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Nutritional and ecological perspectives of the
interrelationships between diet and the gut microbiome
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SUMMARY

Studies in experimental autoimmune encephalomyelitis (EAE), the animal model
of multiple sclerosis, have shown potential links between diet components, mi-
crobiome composition, and modulation of immune responses. In this review,
we reanalyze and discuss findings in an outbred marmoset EAE model in which
a yogurt-based dietary supplement decreased disease frequency and severity.
We show that although diet has detectable effects on the fecal microbiome,
microbiome changes are more strongly associated with the EAE development.
Using an ecological framework, we further show that the dominant factors influ-
encing the gut microbiota were marmoset sibling pair and experimental time
point. These findings emphasize challenges in assigning cause-and-effect relation-
ships in studies of diet-microbiome-host interactions and differentiating the diet
effects from other environmental, stochastic, and host-related factors. We advo-
cate for animal experiments to be designed to allow causal inferences of the mi-
crobiota’s role in pathology while considering the complex ecological processes
that shape microbial communities.

INTRODUCTION

Adequate nutrition is an important factor for the normal development of the immune system, as well as for
its correct function throughout life. Several nutrients, such as retinol, tocopherol, dietary fiber, and essential
fatty acids, are capable of modulating the intensity of inflammatory processes (Uauy, 2007). In addition,
carefully orchestrated nutrient delivery is required for the assembly and maintenance of the myelin sheath.
Autoimmune and neurodegenerative diseases, such as multiple sclerosis (MS) and its animal model exper-
imental autoimmune encephalomyelitis (EAE), can develop when the myelin sheath and axons are
damaged by autoimmune inflammation (Dobbing, 1964). Long-chain polyunsaturated fatty acids, zinc,
iron, choline, cholesterol, phospholipids, and sphingomyelin from diet sources have all been shown to
play important roles in myelin production and repair, either as energy sources or as key components of
the myelin sheath (Oshida et al., 2003; Saher et al., 2005; van Rensburg et al., 2006; Vallet et al., 2014; Skri-
puletz et al., 2015; Hadley et al., 2016; Berghoff et al., 2017).

Some effects of diet on MS development might be mediated via the gut microbiome, which has been
implicated in the etiology of both MS (Chen et al., 2016; Jangi et al,, 2016) and EAE (Berer et al,,
2011; Chen et al., 2019a, 2019b; Stanisavljevi¢ et al., 2018). Diet is one of the main factors that determines
the composition and metabolism of the gut microbiota, which benefits the host by defending against
pathogens and modulating the immune system (Fan and Zhang, 2019; Hirschberg et al., 2019; Zapatera
et al.,, 2015). Because diet impacts both host immune-metabolic functions and the gut microbiota and
these three factors interact dynamically to impact intestinal innate and adaptive immune mechanisms,
all three components of this triad (diet, the gut microbiome, and the immune system) and the interac-
tions among them must be accounted for when evaluating patient outcomes in clinical interventions tar-
geting autoimmune and inflammatory processes. The cause-and-effect relationships connecting diet to
disease and whether the underlying mechanisms are microbiome-dependent or microbiome-indepen-
dent are difficult to unravel in humans, thus providing strong rationale to conduct diet studies in
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studies further have the advantage that environmental factors, which have been shown to be the stron-
gest determinant of gut microbiome composition in humans (Rothschild et al., 2018), can be more strictly
controlled. However, the success of animal studies still depends on careful monitoring of ecological
cues, such as cage and sibling effects, that can uniquely affect the course of disease in animal models.

It was recently discovered that a daily dietary supplement prepared from whole-milk yogurt decreased the
incidence of MS-like disease (EAE) from 100% to 65% in a marmoset model of MS (Kap et al., 2018). This
discovery was made by chance when, in 2014, the Biomedical Primate Research Centre (Rijswijk, The
Netherlands) introduced a yogurt-based dietary supplement (YBS) to replace the previous water-based di-
etary supplement (WBS) in the diet of their pedigreed marmoset colony. This switch was made in an effort
to reduce the risk of wasting marmoset syndrome, a protein-calorie deficiency that is clinically character-
ized by weight loss, chronic diarrhea, muscle atrophy, and anemia (Barnard et al., 1988), and has been
described in several New World monkey species, including common marmosets (Callithrix jacchus) and
cotton-top tamarins (Saguinus oedipus). It was unclear if or how the change to the YBS diet caused the inci-
dence of EAE to decline in marmosets selected from the colony.

To address whether the change in dietary supplement caused the decreased incidence of EAE and whether
these benefits were linked to gut microbiota composition, Kap et al. (2018) performed a controlled inter-
vention in eight adult outbred marmoset dizygotic twin pairs. One member of each twin pair was reverted
to the original WBS for eight weeks, while the other members were maintained on the YBS, which all ani-
mals had been receiving prior to selection into the experiment. Although the study was preliminary and
small (with only 16 animals), the findings suggested that the YBS was associated with reduced disease inci-
dence (six out of eight YBS-fed monkeys versus eight out of eight WBS-fed monkeys) and significantly
reduced spinal cord demyelination (Kap et al., 2018). This work also assessed, for the first time, the gut mi-
crobiome of healthy marmosets in captivity and how diet and/or disease induction affected the natural
marmoset microbiome composition.

Here, we begin by reviewing the evidence for a role of the gut microbiota in MS and EAE. We then provide
the results from a re-analysis of the 16S rRNA sequencing data collected by Kap et al. (2018), which we per-
formed in order to (1) re-evaluate the natural microbiome composition in healthy marmosets and (2) more
thoroughly explore how diet and pathology influenced the diversity and composition of the marmoset gut
microbiome in their experiment. Guided by our results and by other studies on the role of nutrition in neu-
rogenerative diseases, we hypothesize how specific components of the YBS diet may have contributed to
the decreased incidence of disease and spinal cord pathology in the marmosets via both “microbiome-
dependent” and “"microbiome-independent” effects. We then use the Kap et al. (2018) data as an example
to discuss how experimental and statistical limitations, such as cage housing and genetic relatedness
among study subjects, can make it challenging to accurately determine causal or correlational relationships
among diet, the gut microbiome, and MS. We conclude by reviewing the lessons learned about human MS
from animal models and providing concrete recommendations for future studies to disentangle the com-
plexities of diet-microbiome-pathology interactions in human MS.

EVIDENCE FOR A DIET-MICROBIOME-DISEASE AXIS IN MS/EAE

Mammals have evolved a mutualistic relationship with microbial communities in which gut microbes
enhance their host's mucosal and systemic immune responses, protect against pathogen colonization,
and aid in the maintenance of a healthy intestinal barrier, among other contributions (Kinross et al.,
2011; Ogunrinola et al., 2020; Takiishi et al., 2017; Lei et al., 2015). A healthy gut microbiota helps maintain
homeostasis by balancing pro- and anti-inflammatory responses and is generally characterized as being
diverse, stable, and resilient (Shahi et al., 2017; Lozupone et al., 2012).

Different avenues of research have suggested that alterations or disruptions of the gut microbiota, often
referred to as "“dysbiosis,” may contribute to the development of MS. This hypothesis has been supported
by epidemiological studies that have linked stressors that disrupt the gut microbiota early in life, such as
antibiotics and caesarean sections, with an increased risk of MS (Dalla Costa et al., 2019; Maghzi et al.,
2012; Norgaard et al., 2011). Studies in mouse models of MS have also clearly shown that the development
of EAE is attenuated in germ-free mice and in mice treated with antibiotics (Ochoa-Reparaz et al., 2009; Lee
etal., 2011; Yokote et al., 2008), although this research cannot be conclusively extrapolated to humans. It
has therefore been suggested that distinct microbial signatures can determine the course of MS,
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specifically by modulating between the chronic progressive and remitting-relapsing variants of the disease
(Gandy et al., 2019).

Are there consistent microbiome patterns in human MS?

In the last decade, several research groups have shown that specific bacterial taxa are depleted or enriched
in the fecal microbiota of patients with MS relative to healthy controls. Excellent reviews on how the relative
abundances of gut bacteria change in patients with MS have been published elsewhere (Freedman et al.,
2018; Mirza et al., 2020; Ochoa-Reparaz et al., 2017; Probstel and Baranzini, 2018; Shahi et al., 2017), so a
detailed description will not be provided here. However, attempts to identify consistent microbial associ-
ations with MS remain inconclusive because, with the exception of a few select species, results are not al-
ways consistent among studies (Mirza et al., 2020). For example, Chen et al. (2016) noted that while some
research groups reported decreases in the Actinobacteria genera Adlercreutzia and Collinsella in patients
with MS (Chen et al., 2016), others reported no difference in these genera (Jangi et al., 2016) and instead
reported reductions in Slackia (Jangi et al., 2016) or increases in Bifidobacterium or Eggerthella (Miyake
et al., 2015; Tremlett et al., 2016).

