of 1.65×107 CFU/200 µL A. muciniphila every other day, generating B6.GutB6+Akk mice 

(denoted as “B6+Akk”) and B6.GutPWD+Akk mice (denoted as “PWD+Akk”). B6.GutPWDβ 

mice (“PWDβ”) were generated using a single 200 µL gastric gavage containing 100 µL 

of cryopreserved stocks from PWDβ cecal stock and 100 µL of anaerobic 50% glycerol 

in PBS. B6.GutPWDβ+Akk counterparts (denoted as “PWDβ+Akk”) were generated using a 

single 200 µL gastric gavage containing 100 µL of cryopreserved PWDβ cecal stock and 

8.26x106 CFU/100 µL of A. muciniphila. The resulting B6, B6+Akk, PWD, PWD+Akk, 

PWDβ, and PWDβ+Akk mice were paired for breeding to generate pups with vertically 

transmitted gut microbiota to be used for subsequent experiments. 

For dietary fiber intervention experiments, mice were randomized by microbiome 

to receive low fiber (TD.180916, 0% fermentable fiber) or high fiber (TD.220544, 20% 
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inulin, 10% pectin) for 2 weeks prior to EAE induction. Low and high fiber chow (Inotiv, 

USA) were vacuum packed, irradiated, and stored at 4°C. Chow was refreshed daily. 

2.4. 2 EAE 

EAE was induced in 6-11-week-old pups of ex-GF breeders using the 2× MOG35-

55/CFA protocol as previously described [485]; mice were injected subcutaneously with 

100 µL emulsified myelin oligodendrocyte glycoprotein 35-55 (MOG35-55; New England 

Peptide, USA) in 50% complete Freund adjuvant (CFA; Sigma, USA) supplemented with 

an additional 4 mg/ml Mycobacterium tuberculosis H37Ra (Difco, USA). A first set of 

injections was completed on each lower flank (50 µL/side), and a 2nd set of injections was 

completed 7 days later into each upper flank (50 µL/side) of the mouse. On days 10 

through 30, mice were scored for ascending paralysis as follows: 0 – asymptomatic, 1 – 

loss of tail tone, 2 – loss of tail tone and hind limb weakness, 3 – hind limb paralysis, 4 – 

hind limb paralysis with incontinence, and 5 – moribund/quadriplegic. Cumulative 

disease score was calculated as the sum of all daily scores. Cages that included at least 

one mouse exhibiting hind limb paralysis received 2-3 chow pellets and approximately 2 

cm3 of Napa nectar (Systems Engineering, USA) on the cage floor, both refreshed daily.  

2.4.3 Microbial DNA isolation and species-specific qPCR 

Fecal samples were collected by transferring individual mice to empty cages 

without bedding and waiting for them to defecate at least one fecal pellet. Collection 

cages were only used within-microbiome group and replaced for each experiment. Once 

collected, pellets were kept on ice before being stored at -80°C until later use. DNA was 

extracted from fecal pellets using QIAamp PowerFecal Pro DNA extraction kits (Qiagen, 

USA); DNA quality and quantity was assessed via Nanodrop. A. muciniphila relative 

abundance was quantified using species-specific primers (forward sequence, 
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CAGCACGTGAAGGTGGGGAC; reverse sequence, CCTTGCGGTTGGCTTCAGAT) 

normalized to a pan-bacteria eubacteria primer set (forward sequence, 

ACTCCTACGGGAGGCAGCAG; reverse sequence, ATTACCGCGGCTGCTGG). 

Quantification by qPCR was achieved with Dynamo ColorFlash SYBR Green (Thermo 

Fisher Scientific, USA) on a QuantStudio 3 or 5 Real-Time PCR machine (Thermo 

Fisher Scientific, USA) with annealing temperatures of 66°C for A. muciniphila and 60°C 

for Eubacterial primers and 30 PCR cycles. Any B6+Akk, PWD+Akk, and PWDβ+Akk 

mice whose fecal samples did not show amplification for A. muciniphila prior to EAE 

induction were assumed to be unsuccessfully colonized and thus excluded from the 

analysis. A. muciniphila-free B6, PWD, and PWDβ feces were also tested for A. 

muciniphila, which was never observed in these samples. Melting curves were also used 

to confirm the presence of a single peak at 87°C for detecting A. muciniphila.  

2.4.4 Lipocalin-2 ELISA  

Fecal slurries were prepared from frozen fecal samples. Fecal pellets were 

weighed and transferred to a screw-top 2 mL tube filled approximately 1/5 full of 1.0 mm 

diameter silicon carbide sharp particles (BioSpec, USA). Cold phosphate-buffered saline 

(PBS) with 0.01% Tween 20 was added to achieve 50 mg feces/mL. Tubes were 

homogenized by vortexing with a tube adapter for 10 minutes and pelleted at 15,000 × g 

for 10 minutes. The supernatant was transferred to a clean tube and stored for use. 

Lipocalin-2 was quantified using ELISA reagent kits per the manufacturer’s procedure 

(R&D Systems, USA). Optical density was measured at 450 nm with background 

subtraction at 570 nm wavelength and concentrations were calculated using a standard 

curve. PBS with 0.01% Tween 20 was used for washing, and PBS with 1% bovine serum 

albumin (Sigma, USA) was used for blocking and reagent dilutions. 
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2.4.5 16S DNA sequencing and preprocessing 

Fecal DNA, extracted as described above, was utilized for full length 16S 

ribosomal RNA gene amplicon sequencing at the University of Illinois W.M. Keck 

Center for Comparative and Functional Genomics. 16S amplicons were generated with 

barcoded primers from PacBio targeting the entire 16S gene (forward sequence, 

AGRGTTYGATYMTGGCTCAG; reverse sequence, RGYTACCTTGTTACGACTT) 

and Roche KAPA HiFi Hot Start Ready Mix. The amplicons were converted into a 

sequencing library with a SMRTbell Express Template Prep Kit 3.0, and the library was 

then sequenced on a single SMRTcell 8M using a PacBio Sequel IIe platform in Circular 

Consensus Sequencing (CCS) mode and a 15-hour movie run time. CCS libraries were 

analyzed for read quality and demultiplexed on SMRTLink version 11.1, creating raw 

sequencing reads as FASTQ files for each fecal sample. 

The raw FASTQ sequencing files were analyzed in R Studio (R version 4.2.1) 

with preprocessing using the DADA2 package (version 1.26.0) [486]. Following primer 

removal, reads were filtered to include only those with a nucleotide length between 1000 

and 1600, a minimum quality score of 3, a maximum number of expected errors (maxEE) 

of 2. Dereplicated data was used to generate and apply an error model, followed by 

denoising and then removal of chimeric sequences by the consensus method, generating 

amplicon sequencing variants (ASVs). ASV sequences were reference against SILVA 

database (version 138.1) for taxonomic assignment [487, 488]. Construction of a 

phylogenetic tree was done using the DECIPHER package (version 2.26.0) for alignment 

of unaligned sequences [489] and the phangorn package (version 2.11.1) for building the 

tree using the neighbor-joining method with pairwise computed distances, a general time-

reversible model, the nearest neighbor interchange, and rooted using a randomly selected 
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ASV [490]. The resulting phylogenetic tree, ASV table, ASV sequences, taxonomic 

assignments, and imported metadata were combined in phyloseq (version 1.48.0) to 

create a phyloseq object for downstream analyses [491]. 

2.4.6 Analysis of 16S data 

Alpha diversity, determined by Shannon index, was graphed and calculated using 

the phyloseq functions plot_richness and estimate_richness and compared by Wilcox test 

with Holm-Bonferroni correction for multiple comparisons. For subsequent analyses, 

ASVs within the phyloseq object were first agglomerated using the tip_glom function to 

a height threshold of 0.05; using the metagMisc package (version 0.0.4), ASVs were then 

filtered to only include those with a prevalence of at least 3% and a mean abundance 

threshold of 2. Graphical representations of 16S data, including the relative abundance of 

bacterial taxa across samples, were generated using the constructed phyloseq object and 

ggplot2 (version 3.5.1). Beta diversity was calculated using the ordinate and 

plot_ordination functions of phyloseq, represented using PCoA plots, and compared 

across microbiome groups by permutation multivariate ANOVA using the adonis 

function from the vegan package (version 2.6-4) [492] and the pairwise adonis function 

from the pairwiseAdonis package (version 0.4.1). Differential abundance was calculated 

with the DESeq2 package (version 1.38.3) using Wald significance testing and an 

adjusted p <0.05 [428]. Composition networks of microbiome structures were created 

using the NetCoMi package (version 1.1.0) using the Semi-Parametric Rank-based 

approach for INference in Graphical (SPRING) model that included only the 50 most 

abundant ASVs and with a sparsity parameter (lambda) of 20 and filtering to the 50 most 

frequent reads [493]. 
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2.4.7 Functional pathway analysis  

Inferred functional metagenomic pathways of the entire gut microbiota of each 

sample was mapped using PICRUSt2 (version 2.2.0_b) in Python (version 3.6.7) [494]. 

The abundance of inferred pathways was then applied to a new phyloseq object as a 

wrapper and analyzed using DESeq2 as done with ASVs described above. ASV 

contributions to individual enzyme commission (EC) numbers were generated in 

PICRUSt2 to analyze individual ASV contributions to butyrate production as previously 

described [495]. Butyrate producers were defined as bacteria conserving any of the 

following terminal enzymes in butyrate-producing pathways: butyryl-CoA:4-

hydroxybutyrate CoA transferase (4Hbt; EC:2.8.3.-), butyryl-CoA:acetoacetate CoA 

transferase (Ato; EC:2.8.3.9), butyryl-CoA: acetate CoA transferase (But; EC:2.8.3.8) or 

butyrate kinase (Buk; EC:2.7.2.7) [496]. Statistical differences in relative abundance of 

all butyrate producer ASVs between comparisons was determined by Wilcoxon rank sum 

non-parametric testing.  

2.4.8 Bacterial culture 

A. muciniphila murine strain YL44/DSM26127 was provided by Dr. Adam 

Sateriale (currently at the Francis Crick Institute, UK) and was originally obtained from 

DSMZ (Leibniz Institute, Germany). A. muciniphila culture used for gastric gavages was 

grown anaerobically in brain heart infusion broth (BHI; Sigma, USA) supplemented with 

15% of fetal bovine serum (Thermo Fisher Scientific, USA), 5 g/L yeast extract (Sigma, 

USA), 0.2 mL/L vitamin K solution (Sigma, USA; made as 1% vitamin K1 in 100% 

ethanol), 0.5 mL/L of hemin solution (Sigma, USA; 0.5g/L dissolved in 1% NaOH 

solution), 0.5 g/L cysteine (Sigma, USA). Cultures were grown in 5 mL volumes of 

liquid BHI with 100 µL of 5% type 3 porcine stomach mucin (Sigma, USA; 50 g/L 
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mucin mixed in deionized water). A. muciniphila was grown without shaking to an OD600 

of 0.833, used as high-density stocks and for breeding pair mice (B6+Akk, PWD+Akk, 

and PWDβ+Akk) and an OD600 of 0.215, then diluted 1:10 using bacteria-free media, for 

low-density stocks. CFU was calculated using an OD600 0.8 equivalent of 1x108 CFU/mL 

of A. muciniphila after subtracting the OD600 of the growth media [387]. Anaerobic 

conditions were maintained in an anaerobic chamber (Coy Labs, USA) with 5% carbon 

dioxide, 2% hydrogen, and 91% nitrogen at 37°C. Individual cultures were pooled prior 

to being cryopreserved for future use as gavage stocks, which were made as 50% liquid 

culture, 25% sterile glycerol (Sigma, USA), and 25% sterile PBS. For treatment of 

control group SPF B6 mice (Fig. 2.1a), a vehicle containing 50% media, 25% sterile 

glycerol, and 25% sterile PBS was used. 

2.4.9 Flow cytometry 

Post-EAE mice were anaesthetized with isoflurane (Piramal, USA) and perfused 

transcardially with 40 mL of cold PBS. Each spinal cord was dissected, homogenized 

using a Dounce glass homogenizer, and filtered through a 70 µm strainer. The resulting 

single-cell suspension was mixed with 37% Percoll (Cytiva, USA) and loaded above 70% 

Percoll to achieve a Percoll gradient that isolated mononuclear cells from the interphase 

following centrifugation. Isolated cells were stimulated with 5 ng/mL PMA, 250 ng/mL 

ionomycin, and brefeldin A (GolgiPlug; BD Bioscience, USA) for 4 hours. Cells were 

then labeled with UV-Blue Live/Dead (Thermo Fisher Scientific, USA), stained with 

surface antibodies: CD45, CD11b, CD19, CD4, CD8, TCR, TCR (BioLegend, USA), 

fixed and permeabilized with 0.2% saponin (Sigma, USA), then labeled with intracellular 

antibodies: IL-17A and IFN (BioLegend, USA). Stained cells were analyzed in the 
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Harry Hood Bassett Flow Cytometry and Small Particles Detection facility 

(RRID:SCR_022147) at the Larner College of Medicine using a Cytek Aurora and 

SpectroFlo software (versions 2.2-3.3; Cytek Biosciences, USA) using spectral unmixing 

with single-color controls and autofluorescence correction from unstained cells. Data was 

analyzed using FlowJo software (version 10.10.0) (BD Biosciences). 

