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ABSTRACT (ENGLISH) 

Multiple sclerosis (MS) and its animal model, the experimental autoimmune encephalomyelitis 

(EAE), are characterized by inflammatory cell infiltrates and demyelination in the central 

nervous system (CNS) leading to neurological damages. Despite the unknown etiology, 

combination of both genetic and environmental factors is thought to trigger the disease. While 

obesity has been recently identified as a risk factor for MS, the role of cholesterol metabolism, 

intestinal immune responses and gut microbiota remains still unclear. In the present report 

composed of three projects, we aimed to understand the relation between the gut environment 

and the cholesterol-derivates oxysterols during the development of CNS autoimmunity.  

In our first project, we demonstrated that gut immunology and microbiota are involved in the 

development of EAE disease and affects the pathogenic T cells immunology responsible for 

the disease. We found that myelin-specific Th17 cells infiltrate the large intestine before 

neurological symptom development in two murine MS models, the active and adoptive-transfer 

EAE. Specifically targeting Th17 intestinal homing by blocking integrin pathway impairs T cell 

migration to the large intestine and further dampened EAE severity in Th17 adoptive-transfer 

model. Moreover, myelin-specific Th17 cells proliferate in the colon and affected gut microbiota 

composition pointing towards a contribution of the gut-brain axis in CNS autoimmunity 

development. This has resulted in a manuscript published in the journal Cell Reports. 

The second project investigated how oxysterols can modulate gut environment during the 

development of CNS autoimmunity and the development of gut-specific colitis. In a previous 

study, we found that mice lacking oxysterols developed milder EAE disease associated with 

delayed of Th17 migration to the CNS. We found here that infiltration of Th17 cells was delayed 

in the intestine during the development of EAE disease in mice deficient for a certain oxysterol 

pathway. Using enteric infectious model, we further reported an impaired innate immune 

response resulting in a delayed bacterial clearance in mice deficient for oxysterols. New 

evidence about the role of oxysterols in the gut immunology suggest interesting directions of 

future research such as the mechanism of the local source of oxysterols. 

In the third project, we assessed the effect of hypercholesterolemia on oxysterols and their 

contribution in EAE disease development. We found that perturbation of circulating lipids level 

induces modulation of oxysterol-related gene expression without affecting significantly the 

development of EAE disease. We provided also new evidence that lowering circulating 

cholesterol does not impact the development of CNS autoimmunity in EAE. 

This report provides evidence that the gut immunology is important in EAE development and 

MS. Furthermore, our studies support the immunomodulatory role of oxysterols during EAE 

and colitis disease and identify oxysterols as potential therapeutic targets to treat inflammatory 

and autoimmune disease. 
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RESUME (FRENCH) 

La sclérose en plaques (SEP) et son modèle animal, l’encéphalite auto-immune expérimentale 

(EAE), sont caractérisées par des infiltrats de cellules inflammatoires et par la démyélinisation 

du système nerveux central (SNC) donnant lieu à des atteintes neurologiques. Malgré une 

étiologie inconnue, la combinaison à la fois de facteurs génétiques et de facteurs 

environnementaux participent au déclenchement de la maladie. Bien que l’obésité ait 

récemment été identifiée comme un facteur de risque pour la SEP, le rôle du métabolisme du 

cholestérol, des réponses immunitaires intestinales et du microbiote intestinal reste encore 

incertain. Dans le présent rapport composé de trois projets, nous cherchons à comprendre la 

relation entre l’environnement intestinal et les oxystérols, dérivés du cholestérol, lors du 

développement de l’auto-immunité du SNC.  

Dans notre premier projet, nous avons démontré que l'immunologie intestinale et le microbiote 

sont impliqués dans le développement de la maladie EAE et affectent l'immunologie des 

cellules T pathogènes responsable de la maladie. Nous avons constaté que les cellules Th17 

spécifiques de la myéline s'infiltrent dans le colon avant le développement des symptômes 

neurologiques dans deux modèles de SEP murine, l'EAE active et le EAE par transfert adoptif. 