There are similar disagreements among studies about the roles of the Firmicutes, Bacteroidetes, and Pro-
teobacteria, which are the main constituents of the human gut microbiome. The few consistent microbial
signatures have mostly been found when comparing human remitting-relapsing MS to healthy controls and
include decreases in Parabacteroides distasonis and Bacteroides, Prevotella, and Clostridium species
(Chen et al., 2016; Miyake et al., 2015; Cekanaviciute et al., 2017) and increases in Akkermansia and Dorea
species (Chen et al.,, 2016; Berer et al., 2017; Gandy et al., 2019); these patterns were confirmed in a recent
systematic review of a small number of MS microbiome studies (Mirza et al., 2020).

Inconsistent results among studies might arise from differences in the population under investigation (e.g.,
differences in age, comorbidities, ethnicities, or geographic locations); the laboratory methods used (e.g.,
primers used for amplification of the 16S rRNA gene); the study design (e.g., studying one time point or
temporal variations); the approach to data analyses (e.g., sample quality control criteria); the pipelines
and software used for analysis (e.g., percent identity threshold, taxonomy database); or the statistical inter-
pretation of results (e.g., potential for false-positive findings). There is also considerable variation among
studies in terms of the sample size, sample collection technique, and disease-modifying treatment being
tested, among other factors. In addition, even though some bacterial taxa have been consistently associ-
ated with MS across several studies, many of these associations are small or subtle (Janakiraman and Krish-
namoorthy, 2018), and a clearly defined MS-associated gut microbial signature has not been identified to
date.

Are the microbiome features altered in MS causal to disease?

Interestingly, even though animal models do not perfectly recapitulate all the aspects of human MS, some
of the gut bacterial taxa associated with human MS have been assigned specific causal or protective roles in
EAE, providing further evidence that they play a direct role in human MS (Berer et al., 2011; He et al., 2019;
Lynch et al., 2019; J Ochoa-Repéraz et al., 2010; Walter et al., 2020). For example, Prevotella histolica was
found to ameliorate EAE by inducing the proliferation of CD4" FoxP3* regulatory T cells in the gut and the
periphery and repressing pro-inflammatory IFNy and IL-17-producing CD4" T cells in the central nervous
system (CNS) (Shahi et al., 2019; Mangalam et al., 2017), while Parabacteroides distasonis was found to
induce IL-10-producing CD4" CD25" regulatory T cells (Cekanaviciute et al., 2017). On the other hand,
ex vivo studies using stimulated whole blood or peripheral blood mononuclear cells (PBMCs) from healthy
subjects have shown that Dorea may play a pro-inflammatory role by inducing IFNy and potentially degrad-
ing mucins (Schirmer et al., 2016).

Forsome bacterial taxa or animal models, such as the mucin degrader Akkermansia in the context of myelin
oligodendrocyte peptide (MOG3s ss)-induced EAE in C57BL/é mice, conflicting results prevent the species
from being definitively classified as pathogenic or protective. While one study on the mechanistic effect of
cannabinoids found that Akkermansia increases with disease and decreases with drug treatment (a path-
ogenic role) (Al-Ghezi et al., 2019), another study found that this species increases in mice that receive a
synthetic form of microRNA and subsequently increases CD4+ FoxP3+ regulatory T cells and ameliorates
EAE (a protective role) (Liu et al., 2019). Other examples of bacteria (or their components or products) that
have been identified as protective in animal models of EAE through modulation of FoxP3+ regulatory
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T cells include Salmonella typhimurium (Jun et al., 2012; Ochoa-Repéraz et al., 2007) and Bacteroides fra-
gilis (Ochoa-Reparaz et al., 2010a; Ochoa-Reparaz et al., 2010b).

Broadly, the results from studies of the causal role of bacterial taxa in the development of MS in animal
models, though also plagued by inconsistencies among studies, suggest that some bacterial taxa are
mechanistically involved in the etiology or the pathology of EAE. This opens the possibility that dysbiosis
in the gut microbiota might predispose a human to MS, a hypothesis that is further supported by the obser-
vation that human microbiota-associated mice developed disease after receiving feces from human pa-
tients with MS (Berer et al., 2017; Cekanaviciute et al., 2017).

How does the microbiota impact disease development?

Four primary mechanisms have been described by which the gut microbiome could impact disease devel-
opment, either by increasing risk or by modulating the disease course. Firstly, gut bacteria can translocate to
the bloodstream when intestinal permeability is low, leading to activation of the immune system. Both MS
and EAE are characterized by immune-triggered damage of the blood-brain barrier (BBB), leading to
leukocyte infiltration and concomitant demyelination and lesion development (Alvarez et al., 2011). Gut
permeability is impaired in EAE mice at the onset of disease, which in turn exacerbates infiltration of pro-
inflammatory Th1/Th17 cells and is associated with a decrease in numbers of regulatory T cells (Nouri
etal., 2014). Secondly, bacteria could trigger disease by molecular mimicry. The gut microbiome collectively
encodes millions of genes (Grice and Segre, 2012), and bacterial gene products with enough homology to
the host's proteins could activate autoimmune responses, which has been shown to occur in neuromyelitis
optica (Cree et al., 2016), a disease with similar features to MS.

Thirdly, some members of the gut microbiome are able to produce neurotransmitter-like molecules and
metabolites that signal to the brain via the vagus nerve and the enteric nervous system (also known as
the gut-brain axis) (Forsythe and Kunze, 2013; Cryan et al., 2019). Lastly, the gut microbiota and their prod-
ucts are able to directly impact the development of immune cells (Wesemann et al., 2013; Kim and Kim,
2017, Cekanaviciute et al., 2017), such as B cells and T cells, which have been implicated in the development
of disease. For example, segmented filamentous bacteria, which are found in mice but not in humans, sup-
port the differentiation of IL-17-producing lymphocytes via induction of the transcription factor RORyt in
immune cells (Wekerle, 2015). Indeed, the discovery that members of the microbiome are capable of
modulating immune responses made researchers hypothesize that activation of autoimmune T cells
involved in inflammatory diseases of the CNS takes place in the intestine (Wekerle, 2017). This mechanism
would also explain how an altered microbiome could contribute to a predisposition to disease risk.

How might diet modulate microbiome-disease relationships?

Studies in both humans and animals have consistently demonstrated that the composition of the gut micro-
biome is inextricably linked to host diet (David et al., 2014; Wu et al., 2011), and it is therefore likely that diet
may affect the microbiota to modulate immune responses in MS (Berer et al., 2018; Fan and Zhang, 2019;
Hirschberg et al., 2019; Saresella et al., 2017). Diet is capable of influencing MS/EAE through gut micro-
biota-derived metabolites and diet-mediated compositional and functional changes in the gut microbiota,
as well as directly through the anti-inflammatory properties of specific food components (Katz Sand, 2018;
Janakiraman and Krishnamoorthy, 2018). In animals, studies have shown potential links between diet com-
ponents and modulation ofimmune responses in EAE that could be of benefitin the prevention or treatment
of MS/EAE (Berer et al., 2018; Sonner et al., 2019). A consistent theme of potential MS diets implicated in
animal studies, including diets rich in dietary fibers and omega-3 fatty acids and low in red meat, is the pro-
vision of nutrients that interact in a beneficial way with the gut microbiota to increase anti-inflammatory im-
mune responses (AlAmmar et al., 2019; Berer et al., 2018; Esposito et al., 2021). However, despite ongoing
interest in how diet impacts disease progression in MS, either directly or via the microbiome, no official or-
ganizations have released generally accepted diet recommendations for the management, prevention, or
treatment of MS.

Animal models offer several advantages relative to humans for the continued study of diet-microbiome-MS
connections: (i) the environmental factors that shape the gut microbiota can be controlled; (ii) time scales
are shorter, thus allowing longitudinal studies over time lines that span the entire life of the animal and dis-
ease development; (iii) mechanisms can be directly studied; and (iv) follow-up studies to address causality
or determine causal components within the microbiota are tractable. However, even in animal models, the
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ecological drivers that shape microbiomes are often not sufficiently considered (Ubeda et al., 2012; McCoy
et al., 2017, Martinez et al., 2018), and cause-and-effect relationships are difficult to unravel (Fischbach,
2018). With these challenges in mind, we reanalyzed 16S rRNA sequencing data from our previous study
of a marmoset model of MS, which we refer to as Kap et al. (see Data S1). Our goal in doing so was to
gain a more detailed nutritional and ecological perspective on the drivers that may have shaped the gut
microbiome and the onset of pathology in the marmoset model used in our experiment.

THE MICROBIOME IN HEALTHY MARMOSETS AND HOW IT COMPARES TO HUMANS

In their experiment, Kap et al. studied eight pairs of outbred adult marmoset twins; for each pair, one twin
was reverted to the WBS diet while one was maintained on the YBS diet. In addition to the dietary supple-
ment, the marmosets received pelleted food and regular servings of fruit; WBS-fed monkeys also received
"play-and-food enrichment” consisting of mealworms, Arabic gum, and raisins, whereas YBS-fed monkeys
received Arabic gum, peanuts, and bread. Microbiome samples were collected from each marmoset at (1)
"day —56," the baseline time point (immediately before the diet adjustment); (2) “day —7,"” seven weeks
after the diet change; (3) “day 21,” three weeks after EAE was induced by injection of recombinant
MOG1.155 in incomplete Freund adjuvant (IFA); and (4) "day 49,” seven weeks after disease induction
(see Data S1).