2.4.10 SCFA quantification 

Gas chromatography coupled with mass spectrometry (GC-MS) was used to 

quantify SCFA levels in fecal samples, including acetate, propionate, butyrate, and 

isobutyrate. Fecal samples were directly weighed into a 2 mL microcentrifuge tube, and 

700 mg silica beads and 600 µL distilled and deionized water were added to each. 

Samples were homogenized using a bead beater. After homogenization, samples were 

centrifuged at 10,000 rpm for 10 minutes and the liquified sample in the supernatant was 

extracted. Solvent extraction of SCFAs was performed by combining 200 µL of 

supernatant, 20 µL of hydrochloric acid (HCl), 100 µL of potassium bisulfate (KHSO4), 

and 1 mL of dimethyl carbonate (DMC) into a 2 mL microcentrifuge tube [497]. Upon 

addition of HCl, the anion forms of SCFAs are protonated such that they readily partition 

into the DMC. The resulting mixture was vortexed for 10 seconds and centrifuged at 

3800 rpm for 10 minutes. The supernatant organic phase was then transferred into a GC-

MS vial for analysis. For the quantification, a Shimadzu Nexus GS 2030 coupled to a 

TQ8040NX mass spectrometer was used. The GC-MS autosampler used a 2 μL smart 

syringe to inject 0.8 μL of liquid sample. A DB-FATWAX UI column, with 30 m length, 

0.25 μm thickness, and 0.25 mm diameter was used. Upon injection of the sample, the 

oven temperature was held at 80°C for 1 minute and then increased by 15°C/minute until 

it reached 115°C. The oven temperature was held at 115°C for 3 minutes. Then, the oven 
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temperature ramped again at a rate of 3°C/minute until it reached 130°C. The temperature 

was then increased at a rate of 15°C/minute until it reached 230°C. The oven was held at 

230°C for 3 min. Acquisition mode was Q3 scan, with ion source temperature and 

interface temperature at 280°C and 250°C, respectively. Concentrations were determined 

using a calibration curve generated from external standards that underwent the same 

extraction protocol as samples. Concentrations were then used to calculate mg of each 

SCFA per gram of fecal matter. 

2.5 Results 

2.5.1 Oral gavage with A. muciniphila fails to increase its abundance and modulate 

EAE severity in commercially available B6 SPF mice, which are colonized by 

endogenous A. muciniphila 

To assess a potential causative role for A. muciniphila in modulating EAE 

severity, we sought to modulate its abundance by colonization via oral gavage, first using 

commercially available SPF C57BL/6J (B6) mice from the Jackson Laboratory (Jax). B6 

Jax mice were assigned to gavage treatment groups and inoculated by a single oral 

gavage with 200 µL of A. muciniphila culture from either low (1.07×106 CFU) or high-

density (1.65×108 CFU) anaerobically grown stocks, and a 3rd treatment group received 

two gavages of high-density culture (Fig. 2.1a), based on previous studies suggesting that 

1× and 2× oral gavage of A. muciniphila is sufficient to modulate its abundance in SPF 

mice [419, 498]. Sterile vehicle control was administered as a 2nd gavage for single-

gavage-treated groups and control groups. EAE was induced 21 days post-treatment by 

immunization with MOG35-55 in CFA, as previously described. 

Analysis of A. muciniphila treatment effect on EAE disease course revealed no 

significant differences across gavage groups or any dose-dependent trends (Fig. 2.1b). 

Similarly, analysis of cumulative disease score demonstrated no significant differences 
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between control and any of the A. muciniphila-treated groups (Fig. 2.1c). We next 

assessed the baseline and post-treatment levels of A. muciniphila, using species-specific 

qPCR on fecal DNA. Unexpectedly we found that all controls and treatment groups 

already carried high levels of A. muciniphila at baseline (Fig. 2.1d), and oral gavage of A. 

muciniphila failed to modulate the relative abundance of A. muciniphila among the 

treatment groups (Fig. 2.1d). Kinetic analysis of A. muciniphila abundance found a 

significant overall decline (p < 0.0001) in relative abundance observed between arrival 

day and all subsequent fecal collection timepoints, with post-hoc testing demonstrating 

significant declines over time across all treatment groups (Fig. 2.1d, e). Given the 

relatively wide variation in A. muciniphila abundance among individual mice (Fig. 2.1d), 

we tested for its association with EAE severity. We found no significant association 

between EAE cumulative disease score and the relative abundance of A. muciniphila at 

any collection timepoint (Fig. 2.1e, Fig. S2.1a-e). Taken together, these results 

demonstrate that commercially available SPF B6 Jax mice carry high levels of 

endogenous A. muciniphila, which may limit the ability to experimentally manipulate 

abundance of A. muciniphila by oral gavage and hence assess its effect on EAE outcomes 

in this model.  

2.5.2 Establishment of divergent A. muciniphila-free microbiomes allows for stable 

and reproducible A. muciniphila colonization 

Given that direct probiotic administration of A. muciniphila to commercially-

available mice with an established gut microbiome replete with endogenous A. 

muciniphila failed to appreciably elevate its abundance levels or impact CNS 

autoimmunity, we pivoted to utilize our previously established compositionally defined 

microbiome transplantation and vertical transmission model [215, 499]. This model 
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capitalizes on cryopreserved cecal microbiota harvested from a set of B6 and genetically 

divergent Prague wild-derived D (PWD) mice in our own vivarium, allowing the 

transplantation of these two distinct microbiota contexts into genetically identical germ-

free B6 hosts. Using our previously published 16S rRNA DNA sequencing data [215], 

we first assessed the abundance of endogenous A. muciniphila among a large number of 

B6 and PWD mice in our colony at the time that cryopreserved cecal microbiota stocks 

were established. We found that A. muciniphila (the only representative of the phylum 

Verrucomicrobiota in these mice) was present in 34% of B6 mice and, surprisingly, 

completely absent in PWD (Fig. 2.2a). We next assessed the abundance of A. 

muciniphila in the cryopreserved B6 and PWD microbiomes, which had been established 

from a small subset of donor mice from our colony. Serendipitously, both B6 and PWD 

donor microbiota stocks lacked A. muciniphila, which was also recapitulated in the 

colonized ex-germ-free cecal microbiota transplant recipients (Fig. 2.2b), thus providing 

two divergent A. muciniphila-free microbiomes/ecological contexts for our studies.  

As previously published [215], we colonized new germ-free B6 recipient mice via 

oral gavage with stocks of cecal B6 or PWD microbiota, establishing two distinct stably 

colonized microbiomes, referred to here simply as B6 and PWD, that recapitulated the 

microbiomes of their respective donor mice and retained the strong divergence in 

composition between the original donor B6 and PWD microbiomes (Fig. 2.2c). Pilot 

experiments demonstrated that while by 1× gavage or enema of A. muciniphila culture 

was not sufficient to stably colonize A. muciniphila-free mice, a 3× gavage regimen was 

successful (Fig. S2.2a, b). Thus, we inoculated a subset of B6 and PWD microbiome-

colonized ex-GF mice with high-density (1.65×108 CFU) stocks of A. muciniphila via 
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oral gavage, successfully colonizing mice following a series of three 200 µL gavages, 

establishing B6+Akk and PWD+Akk microbiome-colonized ex-GF mice (Fig. 2.2d). B6, 

PWD, B6+Akk, and PWD+Akk microbiome-colonized ex-GF mice were set up as 

breeding pairs to allow for vertical transmission of their distinct microbiota to their 

offspring, which were used as experimental animals, thus circumventing potential effects 

of underdeveloped gut immune-microbe interfaces in ex-germ-free animals [500, 501]. 

Fecal samples from gavage recipient breeders and their offspring were tested for A. 

muciniphila abundance over time, demonstrating stable colonization and vertical 

transmission of A. muciniphila (Fig. 2.2e, f). Thus, we were able to generate two distinct 

microbiome contexts in which we could isolate the effects of stable A. muciniphila 

colonization, while avoiding the confounding effects caused by continuous gavage stress 

[502]. Interestingly, PWD+Akk pups maintained a significantly greater relative 

abundance of A. muciniphila compared to B6+Akk pups, allowing us to leverage 

microbiome contexts that have both distinct ecological contexts and differing but stable 

levels of A. muciniphila (Fig. 2.2c, f).   

2.5.3 Colonization by A. muciniphila exacerbates EAE in a microbiome-dependent 

manner and promotes pro-inflammatory Th17 responses in the CNS 

Using our B6, B6+Akk, PWD, and PWD+Akk microbiome-colonized mice, we 

induced EAE using MOG35-55/CFA immunization, as previously described [485]. No 

significant difference was observed between B6+Akk and B6 microbiome mice (Figs. 

2.3a, b). In contrast, A. muciniphila exacerbated EAE severity in PWD+Akk microbiome 

mice compared to their A. muciniphila-free counterparts (Fig. 2.3c, d). These data 

indicate that the effect of A. muciniphila on EAE severity is highly dependent on the 

overall composition of the microbiome into which it is introduced.  
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To assess whether A. muciniphila-mediated EAE exacerbation was associated 

with augmented CNS-directed immune responses, we isolated immune cells infiltrating 

into the spinal cord of PWD and PWD+Akk microbiome mice at day 30 post-EAE 

induction for immune phenotyping (Fig. 2.3e). Flow cytometry revealed differences in 

immune profiles in A. muciniphila-colonized mice, including a lower frequency of 

CD11b+ myeloid cells and a greater frequency of CD11b-CD19- cells, representing 

additional CNS-infiltrating immune cells, including T cells (Fig. 2.3f). A. muciniphila-

colonized mice also showed a greater frequency of IL-17-producing CD4+ T cells, a 

lower frequency of IFN-producing TCR cells, and a trend toward a lower frequency of 

IFN-producing CD4+ T cells (Fig. 2.3g), which was further substantiated by a 

significant increase in the ratio of IL-17:IFN-producing CD4+ T cells (Fig. 2.3h). Taken 

together, these results demonstrate A. muciniphila colonization in the PWD microbiome 

mice leads to a shift towards a pro-inflammatory Th17 phenotype relevant to autoimmune 

responses and EAE severity.  

While PWD mice are not naturally colonized with endogenous A. muciniphila 

(Fig. 2.2a, b), our PWD+Akk microbiome mice harbor a high level of A. muciniphila 

(compared to our B6+Akk microbiome mice) (Fig. 2.2d, e). Considering that elevated 

abundance in A. muciniphila has been shown in some contexts to induce intestinal 

inflammation via the degradation of mucin [369, 459], we assessed whether the high 

abundance of A. muciniphila in PWD+Akk microbiome mice was modulating intestinal 

inflammation prior to and during EAE progression, which by itself has been shown to 

trigger intestinal inflammation or permeability [415, 503, 504]. We used fecal lipocalin-2 

levels as a sensitive surrogate marker of gut inflammation, as in our previous IBD studies 
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[505] and in EAE studies by others [415]. Consistent with previous studies, quantification 

of lipocalin-2 from fecal samples by ELISA demonstrated significant increases following 

EAE (Fig. 2.3i). However, no significant differences in fecal lipocalin-2 levels between 

PWD+Akk and PWD microbiome mice were observed either before or following EAE 

induction (Fig. 2.3i). Moreover, no association was found between lipocalin-2 (chronic 

EAE timepoint) and cumulative disease score (Fig. S2.3a). Taken together, these results 

suggest that EAE exacerbation by A. muciniphila colonization is not accompanied by 

significant changes in gut inflammation. 

2.5.4 A. muciniphila colonization drives unique changes in the microbiome structure 

that are highly dependent on baseline microbiome composition, with a depletion in 

Clostridia linked to EAE exacerbation 

Our finding that exacerbation of EAE by A. muciniphila is highly dependent on 

the ecological context of the microbiome suggested interactions with other members of 

the microbiome. We therefore sought to explore how the B6 and PWD microbiomes 

differ and respond uniquely to colonization by A. muciniphila, using full length 16S DNA 

sequencing to assess gut microbial composition across the 4 microbiomes. We focused 

our analysis on fecal samples collected prior to EAE induction, in order to avoid 

potentially confounding effects of EAE progression on gut microbiome composition 

[404, 474], especially given the differences in EAE severity among groups of interest 

(Fig. 2.3a-d). In agreement with relative abundance determined by qPCR (Fig. 2.2f), 16S 

analysis indicated that A. muciniphila represents 6.3% of the total of gut bacterial reads in 

PWD+Akk microbiome mice compared with 0.64% in B6+Akk microbiome mice (Fig. 

