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Abstract

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

(CNS) which is linked with both genetic and environmental factors. A Western-style diet rich 

in fat and simple sugars, is hypothesized as a potential factor contributing to the increased 

incidence of inflammatory autoimmune diseases, like MS, in developed countries. Although the 

adverse effects of a high fat diet in MS have been studied extensively, the effect of a fructose 

rich diet (FRD) on MS etiology is unknown. We hypothesized that an FRD will alter the 

gut microbiome, influence immune populations, and negatively impact disease in experimental 

autoimmune encephalomyelitis (EAE), an animal model of MS. To test this, we fed C57Bl/6 

mice either an FRD or normal feed (ND) for 4 or 12 weeks and analyzed the effect of an 

FRD on gut microbiota, immune populations, and EAE disease. An FRD significantly influenced 

the gut microbiota, with reduced abundance of beneficial bacteria and enrichment of potentially 

pro-inflammatory bacteria. We also observed immune modulation in the gut and periphery. Of 

particular interest was a population of Helios- RORγT+ FoxP3+ CD4+ T-cells that was enriched 

in the small intestine lamina propria of FRD-fed mice. However, despite gut microbiota and 

immune modulations, we observed only a subtle effect of an FRD on EAE severity. Overall, our 

data suggest that in C57Bl6/J mice, an FRD modulates the gut microbiota and immune system 

without significantly impacting MOG35-55/CFA-induced EAE.

Introduction

Multiple Sclerosis (MS) is an autoimmune demyelinating disease of the central nervous 

system (CNS) which affects an estimated 2.8 million people globally, with prevalence rates 
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rising nearly 10% in the last 30 years (1). Current understanding of the disease suggests that 

it is initiated primarily by autoreactive Th17/Th1 CD4+ T-cells which are activated in the 

periphery before infiltrating the CNS and causing damage to the myelin sheath around nerve 

axons (2). Both genetic and environmental factors have been linked with susceptibility to 

MS, but the initiating event resulting in the induction of autoreactive T-cell activation in MS 

is unknown. Recently diet and gut microbiome have emerged as important environmental 

factors that have been suggested to play a major role in modulating susceptibility to disease 

occurrence and progression (3–5)

Previous studies have suggested that changes in diet can have either beneficial or detrimental 

effects on MS, based on the contents of those diets. Western diets, which are high in 

fat, sugar, salt, and processed foods, are often associated with inflammatory autoimmune 

diseases, including MS (6, 7). In the US, consumption of fast food or other high-fat, high-

carbohydrate diets, including increased addition of fructose or high fructose corn syrup in 

these foods, is common (8). Studies have suggested that increased fructose consumption can 

exacerbate disease in multiple conditions, including non-alcoholic fatty liver disease, breast 

cancer, hypertension, and metabolic syndrome. This exacerbation is thought to be mediated 

through various mechanisms such as creation of metabolic byproducts, increased visceral 

adiposity, and nutritional regulation of gluconeogenesis and de novo lipogenesis (9–13). 

Additionally, fructose has been associated with gut microbiome dysbiosis and dyslipidemia 

which may be detrimental to overall health (14, 15).

While evidence shows the adverse effect of elevated fructose intake in multiple diseases, 

there is little data on the impact of fructose on the pathobiology of MS. Due to the dietary 

prevalence of fructose in areas where autoimmune inflammatory disease incidence is higher, 

and its own associations with inflammatory conditions, it has been suggested that fructose 

may be detrimental in the context of MS as well (1). Thus, this study was designed to 

determine the effects of high fructose intake on the gut microbiome, immune system, and 

MS disease outcomes, using the experimental autoimmune encephalomyelitis (EAE) mouse 

model of MS.

Materials and Methods

Mice and dietary treatments

C57BL/6J male mice (4-6 weeks old) were purchased from Jackson Laboratories (Bar 

Harbor, ME) and allowed to adjust to the new environment for 1-2 weeks. Mice were 

fed the indicated diet, a fructose-rich diet (649.19g/kg or 70% kcal of diet; Envigo TD. 

180864) or normal feed, ad libitum for 4 or 12 weeks. Normal feed is the standard 

mouse chow available in the animal facilities at the University of Iowa (Envigo 7013). 