Like Kap et al., we first characterized the gut microbiota in marmosets at the two time points prior to dis-
ease induction (days —56 and —7) to obtain a baseline evaluation of gut microbiota structure and compo-
sition in healthy marmosets. Our reanalysis confirmed several of Kap et al.’s original results, including the
fact that Actinobacteria were the predominant phylum in the marmoset gut in this study (69.0% + 17.3%;
Figure ST and Table S1) and that Proteobacteria occurred at low abundances (1.1% £ 1.0%). At lower taxo-
nomic levels, eight families and eight genera comprised approximately 96% and 91%, respectively, of the
gut microbiome of healthy marmosets (Table S1). Seventeen of the 74 operational taxonomic units (OTUs)
detected in our re-analysis comprised approximately 85% of the gut communities (Table S1). As in Kap
et al., the most dominant OTUs were Bifidobacterium callithrichos and Bifidobacterium aesculapii.

There were a small number of discrepancies between Kap et al.’s original conclusions and our re-analyzed
data. For example, while Kap et al. found the Firmicutes to be twice as abundant as the Bacteroidetes
(20.3% =+ 6.0% vs. 10.9% =+ 7.5%, respectively), we found the relative abundances of these two phyla to
be relatively similar (13.7% £ 5.4% vs. 14.0% + 9.8%, respectively; Figure S1). At the OTU level, Kap
et al. (2018) assigned a large group of Coriobacteriaceae OTUs to Collinsella tanakaei, which was among
the five most dominant species; we found C. tanakaei only comprised 0.06% + 0.08% (min = 0.001%, max =
0.36%) of the sequences, though the family Coriobacteriaceae, to which this species belongs, was still
among the most abundant families in our re-analyses. In fact, this dominant OTU appeared to belong to
the newly described species Parolsenella catena (Sakamoto et al., 2018), which was not present in the
databases at the time that the work described by Kap et al. was published. Other discrepancies may be
attributed to the fact that Kap et al. used Paired-end assembler for lllumina sequences (PANDAseq) for
read assembly and Quantitative Insights into Microbial Ecoloby (QIIME) for quality control and analysis,
whereas here a pipeline that combines several other publicly available tools was used (lllumina-utils,
USEARCH, and QIIME, among others; see Data S1). This moderate pipeline-based variation in results is ex-
pected (O'Rourke et al., 2020; Bokulich et al., 2018; Xue et al., 2018; Rajan et al., 2019; Barnes et al., 2020).
Despite these discrepancies in the abundances of select taxa, we emphasize that our re-analysis identified
the same suite of dominant taxa in the marmoset microbiome that were originally described by Kap et al.,
with Actinobacteria, Firmicutes and Bacteroidetes present at high (>10%) relative abundances.

Because animal models are used to identify mechanisms that induce disease in order to develop therapeu-
tics targeted for humans, it is important to understand how the gut microbiome in the animal model com-
pares to the human gut microbiome. In humans, the composition of the healthy infant gut microbiome
resembles the adult gut microbiome by the age of around three years (Voreades et al., 2014). The marmo-
sets used in this study, which were between one and two years, would be considered young adults by hu-
man standards. While Actinobacteria was the predominant phylum in the marmosets, Bacteroidetes and
Firmicutes are the predominant phyla in humans (Claesson et al., 2011). At the genus level, Bifidobacterium
comprises over 60% of the gut microbiome in marmosets, while this genus reaches abundances of
60%-99% only in breastfed newborn humans (Turroni et al., 2012; Arboleya et al., 2016) and then declines
consistently upon the introduction of solid foods, reaching a stable abundance of less than 10% throughout
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adulthood that decreases to approximately 5% in the elderly (>65 years old) (Arboleya et al., 2016). How-
ever, despite any gross differences in taxon abundances, many bacterial taxa are still shared between
marmosets and humans at lower taxonomic levels. These taxa would still employ similar mechanisms to
metabolize food sources and have similar pathways for stimulating the immune system or otherwise
affecting the host and could therefore affect disease development in either host.

EFFECTS OF DIET, PATHOLOGY, AND TIME ON THE MARMOSET GUT MICROBIOME

Driven by Kap et al.’s interpretation that there were few diet-specific effects on the microbiota but rather “a
close interplay between diet, microbiota, and the immune system,” we used a variety of mixed-effect
modeling procedures and distance-based community analyses to more comprehensively explore how
diet and pathology shaped the diversity and taxonomic composition of the marmoset gut microbiome
in the experiment (see Data S1). All models included diet, pathology (symptomatic or asymptomatic),
and experimental time point as predictors, thus ensuring that any results for one variable are controlled
for variation in the other two. Models also included a random effect term to account for natural similarities
within marmoset twin pairs. We also tested for interactions between diet and time and between diet and
pathology, but because few interactions were significant, we only present the results for the three main
experimental variables (diet, pathology, and time).

Microbiome diversity

Two main parameters were used to assess bacterial diversity in relation to diet and pathology: a-diversity,
which considers the presence and abundance of taxa within a single habitat and time point (e.g., the gut of
an individual marmoset), and B-diversity, which considers variation in species presence and abundance
among habitats or time points (Tuomisto, 2010). Higher a-diversity is often associated with more stable
ecosystems that are more resistant to environmental pressures, such as dietary changes or pathogen inva-
sions, whereas higher B-diversity can indicate if microbiome composition is significantly different between
two groups (e.g., between WBS-fed and YBS-fed marmosets or healthy and symptomatic marmosets). Kap
et al. limited their discussion of a-diversity to the Simpson index, which considers both species richness (the
number of different species in the ecosystem) and evenness (whether there are a few dominant species or
all species are equally abundant) and is influenced by the dominant OTUs (Hill, 1973). A detailed analysis of
B-diversity was not included in Kap’s manuscript. To provide a more complete image of how diet and EAE
development shape the microbiome, we therefore analyzed species richness and evenness separately and
thoroughly tested for changes in B-diversity.

Alpha diversity

Mixed-effects models showed that Simpson diversity and Pielou evenness (a measure of species evenness) (Pie-
lou, 1966) increased significantly over the course of the experimentin both diet groups; thisincrease was slightly
largerin the WBS-fed marmosets (Figures 1A and 1B; Table S2). There were no significant associations between
the development of pathology and any a-diversity measure. The observed temporal changes could be an effect
of drift or stochastic changes over time due to inherent random processes. Pairwise statistical analyses of the
a-diversity metrics showed that Simpson diversity started to increase in WBS-fed monkeys between days —7
and 21 (p = 0.022), presumably due to a corresponding increase in evenness (p = 0.010) following the induction
of disease (Figure 1B). The observation of higher diversity in WBS-fed monkeys contradicts the conventionally
positive relationship between microbiome diversity in animal health, as YBS-fed animals were on average
healthier than WBS-fed animals, especially at the later time points. In addition, although WBS-fed marmosets
had significantly higher species richness than the YBS-fed marmosets at the beginning of this experiment (p =
0.012), this difference was not observed at subsequent time points (Figure 1B). This increased richness was un-
expected, as all marmosets were receiving the same diet at the first time point.

Beta diversity

We used the Bray-Curtis distance, a B-diversity measure in which 0 means identical communities while a
value of 1 means complete dissimilarity, to assess “inter-individual” (within-group) variation in microbiome
composition or how different marmosets were from each other. Inter-individual Bray-Curtis dissimilarity
was significantly lower in YBS-fed monkeys at each experimental time point but increased in both diet
groups throughout the experiment (Figure 1B). Pairwise comparisons confirmed that inter-individual
Bray-Curtis dissimilarity was significantly lower in YBS-fed monkeys at all time points except baseline
and day 21 (day —7 p <0.001, day 49 p = 0.004; Figure 1B). This finding suggests that the WBS diet increases
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Figure 1. Influence of diet, pathology, and time on microbiome diversity (related to Table $2)

(A) Heatmap of coefficients obtained from a mixed effect model analyses of a-diversity metrics and Bray Curtis distances.
Double asterisks indicate coefficients for which the 95% confidence interval did not overlap zero.

(B) Boxplots showing various diversity metrics, including the Simpson index, species richness, Pielou evenness, and Bray-
Curtis distances. An analysis of variance (ANOVA) followed by Tukey's post hoc test was used to identify significantly
different diversity measures between diets at each time point and within diets relative to the previous time point. Lines
represent minimum and maximum values. Significance was established at p < 0.05.

(C-E) Non-metric multidimensional scaling (NMDS) plots based on the Bray-Curtis distance comparing (C) diets at each
time point, (D) healthy and pathology within each diet, and (E) time points within each diet. PERMANOVA was used to
determine whether two groups were significantly different, with a significance threshold of p < 0.05.

inter-individual variation in the marmoset gut microbiota, potentially because the shift to the WBS diet rep-
resents a disturbance to the microbiota not experienced by the YBS treatment group.