2.4a, Fig. S2.4a), confirming successful colonization in both contexts, with relative 

abundances reflective of those found in human microbiome analyses [373, 506], and 

indicating a possible difference in niche occupancy across microbiome contexts. Shannon 
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diversity, a metric that considers both species richness and evenness, demonstrated a 

reduction in alpha diversity driven by A. muciniphila colonization only in the PWD 

microbiome (Fig. 2.4b). Statistical analyses of overall microbial community structure 

(beta diversity) demonstrated a highly significant difference by PermANOVA (adonis2) 

between base microbiomes (B6 vs PWD; R2 = 0.64, p = 0.001), as expected from our 

previous studies [215]. This analysis also revealed more modest yet significant effects of 

A. muciniphila colonization (R2 = 0.052, p = 0.004) and of base microbiome × A. 

muciniphila interactions (R2 = 0.049, p = 0.002), suggesting that A. muciniphila 

colonization alters the composition of the microbiome in a context-dependent manner 

(Fig. 2.4c). Further, using pairwise comparisons on our A. muciniphila-free and A. 

muciniphila-colonized microbiomes [492], we found that in the PWD microbiome 

context, A. muciniphila accounted for 6.7% of the Bray-Curtis dissimilarity, but only 

0.8% of the dissimilarity in the B6 microbiome context (Fig. S2.4b). Together, these data 

suggest that A. muciniphila reshapes the PWD gut microbiome to a greater extent than it 

does the B6 gut microbiome. 

In order to identify changes in specific bacterial taxa caused by A. muciniphila 

colonization unique to each of these two different microbiome contexts, we assessed 

differential abundance of amplicon sequence variants (ASVs) between A. muciniphila-

colonized mice and their A. muciniphila-free counterparts. Analysis of differentially 

abundant (padj < 0.05) ASVs between PWD+Akk and PWD microbiome mice revealed a 

reduction in the abundance of a large number (40) of ASVs, while only 3 ASVs were 

increased in abundance, with A. muciniphila among them, as expected (Fig. 2.4d). 

Examination of ASVs decreased in abundance due to A. muciniphila colonization in the 
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context of the PWD microbiome revealed that these ASVs predominantly belonged to the 

Clostridia class, including a number of Lachnospiraceae, Ruminococcaceae, and 

Oscillospiraceae family members (Fig. 2.4d, Fig. 2.4c, Table 2.2), all well-known SCFA 

producers [470]. Collapsing the ASVs to the taxonomic level of class confirmed a global 

reduction in Clostridia (Fig. 2.4e). These changes suggest that colonization with A. 

muciniphila in the context of the PWD microbiome, where it selectively increases EAE 

severity, drives a depletion in numerous members of the SCFA-producing Clostridia 

class, prominently ASVs of the Lachnospiraceae family. 

We next performed a differential abundance analysis comparing B6+Akk and B6 

microbiome mice, a context where A. muciniphila colonization does not exacerbate EAE. 

In contrast to changes induced by A. muciniphila colonization in the PWD microbiome, 

this revealed more subtle effects, with fewer (21) total differentially abundant ASVs, with 

only 3 of these decreased in abundance (Fig. 2.4f). The little (5 ASVs) overlap among 

differentially abundant ASVs between comparisons of B6±Akk and PWD±Akk 

microbiomes, included the expected increased abundance of A. muciniphila, and 4 other 

ASVs that were decreased in abundance in the PWD±Akk comparison but increased in 

the B6±Akk comparison (Fig. 2.4g). Examination of the differentially abundant ASVs 

driven by A. muciniphila in the B6 context revealed that several Lachnospiraceae (11) 

and/or Clostridia (14) ASVs were in fact increased by A. muciniphila colonization, while 

only 2 Clostridia ASVs (3 total ASVs) were decreased (Fig. 2.4f, g). Taken together, 

these results demonstrate that colonization by A. muciniphila in the context of the B6 

microbiome exerts a highly divergent effect compared with colonization in the PWD 

microbiome, lacking the antagonistic effect on Clostridia. 
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To get at the basis of ASV-specific depletion of Clostridia ASVs in the PWD and 

not the B6 microbiome, we next examined the abundance of the numerous ASVs 

downregulated by A. muciniphila colonization in the PWD microbiome (Fig. 2.4d), in the 

B6 microbiome with or without A. muciniphila colonization. We found that many of 

these ASVs (which were predominantly Clostridia) were abundant in the PWD 

microbiome but either absent (0 mapped reads) or at low abundance in the B6 

microbiome with or without A. muciniphila (Fig. 2.4h), suggesting that in the PWD 

microbiome, A. muciniphila colonization may have unique negative interactions with 

specific members of the Clostridia class, whereas many of these interactions and/or 

bacteria are absent in the B6 microbiome. Altogether, these findings suggest that A. 

muciniphila colonization exerts highly divergent effects on B6 and PWD microbiome 

composition, in parallel with divergent effects on EAE severity, suggesting that these two 

phenotypes are functionally linked.  

Because gut microbiota represent a highly interconnected ecosystem, we utilized 

an approach to visualize and quantify bacterial interaction networks. We used the semi-

parametric rank-based approach for inference in graphical model (SPRING) approach 

using the NetCoMi package to generate networks of our PWD±Akk and B6±Akk 

microbiomes, to identify differences in microbial associations and network connectivity. 

The B6 network had an overall modest connectivity, with a relative largest connected 

component (LCC) size of 0.44 (Fig. 2.5a), compared with the well-connected PWD 

network, with a relative LCC of 0.86 (Fig. 2.5b). Moreover, the B6 network included 18 

disconnected subnetwork components compared to 7 components in the PWD network 

(Fig. 2.5a, b), suggesting more cohesion in the microbial community structure of the 
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PWD microbiome. No connectivity between A. muciniphila and Clostridia was observed 

in the B6 network (Fig. 2.5a). In contrast, the PWD network included numerous 

negatively weighted edges connecting A. muciniphila and various nodes belonging to 

Clostridia (e.g. Lachnospiraceae), with the latter also forming many connections with 

other members of the network (Fig. 2.5b). Taken together, these results suggest that the 

Clostridia component of the PWD microbiome represents a well-integrated part of the 

microbial ecosystem that is particularly vulnerable to disruption by A. muciniphila 

colonization.  

2.5.5 A. muciniphila colonization impacts microbial pathways associated with SCFA 

metabolism and fecal SCFA levels 

To analyze changes in the functional consequences imparted by A. muciniphila 

colonization across our microbiome models, we employed PICRUSt2 [494] to infer 

functional microbial gene content from the taxonomic data derived from our full-length 

16S analysis. Considering the unique reduction in Clostridia-mapped ASVs in the 

PWD+Akk microbiome, we predicted a shift among pathways pertaining to SCFA 

production. Indeed, pathway enrichment analysis predicted a reduction in 5 pathways in 

the PWD+Akk microbiome compared to the PWD microbiome, 2 related to butyrate 

production and 3 related to both butyrate and acetate production (Fig. 2.6a, Table 2.7). 

Only two SCFA-related pathways, one related to acetate consumption and the other 

related to propionate production, were enriched in the PWD+Akk microbiome (Fig. 

2.6a). The latter is consistent with the known role for A. muciniphila itself in propionate 

production [369]. These results suggest that the selective depletion of Clostridia by A. 

muciniphila colonization in the PWD microbiome drives a net depletion in microbial 

pathways related to SCFA production.  
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Given these pathway enrichment analysis results, and the reported ability of 

butyrate to dampen autoimmune responses like those seen in MS [361, 475], we 

quantified the abundance of ASVs contributing specifically to butyrate production across 

our microbiome models. As previously published [495], we defined butyrate-producing 

microbiota as those that encode terminal butyrate-producing enzymes as defined by 

previous studies [496]. The relative abundance of total butyrate-producing microbiota 

was significantly decreased in the PWD+Akk microbiome compared to A. muciniphila-

free counterparts, whereas butyrate producers showed no such reduction in our B6±Akk 

microbiomes (Fig. 2.6b, c). These results confirm the selective depletion of predicted 

butyrate-producers by A. muciniphila colonization in the PWD microbiome. 

To determine if the depletion of SCFA-producing microbiota contributed to 

measurable changes in SCFA levels, we quantified SCFAs in day-30 fecal samples from 

PWD and PWD+Akk mice via GC-MS. PWD+Akk microbiome mice exhibited a 

significant depletion of acetate (C2) compared to their A. muciniphila-free counterparts 

(Fig. 2.6d), consistent with inferred metagenomic analyses identifying an enrichment in 

acetate-consuming and a depletion in acetate-producing pathways in the PWD+Akk 

microbiome (Fig. 2.6a). Combined isobutyrate and butyrate levels were also decreased, 

although not significantly, in PWD+Akk microbiome mice (Fig. 2.6e). Total SCFA levels 

were also significantly decreased in PWD+Akk microbiome mice (Fig. 2.6f). 

Collectively, these data suggest that A. muciniphila colonization causes a net decrease in 

SCFA production in a microbiome composition-dependent manner, which is linked to 

EAE exacerbation. 
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2.5.6 Lack of A. muciniphila-mediated EAE exacerbation in the absence of a 

reduction in Clostridia in a different microbiome context 

In an effort to generate additional B6 mice colonized with the original 

compositionally well-characterized PWD microbiome using limited original cecal 

inoculum stocks, we colonized new ex-GF mice using a cecal inoculum from a PWD 

microbiome-colonized B6 mouse (B6.GutPWD) donor rather than an original PWD donor 

(Fig. 2.7a), generating mice designated as PWDβ microbiome-colonized. To generate A. 

muciniphila-colonized counterparts for these new mice, A. muciniphila was combined 

with the initial cecal inoculum (100 µL cecal inoculum + 100 µL A. muciniphila culture) 

to generate PWDβ and PWDβ+Akk microbiome breeding pairs and experimental 

offspring mice used for EAE (Fig. S2.5a).  

Surprisingly, unlike the effect of A. muciniphila seen in the original PWD 

microbiome-colonized mice, EAE severity did not differ between PWDβ and 

PWDβ+Akk microbiome mice (Fig. 2.7b, c), suggesting that A. muciniphila colonization 

of the original PWD microbiome may have contributed to unique changes in the gut 

microbiota that were not recapitulated in the context of the new PWDβ+Akk microbiome. 

To better understand these differences, we analyzed full-length 16S sequencing data from 

fecal samples of PWDβ and PWDβ+Akk microbiome mice, as above. Surprisingly, A. 

muciniphila represented only 0.20% of the total mapped reads in PWDβ+Akk 

microbiome mice, more similar to the abundance seen in B6+Akk microbiome mice (Fig. 

2.7d, Fig. S2.5b). Comparing the Shannon diversity across all 6 microbiomes 

demonstrated a significant reduction in microbiome diversity only between PWD and 

PWD+Akk microbiomes (Fig. 2.7e), suggesting that A. muciniphila is less disruptive to 

microbiome diversity in PWDβ compared to the PWD microbiome. To identify 
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differences in the microbial composition among PWD and PWDβ microbiomes, we 

focused our beta diversity analysis on these microbiomes and their A. muciniphila-

colonized counterparts (Fig. 2.7f). Using PermANOVA, we found a significant effect of 

base microbiome (PWD vs. PWDβ; R2 = 0.23, p = 0.001), a significant effect of A. 

muciniphila (R2 = 0.14, p = 0.001), and a significant A. muciniphila × base microbiome 

interaction (R2 = 0.052, p = 0.002). These results suggest that the effect of A. muciniphila 

colonization on the overall microbiome composition differs between the PWD and 

PWDβ microbiomes, with a disparate and muted effect seen in the latter context.  

We next performed differential abundance analysis comparing PWDβ and 

PWDβ+Akk microbiome mice. Compared with the above-described effect in the PWD 

microbiome (Fig. 2.4f), we observed far fewer (9) significantly differentially abundant 

ASVs (Fig. 2.7g) and minimal changes at other taxonomic levels besides Akkermansia 

itself (Fig. S2.5c-e), confirming a limited effect of A. muciniphila colonization on the 

PWDβ microbiome. In contrast to A. muciniphila colonization in the PWD+Akk 

microbiome (Fig. 4d), a reduction of the Clostridia class was not observed (Fig. S2.5c), 

with 2 Lachnospiraceae members increased and 2 Lachnospiraceae members decreased 

with A. muciniphila colonization (Fig. 2.7g). Furthermore, network analysis of the 

PWDβ±Akk microbiomes using previously used parameters (Fig. 2.5a-b) failed to find 

any connectivity for A. muciniphila (Fig. 2.7h), suggesting a lack of changes to the gut 

microbiota caused by A. muciniphila colonization in the PWDβ microbiome. 

To determine the inferred functional effect of A. muciniphila in the context of the 

PWDβ microbiome, we performed pathway enrichment analyses of inferred gene content 

and quantification of butyrate producer abundance, as above (Fig. 2.6a-c). Consistent 
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with the lack of change in overall Clostridia abundance between PWDβ and PWDβ+Akk 

microbiomes, we observed no significant enrichment in pathways related to SCFA 

metabolism (Table 2.8), with few changes in any functional pathways driven by A. 

muciniphila colonization. Additionally, we observed no significant decrease in the 

relative abundance of butyrate producers (Fig. 2.7i). Taken together, these results 

demonstrate limited effects of A. muciniphila colonization on the composition of the 

PWDβ microbiome. This suggests the existence of differences between the PWD and 

PWDβ ecological contexts that limit the ability of A. muciniphila colonization to 

restructure the PWDβ microbiome and contribute to increased EAE severity. 