In some experiments, mice were given fructose-supplemented water (30% w:v fructose) 

in combination with normal feed or normal water in combination with a normal or fructose-

rich diet ad libitum for 6 weeks. All procedures were done according to the Institutional 

Animal Care and Use Committee guidelines at the University of Iowa.
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Shotgun Metagenomic Sequencing

Fecal samples were collected from individual mice using a divider box as described by 

Shahi et al (16). Fecal samples were homogenized using an OMNI BeadRuptor system 

and DNA was isolated using the Qiagen DNeasy PowerLyzer PowerSoil Kit following the 

manufacturer’s instructions. Isolated DNA samples were quantified using Qubit (Qiagen) 

before being sent to CosmosID (Rockville, MD) for shotgun metagenomic sequencing. Raw 

sequences were quality controlled using metawrap to analyze read quality, trim adapters, 

and remove host sequences (17). Then the KRAKEN2 database was utilized to identify the 

taxonomy by the k-mer method (18). After assignment, BRAKEN, a bayesian based tool, 

was used for abundance refinement based on the KRAKEN2 output (19). Next, we used 

bit to combine the BRAKEN abundances and add lineage, finally resulting in a complete 

taxonomy abundance table (20).

Microbiota Analysis

The taxonomy abundance table was analyzed using R (Version 4.0.3) packages vegan 
and ggpubr (21, 22). Downstream analysis of the microbiome taxonomy abundance table 

was also performed in R v4.1.2 using the Microvis package (23). Samples first had to 

meet a threshold of 10,000 reads, and then they were normalized by sum scaling and 

geometric log transformation. Features with unassigned domains, prevalence less than one, 

or relative abundance less than 1x10−4 were removed. Alpha diversity was calculated using 

a nonparametric analysis method, the Chao1 index. Bray-Curtis dissimilarity was calculated 

as a measure of beta diversity using the PERMANOVA “adonis” function for statistical 

analysis. Univariate analysis was performed to measure the variability of specific species 

and genera between the NC and FRD groups using Wilcoxon rank sum tests corrected for 

multiple comparisons via the Benjamini-Hochberg method. Random Forest Analysis was 

performed at the genus level as a measure of group differentiation, which include training 

a random forest model followed by use of the Boruta algorithm to identify statistically 

significant features for group placement prediction (24). The default parameters of P<0.01 

with 500 trees for 100 iteration were used.

Cell Isolation and Flow Cytometry

Lamina propria cells were isolated as previously described (25). Briefly, small intestine 

or colonic tissue was harvested from the mouse, the fecal matter removed, and the tissue 

cut longitudinally. The mucus layer was removed by shaking using Buffer A (HBSS+ 5% 

FBS+ 25mM HEPES) until the supernatant was clear after shaking, usually 1-2 buffer 

replacements. The tissue was then rinsed once with shaking using Buffer B (HBSS+ 2mM 

EDTA+ 25nM HEPES). Epithelial cells were dissociated by incubation with shaking in 

Buffer C (HBSS+ 15mM HEPES+ 5mM EDTA+ 10% FBS+ 1mM DTT). Epithelial cells 

were removed by shaking with Buffer A until the supernatant cleared, generally 1-2 buffer 

replacements. Immune cells were liberated by incubation with shaking in digestion buffer 

(complete RPMI+ 1.5mg/mL Collagenase IV; Worthington Biochemical Corporation, NJ 

+ 40ug/mL DNase; Roche Diagnostics GmBH, Germany), and then the cell suspension 

was passed through 70uM and 40uM filters to reach a single cell suspension. Splenic 

cells were obtained by harvesting and homogenizing mouse spleens. Erythrocytes were 
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then lysed and the remaining cells were resuspended to create a single-cell suspension. To 

determine cell surface marker expression, cells were incubated with monoclonal antibodies 

at 4°C for 30 min before fixation and analysis by flow cytometry. To determine intracellular 

marker/transcription factor expression, cells were stained for surface markers, fixed and 

permeabilized using FoxP3/Transcription Factor Staining Buffer Set (eBioscience, San 

Diego, CA), and incubated with monoclonal antibodies at room temperature for 20 minutes 

before analysis by flow cytometry (26). All flow cytometry data was collected using a 

Cytek Aurora (Cytek, Fremont, CA) and analyzed using the FlowJo tSNE package (FlowJo, 

Ashland, OR) with downsampling of CD45+ cells prior to tSNE analysis to normalize 

populations between samples (27)

EAE disease induction and evaluation

EAE was induced and evaluated as described previously (28). Briefly, mice were immunized 

subcutaneously on day 0 on the left and right flanks with 100μg MOG35-55 peptide 

emulsified in 200μg of Complete Freund’s Adjuvant (CFA), followed by 80ng of pertussis 

toxin (PTX) diluted in PBS intraperitoneally on days 0 and 2. Disease severity was scored 

as follows: 0, no symptoms; 1, loss of tail tonicity; 2, hindlimb weakness; 3, hindlimb 

paralysis; 4, forelimb weakness; 5, moribund or death.

Data availability

The shotgun metagenomic sequences are deposited to the NCBI Sequence Read Archive 

(SRA) under the BioProject ID: PRJNA939184 for free public access. All other data needed 

to evaluate the conclusions in the manuscript are present in the manuscript.