Le fait de cibler spécifiquement la localisation intestinale des Th17 en bloquant la voie des 

intégrines perturbe la migration des lymphocytes T vers le colon et atténue la gravité de la 

maladie dans le modèle de transfert adoptif. De plus, les cellules Th17 spécifiques de la 

myéline prolifèrent dans le colon et ont une incidence sur la composition du microbiote 

intestinal, ce qui semble indiquer une contribution de l'axe intestin-cerveau dans le 

développement de l'auto-immunité du SNC. Ce travail fait l’objet d’une publication dans la 

revue Cell Reports. 

Le deuxième projet a étudié comment les oxystérols modulent l'environnement intestinal lors 

du développement de l'auto-immunité du SNC et du développement d’une colite infectieuse. 

En effet dans une précédente étude, nous avions découvert que les souris déficientes pour 

certains oxystérols développent une maladie moins sévère associé à des retards de migrations 

de cellule Th17 dans le SNC. Nous avons constaté que l'infiltration de cellules Th17 était aussi 

retardée dans l'intestin lors du développement de la maladie à l'EAE chez les souris déficientes 

pour certains oxystérols. En utilisant un modèle infectieux spécifique de l’intestin, nous avons 

observé une réponse immunitaire innée altérée associée avec une élimination du pathogène 

retardée chez les souris déficientes en oxystérols. Avec notre étude, de nouvelles évidences 

suggèrent des orientations intéressantes pour des recherches futures telles que le mécanisme 

de la source locale d'oxystérols.  

Dans le troisième projet, nous avons évalué l'effet de l'hypercholestérolémie sur les oxystérols 

et leur contribution au développement de la maladie EAE. Nous avons trouvé que la 

perturbation du taux de lipides en circulation induit une modulation de l'expression de gènes 

liés aux oxystérols, sans affecter significativement le développement de la maladie EAE. Nous 

avons aussi fourni de nouvelles preuves montrant que la perturbation du cholestérol circulant 

n’a pas d’impact sur le développement de l’auto-immunité du SNC.  

Ce rapport fournit des arguments confortant le rôle de l'immunologie intestinale dans le 

développement de l'EAE. De plus, nos études confirment le rôle immunomodulateur des 

oxystérols au cours de l'EAE et de la colite et identifient les oxystérols comme cibles 

thérapeutiques potentielles pour le traitement des maladies inflammatoires et auto-immunes. 
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1. INTRODUCTION  

 

1.1 Multiple sclerosis 

 

1.1.1 Introduction 

Multiple sclerosis (MS) is chronic disease affecting the central nervous system (CNS) including 

the brain, spinal cord and optic nerves. It is a common neurologic and autoimmune disorder 

leading to demyelination and axonal damages. As the disease can target multiple sites of the 

CNS, the clinical symptoms are various. Fatigue is one of the most frequently reported 

symptoms of MS [1]. In addition, coordination and balance problems, altered sensation as well 

as visual troubles are symptoms often observed in patients. MS was first described by the 

French neurologists Jean-Martin Charcot and Alfred Vulpian in 1868 [2]. There are currently 

three types of MS defined: relapsing remitting (RRMS), secondary progressive (SPMS) and 

primary progressive multiple sclerosis (PPMS) [3] (Fig. 1). If a patient has symptoms of MS 

that do not fulfill entirely the diagnostic criteria (Mc-Donald criteria 2017), a clinically isolated 

syndrome (CIS) can be diagnosed. CIS is recognized as the first clinical episode of 

neurological symptoms characteristic of inflammatory and demyelination, mainly optic nerves, 

brainstem or spinal cord. Including up to 85% of total MS patients, RRMS is the most frequent 

MS disease course. This form is characterized by recurrent attacks in which symptoms appear 

(relapse) and resolve (remitting) completely or partially after time (Fig. 1A) [4]. SPMS starts by 

a relapse-remitting course, which is followed by a gradual worsening of neurological functions 

with or without acute relapses during the progressive course (Fig. 1B)  [3]. 80% of untreated 

patients with RRMS convert to SPMS. However, disease-modifying therapies (DMT) have 

been associated with a lower risk of conversion to SPMS [5]. PPMS is characterized by a 

gradual exacerbation of neurological functions from the onset of the symptoms without 

relapsing-remitting episodes (Fig. 1C).  