To identify such ecological differences, we compared the base PWD and PWDβ 

microbiomes by analysis of differentially abundant ASVs, inferred functional pathways, 

and relative abundance of butyrate producers, as described above. Members of the 

Clostridia class dominated differentially abundant ASVs, with 23 Clostridia ASVs 

underrepresented and 4 Clostridia ASVs overrepresented in PWDβ compared to PWD 

(Fig. 2.7j). Moreover, inferred metagenomic analyses identified a significant decrease in 

in the relative abundance of butyrate producers between these microbiome contexts, 

emphasizing decreased butyrate production potential in the PWDβ context (Fig. 2.7k). 

Finally, pathway enrichment analysis found 4 SCFA-related pathways, all predicting a 

reduction in butyrate production potential in the PWDβ microbiome compared with the 

PWD microbiome (Fig. 2.7l). Taken together, these results demonstrate that compared 

with the PWD microbiome, the derivative but distinct PWDβ microbiome exhibits lower 

levels of Clostridia and SCFA production potential, offering a potential mechanism for 

the lack of effect of A. muciniphila colonization and EAE exacerbation.  
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2.5.7 Clostridia-rich PWD microbiome promotes suppression of EAE severity by 

dietary fiber 

Because the effect of A. muciniphila on EAE exacerbation and Clostridia 

depletion was specific to the PWD microbiome and lacking in the B6 microbiome, we 

asked whether there was a baseline difference in abundance of Clostridia and their 

associated functional pathways between B6 and PWD microbiomes prior to A. 

muciniphila colonization. Of a total of 136 differentially abundant ASVs, 92 were 

Clostridia members overrepresented in PWD and only 13 Clostridia members were 

underrepresented in PWD (Fig. 2.8a, Table 2.5). Notably, when comparing the base 

PWD and B6 microbiomes for pathways related to SCFA metabolism, 6 pathways related 

to the production of butyrate were significantly overrepresented in the PWD microbiome 

(Fig. 2.8b). Consistent with this, we found butyrate producers to be significantly and 

dramatically more abundant in the PWD microbiome compared to the B6 microbiome 

(Fig. 2.8c). These results demonstrate that, compared with the B6 microbiome, the 

baseline PWD microbiome contains more SCFA-producing Clostridia, suggesting a 

major contribution of SCFA production to the immunological homeostasis conferred by 

PWD microbiota.  

To test the high capacity for, and potential reliance on, SCFA metabolism by gut 

Clostridia in the PWD microbiome in order to maintain immunological homeostasis and 

prevent autoimmunity, we utilized modulation of dietary fermentable fiber, as a prebiotic 

substrate for SCFA production. We hypothesized that chow enriched with soluble dietary 

fiber, which Clostridia metabolize to produce SCFAs [507], would attenuate subsequent 

EAE severity in PWD microbiome mice to a greater extent than in B6 microbiome mice, 

which have lower abundance of SCFA-producers. PWD and B6 microbiome mice were 
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randomized to high (20% pectin and 10% inulin) and low (0%) fiber diets 2 weeks prior 

to EAE induction, which were maintained throughout the course of EAE. High fiber diet 

failed to suppress EAE in B6 microbiome mice (Fig. 2.8d, e). In contrast, high fiber diet 

significantly attenuated EAE severity in PWD microbiome mice (Fig. 2.8f, g). Taken 

together, these results provide functional confirmation that the high SCFA production 

potential of the PWD microbiome results in more effective suppression of EAE when 

excess dietary fiber is provided. They also highlight the importance of baseline 

microbiome composition in modulating the therapeutic response to prebiotic intervention. 

2.6 Discussion 

Prior research on the gut microbiome in MS has documented numerous disease-

associated microbiota. While informative, these studies have challenges in understanding 

causative drivers of disease and rely heavily on correlational observations, highlighting 

the need for longitudinal studies of gut microbiota prior to and after disease onset. In this 

study, to isolate effects on disease predisposition, we investigated the role of A. 

muciniphila in a model of MS by stably colonizing mice prior to disease onset. 

Leveraging complex and divergent A. muciniphila-free microbiomes, we demonstrated a 

highly context-dependent exacerbation of EAE by A. muciniphila colonization 

concomitant with a reduction in Clostridia and SCFAs. Our study emphasizes the 

importance of the broader gut microbiome ecological context in modulating functional 

associations between specific gut microbes and host phenotypes. 

Gut microbiota contribute to host immunity through a variety of mechanisms, 

including changes in barrier homeostasis [508], immunological conditioning [509], and 

by contributing host-relevant bacterial metabolites [458]. Here, we focused on two major 

signatures of the microbiome found in pwMS: 1) increased abundance of A. muciniphila 
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and 2) a reduction in SCFA-producing Clostridia [293, 342, 448-451]. In prior literature, 

probiotic supplementation of Clostridia prior to or during the course of EAE has reduced 

disease. Using a therapeutic approach, human gut-derived Clostridia strains were 

administered via daily gavage starting at the onset of disease disability, leading to lower 

EAE severity, reduced demyelination, and elevated serum butyrate [475]. Similarly, 

probiotic administration of Clostridia three weeks before EAE induction also ameliorated 

disease severity, reducing lymphocyte infiltration, demyelination in the spinal cord, as 

well as reducing Th17 responses and elevating regulatory T cell responses [476]. In 

contrast, both protective and pathogenic effects of A. muciniphila on EAE have been 

reported, with the discrepancy likely dependent on the experimental approach. Two 

studies from the Weiner group demonstrate alleviation of disease by continuous serial 

gavage with A. muciniphila during disease, with one study initiating treatment prior to 

disease induction and continuing for 2 weeks after disease induction and the other 

administering daily gavage treatment for 1 week starting 11 days after disease induction 

[370, 404]. In contrast, two other independent groups have found that stable colonization 

by A. muciniphila worsened EAE severity relative to mice lacking A. muciniphila. Mice 

colonized with a 13-member synthetic human gut microbiota exhibited increased EAE 

severity [309] and increased fecal lipocalin-2 [423] when also colonized by A. 

muciniphila. In contrast, in the same study, baseline endogenous A. muciniphila levels in 

a complex (SPF) gut microbiome was associated with reduced disease severity [309], 

echoing our own previous findings across a panel of genetically diverse strains of mice 

[215]. In another (pre-print) study, mice were treated with antibiotics prior to oral 

administration with cecal contents from A. muciniphila-free and A. muciniphila-colonized 
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SPF B6 mice, and A. muciniphila-colonized mice displayed aggravated EAE severity 

with elevated IL-17+ CD4+ T cells in the CNS [411]. Antibiotic treatment has also been 

shown to elevate commensal A. muciniphila abundance, altering gut microbiome 

community structure, and reducing EAE severity [476]. When comparing the 

experimental paradigms between these seemingly contrasting sets of studies, including 

our own findings, two key factors are likely to account for these divergent results: 1) 

mode of A. muciniphila administration (commensal colonization or probiotic 

administration) and 2) the ecological structure of the baseline gut microbiome. Studies 

reporting EAE suppression by A. muciniphila broadly used probiotic-like continuous 

administration throughout disease course. It is notable that in these studies endogenous A. 

muciniphila colonization was not assessed prior to treatment. Consistent with our results 

in Fig. 2.1, commercially available mice can carry high levels of this microbe and 

existing endogenous baseline colonization of A. muciniphila is known to inhibit 

subsequent experimental engraftment with specific strains of A. muciniphila [424, 510], 

this likely influencing effects on the host. In contrast, the studies reporting exacerbation 

of EAE by A. muciniphila, including our own, used stable colonization in an A. 

muciniphila-free baseline, without continuous treatment. We believe that each of these 

experimental paradigms models a different aspect of host-A. muciniphila interactions in 

MS. The stable colonization approach is more akin to modeling predisposition to MS due 

to natural colonization by A. muciniphila prior to disease onset, which is fully consistent 

with elevated levels and prevalence of A. muciniphila in pwMS compared with healthy 

controls [342, 448, 450]. In contrast, the continuous gavage approach models a probiotic-

like therapeutic intervention after disease onset. In this regard, it is fully consistent with 
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several studies in pwMS, including our own, which have found that elevated A. 

muciniphila levels are paradoxically linked to lower disease severity or progression [370, 

400]. Moreover, the gut microbiome context-dependent effects of A. muciniphila 

demonstrated here (Fig. 2.7b-c), and as supported by divergent outcomes comparing 

synthetic gut microbiome communities to naturally occurring complex gut microbiomes 

[511-514], underscore the ecological dynamics as critical in dictating the role of A. 

muciniphila in modulating CNS autoimmunity.  

Together, these findings suggest that while endogenous A. muciniphila 

colonization could promote MS predisposition in people at high risk for this disease, 

paradoxically, probiotic treatment with A. muciniphila could be used as an 

alternative/adjunct DMT in people diagnosed with MS. Related to the latter, our previous 

longitudinal study in pwMS demonstrated a negative association between A. muciniphila-

linked vitamin K metabolism and disease progression [400], suggesting that dietary 

vitamin K intake and levels of vitamin K-producing microbiota should be assessed as 

important covariates in future experimental and observational studies. Notably, our 

pathway analysis herein found numerous pathways related to vitamin K production 

increased with A. muciniphila colonization (Table 2.7), which could in fact have been 

protective in EAE in the context of vitamin K insufficiency. Moreover, our data highlight 

the importance of understanding the gut microbial framework within which A. 

muciniphila resides as influencing CNS autoimmune disease, suggesting that therapeutic 

approaches should consider the baseline gut microbiome as a key factor in treatment 

efficacy.  Altogether, our findings suggest that the effect of A. muciniphila on MS risk or 

progression could be modulated by complex inter-microbiota interactions, which are 
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dependent on the microbiome composition that differs across different individuals, 

cautioning against overinterpretation of changes in the abundance of individual microbes.  

Animal studies suggesting a detrimental effect of A. muciniphila have focused on 

an inflammatory gut mucosal context as a key distinctive factor, ascribing this to thinning 

of the mucus layer due to over-foraging by this mucolytic microbe [309, 392, 423, 459, 

463]. In contrast, in our study, we did not find elevated levels of gut inflammatory 

markers after A. muciniphila colonization, suggesting that this is not a major mechanism 

contributing to EAE exacerbation and echoing the observation that markers of gut 

permeability and inflammation are not consistently found in pwMS [293, 322, 414]. In 

contrast, an increase in Th17 cells in the CNS by A. muciniphila colonization was 

observed in our own study and Lin et al. [411], suggesting that this could be a major 

mechanism driving EAE exacerbation. Given the high abundance of Th17 cells in the gut 

and their ability to traffic from the gut to the CNS in EAE [515, 516], a plausible 

mechanism would be that A. muciniphila promotes generation of gut mucosal Th17 cells, 

followed by their trafficking to the periphery and priming by myelin antigens. This 

possibility, as well as the direct and indirect mechanisms by which A. muciniphila could 

induce Th17 cells, should be explored in future studies. It is interesting to note that A. 

muciniphila has been mostly associated with induction of Th1 responses [517], including 

in PBMCs from pwMS [371]. Given these findings, and our findings above (as well as 

those of others [411, 498]) that the proinflammatory effect of A. muciniphila is highly 

dependent on other members of the microbiota, we find it more likely that A. muciniphila 

drives Th17 responses indirectly, e.g. by depleting SCFA-producing microbes that could 

drive opposing regulatory responses. 
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Our study finds a context-specific reduction in predicted SCFA production and 

butyrate producing bacteria, as well as a decrease in total SCFAs, associated with 

increased EAE severity driven by A. muciniphila colonization. Compared with the 

somewhat controversial role of A. muciniphila in MS, there is a stronger consensus on the 

beneficial effects of SCFAs and butyrate-producing bacteria in MS [338-340]. 

Substantial evidence exists for the ability of bacterial-derived SCFAs to regulate T cell 

differentiation, suppressing autoimmunity and demyelination [330, 361, 467]. 

Specifically, butyrate has been shown to skew T cells away from Th17 responses and 

towards regulatory phenotypes [466, 518]. Although treatment with SCFAs, including 

butyrate, and butyrate-producing bacteria, has been shown to alleviate EAE in animal 

studies, SCFA and bacteria supplementation in human populations comes with unique 

challenges [519, 520]. Instead, supplementation with dietary fiber may be a more 

translatable and tractable approach for pwMS to boost SCFA levels and modulate gut 

microbiota [362, 459, 495]. Our own studies suggest that monitoring of the baseline gut 

microbiota composition could predict therapeutic responsiveness to such prebiotic 

interventions, and that A. muciniphila abundance could be considered a key covariate in 

this context.   