Statistical Analysis

All microbiome statistical analyses were performed using built-in functions of the Microvis 

R package in R studio. Briefly, beta diversity was analyzed by the PERMANOVA “adonis” 

function, univariate analyses used Wilcoxon rank tests with Benjamini-Hochberg corrections 

for multiple comparisons, and random forest analysis used random forest model training 

of 500 trees with 100 iterations with the Boruta algorithm to identify significant features. 

A false discovery rate of q<0.01 was considered significant for univariate analyses and a 

p<0.01 was considered significant for random forest analysis. EAE and immune population 

variations were analyzed by 2-way analysis of variance (ANOVA) using GraphPad Prism 

software (La Jolla, CA). P<0.05 was considered significant for these tests.

Results

Effect of a fructose-rich diet on gut microbiome composition

It is well documented that various diets can modulate the composition of the gut microbiome 

in mice and humans (26, 29–32). Therefore, we hypothesized that a fructose rich diet (FRD) 

would also alter the mouse gut microbiome. To address this, we placed mice on an FRD 

for 6 weeks, followed by fecal sample collection and shotgun metagenomic sequencing 

(Fig. 1). First, we analyzed alpha diversity by Chao1 analysis, a measure of the estimated 

number of species in the bacterial community of each mouse. Bray-Curtis dissimilarity 

analysis of beta diversity was then performed to measure the overall differences in bacterial 
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species composition between each dietary group. Using these methods, we were able to 

determine that feeding mice an FRD does alter the gut microbiome composition in those 

mice compared to ND-fed controls, although the alpha diversity remains similar between the 

groups (Fig. 1B–C). Next, we investigated alterations in the relative abundance of genera 

and species in FRD- or ND-fed mice using (Fig. 1D) proportional and (Fig. 1E) relative 

abundance to visualize these alterations. These methods revealed shifts in several genera 

and species. In FRD-fed mice, enriched genera included Bacteroides and Lactococcus, 

while Muribaculum and Duncaniella were depleted (Fig. 1D). At the species level, enriched 

taxa included Bacteroides vulgatis, Desulfovibrio vulgaris, and Collinsella aerofaciens and 

reduced taxa included several Prevotella species. Using univariate analysis, we identified 50 

species and 26 genera, at a false discovery rate of q<0.01, which were altered in FRD-fed 

mice compared to ND-fed controls (Fig. 2). Notably, Prevotella was again reduced in 

FRD-fed mice and Collinsella was enriched. Together, these data suggest that an FRD can 

modulate the gut microbiome with enhanced or reduced abundance of multiple bacterial 

genera and species.

Random Forest Analysis to determine gut microbiome classification

We then used Random Forest Analysis to determine which bacterial classes and genera 

were most useful in differentiating FRD-fed mice from ND-fed mice (Fig. 3). Random 

forest analysis uses machine learning to train a random forest model and then uses the 

Boruta algorithm model to identify bacterial genera or species which are most significant 

in categorizing a sample into either the FRD- or ND-fed group. This analysis revealed 

several genera and species that could be used to distinguish between the groups, including 

Prevotella, Collinsella, and Faecalibaculum. Of these, Prevotella had a reduced abundance 

in FRD-fed mice, while Collinsella and Faecalibaculum had an enriched abundance in FRD-

fed mice. Thus, Random Forest Analysis was able to identify both enriched and reduced 

bacteria which significantly aid in classifying samples to a particular diet, suggesting that 

both up- and down-regulation of bacterial genera and species are important factors in 

FRD-induced gut dysbiosis.

Effect of a fructose rich diet on immune populations in the intestinal lamina propria

Changes in the gut microbiota can influence the immune response along the intestinal 

mucosal barrier and can lead to systemic changes in the immune response (26, 33). Western-

style diets have been shown to alter microbiota and inflammatory responses in the gut and 

beyond (33–35). As fructose is a component of a western style diet and can modulate the 

gut microbiome, we wanted to investigate if an FRD can modulate the immune system in the 

gut and how that modulation may change over time. Therefore, we analyzed immune marker 

expression by flow cytometry on mononuclear cells isolated from the lamina propria of 

mice fed an FRD for 4 or 12 weeks (Fig. 4). Using tSNE and FlowSOM analyses, we were 

able to identify several populations of immune cells which were altered only in mice on an 

FRD (Fig. 4B). tSNE analysis is a non-linear dimensionality reduction tool that prioritizes 

preserving local structure during the dimension reduction such that phenotypically similar 

data points/populations will be displayed near each other and dissimilar points/populations 

will be farther away (36). FlowSOM is a clustering algorithm that aids in visualization and 

analysis of high-dimensional data sets. It utilizes self-organizing maps to train the program 
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with the provided data set before assigning each data point to nodes in a minimum spanning 

tree which are finally labeled as clusters within the dataset (37).