 

Figure 1. Different forms of MS. 
Representation of typical RRMS (A), SPMS (B), and PPMS (C) disease course over time.  
Adapted from: https://mymsaa.org/ms-information/overview/types/ 
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1.1.2 Epidemiology 

MS is the most common cause of non-traumatic disease of the CNS among young adults. Most 

MS patients are diagnosed between 20 to 50 years old although the disease can also occur in 

children and older adults. The disease affects more than 2 million of people worldwide and 

constantly increase [6]. The prevalence of the disease differs in term of geographical area (Fig. 

2). In Switzerland, the last epidemiological study was done in 1986 and reported a minimal 

prevalence rate of 110 MS cases per 100,000 inhabitants. Switzerland is part of countries with 

the highest prevalence of MS, including USA, Canada, Spain, Great-Britain, Italy Germany and 

Nordic countries [7].  

 

Figure 2. Global prevalence of multiple sclerosis in 2013. 

Schematic representation of the individuals affected by MS per 100'000 individuals.  
Taken from © www.atlasofms.org, MSIF 2013, [8]. 

 

Like for other autoimmune disease, male/female disparity has been reported.  

Indeed, MS disease is more frequently (two to three time more) observed in women than in 

men [9] [10], suggesting a potential role of hormonal factors in the development of MS. Another 

example supporting this theory is the fact that women have less relapses during their 

pregnancy [11]. Finally, individuals are more likely to develop MS if they already have other 

autoimmune disorders. It has been previously reported that patients type 1 diabetes have an 

increased risk to be affected by MS [12]. In the same line, studies have reported that patients 

with inflammatory bowel disease (IBD) have a higher risk to develop demyelinating disease 

and MS [13] [14]. 



3 
 

1.1.3 Treatments 

The exact cause of MS remains still unknown and there is currently no cure for the disease. 

Existing treatments focus on the symptoms and prevention of a new inflammatory relapse that 

can be either clinical or radiological. Treatments for MS can be divided in two categories. The 

first one is called symptomatic-therapies and focus on symptoms resulting from neurological 

dysfunction that can be used also in other type of disease [15]. Acute relapses of MS are 

caused by inflammation of CNS and most of them will resolve without treatment. 

Corticosteroids are often used to lower and relieve inflammation. These treatments aim to 

accelerate recovery from relapse but do not show benefit in long-term recovery [16]. The other 

category of treatments is called disease‐modifying therapies (DMT) that are focusing on MS-

specific inflammatory features in order to prevent relapses and possibly progression of the 

disease. This category includes immunomodulatory/immunosuppressive drugs (i.e. interferon 

beta, glatiramer acetate, fingolimod, teriflunomide, dimethylfumarate, natalizumab and 

ocrelizumab) [15]. They all act on the immune system to suppress at different levels 

inflammation and therefore MS disease activity. Recently other drugs called immune 

reconstitution therapies have been developed. They are given in short treatment course and 

lead to the reduction of immune cells in the body and reconstruction of immune cell reservoir. 

With this type of new treatments, including alemtuzumab and cladribine, immune system is 

reset in the direction of a non-self-aggressive or self-reactive immune system [17]. 