2.6.1 Limitations 

The exact mechanisms by which A. muciniphila depletes Clostridia and drives 

CNS autoimmunity in a context-dependent manner remain unclear. The intestinal mucus 

layer is a unique niche for gut bacteria, where A. muciniphila and Clostridia species both 

reside and interact intimately with each other, potentially in competition for resources 

like dietary and host polysaccharides and niche occupancy. Such competition could be 

heightened in microbiome contexts where these mucosal microbiota are more abundant, 
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such as our Clostridia-rich PWD microbiome, in which A. muciniphila colonizes at a 

higher abundance (Fig. 2F). Although we cannot definitively say that the higher 

abundance of A. muciniphila or depletion of Clostridia is required for EAE exacerbation, 

these phenotypes appear to be linked, at least across the three distinct microbiomes 

examined in our study. We also do not know why A. muciniphila colonizes the PWD 

microbiome at a higher level, but this is clearly associated with the baseline abundance of 

Clostridia, and hence potential metabolic crosstalk or even species-specific production of 

antimicrobial compounds. Nonetheless, research investigating A. muciniphila and cancer 

immunotherapy has suggested a bimodal effect of A. muciniphila abundance, where A. 

muciniphila-colonized individuals outperformed A. muciniphila-free counterparts, 

however A. muciniphila overabundance (exceeding 4.8%) was associated with reduced 

overall survival [506]. This parameter would describe our PWD+Akk microbiome as 

having an overabundance (Fig. 6c; 6.3%) of A. muciniphila that may contribute to disease 

worsening. However, this does not pinpoint how this overabundance contributes to the 

depletion of Clostridia, although it is interesting to note that other classes of gut bacteria 

are not depleted. To address this, future studies may be able to leverage a reduction in 

oxygen-sensitive Clostridia. In the PWDβ microbiome, this is likely an effect of the 

secondary cecal microbiota transplant model (Fig. 6a), contributing to the concurrent loss 

of EAE responsiveness of this microbiome to A. muciniphila colonization. Inter-

microbiota interactions remain a complex challenge for elucidating gut microbiota 

associations with disease, where the use of additional microbiota contexts may become 

valuable.  
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Multiple challenges remain in elucidating the relationship between gut microbiota 

and MS. The human gut microbiome includes substantial variability across individuals 

that is poorly captured in animal studies, although our use of divergent gut microbiomes 

representing two distinct ecological contexts emphasizes the importance in considering 

microbiota baseline composition in experimental designs. Similarly, changes in bacterial 

taxonomy and strain differences within bacterial species, especially across host 

organisms, limits the translatability and reproducibility of gut microbiome research. A. 

muciniphila, previously described as the only species of the Verrucomicrobiota phylum 

to colonize the human gut, now shares its genus with several other Akkermansia species, 

and research suggests that A. muciniphila strain variation also contributes differentially 

towards disease [370]. Additionally, the ability of dietary fiber to ameliorate EAE in our 

A. muciniphila-colonized microbiome models remains underexplored, although we would 

expect blunted amelioration due to the depletion of Clostridia seen in PWD+Akk 

microbiome mice. Because modulating dietary fiber is a highly translatable intervention, 

interactions between dietary fiber treatment and A. muciniphila should be further 

explored.  

2.6.2 Future directions and conclusions 

Given its high abundance and unique metabolic and physical niche in the human 

gut [521], A. muciniphila represents a keystone gut commensal with high potential as a 

biomarker or therapeutic in autoimmune and/or neurological diseases. However, for this 

potential to be realized, we must first understand the mechanisms underlying its effects 

on host physiology. Our study contributes to this body of knowledge by demonstrating 

that the effects of this microbe on the host are highly dependent on the broader ecological 

context of the gut microbiome. Specific features of this context, such as high baseline 
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abundance of Clostridia or other inter-microbe interactions, that define its susceptibility 

to microbiome perturbation by A. muciniphila, warrant additional functional exploration, 

e.g. using subtractive approaches with defined minimal microbiota. Unraveling such 

interactions may be key in addressing disparate effects of A. muciniphila in MS seen 

across microbiome studies and mechanisms for harnessing the gut microbiota to dampen 

disease pathology.   
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2.8 Figures 

Figure 2.1. Establishment of two divergent A. muciniphila-free microbiomes 

followed by stable colonization by A. muciniphila. GF B6 mice were first colonized 

with cecal stocks from B6 and PWD mouse donors, then colonized by A. muciniphila, 

and established as breeding pairs, followed by vertical transmission to offspring. (A) 

Relative abundances by phyla of microbiota from B6 and PWD mouse feces as assessed 

by 16S sequencing; each bar represents an individual mouse. (B) Relative abundances of 

microbiota from B6 and PWD mouse donor ceca and ex-GF B6 recipient feces, 4 weeks 

after colonization as assessed by 16S sequencing; each bar represents an individual 

mouse. (C) Beta diversity analysis by unweighted UniFrac of gut microbiome 

composition (assessed by 16S sequencing) of mice shown in B. (D) Schematic of 

experimental design for generating mice used for EAE experiments and microbiome 

analyses. (E) Abundance of A. muciniphila measured by species-specific qPCR in feces 4 

weeks after colonization of ex-GF B6 breeder mice with B6+Akk and PWD+Akk 

microbiota (n=6 per microbiome). (F) Relative abundance of A. muciniphila in feces of 

pups of ex-GF mice from E and pups of ex-GF B6 mice with (A. muciniphila-free) B6 

and PWD microbiota (n=5-14 per microbiome-timepoint). Relative abundances from 

B6+Akk and PWD+Akk microbiota mice were fit to a linear mixed-effects model and 

assessed by ANOVA, finding a significant effect of microbiome (p = 0.00013) and 

microbiome × age interaction (p = 0.0030), with Holm-Bonferroni-adjusted multiple 

comparisons showing significant differences by microbiome at each timepoint as 

indicated. 
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Figure 2.2. Establishment of two divergent A. muciniphila-free microbiomes 

followed by stable colonization by A. muciniphila.  

GF B6 mice were first colonized with cecal stocks from B6 and PWD mouse donors, 

then colonized by A. muciniphila, and established as breeding pairs, followed by vertical 

transmission to offspring. (A) Relative abundances by phyla of microbiota from B6 and 

PWD mouse feces as assessed by 16S sequencing; each bar represents an individual 

mouse. (B) Relative abundances of microbiota from B6 and PWD mouse donor ceca and 

ex-GF B6 recipient feces, 4 weeks after colonization as assessed by 16S sequencing; 

each bar represents an individual mouse. (C) Beta diversity analysis by unweighted 

UniFrac of gut microbiome composition (assessed by 16S sequencing) of mice shown in 

B. (D) Schematic of experimental design for generating mice used for EAE experiments 

and microbiome analyses. (E) Abundance of A. muciniphila measured by species-

specific qPCR in feces 4 weeks after colonization of ex-GF B6 breeder mice with 

B6+Akk and PWD+Akk microbiota (n=6 per microbiome). (F) Relative abundance of A. 

muciniphila in feces of pups of ex-GF mice from E and pups of ex-GF B6 mice with (A. 

muciniphila-free) B6 and PWD microbiota (n=5-14 per microbiome-timepoint). Relative 

abundances from B6+Akk and PWD+Akk microbiota mice were fit to a linear mixed-

effects model and assessed by ANOVA, finding a significant effect of microbiome (p = 

0.00013) and microbiome × age interaction (p = 0.0030), with Holm-Bonferroni-adjusted 

multiple comparisons showing significant differences by microbiome at each timepoint 

as indicated. 
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Figure 2.3. A. muciniphila-colonization worsens EAE severity and CNS 

inflammation in a microbiome-dependent manner.  

EAE severity was assessed in mice colonized by B6, B6+Akk, PWD, and PWD+Akk 

microbiomes, with PWD and PWD+Akk representing pooled data from two independent 

experiments and B6 and B6+ Akk representing one independent experiment. (A) EAE 

course in B6 and B6+Akk (n=8-11 per group) microbiome mice was analyzed by two-

way ANOVA, indicating no significant effect A. muciniphila colonization (p = 0.98) and 

no significant effect of time × A. muciniphila interaction (p = 0.93). (B) Cumulative 

disease scores of B6 and B6+Akk microbiome mice, analyzed by Student’s t-test. (C) 

EAE course in PWD and PWD+Akk (n=20 per group) microbiome mice was analyzed 

by two-way ANOVA, indicating a significant effect of A. muciniphila colonization (p = 

0.043) and a significant effect of time × A. muciniphila interaction (p = 0.0027). (D) 

Cumulative disease scores of PWD and PWD+Akk microbiome mice, analyzed by 

Student’s t-test. (E-H) Flow cytometric analysis of CNS-infiltrating lymphocytes in PWD 

and PWD+Akk microbiome mice 30 days after EAE induction (n=10-12 per group; 

pooled data from two independent experiments). (E) Gating scheme for 

immunophenotyping using concatenated samples. (F) Frequencies of the major cell 

populations as percent of the total CD45+ live population, analyzed using Student’s t-

tests. (G) Intracellular T cell cytokine production assessed as frequencies of parent 

populations, assessed by Student’s t-tests. (H) Ratio of IL-17+ to IFN+ cells among 

CD4+ T cells, assessed by Student’s t-test. (I) Fecal lipocalin-2 levels were measured by 

ELISA, log-transformed, and analyzed by ANOVA of the linear mixed-effects model, 
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finding only a significant effect of EAE stage (p = 0.0020) but not microbiome (p = 

0.93), with Holm-Bonferroni-adjusted pairwise comparisons (n=20 per group), as 

indicated. 



 

168 

 

Figure 2.4. A. muciniphila colonization differentially impacts the microbiota in mice 

colonized with B6 and PWD microbiomes.  

Pre-EAE microbiota from mice harboring B6 (n=4), B6+Akk (n=8), PWD (n=13), and 

PWD+Akk (n=13) microbiomes composition was analyzed by full-length 16S 

sequencing. (A) Relative abundances by class of all bacterial reads in B6, B6+Akk, 

PWD, and PWD+Akk microbiomes. (B) Alpha diversity (Shannon) was analyzed by 

one-way ANOVA (p = 0.020) and multiple comparisons-corrected Wilcoxon tests for B6 

vs. B6+Akk (p = 0.21) and PWD vs. PWD+Akk (p = 0.010) effects of A. muciniphila 

colonization. (C) Beta diversity (unweighted UniFrac distance) was analyzed by 

PermANOVA; p- and R2 values indicate effect of base microbiome × A. muciniphila 

colonization. (D-E) Differentially abundant microbiota by ASV (D) and bacterial class 

(E) between PWD and PWD+Akk microbiomes. (F) Differentially abundant ASVs 

between B6 and B6+Akk microbiomes. (G) Summary of differentially abundant ASVs in 

B6 and PWD microbiomes driven by A. muciniphila colonization. (H) Heatmap showing 
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log relative abundance of ASVs of the Clostridia class that are decreased in PWD 

microbiome by A. muciniphila colonization. Each column represents an individual 

sample. 
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Figure 2.5.  Clostridia networks differ across microbiomes and are uniquely 

susceptible to disruption by A. muciniphila colonization.  

(A-B) Semi-parametric rank-based approach for inference in graphical model (SPRING) 

networks of the B6±Akk microbiomes (A) and PWD±Akk microbiomes (B). 
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Figure 2.6. A. muciniphila colonization in the PWD microbiome reduces SCFA-

producing gut microbiota and their associated metabolites.  

(A) Differentially abundant SCFA-related pathways between PWD and PWD+Akk 

microbiota, as inferred using PiCRUSt2. (B-C) Total relative abundance of ASVs 

encoding butyrate-producing enzymes in the PWD and PWD+Akk microbiomes (B) and 

B6 and B6+Akk microbiomes (C), with significance of differences assessed by Wilcoxon 

test. (D-E) SCFA quantification from chronic-EAE (D28-32 EAE) timepoint feces of 

PWD and PWD+Akk microbiome mice (n=10 per microbiome) showing concentrations 

of acetate (D), combined isobutyrate and butyrate (E), and total SCFAs (F), analyzed by 

Student’s t test. 
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Figure 2.7. Mice harboring the PWDβ microbiome do not exhibit exacerbated EAE 

or a reduction in Clostridia upon colonization by A. muciniphila.  

EAE severity and microbiome composition were assessed in PWDβ and PWDβ+Akk 

microbiome mice. (A) Schematic of experimental design for generating PWDβ 

microbiome mice used for EAE experiments and microbiome analyses. (B) EAE course 

in PWDβ and PWDβ+Akk microbiome mice (n=9-13 per microbiome), analyzed by two-

way ANOVA indicating no significant effect of A. muciniphila colonization (p = 0.36) or 

time × A. muciniphila interaction (p = 0.67) (C) Cumulative disease scores of PWDβ and 

PWDβ+Akk microbiome mice, analyzed by Student’s t-test (p = 0.36). (D) Relative 
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abundance of bacterial classes across all 6 microbiomes (PWDβ n=8, PWDβ+Akk n=8, 

B6 n=4, B6+Akk n=8, PWD n=13, and PWD+Akk n=13). (E). Alpha diversity 

(Shannon) was analyzed by one-way ANOVA (p = 0.030) and multiple comparisons-

corrected Wilcoxon test. (F) Beta diversity (unweighted UniFrac distance) of PWD, 

PWD+Akk, PWDβ, and PWDβ+Akk microbiomes was analyzed by PermANOVA; p- 

and R2 values indicate effect of base microbiome × A. muciniphila colonization. (G) 

Differentially abundant ASVs between PWDβ and PWDβ+Akk microbiomes. (H) Total 

relative abundance of butyrate-producing ASVs in PWDβ and PWDβ+Akk microbiomes 

analyzed by Wilcoxon test. (I) Semi-parametric rank-based approach for inference in 

graphical model (SPRING) network of the PWDβ±Akk microbiomes. (J) Differentially 

abundant ASVs between PWD and PWDβ microbiomes. (K) Relative abundance of 

butyrate-producers in the PWD and PWDβ microbiomes, with significance of differences 

determined by Wilcoxon test. (L) Analysis of PiCRUSt2-inferred pathways related to 

SCFAs production, showing 4 differentially abundant pathways between the PWD and 

PWDβ microbiomes. 
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Figure 2.8. PWD microbiome-colonized mice exhibit enriched abundance of 

Clostridia and efficient suppression of EAE severity by supplementation of dietary 

fiber.  