Diet

We also used permutational multivariate analysis of variances (PERMANOVAs) based on the Bray-Curtis
distance to evaluate whether microbial communities became recognizably different during the experiment
due to the experimental interventions or outcomes described by Kap et al. (diet change, pathology
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development, and experimental time point). We visualized the results using non-metric multidimensional
scaling (Figures 1C-1E). In broad agreement with Kap et al., we concluded that the overall effect of the di-
etary shift on the marmoset gut microbiome was small, as there were no significant compositional differ-
ences associated with diet over the course of the experiment (Figure 1C). Multivariate dispersion, which
is another measure of inter-individual variation, was also higher in WBS-fed marmosets (i) after the diet
switch, relative to the previous time point (p = 0.022), and (ii) at day 49, relative to both YBS-fed monkeys
and the previous time point (p = 0.024 and p = 0.035, respectively), supporting our earlier conclusion that
the WBS diet increased inter-individual variation.

Pathology

Other community-level changes indicated that the strongest associations were between microbiome compo-
sition and the development of pathology. YBS-fed monkeys exhibiting symptoms of EAE had significantly
different gut microbiomes than healthy YBS-fed monkeys, whereas there was no significant difference in micro-
biome composition between healthy and symptomatic WBS-fed monkeys (Figure 1D). However, in the WBS
group, microbial communities were significantly different between days 21 and 49 (R? = 0.110 p = 0.016) (Fig-
ure 1E), when some animals began to exhibit symptoms. Kap et al. reported that all WBS-fed marmosets even-
tually developed pathology, though some did not exhibit symptoms until after the last experimental time point,
and that disease onset occurred much later in YBS-fed marmosets. The shift in composition over time for the
WBS-fed monkeys, combined with the shift associated with pathology in the YBS-fed monkeys, could therefore
support a role for the microbiome in the development of pathology. Under this hypothesis, the YBS potentially
promoted taxa that prevented or ameliorated disease development. Notably, symptomatic marmosets ex-
hibited similar microbiome composition, regardless of their diet, suggesting that there may be a consistent mi-
crobial signature of EAE in this animal model (Figure 1D).

Time point

There were also significant differences in community composition between experimental time points (Fig-
ure 1E), as the microbial communities at day —7 were significantly different from the communities at base-
line (day —56) for both the WBS group (R?=0.108, p = 0.003) and the YBS group (R? =0.140, p =0.003). This
was not expected for the YBS group, as all marmosets in this group were kept on the same diet for the dura-
tion of the experiment. However, twin siblings that were previously housed together were separated and
re-paired with another monkey for the experiment, and it is possible that this change in the environment
caused the observed microbiome change.

Taxon abundances

With respect to how diet and pathology influenced specific taxa, Kap et al. reported that twin siblings "dis-
played an essentially unaltered microbiota composition” between the first and second time points, despite
the change in diets. The only exceptions were "a twofold increase of Collinsella tanakaeiin the YBS group
and a threefold decrease of Marvinbryantia formatexigens in the WBS group” (Kap et al., 2018). Kap et al.
additionally reported that the effect of diet was more noticeable at the phylum level three weeks after dis-
ease induction, with the WBS group showing progressive decreases in Actinobacteria from days 21-49 and
increases in Bacteroidetes and Firmicutes at day 49. At the species level, Kap et al. identified statistically
significant increases in Bifidobacterium stellenboschense in both diet treatments from day —7 to day 21.
At day 49, Bifidobacterium callitrichos, Bifidobacterium stellenboschense, and Bifidobacterium reuteri
were significantly less abundant in the WBS group compared with the YBS group, whereas Collinsella ta-
nakaei was significantly more abundant.

To determine (i) taxonomic signatures consistently associated with diet and pathology (Figure 2) and (ii)
which taxa showed the most diet-related or pathology-related shifts in abundance over time (Figure 3),
we used mixed-effect models predicting log-transformed taxon relative abundances and log-transformed
“changes” in relative abundance, respectively (see Data S1).

Diet

In line with the results described by Kap et al., Actinobacteria was the sole phylum that was significantly
associated with the YBS diet, and Bacteroidetes was associated with the WBS diet, although this relation-
ship was not significant (Figure 2 and Table S3). Firmicutes was not associated with either diet. At the genus
level, Bifidobacterium and Succinatimonas were the best indicators of YBS and WBS, respectively (Figure 2
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Figure 2. Taxonomic signatures associated with diet, pathology, and time (related to Tables S3 and S4)

(Left) Heatmap shows the coefficients in mixed-effect models predicting the abundances of taxa present in the marmoset
gut. Double asterisks indicate coefficients for which the 95% confidence interval did not overlap zero. (Right) Heatmap
shows Z score standardized relative abundances for the same taxa. Student’s t-test was used to identify significantly
differentially abundant taxa between diets at the same time point (labeled with #) and within diets relative to the previous
time point (labeled with +). Significance was established at p < 0.05 after the Benjamini-Hochberg correction for multiple
comparisons. Only taxa with at least one coefficient > |0.5] are shown. WBS, water-based supplement; YBS, yogurt-based
supplement.

and Table S3). Among OTUs, our reanalysis suggested that only a select number of low-abundance taxa
were consistently associated with diet throughout the entire experiment: a small group of Bifidobacterium
species (OTUs 4, 72, 129, and 145) and the yogurt species Lactobacillus delbrueckii were the best indicators
of the YBS diet in mixed-effect models, while OTU47 Succinatimonas hippei was the best indicator of the
WBS diet (Figure 2; Table S4). Another common yogurt bacterium, Streptococcus thermophilus, was not
detected in our analysis despite being inconsistently associated with MS in other studies (Miyake et al.,
2015; Dargahi et al., 2020; Tankou et al., 2018), and the single Streptococcus OTU (OTU45) was not signif-
icantly associated with diet. We could not make definitive conclusions about some of the diet-related spe-
cies implicated by Kap et al., including C. tanakaei, M. formatexigens, and B. callitrichos, as these three
species were undetected, detected at very low abundances, or not significantly associated with YBS,
respectively, in our re-analysis.
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Figure 3. Diet- and pathology-related shifts in taxon abundances (related to Tables $3 and S5)

(Left) Heatmap shows the coefficients of mixed-effect models predicting the change in taxon abundances between time
points. Double asterisks indicate coefficients for which the 95% confidence interval did not overlap zero. (Right) Heatmap
shows the change in relative abundance between time points for the same taxa. For visualization, changes in abundance
were scaled between —10 and 0 for decreases in abundance and between 0 and 10 for increases in abundance. Student’s
t-test was used to identify significantly different changes in taxonomic abundances between diets at the same time point
(labeled with #) and within diets relative to the previous time point (labeled with +). Significance was established at p <
0.05 after the Benjamini-Hochberg correction for multiple comparisons. All taxa included in Figure 3 are repeated here,
regardless of coefficient values. WBS, water-based supplement; YBS, yogurt-based supplement.

With respect to our tests for how diet may have affected the magnitude of shifts in taxon abundances, we
found that the rate at which OTU4 B. dentium and OTU49 Lactobacillus delbrueckiiincreased in abundance
rose steadily from days —56 to 21 in YBS-fed monkeys, and the rate of change in OTU47 Succinatimonas
increased over the same period in WBS-fed monkeys (Figure 3). Curiously, the YBS diet also induced larger
shifts in OTU3 Parolsenella catena (phylum Actinobacteria, order Coriobacteriales). P. catena showed a
threefold increase in YBS-fed marmosets between day —56 and —7 and then decreased progressively after
disease induction, despite the fact that the marmosets assigned to this group kept receiving the same diet
throughout the entire experiment (Figure 3).

Pathology

Importantly, the development of pathology led to much more pronounced differences in taxon abundances;
these signatures of pathology were independent of diet and could be observed at all taxonomic levels

10 iScience 24, 102709, July 23, 2021

iScience



iScience

(Figure 2). Although Tenericutes, represented primarily by the genus Asteroleplasma, comprised less than 0.5%
of the marmoset microbiome, they were an order of magnitude more abundant in diseased marmosets relative
to healthy marmosets in both the WBS- and YBS-fed groups (Figure 2 and Table S4). Sutterellaceae and Por-
phyromondaceae were also twofold more abundant in diseased marmosets, independently of diet (Figure 2
and Tables S3 and S4). The OTUs most strongly associated with pathology in mixed-effect models included
OTU72 Parolsenella catena, OTU37 Muribaculaceae sp., OTU42 Enterobacter hormaechei, and OTU73 Bifido-
bacterium tissierii (Figure 2 and Table S4). Healthy marmosets tended to have higher abundances of OTU7 Pre-
votella sp., OTU32 Parolsenella sp., and OTU136 Megamonas sp. The higher-level taxa to which these OTUs
belong, including Veillonellaceae and Prevotellaceae, were similarly associated with health.