Interestingly, in the ileal lamina propria, an MHCII+ B-cell subset was enriched after 4 

weeks of an FRD, but returned to an intermediate level at 12 weeks. However, CD103+ 

CD11a+ CD4+ T-cells were reduced after both 4 and 12 weeks of an FRD. Another notable 

shift occurred in the T-regulatory (Treg) cell population after 4 and 12 weeks of an FRD, 

with a significant enrichment of Helios- RORγT+ FoxP3+ Tregs. The number of Helios+ 

Tregs stayed consistent and did not express RORγT at any timepoint (Fig. 4D, E). The 

colon is an area of high microbiome load, and fecal microbiome sequencing showed a 

distinct profile in mice on an FRD. Thus, we hypothesized that there would be alterations in 

immune populations in that tissue. After 4- and 12-weeks of an FRD, we found an enriched 

population of CD4+ T-cells with high GITR expression as well as increased numbers of 

CD8+ T-cell subsets such as CD103+ CD8+ T-cells in FRD-fed mice (Fig. 5). There was 

also a population of potential DCs or other innate cells expressing CD11b, CD11c, MHCII, 

and CD49d which was reduced after 4 weeks of an FRD and stayed lower after 12 weeks 

of the diet (Fig. 5B–D). Thus, these data suggest that an FRD can modulate immune 

populations in both the ileal and colonic lamina propria.

Effect of a fructose rich diet on immune populations in the periphery

We also examined immune populations in the spleen to determine if an FRD impacts 

immune populations outside the initial uptake area (Fig. 6). There were increased numbers 

of CD8+ T-cell subsets such as CD49d+ CD8+ T-cells in the spleen of 4-wk FRD-fed mice, 

but not 12-wk FRD-fed mice. There was also a population of CD19+ MHCIIlo B-cells which 

were initially reduced after 4 weeks on an FRD, but appeared at higher than ND levels in 

mice fed an FRD for 12 weeks (Fig. 6B–D). Taken together, these data suggest that an FRD 

can modulate immune populations beyond the intestinal lamina propria.

Effect of a fructose rich diet on EAE disease severity

Due to a FRD modulating both gut microbiota as well as intestinal and peripheral 

immune responses, we next asked whether FRD can modulate experimental autoimmune 

encephalomyelitis (EAE) disease severity. To do this, we placed mice on either an FRD or 

ND for 4 or 12 weeks before inducing EAE via MOG35-55/CFA immunization and tracking 

clinical disease scores (Fig. 7B). We observed that onset for all three diet groups was the 

same, with disease onset at day 9 ± 1 day. Peak disease for all groups was at day 38 when 

the experiment was ended. At this timepoint, 4-week FRD-fed mice had an average score of 

4.19 ± 1.19, 12-week FRD-fed mice had an average score of 3.95 ± 1.36, and ND-fed mice 

had an average score of 3.36 ± 1.22. We also found that there was a trend towards FRD-fed 

mice being more likely to succumb to disease than ND-fed controls (Fig. 7B). These data 

suggest that an FRD can have a subtle effect on disease severity and survival in EAE.

Effect of fructose-supplemented water on EAE disease severity

We further wanted to discern if the source of fructose impacted disease severity because 

much excess fructose is consumed via sugar-sweetened beverages instead of food (10). 

Thus, we gave mice either an ND with 30% w:v fructose-supplemented water or an ND 
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or FRD with normal facility water for 6 weeks prior to EAE induction by MOG35-55/CFA 

immunization (Fig. 7A). We found that for mice given fructose-supplemented water, they 

had disease onset at day 8 ± 1 and peak disease at day 27, with an average EAE score of 

3.35 ± 0.63 at that timepoint (Fig. 7C). FRD-fed mice had disease onset at 9 ± 2 and peak 

disease at day 15, with an average EAE score of 3.17 ± 1.03 at that timepoint (Fig. 7C). 

ND-fed mice had disease onset at day 9 ± 2 and peak disease at day 16, with an average 

EAE score of 3.22 ± 0.97 at that timepoint (Fig. 7C). We also found that the survival rate 

was not significantly impacted by the route of fructose intake (Fig. 7C). Thus, these data 

indicate that fructose-supplemented water had no effect on EAE disease onset or severity.

Discussion

A number of potential environmental factors have been linked with increased incidence 

of inflammatory diseases in developed countries, with a Western-style diet rich in simple 

sugars, fat, and protein emerging as one of the potential factors. Although the role of a 

high-fat diet in the modulation of gut microbiota, immune response, and MS/EAE has been 

investigated, the significance of high fructose in this context is unknown. Our data suggest 

that, in C57Bl/6 mice, an FRD can modulate the composition of the gut microbiome such 

that the populations of bacteria are distinctly different between ND- and FRD-fed mice. 