(A) Top 20 differentially abundant ASVs of the Clostridia class between B6 and PWD 

microbiomes. (B) Pathway analysis related to SCFA production, showing differentially 

abundant pathways between B6 and PWD microbiota. (C) Total relative abundance of 

butyrate-producing bacteria in the B6 and PWD microbiomes, analyzed by Wilcoxon 

test. (D) EAE course of B6 microbiome mice on low- and high-fiber diets (n=16-20 per 

diet), analyzed by two-way ANOVA finding no significant difference by diet (p = 0.45) 

or by time × diet interaction (p = 0.97). (E) Cumulative disease scores of B6 microbiome 

mice on low- and high-fiber diets, analyzed by Student’s t-test (p= 0.45). (F) EAE course 

of PWD microbiome mice on low- and high-fiber diets (n=6 per diet) analyzed by two-

way ANOVA finding significant effects of diet (p = 0.0088) and time × diet interaction 

(p < 0.0001). (G) Cumulative disease cores of PWD microbiome mice on low- and high-

fiber diets, analyzed by Student’s t-test on (p = 0.0088). 

  



 

175 

2.9 Supplementary Figures 

 

Figure S2.1. A. muciniphila abundance does not correlate with EAE severity.  

SPF B6 Jax mice s received cryopreserved A. muciniphila culture, and a control group 

received vehicle, as indicated in Fig. 1A. (A-E) A. muciniphila abundance versus 

cumulative disease score at various fecal collection timepoints (n=2-8 per group), 

assessed by linear regression with p-value indicating significance of association and R2 

indicating goodness of fit. 
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Figure S2.2. Pilot experiments demonstrate A. muciniphila colonization of A. 

muciniphila-free mice following a series of 3 gavages.  

A. muciniphila colonization was assessed in fecal samples by species-specific qPCR. (A) 

Abundance of A. muciniphila in PWD microbiome-colonized mice after receiving a 

single oral gavage of A. muciniphila culture or vehicle control (n=7-8 per group). A. 

muciniphila was not detected by species specific qPCR. (B) Abundance of A. 

muciniphila in mice after an additional single oral gavage, a single enema, or a series of 3 

gavages of cryopreserved A. muciniphila culture (n=3-6 per group).  
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Figure S2.3. Fecal lipocalin-2 levels do not correlate with EAE severity.  

(A) Cumulative disease score and lipocalin-2 concentrations from feces collected during 

chronic EAE (D29-32 of EAE), analyzed by linear regression finding no significant 

association. 
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Figure S2.4. A. muciniphila colonization differentially impacts B6 and PWD 

microbiomes.  

Microbiota composition was assessed as in Fig. 4. (A) Relative abundance of bacterial 

reads across all samples; each bar represents an individual mouse. (B) Percent 

contribution to the Bray-Curtis dissimilarity of each individual ASV across B6, B6+Akk, 

PWD, and PWD+Akk microbiomes, shown as the top 10 ASVs by contribution to each 

B6 vs B6+Akk and PWD vs PWD+Akk comparison. (C-D) Differentially abundant 

microbiota at taxonomic level of family (C) and genus (D) between the PWD and 

PWD+Akk microbiomes. (E-G) Differentially abundant microbiota by class (E), family 

(F), and genus (G) between B6 and B6+Akk microbiomes. 
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Figure S2.5. Colonization by A. muciniphila in the PWDβ microbiome leads to 

minimal compositional changes.  

(A) A. muciniphila abundance was quantified by qPCR in the feces of pups of 

PWDβ+Akk colonized mice (n=7). (B-E) Composition of the indicated microbiomes was 

assessed by full length 16S sequencing. (B) Relative abundance of bacterial reads across 

all samples and all 6 microbiomes; each bar represents an individual mouse’s gut 

microbiome composition. (C-E) Differentially abundant bacteria at the level of 

taxonomic class (C), family (D), and genus (E) between the PWDβ and PWDβ+Akk 

microbiomes. 
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Figure S2.6. Differences between B6 and PWD microbiomes include many 

taxonomic ranks belonging to the Clostridia class.  

(A-C) Differentially abundant bacteria between B6 and PWD microbiomes at the 

taxonomic rank of class (A), family (B), and genus (C). 
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CHAPTER 3: DISCUSSION AND FUTURE DIRECTIONS 

3.1 Summary of Findings 

The gut microbiome is becoming increasingly relevant in MS as a potential 

contributor to disease protection and pathology, biomarker, and therapeutic target. The 

gut bacterium Akkermansia muciniphila is among the most consistently associated gut 

microbiota associated with MS and CNS autoimmunity, and efforts to understand its 

contribution to the disease have led to mixed findings. We initially sought to treat SPF 

mice by oral gavage of A. muciniphila to modulate their abundance of A. muciniphila and 

assess the effects of A. muciniphila treatment on EAE severity. After finding no 

significant effects on A. muciniphila abundance or disease severity resultant from 

probiotic-like treatment with A. muciniphila, we pivoted to investigating how A. 

muciniphila colonization may predispose or protect against subsequent CNS 

autoimmunity in mouse models of MS. 

Leveraging complex microbiomes from B6 and PWD donor mice, we generated 

genetically identical B6 mice harboring B6 or PWD microbiota, which we then colonized 

with A. muciniphila. EAE was induced in pups of ex-germ-free cecal transplant recipients 

in which the host immune system could develop in concert with the early-life gut 

microbiota and modulate subsequent CNS autoimmunity. Colonization by A. muciniphila 

in mice harboring PWD associated with an increase in EAE clinical scores and elevated 

frequency of IL-17+ CD4+ T cells and was linked to a reduction in gut Clostridia and 

fecal immunoregulatory SCFAs. Mice with B6 microbiota colonized by A. muciniphila 

did not have differences in disease severity or a reduction in Clostridia and SCFAs 

compared to their counterparts with B6 microbiota not colonized by A. muciniphila. 
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Although A. muciniphila has been implicated in dysregulation of the gut mucosal 

barrier, we observed no differences in intestinal inflammation associated with A. 

muciniphila colonized but did observe an elevation of fecal lipocalin-2 following EAE 

induction. Additionally, we generated mice harboring microbiota from a distinct cecum 

stock that originated from a PWD-microbiome recipient B6 mouse. In these mice, A. 

muciniphila colonization failed to contribute to exacerbated disease severity and also led 

to less remodeling of the gut microbiota, including no reductions in Clostridia or SCFA-

producers. Thus, A. muciniphila-mediated EAE exacerbation appears to be 

mechanistically linked to restructuring of the gut microbiome, specifically a depletion in 

Clostridial, rather than a breakdown of the gut mucosal barrier. Capitalizing on elevated 

abundance of Clostridia in PWD microbiome mice, bacteria known to metabolize fiber to 

produce SCFAs, we supplemented the diets of these mice with fiber, which significantly 

reduced disease severity in the Clostridia-rich PWD microbiome mice but in Clostridia-

poor B6 microbiome mice. 

Collectively, our research indicates that A. muciniphila may exacerbate CNS 

autoimmunity in a context-dependent manner and implicate SCFA-producing gut 

Clostridia as key modulators of CNS autoimmunity that may be susceptible to A. 

muciniphila-mediated. These results also suggest that A. muciniphila contributes to a 

growing body of literature demonstrating the ability of dietary fiber to modulate CNS 

autoimmunity. Furthermore, this work highlights colonization versus probiotic treatment 

approaches and the broader ecological context of the gut microbiome as key under-

addressed variables that lead to disparate findings regarding the associations between 

commensal microbiota and MS. 
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3.2 Contributions to the Field 

3.2.1 The Role of A. muciniphila in Multiple Sclerosis  

This study contributes to a growing body of literature on the complex role of A. 

muciniphila in MS [292, 293, 309, 370, 400, 402, 404, 405, 411, 452, 463, 522], where A. 

muciniphila is associated with a disease state, possibly antagonizing initial 

immunopathology but contributing to immunotolerance later in the disease course.  

One of the major strengths in this work is the colonization of experimental gut 

microbiomes in breeding pairs, enabling the murine immune system to develop from 

birth alongside the developing gut microbiome established via vertical transmission [523, 

524]. This approach avoids scenarios in which microbiota such as A. muciniphila may 

perturb the gut microbiome in the short-term, without contributing to long-term 

remodeling that may differentially impact CNS autoimmunity. As an example, ‘probiotic’ 

treatment with A. muciniphila may modulate the gut microbiome and increase the 

abundance of A. muciniphila, leading to mitigation of autoimmunity during critical 

treatment windows that are not representative of effects of A. muciniphila over the entire 

disease course. However, we found no increase in A. muciniphila following oral gavage 

treatment in SPF mice with endogenous A. muciniphila, albeit our treatment schedule was 

notably shorter and less frequent compared to other studies [370, 404, 405, 525]. 

Additionally, some studies fail to demonstrate a change in the abundance of A. 

muciniphila following gavage treatment [370, 404, 422], limiting what can be 

extrapolated about the role of exogenous A. muciniphila in modulating autoimmunity 

through the gut microbiome. Alternatively, exogenous A. muciniphila treatment may 

contribute to host immune responses even without colonization, such as by the absorption 
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of bacterial metabolites, such as vesicles or membrane proteins as described in section 

1.5.4. 

A. muciniphila may impart unique consequences to the host across health and 

disease stages because of its multifaceted effects on various organ systems. In MS, 

modulation of the immune system is considered the primary avenue by which gut 

microbiota contribute to pathology, however, A. muciniphila may also have direct effects 

on the CNS and influence the gut mucosa, driving indirect changes to the gut-immune 

axis. Direct interactions between the CNS and A. muciniphila may be mediated by the 

production of neurotransmitters (i.e., GABA and serotonin) [308, 526], nicotinamides 

[527], and polyamines [528, 529]. Work by Desai et al. has demonstrated the nonlinear 

deleterious effects of A. muciniphila colonization on mucosal homeostasis in relation to 

pathogen susceptibility and EAE severity [309, 459].  

An essential consideration in our results is that several different strains of A. 

muciniphila have been identified, and these strains may differentially influence EAE 

severity [530]. Our study utilizes mouse strain YL44, whereas other strains, including 

human strains, have been used in other studies [370, 510]. Previously, A. muciniphila was 

described as the only species within the phylum Verrucomicrobiota to inhabit the human 

GI tract [531], however, new species within Akkermansia have been recently identified 

from human samples [532, 533]. Strain-specific effects offer a simple explanation for 

differences seen in the literature, but this does not fully address the context-dependent 

role of A. muciniphila observed among our microbiome models. 

Additional comprehensive research is warranted to further elucidate various 

mechanisms by which A. muciniphila may modulate in CNS autoimmunity with special 
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attention given to methodological reproducibility. Research presented here provides a 

cautionary tale for the use of probiotic A. muciniphila. Although our work comes with 

limitations that hinder reproducibility (notably the difficult maintenance of specific 

microbiome models), head-to-head comparisons of A. muciniphila colonization and 

probiotic treatment of A. muciniphila using various complex microbiomes will help 

resolve disparate findings in the field. 

3.2.2 Modeling Different Gut Microbiome Communities 

The complex and variable microbiome composition of mice presents a major 

challenge for the reproducibility and validity of gut microbiome research. As 

demonstrated here, gut microbiome interventions interact intimately with the base 

microbiome, and this interaction can dictate the efficacy and outcomes of experimental 

treatments. As a simplistic example, we failed to colonize A. muciniphila following a 

single oral gavage while A. muciniphila colonization following a single 200 µL gavage at 

a similar CFU has been observed in mice with other gut microbiome backgrounds [391, 

498].  

Notably, genetic backgrounds can contribute to the baseline microbiome 

composition prior to experimental colonization [215], limit colonization of specific 

microbiomes [534], and influence microbiome-host interactions [535]. Although genetics 

are typically controlled for when comparing microbiome models, understanding how host 

genetics influence the gut microbiome is important when considering how to best model 

gut microbiome communities that are translatable and generalizable. The murine gut 

microbiome is also dissimilar across suppliers of research animals [536] and changes to 

the research facility in which animals are maintained can alter the gut microbiome [537]. 

Whereas mice used in this study were sourced from the University of North Carolina 
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Gnotobiotic Rodent Resource Center, work by Desai et al. utilizes B6 SPF mice from 

Charles River Laboratories [309, 459] and work by Weiner et al. sources mice from 

Jackson Laboratory [404], although these details are not always readily accessible in 

published literature [370].  