We correspondingly found that the development of pathology was associated with larger shifts in taxon
abundances and that these associations were generally stronger than those detected for diet. For example,
the development of pathology was associated with larger increases in the abundances of OTU14 Lachno-
spiraceae sp., OTU72 Parolsenella catena, and OTU37 Muribaculaceae sp. in both diets; larger increases in
OTU2 Bifidobacterium aesculapii and OTU35 Bifidobacterium moukalabense in the YBS-fed marmosets;
and larger increases in OTU42 Enterobacter hormaechei in the WBS-fed group (Figure 3 and Table S5).
The fact that pathology was consistently associated with a greater shift in taxon abundances (Figure 3),
even though different taxa show distinct and taxon-specific associations with pathology (Figure 2), sug-
gests that the development of pathology is broadly related to a larger disruption of the microbiome:
taxa generally showed larger increases or decreases in abundance in response to pathology than they
showed in response to other experimental changes. The spread of these taxonomic changes across all
taxonomic levels underscores the magnitude of this overall pathology-related shift in community
composition.

Time point

Experimental time point was included as a predictor in our models to control for both natural and stochastic
changes in the microbiome that were not consistently associated with diet or pathology. Notably, several
taxa exhibited these significant temporal shifts (Figures 2 and 3), which could reflect changes caused by
introduction to new housing conditions at the beginning of the experiment or by the process of immuni-
zation with MOG/IFA halfway through the experiment. For many taxa, the “time"” coefficients are opposite
in sign to the corresponding “pathology” coefficients, suggesting that, in marmosets that developed
symptoms of EAE, the changes in their microbiome were opposite to the pattern of changes that occurred
naturally throughout the experiment. This result further emphasizes that the development of symptoms is
associated with the emergence of new microbial signatures that are distinct from the microbiome of
healthy individuals, independent of diet.

Additional trends

We additionally noted several important trends with respect to bacterial species that have either been
linked to MS or are hypothesized to have a potential role in the marmoset model of MS (Table S3), although
these trends were not significant in our re-analyzed data. First, the genus Bifidobacterium progressively
decreased over time in the WBS group, while remaining relatively constant in the YBS group. Second,
although the Prevotellaceae and Bacteroides increased with disease induction in both diet groups, the
increases were twofold larger in the WBS group than in the YBS group. Third, several OTUs classified as
Megasphaera species increased with disease induction in both groups, but while they decreased with dis-
ease onset in the WBS group, they remained relatively constant in the YBS group. These findings suggest
that there are interactions between diet and pathology that could be associated with the microbiome but
may have escaped detection due to the study’s modest sample size. Further discussion of these potential
interactions is provided in the following section, where we discuss the mechanisms by which diet could
impact disease development.

In summary, our re-analysis of the data obtained by Kap et al. suggests that reverting marmosets to the WBS diet
caused decreases in the abundances of species in the phylum Actinobacteria, especially of Bifidobacterium and
Parolsenella spp., and increased inter-individual heterogeneity. However, relationships between pathology and
specific microbial taxa were generally stronger and more numerous than the relationships with diet, and the micro-
biomes of symptomatic marmosets were similar regardless of diet, indicating that pathology constitutes a larger
perturbation to the microbiome. Pathology was specifically associated with increased abundances of Tenericutes,
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Figure 4. Potential beneficial diet components and diet-gut microbiome interactions in the marmoset model of
EAE

Specific components in whole milk, which is the base of the yogurt-based supplement (YBS), may have interacted with the
immune system and the gut microbiome to decrease disease incidence and severity in the YBS-fed marmosets. (Left)
Butyrophilin, the most abundant protein in the fat globule membrane in milk, has been shown to be immunomodulatory;
it increases levels of anti-inflammatory IL-10 and decreases levels of pro-inflammatory IFNy in EAE**. (Center left)
Members of the gut microbiome, such as Lactobacilli and Bifidobacterium spp., are capable of metabolizing dietary
tryptophan into ligands of the aryl hydrocarbon receptor, such as indole-3-aldehyde and indole-3-lactic acid. These
ligands influence glial cells, including astrocytes, and thereby reduce CNS inflammation and EAE disease scores®*>>,
(Center right) N-glycans (carbohydrates that consist of several sugars linked to the nitrogen atom in the side chain of
asparagine) present in milk serve as substrates for Bifidobacterium spp., which in turn produce SCFA as end products of
carbohydrate fermentation. SCFAs have a direct impact on EAE by reducing Th1 cells and stimulating the proliferation of
lamina propria-derived Treg®*®®. (Right) Proteolytic bacteria, such as Prevotella and Megasphaera spp., produce BCFA
(iso-butyrate, valerate, and iso-valerate) as metabolic end products. Valproic acid is a valerate derivative that has anti-
epileptic, neuro-protective, and anti-inflammatory effects and is capable of ameliorating symptoms in EAE and optic
neuritis®*%®. EAE, experimental autoimmune encephalomyelitis; CNS, central nervous system; SCFAs, short-chain fatty
acids; BCFAs, branched-chain fatty acids.

Enterobacteriaceae spp., Lachnospiraceae spp., Parolsenella spp., and some Bifidobacterium spp. and caused
larger shifts in taxon abundances at all taxonomic levels.

POSSIBLE MECHANISMS UNDERLYING DIET-MICROBIOME-HOST INTERACTIONS IN
MARMOSET EAE

The associations between the fecal microbiota and each of diet and pathology in the marmoset model of
MS suggest that the health benefits of the YBS diet may have been mediated by the gut microbiota. In this
section, we discuss both “microbiome-dependent” and "microbiome-independent” mechanisms that
might explain why the YBS diet attenuated EAE development in marmosets (Figure 4). Because these
effects could be contingent on the nutrient composition of each supplement, the amounts of protein,
carbohydrates, fats, and calories in each supplement are provided in Table 1.

Microbiome-dependent diet effects

Putative microbiome-dependent dietary effects are effects either caused by diet-induced changes in gut
microbial composition or that correlate with changes in the production of bacterial-derived metabolites
capable of impacting the host. Here, we discuss both diet-induced microbial changes and bacterially
derived metabolites that could have affected the development of pathology in YBS-fed marmosets.
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Table 1. Macronutrients and energy provided per week by the WBS and the YBS to the marmosets.

WBS YBS
Macronutrients Weight (g) Percentage (%) Weight (g) Percentage (%)
Carbohydrates 11.4 22.7 1.9 22.0
Protein 7.6 15.5 9.8 18.1
Fat 13.8 61.9 14.4 60.0
Energy (kcal(Kj)) 200.4 (838.5) 66.9* 216.2 (904.6) 72.2*

Table shows the amount in grams of carbohydrates, protein, and fat provided by the dietary supplements to the marmosets,
the percentage of the total energy the macronutrients represent in the supplement, and the percentage of the field meta-
bolic rate that the supplements meet. The asterisk (*) denotes percentage of field metabolic rate. g, grams; kcal, kilocalories;
Kj, kilojoules.

N-glycans

One microbiome-dependent effect implicated in the data from Kap et al. relates to N-glycans in YBS and
the abundance of Bifidobacterium spp. The main energy sources for gut bacteria are carbohydrates, which
can be diet or host derived. Bovine milk, the basic ingredient of the YBS, contains lactose and 51 different
types of N-glycans (carbohydrates that consist of several sugars linked to the nitrogen atom in the side
chain of asparagine). In comparison, human milk only contains 38 N-glycans (Nwosu et al., 2012). Both
lactose and N-glycans have been associated with higher abundances of Bifidobacteria (Schmidt et al.,
2020; Karav et al., 2016). Karav et al. (2016) reported that N-linked glycoproteins from milk serve as selective
substrates for the growth of Bifidobacterium species in the host gut. They concluded that the variety of
N-glycans released from bovine milk glycoproteins “may serve as prebiotic substrates with selective prop-
erties similar to those of human milk oligosaccharides” (Karav et al., 2016).

In line with this, our analysis of the marmoset gut microbiome revealed that Bifidobacterium spp. were
more abundant in the gut communities of YBS-fed marmosets and decreased over the course of the exper-
iment in the WBS-fed group. The shift from YBS to WBS caused the relative abundance of Bifidobacterium
to drop from 57.9% + 13.2% at baseline to 49.2% =+ 20.5% by the end of experiment, while it remained at a
relatively stable average of 63.0% £ 12.1% in the YBS group (Table 1). The decrease in Bifidobacterium
could be attributed to the decrease in the availability of dietary N-glycans and carbohydrate sources
when the YBS was removed from the diet.

The YBS-induced enhancement of Bifidobacteria might contribute to the beneficial health effects of the
diet. Bifidobacteria, when consumed as probiotics, are capable of delaying the onset and ameliorating
the severity of MS by enhancing numbers of CD4+ CD25 + FoxP3+ expressing T cells and modulating im-
mune cell subsets such as monocytes and dendritic cells (Salehipour et al., 2017; Kobayashi et al., 2012).
Intriguingly, even though some research groups have reported increases in Bifidobacterium species as
part of the gut dysbiosis seen in patients with MS (Miyake et al., 2015; Chu et al., 2018), probiotic supple-
mentation with the species has been recommended as a potential therapeutic for MS because Bifidobac-
terium produces y-aminobutiric acid, folate, conjugated linoleic acids (Toghi et al., 2019), and other
metabolites capable of impacting the immune system and the CNS.