We also identified specific bacterial classes and genera which can be used as predictors 

of diet in a blinded random forest analysis. Looking at immune populations, we found 

alterations in the ileal lamina propria, where fructose is primarily absorbed. We also found 

immune modulation in the colonic lamina propria and spleen, suggesting that increased 

dietary fructose can have a physiologic effect both at and outside of the main area of 

uptake. Interestingly, we observed that despite modulating the gut microbiota and immune 

populations, an FRD had only a subtle effect on the disease severity in MOG35-55/CFA-

induced EAE in B6 mice. Altogether, these data suggest that an FRD can influence the gut 

microbiome as well as mucosal and peripheral immune responses.

Several bacterial genera and species that were enriched in an FRD are particularly 

of interest, including Collinsella, Olsenella, and Streptomyces. Collinsella, which was 

identified in several tests including random forest analysis, was enriched after an FRD. 

Chen et al reported that Collinsella was increased in the gut microbiomes of rheumatoid 

arthritis (RA) patients and strongly correlated with IL-17 production (38). They also found 

that treating mice with the species Collinsella aerofaciens, which we also found to be 

enriched in an FRD diet, led to increased gut permeability and disease severity in a collagen-

induced arthritis mouse model of RA. Collinsella has also been associated with a low-fiber 

diet and high insulin levels in overweight/obese pregnant people (39). Thus, an FRD can 

modulate immune responses through enrichment of Collinsella. Olsenella enrichment has 

been reported in the gut microbiomes of people with osteoporosis and was correlated 

with inflammatory markers (40). Another group found that Olsenella was highly enriched 

in patients with Ulcerative Colitis (41). In contrast, while Streptomyces were enriched 

after an FRD, these bacteria have been proposed as mediators of immunosuppression in 

human colon cancer, effectuating a decrease in cancer incidence through the production of 

anti-microbial/anti-proliferative compounds (42, 43). More recently, metabolites produced 

by Streptomyces have also been found to mediate anti-inflammatory effects in microglia 
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(44). Together, these results suggest that an FRD promotes the expansion of gut bacteria 

with the potential to induce a pro-inflammatory environemnt. However, this is mixed 

with increases in potentially anti-inflammatory microbes, which may help balance the 

inflammatory properties of other enriched bacterial genera. Future studies utilizing specific 

strains of Collinsella, Olsenella, and Streptomyces enriched in mice on an FRD will help to 

answer whether they are pro- or anti-inflammatory.

Several bacterial genera had reduced abundance in an FRD compared to an ND, with 

Prevotella, Chryseobacterium, Porphyromonas, and Muribaculum showing lower relative 

abundance in FRD-fed mice. We, and others, have previously found that Prevotella is 

depleted in the gut microbiome of MS patients and our group has shown that treatment with 

Prevotella histicola specifically can ameliorate disease severity in a mouse model of MS 

(45–47). Furthermore, Falcone et al analyzed the microbiome and Th17 levels in mucosal 

biopsies of MS patients and correlated these indices with disease severity (47). They found 

that patients with severe MS showed a low abundance of Prevotella and levels of Th17 cells 

were inversely correlated with the relative abundance of Prevotella. Additionally, DMTs 

have been shown to restore levels of Prevotella in MS patients. Thus, many studies in 

MS patients point towards a beneficial role of Prevotella in the context of MS. However, 

some reports have also linked Prevotella with chronic inflammation in RA, metabolic 

disease, and intestinal dysbiosis, suggesting either a differential effect of different species 

or an effect dependent on the environment (48, 49). Chryseobacterium species are common 

colonizing bacteria with low virulence. Their presence in clinical samples usually represents 

colonization and not infection, suggesting that their depletion in FRD-fed mice may 

represent a dysbiotic state (50). Regarding Porphyromonas, the species most represented 

in these mice included P. crevoricanis, P. caningingivalis, and P. asacchrolytica. In contrast, 

P. gingivalis, which has been associated with the pathogenesis of multiple diseases including 

periodontitis, Alzheimer’s Disease, Non-Alcoholic Fatty Liver Disease, and Rheumatoid 

Arthritis, was not present (51–54). Additionally, P. crevoricanis and P. caningingivalis share 

less than 5% DNA-DNA homology with other strains of Porphyromonas and produce high 

levels of short-chain fatty acids (SCFAs) such as propionic and butyric acids (55). These 

SCFAs are generally considered beneficial, with propionic acid shown to lower fatty acid 

content in the liver and plasma, help reduce food intake, and mediate immunosuppression 

(56). Butyric acid can increase mucosal tight junction protein expression and has been 

shown to ameliorate mucosal inflammation and oxidative stress (57, 58). Overall, this 

may suggest that the species of Porphyromonas being depleted in FRD-fed mice might be 

beneficial to gut health. Thus, reduced abundance of these bacteria may be detrimental to 

overall gut homeostasis in FRD-fed mice. Besides these bacteria, Muribaculum also had 

reduced abundance in FRD-fed mice. This genus has been linked with anti-inflammatory 

responses in the host, as highlighted by its reduced abundance in mice with Crohn’s Disease 

(59). Additionally, another group found that Muribaculum was depleted in mice fed a 

Western Style diet while juvenile, even after 8 weeks of being fed normal chow (60). While 

this study did not include exact dietary controls, as the normal chow and fructose-enriched 

diets have different dietary bases, the mice used for experiments were littermate controls. 