1.1.4 Pathogenesis 

1.1.4.1 Autoreactive T cell establishment 

During decades, the pathogenesis of MS has been much debated. MS is a complex disease 

with several forms including different clinical outcomes and potentially diverse pathological 

phenotypes associated. However, with progress in immunology and the benefits of 

immunomodulator treatments, it is now well accepted that inflammatory immune-mediated 

processes responsible for the disease could raise from autoimmune mechanisms involving 

autoreactive T lymphocytes (CD4+ or CD8+) that have aberrant responses against CNS self-

antigens [18] [19]. For the moment, no specific autoantibody has been found in order to directly 

prove that MS is an autoimmune disease. However, previous studies have strongly supported 

the hypothesis of immune-mediated involvement for MS development. For example, T cells 

reactive for myelin basic protein (MBP), a protein component of the myelin sheet, have been 

described in MS plaques [20] [21]. Specific type of CD4+ T helper cells called T helper 17 

(Th17) cells have been associated with active MS lesions [22] [23] [24]. Moreover, this theory 

is also consistent with the experimental models used to induce and study MS in animal model. 

Indeed, the induction of the so-called experimental autoimmune encephalomyelitis (EAE) is 
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done by the administration of myelin peptide and adjuvant in the periphery. It induces the 

development of reactive CD4+ T cells against myelin followed by their migration through blood-

brain barrier (BBB) and the attack to the myelin sheet in the CNS. In MS, the precise reasons 

why autoreactive lymphocytes are created against CNS self-antigens remain still unknown. 

However, several mechanisms could potentially explain where this issue comes (Fig. 3). In the 

self/non-self discrimination, T cells must have a broad range of reactivity for foreign antigens 

and in parallel no reactivity to self-antigens (as known as tolerance). Mechanisms to assure 

tolerance involved deletion of autoreactive T lymphocytes during their maturation (central 

tolerance) and suppression of autoreactive T lymphocytes in the periphery that have escaped 

the selection (peripheral tolerance) [25]. The central tolerance occurring in the thymus 

eliminates most autoreactive T lymphocytes but not the totality and some of them are released 

in the periphery. In healthy individuals, peripheral tolerance can control these harmful cells 

through regulatory T (Treg) cells. Defects occurring in the peripheral tolerance such as Treg 

cells dysfunction or resistance from the effector B and T cells to the suppressive mechanisms 

can lead to autoimmunity, including MS disease [25]. In addition, autoreactive adaptive cells 

can be activated in the periphery by molecular mimicry. This mechanism involved the 

presentation of foreign antigens to T cell that share similar part of a self-protein. Typically, at 

mucosal surface, innate immune cells integrate bacteria or virus antigens and present their 

MHC-peptide complex to T cells triggering T cell activation and potential risk of autoimmune 

reaction if this antigen shares same structure as a self-antigen [26] [27] [28] [29].  

 

Figure 3. Immune system dysregulation outside the CNS. Schematic representation of how 

autoreactive T cells can escape the central and peripheral tolerance. Taken from [26]. 
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1.1.4.2 Migration to CNS via BBB 

After their activation in the periphery, autoreactive immune cells can migrate to the CNS 

through the BBB. The BBB is physical barrier composed of endothelial cells interconnect by 

tight junction that limit the trafficking from the blood to the CNS. Under physiological conditions, 

endothelial cells express molecular signals such as chemokines or interleukins that prevent 

the entry of leukocyte. Perturbation of BBB occurs during pathological conditions associated 

with a pro-inflammatory environment. The BBB is not anymore permeable and pathogenic 

immune cell can invade the CNS [30]. In MS disease, alteration of BBB is observed and 

associated with an increase permeability during the formation of new lesions [31]. Studies 

using magnetic resonance imaging (MRI) suggest that these alterations occur before the 

myelin damage and clinical manifestation of the disease in MS patients [32]. Interestingly, 

similar observations have been described in the EAE model [33] [34]. In relation with immune 

cell trafficking, the development of drug, such as natalizumab, is another example of BBB 

involvement in MS pathogenesis. At the blood endothelium surface, a series of cell adhesion 

molecules allow the binding with other cells and participate to leukocyte extravasation. Among 

them, vascular cell adhesion molecule 1 (VCAM-1) expressed on some type of endothelium 

(i.e. BBB) act as a ligand for α4 integrin present on lymphocytes, allowing strong adhesion and 

transmigration of lymphocytes across BBB [35]. In this context, natalizumab is the first α4 

integrin antibody developed for the treatment of MS. The drug is a monoclonal antibody acting 

as α4 integrin antagonist and prevent the transmigration of lymphocytes through BBB. This 

drug was developed using EAE model and give another example that experimental model is 

relevant for evaluation of immune cell migration in the context of MS [36] [26]. 