Non-bacterial microbes are rarely evaluated in research on gut commensal 

bacteria, leaving out effects and interactions from the gut virome and mycobiome [538, 

539]. Bacteriophages are natural predators of commensal bacteria with the potential to 

modify the composition of gut microbiomes [540]. Transfer of fecal virome samples in 

mice also restructures the gut microbiome [541]. Interestingly, fecal virome transfer has 

been shown to increase the abundance of endogenous A. muciniphila [541], underscoring 

how potentially undetected viruses could be major confounders in gut microbiome 

research.  

A tool to circumvent some of the inevitable differences in microbiome models is 

the colonization of ex-germ-free mice by defined consortia of microbiota. The Desai 

group has colonized germ-free mice with a 13-member synthetic human gut microbiome 

to study a variety of disease contexts, demonstrating exacerbation of disease phenotypes 

when A. muciniphila is synchronously introduced as the 14th member [309, 423, 542, 

543]. A. muciniphila-mediated exacerbation appears dependent on fiber-deprivation 

across these disease models, emphasizing diet as an additional important contextual 

factor in gut microbiome work. The altered Schadler’s flora (ASF), an 8-member 

reductionist microbiome, is another defined model with the advantage of having years of 

use in microbiome literature [544]. Colonization by A. muciniphila in ASF microbiome 

mice elicits unique T cell and immunoglobulin cell responses, demonstrating that 
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bidirectional effects of the microbiome composition and host response following A. 

muciniphila colonization [498]. Additional defined microbiome consortia include the 

Oligo-MM12 murine microbiome and the simplified human intestinal microbiota 

(SIHUMI) [544]. Each of these microbiome communities, defined and complex, 

represents contexts in which specific microbes can act, modulate existing microbiota, and 

interface uniquely with the host, leading to distinct host phenotypes. 

Host-microbiome interactions also change the gut mucosal environment. Some 

evidence for interactions between host mucosal production and A. muciniphila 

specifically comes from knockout (KO) mice lacking mucin genes. Interestingly, Muc2 

KO mice exhibited limited EAE severity compared to Muc2+/+ counterparts ,with 11 

differentially abundant genera between KO and WT mice [309]. Additional research in 

which mice were treated with antibiotics to facilitate over-colonization of A. muciniphila 

also demonstrates dysregulation at the mucus layer by A. muciniphila [419]. This work 

combined work provides evidence that the integrity of the mucosal barrier and the 

mucosal molecular structure acts as an important intersection between A. muciniphila and 

CNS autoimmunity. Notably, we did not examine the mucosal barrier in detail across our 

models, and differences in mucosal homeostasis between mice with B6 and PWD 

microbiota may facilitate the context-dependent effects of A. muciniphila on EAE. 

3.2.3 SCFA-producing Bacteria and Fiber as Modulators of CNS Autoimmunity 

Although not the primary focus of this study, we identified SCFA-producing 

bacteria and dietary fiber as potential modulators of disease severity in EAE, adding to 

existing literature supporting the benefits of immunoregulation by SCFA and fiber [366]. 

We did not analyze fecal DNA to study changes in the gut microbiome following fiber 

supplementation but would expect an expansion in SCFA-producing bacteria that degrade 



 

188 

dietary fiber [366], as has been shown in other literature. Considering the disagreement in 

the literature regarding the effects of A. muciniphila, interventions focused on increasing 

the abundance of SCFA-producing bacteria and on dietary fiber may be a more promising 

and translatable approach in ameliorating CNS autoimmunity. Interestingly, several 

experimental approaches using dietary fiber report blooms in both SCFA-producing taxa 

and A. muciniphila, sometimes accompanying increases in measured SCFAs [545-547]. 

Considering the type and solubility of dietary fiber differentially impact intestinal 

microbiota, future studies may find utility in identifying fiber sources best suited for a 

given microbiome composition [548]. Our diets included both inulin and pectin as 

soluble fibers that are readily found in mammalian plant-based diets [549]. Reduced EAE 

severity via metabolism of dietary fiber by gut microbiota is corroborated by other 

literature using a wide range of fiber types in EAE mice [550] and literature employing 

direct supplementation by SCFA-producing Clostridia [475]. Overall, the interplay of gut 

microbiota, SCFAs, and dietary fiber represent a potentially safe and reliable avenue in 

modulating CNS autoimmunity. 

3.3 Limitations of the Study 

3.3.1 Modeling the Human Gut Microbiome in Research 

Differences between the murine and human gut microbiota and GI present major 

challenges in using animal models to study the influence of gut microbiome on human 

health. Although mice have a unique food-storing forestomach, many differences 

between the mouse and human Gi systems can be found at the tissue level [551]. Relative 

to the human GI, mice have taller villi but lack mucosal folds in the intestine, and mice 

also lack clearly divided colon sections [551, 552]. Although human and murine gut flora 

share 85-90% of their genera, the abundance of bacterial taxa is considerably unique to 



 

189 

each organism. Notably, the taxonomic distribution of Firmicutes and specifically SCFA-

producers is different, where the human microbiome is made up of relatively higher 

levels of Prevotella, and Ruminococcus and lower levels of Lactobacillus [551, 552]. 

Furthermore, the presence of less abundant taxa found in only one of the two 

microbiomes play a large role in the overall functional metabolic impact of the 

microbiota [232, 552, 553]. 

The digestion of dietary fiber is a major component that drives differences 

between mouse and human gastrointestinal systems and gut microbiomes, which is 

especially notable being that dietary fiber is highly relevant in the intersection of gut 

microbiota and human health [554]. Fiber constitutes a greater proportion of the diet of 

lab mice compared to that of humans [554-557]. Notably, there is considerable variability 

in both the type of soluble fiber across grain-based rodent chows and the amount of fiber, 

which can also vary batch-to-batch [555, 558]. Because mice have larger ceca relative to 

humans [559], where bacterial fermentation of dietary fiber occurs [557, 560, 561], 

comparing the effects of dietary fiber on the gut microbiota and in turn host physiology 

faces numerous challenges. 

Additionally, the controlled environments in which animal studies are conducted, 

while useful in limiting the influence of confounding variables, eliminates variation seen 

in the human microbiome and can contribute to their own paradoxical confounding 

factors. Microbiome studies using animal models often employ a variety of techniques to 

limit experimental variability. Irradiated or autoclaved diets and water [555, 562] aseptic 

technique that often involves disinfectant sprays [563], restricting animal handling to 

isolators [564, 565], and housing temperatures [566] can all influence the gut microbiota 
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and subsequently modulate disease [567], underscoring differences in research practices 

as relevant confounding variables. While these efforts aim to limit these confounding 

effects, they also limit variability in natural and human environments. In contrast, 

introducing ‘natural’ microbiota from wild and pet-store settings to laboratory mice via 

co-housing reshapes both the gut microbiome and immune profiles of lab mice, 

improving disease resistance and recapitulating traits of human immune systems [568-

570].  

In addition to differences in the gut microbiome related to external environmental 

factors, there is substantial evidence for within-subject variation of the human gut 

microbiome that should be considered in experiments using animal models. 

Understandably, the human diet is far more complex and inconsistent compared to the 

diets of lab mice, and these short-term changes in diet rapidly reshapes the landscape of 

gut microbiota in humans [571]. Nonetheless, diet-driven changes to the gut microbiome 

are not uniform across subjects, demonstrating that the gut microbiome remains highly 

personalized even with changes to diet [572] and highlighting the need to sample 

individual subjects prior to dietary interventions to best capture microbiota changes 

specific to diet. Additional work showing circadian re-organization of the gut microbiota 

with applicability to host immunity emphasizes the need to carefully consider temporal 

factors in repeat sampling of the gut microbiome. Although these considerations come 

with economic and workload costs, reducing confounding variation and embracing 

natural variation improve the generalizability and reproducibility of murine microbiome 

research [573, 574]. 
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3.3.2 Microbiome Sequencing and Analysis Techniques 

Microbiome research requires the analysis of outputs from sequencing technology 

utilizing reference libraries and complex computation tools. Each step along this process 

can lead to differences in results and findings, emphasizing the importance of 

understanding the technology and analytical packages and utilizing tools that are best 

suited for a given dataset and hypothesis. Additionally, sample collection, handling, and 

timing can greatly impact the presence and detection of various microbes, potentially 

confounding results if not properly addressed [575]. These factors require researchers to 

carefully consider the assumptions made when conducting microbiome research.  

This study utilizes full-length sequencing of the 16S rRNA gene from fecal 

samples collected to assess differences in microbiome composition across mouse cohorts. 

Many studies, including our own, evaluating the gut microbiome rely on analysis of the 

fecal microbiome as a proxy for the gut microbiome, despite substantial evidence 

demonstrating variation of gut microbe communities across the gastrointestinal tract 

differ than those found in feces [259, 576, 577]. Additionally, our samples were collected 

from a single timepoint for each animal, and we did not address or control for effects of 

cage, breeding pair, or season, which can all contribute to differences in the microbiome 

[575, 578]. In fact, cage effects can be seen in Fig. 2F, in which a cage of four 

PWD+Akk microbiome mice have notably lower levels of A. muciniphila, although these 

results were not necessarily seen by 16S sequencing (likely related to sample collection 

timepoint). Despite this, we made diligent efforts to maintain consistent and limited 

animal handling practices, replacement and sourcing of food and water, and randomize 

mice across breeding pairs. Indeed, accounting for confounding variables in microbiome 
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studies is a major challenge and can strain power calculations and sample sizes needed 

for effects that may already be limited [579, 580]. 

Shotgun metagenomic microbiome profiling offers strain-level resolution of the 

gut microbiota, a major advantage over PCR-based 16S sequencing. Metagenomic 

sampling is more expensive and computationally demanding but outperforms 16S 

sequencing in analyzing samples with low biomass and capturing bacteria that may be 

low in abundance [581]. While we performed functional pathway analysis in this study, 

this analysis only offers inferred functional outputs using reference genomes for each 

ASV, whereas metagenomic sequencing overcomes these inferences by using the 

sequenced genome content itself [582]. Furthermore, the strain-level specificity of 

metagenomic sequencing may be crucial in addressing discordant findings on the effects 

of a single species, such as A. muciniphila, across various studies. 

Various computational tools are used for sequence analysis. Here, we use DESeq2 

to identify read-count-normalized differentially abundant taxa. While DESeq2 handles 

overdispersion in microbiome datasets by using negative binomial distributions, it may be 

more liberal in finding significant ASVs and may have a higher false discovery rate 

especially when ASV filtering is suboptimal, particularly for taxa with minimal or zero 

read counts, and for groups with higher sample sizes [583-585]. Instead, the field 

encourages the use of more modern and conservative approaches specifically designed 

for microbiome sequencing data, ALDEx2 and ANCOM [585]. 

A major limitation of all microbiota analyses is that microbiome data are 

compositional rather than absolute, meaning that read counts in microbiome datasets only 

represent a part of a whole and are not independent [586]. Differential (relative) 
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abundance analysis can be limited by the compositional nature of microbiome datasets, 

where the biological decline of an abundant taxon may contribute to a false non-

biological increase in other taxa. Interestingly, the limitations of compositional analysis 

tools for non-compositional data are hotly debated, with some noting that compositional 

tools do not always outperform non-compositional tools [587, 588]. Overall, research on 

the gut microbiome needs to remain nimble and attentive to the changing landscape of 

microbiome sequencing tools and analysis methods to ensure best practices are being 

used in achieving results that are biologically significance and relevant. 

3.5 Future Directions 

3.4.1 Host IgA Responses to Gut Microbiota 

At human mucosal surfaces, immunoglobulin A (IgA) is the most abundant 

immunoglobulin type [589]. At these epithelial interfaces, IgA is classically considered a 

defense mechanism to prevent colonization of pathogens where secreted IgA binds 

bacteria to facilitate neutralization by other immune cells and limit pathogen adherence 

required for infection [590, 591]. However, IgA also binds commensal bacteria, where it 

may act to maintain commensals external to the inner mucus and epithelia layers of the 

intestine [591], although IgA binding of commensal bacteria is also postulated to improve 

retention of commensal bacteria within the mucus layer rather than promote their 

clearance [592].  

Interestingly, some bacteria dismantle and degrade bound IgA, which in turn 

changes the gut microbiome composition and may increase susceptibility to mucosal 

pathogens [593]. And improper IgA coating of gut bacteria, whether by IgA-metabolizing 

microbes or aberrant host responses, is implicated in IBD pathology, where 

oversaturation of IgA coating may trigger excessive immune responses to commensals 
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[594]. IgA responses to gut microbiota are also relevant in MS. Impaired IgA responses 

are associated with periods of relapse in MS, when IgA+ plasma cell populations may be 

significantly reduced [595]. Furthermore, plasmablast depletion in mice exacerbated 

EAE, indicating that IgA responses in the gut play an important role in modulating CNS 

inflammation. A. muciniphila is among bacteria that may be highly coated with IgA 

[596]. Interestingly, B cell therapy in pwMS may bring IgA coating of gut bacteria more 

akin to that seen in healthy controls, and IgA coating of A. muciniphila, specifically, is 

modulated by B cell therapy [522]. 