Short-chain fatty acids

Short-chain fatty acids (SCFAs), specifically propionate, butyrate, and acetate, are produced by the gut mi-
crobiome as a product of the fermentation of carbohydrate sources such as dietary fiber and could also
represent a microbiome-dependent health benefit in this marmoset model. SCFAs are associated with
health benefits in a myriad of disorders, including the amelioration of disease in other EAE models (Mizuno
etal., 2017; Chen et al., 2019b; Haghikia et al., 2015). Treatment with SCFAs has a direct impact in EAE by
reducing Th1 cells and stimulating proliferation of lamina propria-derived Treg cells (Mizuno et al., 2017;
Haghikia etal., 2015). Patients with MS correspondingly have lower levels of fecal SCFAs, as well as reduced
numbers of SCFA-producing bacteria in their gut microbiome (Zeng et al., 2019; Miyake et al., 2015).

The role of SCFAs in marmoset EAE remains completely unexplored and was not assessed by Kap et al.
Clostridium spp., which are commonly found in the human gut and are some of the main producers of
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SCFAs, could not be detected in the gut of the marmosets included in this study. Several studies have
found Clostridium spp. to be depleted in patients with MS (Tremlett et al., 2016; Miyake et al., 2015),
but the role of this genus in MS/EAE seems to be controversial. For example, while the epsilon toxin pro-
duced by Clostridium perfringens was shown to cause death of oligodendrocytes and induce demyelin-
ation (Rumah et al., 2013; Linden et al., 2015), Clostridium butirycum was shown to ameliorate EAE by
decreasing Th17 responses and increasing regulatory T-cell responses (Chen et al., 2019a, 2019b). Since
some Clostridium species are capable of immunomodulation, it would be interesting to test whether intro-
ducing this genus to the marmoset gut influences the progression of EAE.

Tryptophan

In addition to SCFAs, w-3 fatty acids and metabolites derived from tryptophan (Trp) have been implicated
as drivers or modulators of diet-microbiome-host interactions in EAE/MS (Thorburn et al., 2014). Whether
they derive from food or from bacteria, it seems that the effects of these metabolites are exerted through
shared mechanisms: G-protein-coupled receptor signaling, epigenetic regulation of gene expression
through inhibition of histone deacetylases, or the effects of transcription factors such as the aryl hydrocar-
bon receptor (AHR) (reviewed by Katz Sand, 2018). Milk proteins are generally a source of Trp-containing
peptides (Nongonierma and FitzGerald, 2015). Trp, an essential amino acid primarily used in protein syn-
thesis, has numerous physiological functions, as it is a precursor of bioactive molecules produced by gut
bacteria that are fundamental to human health (Nongonierma and FitzGerald, 2015). Rothhammer et al.
(Rothhammer et al., 2016, 2018) reported that Trp metabolites, such as kynurenine, are able to downregu-
late CNS immune responses through activation of the AHR on glial cells. Dietary Trp is metabolized by
members of the gut microbiota (e.g., Lactobacillaceae and Bifidobacterium species) into AHR ligands,
such as indole-3-aldehyde and indole-3-lactic acid (Zelante et al., 2013), which have an effect on astrocytes,
reducing CNS inflammation and disease scores in EAE. Given that Bifidobacterium species were the pre-
dominant taxa in the marmoset fecal microbiota, there is the potential that Bifidobacterium mediated
health benefits in the YBS-fed marmosets via Trp-derived metabolites. In line with this, higher abundances
of gut microbiota-derived Trp metabolites have been associated with lower disability scores in pediatric
MS (Nourbakhsh et al., 2018).

Branched chain fatty acids

Another dietary metabolite related to amino acids and proteins is branched chain fatty acids (BCFAs), which
include iso-butyrate, valerate, and iso-valerate. Small amounts of BCFAs are also formed as metabolites
from protein and amino acid degradation by the gut microbiome (Neis et al., 2015). To our knowledge, there
are no studies assessing the direct effect of raw BCFA supplementation in MS or EAE. However, valproate or
valproic acid is a valerate derivate with anti-epileptic, neuro-protective, and anti-inflammatory effects and
has been shown to ameliorate symptoms in EAE and optic neuritis (Liu et al., 2017; Castelo-Branco et al.,
2014; Zhang et al., 2012). BCFAs are formed by the bacterial fermentation of proteins, and the YBS provided
higher amounts of protein than the WBS. In our re-analysis, we found that OTUs of protein degraders
belonging to Prevotellaceae and Megasphaera exhibited a 59% increase in abundance in the YBS cohort
compared to only a 38% increase in the WBS cohort. The increase in both experimental groups was likely
attributable to the availability of carbohydrates and fiber sources, but the greater increase in YBS-fed mon-
keys presumably reflects the increased amount of protein provided by the YBS.

Microbiome-independent diet effects

Given thatboth Kap et al. and our more detailed re-analysis suggested that many of the microbial signatures of
pathology are independent of diet and the study design itself does not allow for causal relationships to be reli-
ably established, it is also important to consider how diet alone may have influenced the development of pa-
thology. Diet-related benefits in mammalian hosts can be microbiome independent even if strong correlations
are detected between the microbiome and host phenotypes (Bindels et al., 2017). These direct diet-related
benefitsinclude the general fulfillment of the host's nutritional needs for proper development and maintenance
of the immune system, as well as the more focused impact of specific vitamins and minerals on the immune sys-
tem. Both the water- and yogurt-based dietary supplements, combined with the other food sources Kap et al.
provided as part of the marmoset’s daily diets (e.g., nuts, fruits, and gums), broadly met the nutritional demands
of moderately active marmosets (Table 1; see also supplemental information). We therefore examined how
specific components of the supplements, such as vitamins, minerals, and trace elements, among others,
may have influenced the onset of the disease and its progression.
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Vitamins

The supplements used by Kap et al. differed in their vitamin content. Compared to the WBS, the YBS had
almost double the amount of the water-soluble complex B vitamins and the fat-soluble vitamins D and E.
Here, we discuss how the increased amounts of vitamins B and E may have ameliorated disease progres-
sion in YBS-fed marmosets, as the controversial role of vitamin D supplementation in EAE and MS has
already been extensively reviewed elsewhere (Bivona et al., 2019; Caballero-Villarraso et al., 2019;
McLlaughlin et al., 2018; Jagannath et al., 2018; Ismailova et al., 2019).

The complex B vitamins added to the nutritional supplements described by Kap et al. include thiamine (B1),
riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), folic acid (B11), and cobalamine (B12).
Nemazannikova et al. (2018) recently published an excellent review on the role of the complex B vitamins
in MS. They concluded that all the complex B vitamins play crucial roles in cell metabolism and are involved,
either directly or indirectly, in neurological processes and myelin formation (Nemazannikova et al., 2018). In
the case of riboflavin, riboflavin supplementation by itself or in combination with IFNB-1a was found to
decrease disease scores in MOG-induced EAE in C57BL/6 mice by modulating gene expression and pro-
tein levels of both brain-derived neurotrophic factor and IL-6.

Vitamin E is a potent antioxidant found in vegetable oils, nuts, seeds, and non-citrus fruits, which the mar-
mosets received as part of their diet and/or as ingredients of the YBS (Kap et al., 2018). It occurs either as
tocopherol or tocotrienol isoforms, with tocopherol having higher bioavailability after oral ingestion (van
Meeteren et al., 2005). Supplementation with vitamin E decreases demyelination and potentially promotes
myelination in animal models of ethidium bromide-induced demyelination (Goudarzvand et al., 2010).
Additionally, intraperitoneal administration of a-tocopherol or a synthetic vitamin E derivative reduces dis-
ease incidence and delays disease onset and progression in MOG-induced EAE (Xue et al., 2016; Blanchard
et al., 2013).

Minerals and trace elements

Kap et al. did not report the mineral or trace element content of their two dietary supplements, but both are
potentially relevant to disease outcomes. Several studies have found magnesium intake to be important for
physical performance and fatigue management in patients with MS (Bitarafan et al., 2014; Bromley et al.,
2019; Pommerich et al., 2018). Indeed, oral magnesium supplements have been reported to decrease
the relapse rate in patients with MS (Goldberg et al., 1986). Additionally, a growing body of evidence sug-
gests that ionized magnesium has a crucial role in ameliorating disruptions to the BBB during neurological
diseases (Kaya and Ahishali, 2011), and the BBB is known to be affected in MS/EAE. Interestingly, vitamin D
and magnesium have a mutualistic relationship: magnesium absorption is increased by vitamin D (Sizar and
Givler, 2019), which in turn requires magnesium to be active and functional (Uwitonze and Razzaque, 2018).
Nuts and broad beans, which are considered high sources of magnesium, were among the additional foods
received by the YBS-supplemented marmosets but not by the WBS-supplemented marmosets. This
discrepancy could have contributed to the decreased disease incidence in YBS-fed marmosets.