1.1.4.3 Inflammation against myelin and demyelination of axons 

Once autoreactive lymphocytes reach the CNS, they encounter their cognate myelin antigens. 

They secrete pro-inflammatory cytokines and chemokines leading to inflammatory 

environment and activation of glial cells including microglia and astrocytes.  

Microglia can have both damaging and protective functions in the context of neuropathology. 

Indeed, pro-inflammatory microglia can release inflammatory cytokines leading to tissue 

damage. On the other hand, anti-inflammatory subsets are able to decrease inflammation and 

help for tissue repairs processes [37] [38]. Beside activation of microglial cells, other type of 

cells are involved in the inflammatory plaque formation. As previously mentioned, T cells are 

present within the plaque to recruit and activate other immune cells. CD4+ T cells seems to be 

important in the initial phase of MS pathogenesis while CD8+ T cells are the predominant cells 

population present within plaques during relapses and potentially during chronic phase of the 

disease [39] [40]. CD8+ T, also known as cytotoxic T cells, can directly interact with 
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oligodendrocytes and kill them using perforin-based or Fas-based cytotoxicity [41]. Treg, that 

was previously presented as major cell type for peripheral tolerance, is also involved in CNS 

to dampen the inflammation. However in MS disease, studies have reported that Treg derived 

from peripheral blood of patients have a loss of functional suppression [42] and could explain 

partially the reduced amount of naïve Treg in MS patients compared to healthy controls [43] 

[44]. B cells and plasma cells are other type of immune cell important for pathogenesis of MS 

even if their mechanism in this pathology are currently under investigation. Studies have shown 

that B cells are present in MS plaques and oligoclonal immunoglobulin bands in the 

cerebrospinal fluid (CSF) are found in MS patients [45] [46]. In addition, B cell-depleting 

therapies have provided strong evidence for the involvement of B cells in MS disease [47] [48]. 

However, the proportion of plasma cells and antibodies level remain unchanged after B-cell 

depletion therapies, suggesting that B cell have other antibody-independent implications in MS 

such as antigen presentation, T cell activation or cytokine production [49] [50]. One recent 

example is the study, published by Roja et al, showing that some type of plasma cells, derived 

from the gut and not affected by B-depletion drug, can produced anti-inflammatory cytokine 

(interleukin-10) and improve the disease evolution in experimental EAE model [51]. In addition, 

B cells are known to become activated through T cells and this interaction is a major 

interrogation during MS development. One recent publication has demonstrated that this 

interaction lead to activation and autoproliferation previously reported as important mechanism 

during MS pathogenesis [52] [53]. Altogether, these findings demonstrate how MS 

immunopathogenesis involves a multitude of cell types and how complex are their interactions 

that at the end lead to the destruction of myelin sheet of the axons indispensable for the proper 

signaling function of neurons. 

1.1.5 Etiology  

 

1.1.5.1 Genetic factors 

The exact cause of MS is still unknown and appears to be multifactorial including both genetic 

and environmental factors [4]. MS disease is not an inherited disease, but it exists genetic 

predispositions inherited that increase the risk. The first genetic risk factor discovered for MS 

was HLA-DR2 (HLA-DRB1*15) which is a haplotype of human leukocyte antigens (HLA) 

encoded in the major histocompatibility complex (MHC) [54] [55]. Indeed, HLA-DRB1*1501 

and DRB1*1503 are alleles susceptible to the onset of MS [56]. Genome‐wide association 

studies have identified over 110 single nucleotide polymorphisms (SNPs) associated with MS 

susceptibility [57] [58]. These SNPs are part of genes mainly associated to immune system 

regulators (such as interleukin-2 receptor, interleukin-7 receptor and vitamin D metabolism [59] 

[60]). Finally, twin studies have reported that the concordance does not exceed 30% in 
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monozygotic twins, indicating that environmental factors contribute importantly in the 

development of MS [61].  