Additionally, bedding from each soiled cage was mixed with other cages for at least a 

week prior to the diet switch to normalize the microbiome between experimental groups and 
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reduce variability due to the cage effect. Cage bedding mixing has been shown to be the 

most effective method for minimizing inter-individual variability when co-housing is not an 

option due to the study design (61). Also, as fructose is an overwhelming component of the 

fructose-rich diet, we expect it to be a major driver of the microbiota changes. However, 

we cannot rule out the effect of other dietary components besides fructose for some of 

the microbial shifts observed in our study. Together, these results suggest that the overall 

composition of the gut microbiome is altered when mice are fed an FRD, with a reduced 

abundance of potentially beneficial bacteria and enrichment of inflammation-associated 

bacteria enriched.

To investigate the intestinal immune response to an FRD over a short and long term, 

we first analyzed the small intestinal lamina propria, as it is the main site of fructose 

absorption in the gut (62). We observed enrichment of a Helios- RORγT+ FoxP3+ CD4+ 

Treg, but not Helios+ FoxP3+ CD4+ Treg, population uniquely in the ileum of FRD-fed 

mice. Interestingly, Helios is suggested to be a marker for thymic-derived Tregs, and thus 

higher levels of only Helios- RORγT+ FoxP3+ CD4+ T-cells in FRD-fed mice suggests a 

diet/microbiota-induced origin for this population (63–65). RORγT is the lineage-defining 

transcription factor for Th17 T-cells and thus, Tregs expressing RORγT have been thought 

to be inflammatory as well. Several studies in human PBMCs have suggested that these 

FoxP3 and RORγT double-expressing Tregs can secrete IL-17 and have reduced suppressive 

capacity (66, 67). However, recently Tregs expressing RORγT concurrently with FoxP3 

have been identified in the colonic lamina propria (68). These RORγT+ Tregs are thought 

to be an important regulatory population that is induced in response to particular gut 

microbes and can help regulate the immune response to those microbes (69, 70). These 

double-expressing cells have also been shown to be suppressive in the context of an adoptive 

T-cell transfer model of colitis, although the role of these cells in the small intestine is 

not yet well characterized. Combined with previous studies showing that the majority of 

diet-induced T-cell modulation occurs in the small intestine, our study may suggest that 

Helios- RORγT+ FoxP3+ CD4+ Tregs are potentially a diet-induced subset of CD4+ T-cells 

that are being enriched in response to an FRD itself or the subsequent microbiota alterations 

and might play a role in inflammation.

We also observed changes in an MHCII+ CD19+ B-cell population, with a distinct 

enrichment of these cells in the ileum of FRD-fed mice at an early timepoint (4 weeks) 

but declining over time (12 weeks). B-cells have the potential to be antigen-presenting 

cells (APCs) and, given the expression of MHCII in this population, they may be acting 

as APCs in this context as has been documented in other autoimmune and viral challenge 

models (71–73). Perhaps they could function as APCs for the RORγT+ Tregs that were also 

enriched in this region of the lamina propria, although that has not been directly tested and 

they could be playing other roles. On the other hand, we also observed a dramatic depletion 

of CD103+ CD4+ T-cells in the ileum of FRD-fed mice compared to ND-fed controls at 

the early and late timepoint. These cells were also depleted in ileal and colonic biopsies of 

patients with active inflammation in Ulcerative Colitis or Crohn’s Disease (74). This CD103 

expression is also consistent with a resident memory T-cell phenotype, which may suggest 

a depletion and/or redistribution of this T-cell subset after an FRD. Such a phenomenon has 

also been seen in tissue resident memory CD4 T-cells within a xenograft model of human 
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cutaneous tissue (75). Taken together, these data suggest that immune population alterations 

occur in the ileum of mice fed an FRD and can take place within four weeks of a dietary 

change. These alterations may be in response to dietary elements or microbiota shifts and 

may be either beneficial or detrimental to overall inflammation in the ileum.