Vitamin D also has a close relationship with calcium, as vitamin D is needed for calcium absorption. In fact,
vitamin D supplementation was found to prevent EAE development in SJL/J and B10.PL mice while on a
high calcium diet, but the protective effect was lost when low calcium diets were used (Cantorna et al.,
1999, Lemire and Clay Archer, 1991; Ramsaransing et al., 2009). Moreover, supplementation with magne-
sium, calcium, and vitamin D resulted in decreased relapse rate in a group of patients with MS (Goldberg
etal., 1986). In line with these results, the higher levels of dietary calcium provided by the YBS (a dairy prod-
uct) may have contributed to a decreased rate of disease.

Milk proteins

The recommendation of dairy products to patients with MS has been controversial. Some studies suggest
that certain proteins in milk, such as BSAbovine serum albumin (BSA) and butyrophilin (BTN), a protein that
constitutes 40% of the milk’s fat globule membrane (MFGM), increase the risk of developing MS (Winer
et al., 2001; Guggenmos et al., 2004; Mana et al., 2004). These studies have therefore suggested that
decreasing milk consumption could be a non-invasive intervention strategy in MS (Winer et al., 2001). How-
ever, this recommendation is not universally accepted. Other studies have suggested that milk, and spe-
cifically the MFGM, should be considered a potential nutraceutical, as it has beneficial health effects in
connection to several diseases, including MS (Spitsberg, 2005).
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In the case of BSA, the peptide BSA93 was found to induce the development of EAE in SJL/J mice (Winer
et al., 2001). The authors of this study reported that, despite the structural homology between BSA93 and
exon 2 of the myelin basic protein (MBP, a known antigen commonly used to induce EAE), they were unable
to establish T-cell cross-reactivity or mimicry when stimulating PBMCs in patients with MS using BSA93 as
the antigen. Instead, they found cross-reactivity between BSA and MBP antibodies. Cross-reactivity of B-
and T-lymphocyte receptors has important consequences for the host's health. However, the causes of
cross-reactivity among immune responses are not always known, and there might be “potential proximate
and evolutionary explanations” (Fairlie-Clarke et al., 2009) for this event. Cross-reactivity could be a conse-
quence of the immune system'’s inability to process information about the antigens or a vital feature of the
immune system that allows it to acquire biological robustness. Development of cross-reactivity could
represent an advantageous path in the evolution of the host and a mechanism by which the host improves
its fitness. In the case of MS and EAE, unknown or unexplored factors could be involved in determining
whether subsequent immune responses to cross-reactivity are pathogenic or preventive, but diet compo-
nents could not be discarded as either potential offenders or as redeemers that decide the fate of those
responses.

There is a renewed interest in BTN, as this protein also seems to regulate immune responses in several
diseases, including MS and EAE (Afrache et al., 2012; Rhodes et al., 2016). As with BSA, cross-reactivity of
human T-cell responses has also been reported for BTN, as many amino acid residues are conserved be-
tween the MOG and the BTN protein (Guggenmos et al., 2004). BTN domains are also structurally similar
to the B7 proteins, a family of costimulatory molecules that are essential for the regulation of T-cell acti-
vation and tolerance (Afrache et al., 2012). Indeed, BTN has been shown to modulate encephalitogenic
T-cell responses to MOG in rodents with EAE (Steffer| et al., 2000; Guggenmos et al., 2004). This property
seems to be rodent strain specific, suggesting a role of genetics in how BTN affects the development of
disease. For example, immunization of Dark Agouti, Brown Norway, or Lewis rats with BTN'9Y did not
induce overt clinical EAE, but it did induce subclinical CNS inflammation in Dark Agouti rats (Steffer|
et al.,, 2000). BTN's pro-inflammatory activity was attributed to the extracellular IgV-like domain, which
is conserved in MOG, and to antigen mimicry with the MOGy, g; peptide sequence. However, it was
found that BTN could either trigger or suppress the development of EAE (Steffer| et al., 2000). Studies
in C57BL/6 mice have also demonstrated that BTN, administered either before or after immunization
with MOG, prevented and/or ameliorated the clinical manifestations of EAE (Mana et al., 2004) by inhib-
iting production of pro-inflammatory IFN-y, IL-2, and IL-12, while increasing anti-inflammatory IL-10
(Mana et al., 2004). This raises the question of which specific features of the host, the diet, or the host's
gut microbiome are able to modulate the effect of BTN and/or other milk components in disease
development.

Due to the duality (induce vs. prevent EAE) shown by these proteins (BSA and BTN), it has been suggested
that the cross-reactivity mentioned above could reduce the risk of MS in humans (Stefferl et al., 2000).
Within hours of ingestion, immunogenic peptides are capable of crossing gut mucosal surfaces and
entering the gut-associated lymphoid tissue, where they are presented to T cells and can influence the se-
lection, survival, and function of the T-cell repertoire. This process contributes to the development of
“mucosal tolerance” or the systemic suppression of potentially inflammatory responses to dietary antigens.
Indeed, individuals who consumed a large quantity of milk and dairy products during infancy and childhood
but then dramatically and suddenly reduced dairy consumption during adolescence have been found to
have a higher risk of developing MS in young adulthood than individuals whose consumption of milk
and dairy products remained steady throughout life (Butcher, 1986).

Overall, our review of the potential health benefits of milk proteins in attenuating MS/EAE indicates that the
consumption of dairy products, including fermented alternatives, may be able to positively modulate im-
mune responses. Remarkably, an analysis of transcriptional changes in the lymph nodes of mice with EAE
revealed increased expression of genes coding for milk components, including casein (Csn1s1, Csn2,
Csn1s2a, and Csn3) and lactalbumin o, at the time of recovery from an attack (Otaegui et al., 2007). More-
over, expression of Csn3 was found to be elevated in the blood of patients with MS 72 hr after a relapse
(Otaegui et al., 2007). Casein has immunosuppressive effects both in vivo and in vitro (Daddaoua et al.,
2005; Otani et al., 2001) and could therefore play a protective role in MS. Although there is the potential
that some of these immunomodulatory effects of milk proteins are related to the microbiome in as yet un-
known ways, it appears likely that, with respect to the YBS diet in the marmoset model of MS, milk proteins
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alone have important and microbiome-independent physiological effects that attenuated disease onset
and progression.

CHALLENGES IN IDENTIFYING CAUSE-AND-EFFECT RELATIONSHIPS AND
PHYSIOLOGICAL MECHANISMS IN ANIMAL MODELS

In the previous two sections, we showed that (1) there were significant associations among diet, the gut
microbiota, and the development of pathology in a marmoset model of EAE and (2) the few taxa that
were affected by diet are known to participate in host-microbe interactions that contribute to immunopa-
thologies. However, because the data obtained from studies like that of Kap et al. (Kap et al., 2018) are
correlational, it is impossible to assign causality to these diet- and disease-associated changes in the
gut microbiome. For example, although altered microbiomes might contribute to the development of pa-
thology, they might instead be the consequence of it. In this respect, it is noteworthy that the abundance of
some MS-associated bacterial species is restored to levels seen in healthy controls when patients are
treated with disease-modifying drugs (Jangi et al.,, 2016; Chen et al., 2016). Although these observations
are also correlative, the fact that these drugs affect the microbiome, despite being targeted against the
host immune system, suggests that some microbiome changes associated with MS might be secondary
to the disease.

Our re-analysis of the Kap et al. (Kap et al., 2018) data generally supports the hypothesis that the majority of the
microbiome changes associated with EAE in the marmoset model were caused by the disease, not the diet, as
associations between taxon abundances and pathology were stronger and more common than associations be-
tween taxon abundances and diet (Figures 2 and 3). Very few taxa were associated with both diet and pathology,
which would be expected if the diet ameliorated pathology via the microbiome. Broadly, our findings suggest
that the diet influenced the development of pathology, which, in turn, was the main driver of microbiome
changes in this marmoset colony. We can only speculate about the reason for these associations. Inflammation
(Bander et al., 2020) and metabolic aberrancies (Martinez et al., 2013) have both been shown to alter gut micro-
biomes, and the enteric nervous system could influence peristaltic movement having an effect on transit time
and stool consistency (Vandeputte et al., 2016). However, although our findings do not support a major role
of diet-induced shifts in microbiota composition in pathology, it remains possible that some of the health ben-
efits of the YBS diet were mediated via bacterially derived metabolites, which may not be detected in taxonomy-
based assessments of microbiome composition.