1.1.5.2 Environmental factors  

 1.1.5.2.1 Smoking 

Smoking has been described as environmental factor associated with development of MS [62]. 

Smoking is also described as an important risk factor for other autoimmune disease such as 

rheumatoid arthritis and systemic lupus [63] [64]. The dose of smoking is important as the more 

individual smokes, the higher is the risk of MS, showing a dose-response relationship [62]. 

Passive tobacco smoke exposure has also been reported to increase the risk of MS through 

lung irritation. However, the study was only done once and should be repeated to confirm these 

findings [65], as shown in Table 1. Lung irritation can also occur during exposure with air 

pollutant and organic solvent and could promote neuroinflammation and autoimmune disease 

[66] [67]. Smoking cause oxidative stress and pro-inflammatory responses in the lung that 

could lead to activation of potential autoantigenic cells present in the organs. Using 

experimental model, one study has demonstrated that the lung environment can contribute to 

the activation and the migration of encephalitogenic autoreactive immune cells [68]. Another 

possibility is that lung inflammation can lead to higher permeability of lung epithelium that 

increase the contact between immune cells and pathogens increasing the probability of 

molecular mimicry phenomenon described previously [69].  Interestingly, oral tobacco has a 

dose-dependent association with a decrease risk of MS [62]. The protective effect may be 

attributed to nicotine that can bind to alpha-7 subunit acetylcholine receptor of immune cells 

and reduce its activity important for regulation of immune function [70]. This study strengthen 

that lung inflammation drives the risk factor related to smoking, despite the potential protective 

effect of nicotine [71]. 

 1.1.5.2.2 Epstein-Barr virus (EBV) 

Several infectious agents including virus and bacteria have been proposed to contribute in MS 

disease. Among them, Epstein-Barr virus (EBV) have been intensively studied over the past 

years and number of research papers indicate that EBV seropositivity is strongly associated 

with onset of MS even if its causal role is still debated [72]. Studies have reported that 100% 

of adult MS patients are EBV seropositive in contrast to 96% of adult healthy controls. In 

children with MS, the proportion of seropositivity were also significantly higher when compared 

to aged-match healthy controls [73] [74]. EBV is a γ-herpes virus that infect B lymphocytes and 

establishes a latent infection. The infection is asymptomatic for most people but in some case, 

it can lead to an infectious mononucleosis in young adults [75]. Several hypotheses have been 

proposed to explain the role of EBV infection in the development of MS [76]. The first theory 
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was molecular mimicry. Indeed, past studies have demonstrated the presence of T cells 

specific for MBP, that also react with an antigen coming from EBV (EBVNA1) [77] [78]. One 

group found that CD4+ T cells from CSF of MS patients can recognized autologous EBV-

transformed B cells. More recently, they demonstrated that a high proportion of these cells are 

able to cross-recognize EBV and MBP protein [79]. Beside from molecular mimicry, recent 

studies revealed other possible mechanisms such as transformation of B cell. A previously 

mentioned, B cells are part of the MS pathogenesis and autoreactive B-cells are normally 

controlled by central and peripheral tolerance. EBV gene products could change B cells 

physiology and create B cells that are resistant to peripheral B cell tolerance [80]. Regarding 

experiment models, EBV cannot be used in EAE model as the virus do not infect mice. 

However, using another animal model called Japanese monkey encephalomyelitis, in which 

nonhuman primate develop a spontaneous MS-like disease, Axthelm et al., have isolated a 

new simian gamma-herpesvirus that was cultured from acute white matter lesions, belonging 

to the same family as EBV [81]. There is a clear association between EBV and MS but whether 

EBV is active on the pathogenesis of the disease or only a bystander effect remains to be 

further investigated [82]. 