In contrast to the small intestine, FRD-mediated immune modulation was less overt in 

the colon and spleen. However, there was enrichment of CD4+ T-cells with high GITR 

expression in the colonic lamina propria after an FRD. GITR expression on effector T-cells 

is associated with enhanced activation, suggesting that there may be more activated T-cells 

in the colon of FRD-fed mice compared to ND-fed mice (76). There were also increased 

numbers of CD103+ CD8+ T-cells in the colon and CD49d+ CD8+ T-cells in the spleen 

upon introduction of an FRD. CD103+ CD8+ T-cells are reduced in IBD patients such that 

they represent only 9% of T-cells in inflamed biopsies compared to 42% of T-cells in healthy 

biopsies (74). However, other studies have suggested that this population of cells may play a 

role in host tissue destruction during graft-versus-host disease (77). Additionally, in Crohn’s 

disease, patients’ CD103+ CD8+ tissue resident memory cells have a distinct transcriptome 

change and begin expressing Th17-related genes such as CCL20, IL-22, and IL-26 (78). 

This may suggest that these cells could be playing an inflammatory role in the colon while 

they have a different role in the ileum, where this population is significantly reduced. In the 

spleen, the expansion of CD49d+ CD8+ T-cells was only temporary, as only mice on an 

FRD for 4 weeks showed an increase and no difference was observed in mice fed an FRD 

for 12 weeks. CD49d is a marker of antigen experienced T-cells, suggesting that in the short 

term after introducing a new diet, there may be an expansion of T-cells in response to new 

antigens in the diet or gut commensal bacteria, which then contracts again with time.

Looking at reduced immune populations, there was a population of potential DCs or other 

innate cells expressing CD11b, CD11c, MHCII, and CD49d which were reduced upon the 

addition of an FRD in the colon. Due to limitations of the flow cytometry panel, there is 

little information about these cells. Still, it may suggest other changes in innate populations 

within the lamina propria are also occurring in response to an FRD. In the spleen, there was 

also a population of CD19+ MHCIIlo B-cells that were initially reduced after 4 weeks on 

an FRD, but appeared at higher than ND levels in mice fed an FRD for 12 weeks. Loss of 

MHCII expression in B-cells is associated with differentiation into plasma cells, suggesting 

that this population may be a plasma cell population that responds to the dietary change, 

and/or the subsequent microbiota changes, over a more extended period (79).

Finally, we wanted to determine if the observed microbiota and gut immune population 

shifts would affect disease outcomes in a mouse model of MS. Surprisingly, despite changes 

in the gut microbiota and immune populations, an FRD has no significant effect on EAE 

disease incidence, onset, or severity. Although 4- and 12- weeks of exposure to an FRD 

resulted in a slight increase in overall disease severity and mortality, they were insignificant. 

As fructose is mostly consumed in liquid form (i.e. sugary drinks), we also tested whether 

delivering fructose through drinking water would modulate EAE. However, even changing 

the mode of delivery from solid (food pellet) to liquid (drinking water) had no significant 

effect on EAE disease. This was very intriguing as we observed a significant modulation of 

gut microbiota and host immune responses in mice on an FRD. There are multiple possible 
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explanations for the insignificant effect of an FRD on EAE disease, such as needing a longer 

exposure, synergism with other genetic and environmental factors, and the difference in 

fructose metabolism between humans and mice. However, it might be possible that a longer 

exposure of more than 20 weeks or the presence of other risk factors, such as a susceptible 

genetic background, high-fat diet, sedentary lifestyle, or infection such as EBV, might be 

required for observing any significant effect on disease. Another possible explanation is the 

high metabolism rate of mice, which is higher than in humans (80). In the human setting, 

high fructose intake may be a more pertinent issue, especially in conjunction with a western 

diet and the known metabolic and systemic inflammatory problems that may arise from 

such a diet (33, 35, 81, 82). Additionally, it is possible that a mild to moderate EAE in 

our model might have helped to discern differences between dietary groups better. Different 

doses of MOG35-55 peptide ranging from 100-300 μg/mouse, CFA ranging from 200-400 

μg/ml, and PTX dose ranging from 100-400 ng/mouse have been reported for induction of 

EAE (83–86). Despite using the lowest published dose of MOG35-55 (100 μg/mice), CFA 

(200 μg/ml), and PTX (80 ng/mouse), we observed a severe EAE disease in our animal 

facility. The presence or absence of specific microbes (bacteria, fungi, and viruses) in the 

animal facility can influence disease severity. Thus, future studies with lower doses of MOG 

and/or adjuvants (CFA/PTX) to induce a mild to moderate disease might help to determine 

whether an FRD can modulate EAE disease. Ultimately, all the aforementioned factors may 

need to be investigated more thoroughly to determine whether an FRD can modulate EAE 

disease.