Considering relationships among A. muciniphila, CNS autoimmunity, and IgA, 

we wondered if host IgA responses in the gut were different among our mice harboring 

our 2 distinct base microbiomes or by colonization by A. muciniphila. We assessed total 

fecal IgA concentrations in samples from mice collected prior to and during chronic 

stages of EAE (Fig. 3.1). These data represent data pooled from two experiments as 

shown in Fig. 2.3. In pre-EAE samples, a decrease in fecal IgA was observed in the PWD 

microbiome mice compared to the B6 microbiome mice, with no effects of A. 

muciniphila colonization (Fig. 3.1a). This pattern was not maintained in fecal samples 

collected at the chronic stages of EAE (Fig. 3.1b), which may in part be explained by a 

robust increase in fecal IgA from EAE induction (Fig. 3.1c). An increase in IgA observed 

at the chronic EAE stage does not necessarily corroborate other findings in the literature 

on pwMS but may be representative of the immune response within EAE as a whole 

rather than reflective of any stage along the disease course. Additionally, IgA 

concentrations may correlate with disease severity, although this did not reach 

significance (Fig. 3.1d). It remains unclear if immunological drivers contribute to 
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combined increased EAE severity and reduced IgA responses or if this potential link 

suggested that impaired IgA responses facilitate exacerbated CNS autoimmunity.  

We did not find associations between A. muciniphila and total IgA, although this 

work may be underpowered given the variability in total IgA concentrations across mice. 

Additional research focusing on IgA-bound fractions of A. muciniphila, akin to work 

completed by Gupta et al. [522], or measurement of A. muciniphila-specific IgA may be 

necessary to uncover effects by which colonization by A. muciniphila reshapes the gut 

microbiome and host IgA responses in the context of CNS autoimmunity. Differential 

IgA concentrations by base microbiome suggest that the B6 host may be less responsive 

to PWD microbiota, and microbiota-host mismatch has been previously suggested in 

these models [215]. It is also possible that this increase in IgA corresponds to the lack of 

A. muciniphila-mediated EAE exacerbation and/or reduced colonization abundance by A. 

muciniphila. In this instance, amplified IgA responses to the microbiota may limit A. 

muciniphila’s ability to over-colonize the B6 microbiome and remodel the gut 

microbiome as seen in the PWD context. 

 Using their synthetic human microbiota models in mice, Steimle et al. [309] 

proposes that IgA coating may reflect responses against neuroinflammation-promoting 

microbiota, and that pre-EAE IgA responses to specific bacteria can predict disease 

severity. Interestingly, they do not find that IgA coating of A. muciniphila correlated with 

disease severity. Nonetheless, responses to specific bacteria are undoubtably facilitated 

by the genetics of the host organism, host diet, and overall microbiome composition. 

Better understanding gut microbiome-related predictors of disease is valuable not only in 
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biomarker design but also in building mechanistic links between gut microbiota and 

immunity. 

3.4.2 Mechanisms of Microbiota-Microbiota Interactions 

Mechanisms by which A. muciniphila colonization may drive out Clostridia 

remain unaddressed. It is possible that overabundance of A. muciniphila may outcompete 

other microbiota that inhabit the mucin layer or directly inhibit their growth. Many 

Clostridia, including genera Ruminococcus, Clostridium, and Lachnobacterium, and 

Lachnospiraceae, colonize the mucin layer, like A. muciniphila [597, 598], and this niche 

may serve as a reservoir for stable colonization following environmental challenge or 

disruption [521]. Disruption of the intestinal mucus, such as by colonization of A. 

muciniphila, may break down this protective reservoir, effectively flushing out previously 

abundant mucosal bacteria. Bacterial antagonism by A. muciniphila has been 

demonstrated against Ruminococcus via the release of potentially antibacterial 

metabolites [599]. However, uncovering these interactions often requires modeling the 

gut microbiota at a smaller scale, such as with the use of in vitro culture systems.   

Thus, we turned toward experimental co-culture of bacteria from the ASF model 

ASF to investigate mechanisms governing microbiota-microbiota interactions in a 

defined community [600]. The ASF include a Clostridium species (ASF356) that 

produces SCFAs and Parabacteroides goldsteinii (ASF519), which is the dominant 

organism within the ASF microbiome by abundance. Using a co-culture system 

previously established in the lab that can experimentally demonstrate bacterial 

interactions, we cultured ASF356, ASF519, and A. muciniphila to test the ability of A. 

muciniphila to modulate the growth of ASF356. Considering results from our in vivo 
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modeling, we expected that the growth of ASF356 may be hindered when grown with A. 

muciniphila, but not ASF519, which served as a ‘control’ co-culture condition.  

Surprisingly, preliminary results from these co-culture experiments demonstrated 

the opposite – A. muciniphila appeared to support the growth (or rather, limit the decline) 

of ASF356, as both 24hr co-culture with ASF356+A. muciniphila (Akk) and 

ASF356+Akk+ASF519 (All 3) resulted in greater relative abundance of ASF356 DNA as 

analyzed by qPCR compared to that from ASF356 monoculture (Fig. 3.2a). No 

differences in the growth of A. muciniphila were observed across mono- and co-cultures, 

and ASF519 growth appeared most robust in the mono-culture condition, with 

unexpected significant impairment of growth when co-cultured with A. muciniphila or A. 

muciniphila + ASF356 (Fig 3.2b-c). Relative abundance, measured by comparing 24hr 

co-culture to mono-culture, was suggestive of improved growth of ASF356 when with A. 

muciniphila and ASF519, although growth with A. muciniphila alone was not as robust 

when analyzed this way (Fig. 3.2d). These data are representative of two experiments 

with slightly different design, and co-culture of these microbiota require further 

optimization to draw more conclusions.  

Additionally, metabolites in the cell-free supernatant samples from these cultures 

were not analyzed, and metabolomic analysis could suggest differences in metabolic 

output across mono- and co-cultures with relevance to host immune signaling, which has 

been supported in the literature [601]. Moreover, ASF356 bacteria may not recapitulate 

interactions between A. muciniphila and Clostridia in the PWD microbiome, where 

different Clostridia species are represented. Although contrary to results shown in 

Chapter 2, the co-culture results shown here are consistent with other literature utilizing 
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in vivo bacterial culture. Shuoker et al. showed evidence of cross-feeding by A. 

muciniphila that was supportive of Clostridia growth, leading to an increase on butyrate 

production, and that blocking A. muciniphila’s ability to degrade mucin shunts this 

interaction [482]. Nonetheless, additional in vitro and in vivo work is needed to dissect 

factors that may contribute to A. muciniphila’s interactions with other commensal 

bacteria across a variety of bacterial conditions. 

3.4.3 Moving from Correlation to Causation in Gut Microbiome Research 

Evidence for the role of the gut microbiome in MS and other human disease states 

heavily relies on observational correlative studies in which microbiome composition is 

paired with patient characteristics. A major limitation of these studies is that they cannot 

address how disease states, or accompanying drivers of disease, may influence the gut 

microbiome, leading to potential inflated or false associations between microbiota and 

health.  

Animal research, in which the microbiota is experimentally manipulated, plays a 

major role in addressing this problem. Remarkably, gut microbiome changes have been 

demonstrated after induction of EAE, including reductions of Lactobacillus and 

expansions of SCFA-producing families, Clostridiaceae, Ruminococcaceae, 

Lachnospiraceae, and Peptostreptococcaceae [474]. Longitudinal sampling of the gut 

microbiome, especially before and following treatment strategies centered on gut 

microbiome modulation, are warranted in demonstrating lasting effects of treatment that 

are independent of disease-mediated effects on the gut microbiome. While we analyzed 

fecal samples from various timepoints prior to EAE to demonstrate stable colonization by 

A. muciniphila, additional research could analyze collected fecal samples throughout the 

EAE course and prior to experimental endpoints using complementary 16S sequencing. 
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Although samples are limited, analyzing feces across the EAE course could identify 

changes in the abundance of A. muciniphila or SCFA-producers that could uncouple 

effects whereby pre-EAE A. muciniphila (or other microbiota) predispose the host to 

exacerbated EAE versus protective effects of A. muciniphila during disease, as 

demonstrated in other literature [370, 400, 404]. 

Additional statistical approaches utilizing Mendelian randomization support a 

causative role of gut microbiota in MS and human health [301, 602, 603]. Sun et al. [301] 

identified 31 genetic loci associated with over 200 gut microbiota phenotypes, which 

were used in their study that incorporated the MiBioGen study [604] and GWAS data 

from pwMS. Although this approach was limited by genome-gut microbiota associations, 

they demonstrate causal linkages between the gut microbiota and MS. The compilation of 

additional GWAS and microbiome datasets will bolster research efforts like these, and 

may allow for researchers to better identify causal markers related to MS subtypes and 

progression. 

Although advancing causal effects in microbiome research faces many challenges, 

it is of major interest in the field and is being recognized as a necessary step by 

microbiome-focused journals [581]. Other approaches to interrogate causation and 

mechanism include identifying species and strain-level functional outputs through multi-

omics analyses, experimental modulation of microbiota-produced small molecules, and 

the annotation of immunomodulatory effects by the gut microbiome [605]. Additional 

practical recommendations, including using appropriate sample sizes, embracing 

variation among microbiome models, and maintaining careful animal handling techniques 

are especially important in microbiome research, where small confounding variables can 
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have major effects [606]. Although large-scale longitudinal human gut microbiome 

studies will ultimately be necessary to understand causative effects by the microbiome, 

experimental studies will be needed to supplement these findings and demonstrate the 

ability of microbiota modulation to improve human health. 

3.6 Conclusion 

Research on the gut microbiome helps inform patients and healthcare providers of 

modifiable factors that contributes to human health and disease. Understanding the 

precise contributions of the gut microbiota and intricacies of host-bacterial interactions in 

the gut allow for the development of biomarkers, therapeutics, and approachable dietary 

changes that can improve human health. This is especially pertinent in human diseases 

with no known cure or cause in which the gut microbiome is thought to play a role, such 

as MS. 

Research presented here brings caution to the use of A. muciniphila as a 

therapeutic probiotic for MS and instead illustrates how commensal bacteria cannot be 

reduced to classifications as beneficial versus deleterious or anti-inflammatory versus 

pro-inflammatory. Research efforts to elucidate relationships between human disease and 

microbiota should be dedicated to interrogating the mechanisms of interactions among 

different gut microbiota and the host immune system. Broadly, this dissertation 

demonstrates the importance of carefully modeling gut microbiota to produce replicable 

phenotypes and to address natural variability in human gut microbiomes.  
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3.8 Figures 

 

Figure 3.1. Fecal IgA may be elevated in B6 microbiome mice and is increased in 

EAE. Fecal IgA concentrations were measured by ELISA using samples collected prior 

to EAE and during chronic EAE (d28-32). Fecal slurries were prepared as described in 

section 2.4.4 and utilized for sandwich IgA ELISA kit from Thermo Fisher Scientific per 

the manufacturer’s instructions. (A-B) Pre-EAE IgA concentrations were analyzed by 

two-way ANOVA of the linear mixed-effects model for effects of base microbiome (p = 

0.028), colonization by A. muciniphila (p = 0.64), and interaction term (p = 0.72), finding 

a near significant difference after Holm-Bonferroni-adjusted pairwise comparisons 

between B6 and PWD base microbiomes (p = 0.060). Post-EAE IgA concentrations were 

analyzed identically, with no significant effects of base microbiome (p = 0.72), 

colonization by A. muciniphila (p = 0.77), or interaction term (p = 0.52). (C) Paired 

samples, ignorant of microbiome or A. muciniphila status, demonstrated a significant 

increase in fecal IgA between pre and chronic EAE timepoints by Student’s t-test (p = 

0.027). (D) Correlation between chronic EAE IgA concentration and cumulative disease 

score analyzed by linear regression.  
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Figure 3.2. Co-culture of ASF356 Clostridium spp. and A. muciniphila does not 

impair growth of ASF356. 

ASF356, a Clostridium species, ASF519, a Parabacteroides species, and A. muciniphila 

were grown anaerobically in BHI media as described in section 2.4.8 without mucin. 

Each species was grown as 3 independent monocultures prior to the experiment. At the 

initiation of the experiment, cultures were gently mixed and normalized by optical 

density (600nm) using BHI with 0.5X mucin. For experiment 1, cultures were normalized 

to 0.01; for experiment 2, ASF519 was normalized to 0.01, while ASF356 and A. 

muciniphila were normalized to 0.03. Experimental cultures were prepared in triplicates 

for each timepoint at 5mL. Both experiments’ results were pooled for the purposes of 

preliminary data analysis involving ANOVA of linear mixed models. After 24 hours, 

cultures were spun down, cell pellets were frozen prior to extraction on DNA, which was 

analyzed by qPCR using species-specific primer sets for each bacterium. (A-C) 

Abundance of DNA in 24hr cultures relative to 0hr cultures of each bacterium across 

mono-culture and co-culture combinations. Values <1 indicate reductions in detected 

relative abundance. (D-F) Abundance of DNA in 24hr from co-cultures relative to 

monoculture (A-F) Overall p-values are illustrated on each graph, or, if significant, 

Holm-Bonferroni-corrected multiple comparisons (comparing every culture condition) 

are shown.  
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