AN ECOLOGICAL PERSPECTIVE ON THE FACTORS THAT SHAPE THE MARMOSET GUT
MICROBIOME

In addition to the limitations of correlative and taxonomy-focused data, another challenge to elucidating
mechanistic interactions and cause-and-effect relationships in gut microbiome studies is that it is difficult to
experimentally control for all the factors that shape the gut microbiome and its interactions with the host
(Vujkovic-Cvijin et al., 2020). Animal experiments have the advantage of controlling for environmental (e.g.,
diet, cage environment, bedding, and handling) and host (e.g., age, genotype, etc.) factors that potentially
shape the gut microbiome, but even so, microbiome research in animal models of disease has often ne-
glected or underestimated the importance of ecological processes that shape gut microbial communities
(Martinez et al., 2018; Ubeda et al., 2012). For example, dispersal limitation, familial transmission, and colo-
nization history can all lead to facility, cage, and litter effects that cause stochastic differences in gut micro-
biota composition that are completely independent of the treatments tested (Martinez et al., 2018; McCoy
etal., 2017; Ubeda et al., 2012, Walter and Ley, 2011; Walter, 2015). The microbiome field is full of studies
(Ubeda et al., 2012) where microbiome changes presumably associated with pathology could instead be
independently caused by a confounding factor. Sophisticated experimental designs are required to avoid
these effects (McCoy et al., 2017). It is therefore essential that animal experiments designed to test hypoth-
eses about how specific environmental factors may shape the gut microbiota’s role in pathology are con-
ducted and evaluated within a broader ecological framework. Below we use the Kap et al. data as an
example of how much some of these ecological variables can influence experimental results.

To first examine how additional experimental and ecological factors, such as marmoset sibling pair and
cage, could also have broadly affected variation in microbiome composition, we used a Bray-Curtis dis-
tance-based redundancy analysis (dbRDA) based not only on the experimentally manipulated variables
(diet, pathology, and experimental time point) but also on environmental factors (sibling pair and cage).
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Figure 5. Ecological factors that potentially affected B-diversity in the study
Bray-Curtis distance-based redundancy analyses (doRDA) of all ecological factors that could have affected outcomes in
the study. Significance was established by ANOVA at p < 0.05.

We identified the best predictors of microbiome composition based on the adjusted R? value for each pre-
dictor in a forward selection procedure (see Data S1). Our results suggested that the ecological variables
that affected microbial structures were, in order of decreasing explanatory power: sibling pair, time, pa-
thology, and lastly diet and cage, with the latter two variables, which are nested, having a similar effect
(R? values of 0.085, 0.033, 0.029, 0.020, and 0.019, respectively; Figure 5). These findings emphasize that
while diet indeed influenced the gut microbiota in this marmoset model of MS, almost every other variable
had a stronger effect than diet. Sibling pair was the most important factor driving microbiota composition
despite the fact that siblings were separated and re-paired with another marmoset. Its overwhelming
importance suggests the significance of host genetic factors (Goodrich et al., 2014, 2016; Turnbaugh
et al., 2009), shared colonization history (Martinez et al., 2018), or familial history (Ubeda et al., 2012) in
shaping the gut microbiome. Its importance likely goes beyond relatedness and might involve priority ef-
fects and joint vertical transmission and might also be impacted by ecological processes such as dispersal.
Time also had a large effect, emphasizing the importance of stochastic ecological processes, such as drift
(the time effect) and, to some extent, dispersal limitations (the cage effect). Most importantly, disease in-
duction and the development of pathology shaped the microbiome more than diet, supporting our con-
clusions above that associations between microbiome and pathology might be primarily driven by the
host's physiological state and not by diet altering pathology via the microbiome.

We additionally examined the effects of sibling pair and individual identity in predictions of taxon abun-
dances. All our mixed-effect modeling procedures included individual identity nested within sibling pair
as a random effect term to account for this variation. When we compared the marginal and conditional
R? values for our models, which can be used to calculate the amount of variance explained by the fixed ef-
fects (diet, pathology, time) and the random term (individual nested in sibling pair) (Nakagawa and Schiel-
zeth, 2013), we found that the random term explained more variance than all the fixed terms in the majority
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of our models (56% of abundance-based models [Figure 2 and Table S4] and 61% of delta abundance-
based models [Figure 3 and Table S5]). On average, fixed and random effects explained 10.2% and
15.8% of variance in our abundance-based models and 11.1% and 25.1% of variance in our delta abun-
dance-based models, respectively, indicating the importance of these additional ecological factors. The
fact that many of these models explain less than 40% of overall variation in each taxon further emphasizes
how other ecological factors, along with stochastic variation, can play a strong role in microbiome research.

The dbRDA and mixed model results underscore how, in experimental studies that collect correlational
data, appropriate consideration must be given to controlling for as much natural ecological variation as
possible in the experimental design and adequately accounting for the remaining ecological factors that
cannot be experimentally controlled. Poorly designed or inappropriate analyzed studies that do not
address the complex factors that shape the marmoset microbiome can impede the identification of true
associations among diet, microbiome composition, and the development of MS. In our re-analysis of
Kap et al., we accounted for sibling pair and individual identity as a random effect in all mixed-effect
models, but our statistical power to control for any other effects was limited by the modest sample size.
We therefore recommend that future studies also consider the sample size that is needed to obtain enough
statistical power to reliably identify true biological associations amid the unavoidable noise variables.

CONCLUSIONS AND FUTURE DIRECTIONS

Diet has the exciting potential to be a supplementary therapy in human MS (Janakiraman and Krishnamoor-
thy, 2018). However, there is currently not enough information available to make reliable dietary recom-
mendations for patients with MS. Obtaining this information will require a combination of nutrition-related
studies in patients with MS and mechanistic studies in animal models. As we show in this review, these
studies should consider the three-way relationships among diet, gut microbiome composition, and the im-
mune system: diet impacts the structure and composition of the microbiota, which can indirectly mediate
the health effects of diet, and both diet and the microbiota can act independently or in a synergistic way to
directly affect the immune system.

Marmosets are an attractive model for this research due to their physiological similarities with humans. An impor-
tant advantage of the marmoset dizygotic bone marrow chimera twins is that they allow us to partially control for
genetic diversity in outbred animals evolutionarily close to humans, by dividing twin members over control
versus treatment groups. This allows for experiments that are similar to controlled trials in human twin studies
(Beltran et al., 2019; Gerdes et al., 2020). In addition, the marmoset EAE model also allows us to faithfully mimic
one of the best established environmental risk factors for MS, namely Epstein-Barr virus (EBV). Kap et al. demon-
strated that the levels of the EBV counterpart in marmosets, CalHV3, in different anatomical compartments were
reduced upon changing the dietary supplement (Kap et al., 2018). Although marmoset research has already pro-
vided novel insights, the experiments done to date have been small and were not designed to unravel mecha-
nisms or cause-and-effect relationships. To robustly explore these more nuanced questions in the marmoset
model of MS, we recommend three key considerations for future research in this model.

First, it is important to design studies that explicitly test for causal relationships among diet, the gut micro-
biome, and MS. For example, future studies could use gnotobiotic approaches (experiments with defined
microbiomes) or specifically target Actinobacteria, which were implicated in the Kap et al. data, using an
interventionist approach (Walter et al., 2020). The marmoset model provides exciting prospects for con-
ducting such definitive studies. Ideally, these studies will incorporate techniques that determine not only
fecal microbiota composition but also metabolic function, such as metagenomics and metabolomics.
Even in cases where the taxonomic composition of the gut microbiome is not affected by a particular dis-
ease or treatment, diet might impact disease by changing the metabolic activity of the gut microbiota,
which could be detected using these more sensitive techniques. Longitudinal studies with frequent sam-
pling of the gut microbiota —even more frequently than in Kap et al.—could also allow for statistical ap-
proaches that can assign causality, such as mediation (Leong et al., 2018) or Bayesian inference analysis
(Schluter et al., 2020). Only a mechanistic understanding of the diet-microbiome-immune system triad
will allow for reliable diet recommendations for patients with MS.

Second, the findings from our re-analysis warrant the use of a broader ecological framework when evalu-
ating these mechanistic interactions among diet, the microbiome, and the immune system in MS. Any an-
imal study must consider the ecological factors that are not directly linked to experimental variables being
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tested but have the potential to confound the results, specifically by introducing stochastic differences in
the gut microbiota that are not linked to the treatment. Studies that use larger numbers of animals under
more standardized conditions will be better able to account for these ecological factors.

Third, the consideration of ecological processes is also important for studies of MS in humans. Discrep-
ancies have been reported in the differences in microbiome composition between patients with MS and
healthy controls, and although consistent patterns were observed, a microbiome signature that could serve
as a biomarker for MS has not been confirmed to date (Mirza et al., 2020). Studies on the drivers of disease-
associated microbiome alterations, their cause-and-effect relationships with host pathology, and the
ecological mechanisms involved in diet-microbiome-immune system interaction require knowledge of
which previous environmental exposures and lifestyle factors could be relevant to the results in the affected
population. In this regard, marmosets are an attractive model for studying the ecological processes that
shape the gut microbiome in relation to pathology due to their evolutionarily close similarities with hu-
mans. We hope that our re-analysis of the Kap et al. marmoset data, though limited by the study’s modest
sample size, provides valuable future hypotheses to test in the marmoset model of MS and models how
larger future studies should be designed and analyzed.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102709.
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