In summary, our data suggest that an FRD significantly influences gut microbiota, with a 

reduced abundance of beneficial bacteria and enrichment of potentially pro-inflammatory 

bacteria. This gut dysbiosis can lead to modulation of immune responses in the gut and 

periphery. However, the subtle effect of an FRD on EAE disease phenotype suggests that 

either an FRD can’t modulate disease severity in MS/EAE or it synergizes with other 

environmental and genetic factors to influence the pathobiology of MS. Future studies 

investigating these complex interactions might provide a better explanation on the role of an 

FRD in MS/EAE.
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Figure 1. An FRD can modulate the composition of the gut microbiome.
Four- to six-week old B6 mice were fed an FRD or ND for 6 weeks before fecal pellets 

were collected, microbial DNA isolated, and shotgun metagenomic analysis performed. 

(A) Schematic of the experimental procedure. (B) Chao1 alpha diversity of the mice in 

each group. (C) Bray-Curtis dissimilarity measure of beta diversity within each diet group 

displayed using PCoA plot. Each dot represents a single mouse. (D) Stacked bar plots 

visualizing alterations in relative abundance of the top 20 bacterial genera in each diet 

group. Genera depicted represent 79.9% of bacterial genera in each group. (E) Heatmap 
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depicting the relative abundance of bacterial species at alpha=0.01 in both dietary groups. 

Each column represents a single mouse . N=8 per group, two cages per diet. Values are 

representative of one independent experiment.
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Figure 2. An FRD can modulate specific bacterial genera in the microbiome.
Four- to six-week old B6 mice were fed an FRD or ND for 6 weeks before fecal pellets 

was collected, microbial DNA isolated, and shotgun metagenomic analysis performed. 

Univariate analysis of bacterial genera (A) and species (B) abundance in ND- and FRD- 

fed mice. N=8 per group, two cages per diet. **P<0.01

Peterson et al. Page 19

Immunohorizons. Author manuscript; available in PMC 2023 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Algorithm-based method reveals unique microbial identifiers in microbiomes shaped 
by an FRD or ND.
Four- to six-week old B6 mice were fed an FRD or ND for 6 weeks before fecal pellets was 

collected, microbial DNA isolated, and shotgun metagenomic analysis performed. Random 

forest analysis at (A) genus and (B) species levels. Green indicates higher confidence in 

utilizing the indicated bacteria to blindly differentiate between diets. N=8 per group, two 

cages per diet.
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Figure 4. An FRD modulates immune populations in the ileal lamina propria.
Mice were fed an FRD or ND for 4 or 12 weeks before ileal lamina propria cells were 

isolated and analyzed by flow cytometry. tSNE analysis was performed on CD45+ cells 

previously gated on lymphocytes and single cells. (A) Schematic of the experimental 

procedure. (B) tSNE and FlowSOM analysis of flow cytometry data. (C) Table of selected 

markers expressed by the indicated populations taken from the tSNE analysis. (D) The 

number of cells in the indicated populations in each diet group. (E) Two-dimensional plot of 

Helios and RORγT in populations 3 and 4 from mice fed an FRD. N=5 per group, 2-way 

ANOVA for bar graphs.
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Figure 5. An FRD may modulate some immune populations in the colonic lamina propria.
Mice were fed an FRD or ND for 4 or 12 weeks before colonic lamina propria cells 

were isolated and analyzed by flow cytometry. tSNE analysis was performed on CD45+ 

cells previously gated on lymphocytes and single cells. (A) Schematic of the experimental 

procedure. (B) tSNE and FlowSOM analysis of flow cytometry data and (C) the number of 

cells in the indicated populations in each diet group. (D) Histograms from flow cytometry 

data depicting expression of select identifying markers by the selected populations. N=5 per 

group, 2-way ANOVA for bar graphs.
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Figure 6. An FRD can moderately modulate immune populations in the spleen over time.
4-6 week old mice were fed an FRD for 4 or 12 weeks before splenic immune cells were 

isolated and analyzed by flow cytometry. (A) Schematic of the experiment. tSNE analysis 

was performed on CD45+ cells previously gated on lymphocytes and single cells. (B) tSNE 

and FlowSOM analysis of splenic immune populations in each diet group. (C) Number 

of cells in selected populations in each diet group. (D) Histograms from flow cytometry 

depicting prominent identifying markers of the selected populations. N=5 per group, 2-way 

ANOVA for bar graphs.

Peterson et al. Page 23

Immunohorizons. Author manuscript; available in PMC 2023 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. An FRD only moderately modulates EAE disease severity, regardless of the route of 
ingestion or length of time on the diet.
(A) Schematic of the experimental procedure. Mice were fed an FRD or ND for 4 or 12 

weeks before EAE was induced and (B) disease severity monitored via scoring, survival, and 

area under the curve. N= 5 mice per group, Mantel-Cox log-rank test for survival. Mice were 

fed a fructose rich diet, ND, or fructose-supplemented water (30% w:v fructose) for 6 weeks 

before EAE was induced and (C) disease severity monitored via scoring, survival, and area 

under the curve. N=10 mice per group, 2-way ANOVA for EAE, Mantel-Cox log-rank test 

for survival.
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