 1.1.5.2.3 Sunlight exposure and vitamin D 

As previously shown in Figure 2, epidemiological studies have reported that MS incidence and 

prevalence have different geographical distribution. Indeed, several studies including one 

recent meta-analysis have reported a significant latitude-dependent variation in MS 

prevalence, even after adjustment for HLA-DRB1 allele frequencies that is enriched in certain 

regions [83] [84]. It supports a role for environmental factors that change with latitude. 

Seasonal sunlight exposure, which impact ultraviolet radiation and furthermore vitamin D level, 

have been identify as the most potent factors to explain this association [6]. Indeed, high 

latitude region have less ultraviolet radiation exposure [82]. As ultraviolet radiations are 

responsible for the synthesis of active vitamin D form, it is often difficult to separate these two 

factors [72]. Ultraviolet radiations and vitamin D level are both associated with a decrease risk 

of MS [85]. A protective effect of vitamin D has been supported by reduced risk of MS 

associated with sun exposure and use of diet vitamin D supplementation [86] [87]. Ongoing 

research suggest that vitamin D level in the serum impacts the risk of MS and can change 

disease activity in MS patients [88]. High circulating level of vitamin D is associated with 

reduced risk of MS [89]. On the contrary, low level of vitamin D correlates with an increase risk. 

Source of vitamin D are low in food. Most of our vitamin D comes from cholesterol and is 

convert inside our body using sunlight. Cholesterol is converted to 7-dehydrocholesterol which 

is the vitamin D3 precursor. In the skin, this precursor is further converted into cholecalciferol 

(vitamin D3) by UVB irradiation. In the liver, vitamin D3 are hydroxylated in 25-hydroxyvitamin 
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D3 and further metabolized in the kidney into 1,25-dihydroxyvitamin D3 which is the active 

form of vitamin D. Functionally, vitamin D is well known as a calcium homeostasis modulator. 

However, vitamin D have also several roles on immune system that could be associated with 

MS pathogenesis.  For example, it has been shown that vitamin D receptor is expressed in 

several immune cells including dendritic cell and macrophage, B cells and T cells [90] [91] [92]. 

Studies have also suggested that 1,25-dihydroxyvitamin D can modulate CD4+ T cells and 

induces anti-inflammatory proprieties via dendritic cells [93]. 1,25-dihydroxyvitamin D have 

been described to reduce proliferation in B cells, differentiation of plasma cells and production 

of immunoglobulins [92]. Using EAE model, 1,25-dihydroxyvitamin D have been reported to 

reduce autoreactive T cells and the disease score activity [94] [95]. Contrary to expectations, 

mice deficient for vitamin D receptor significantly lower the EAE disease development [96] [97]. 

Even with the recent extensive literature on vitamin D, its association with MS need to be 

further investigated. 

 

 

Table 1. Established and possible lifestyle and environmental risk factors for MS. 

Taken from Olsson et al., 2017 [71].  

 

 1.1.5.2.4 Gut environment and diet  

In the past decades, growing evidence have highlighted that the gut environment can influence 

processes occurring in CNS lead to the concept of “gut-brain axis”. In addition, gut environment 

has been suggested to play important roles at systemic level and particularly during 

autoimmune disease. Therefore, the scientific community has started to study the importance 

of the gut environment during MS disease. Among digestion and uptake of nutrients that are 
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essential for the body, the gastrointestinal tract is in close contact with many antigens from 

food and microbes and its immune system must maintain homeostasis [98]. Indeed, the gut 

environment includes also gut microbiota which is a complex community of bacteria that live 

inside the intestine. To maintain this homeostasis, the gastrointestinal tract can count on the 

largest immune reservoir in the body: the gut-associated lymphoid tissue (GALT) [99] [100] 

[101]. Structurally, GALTs include Peyer’s patches (PPs), solitary intestinal lymphoid tissues 

(SILT), and mesenteric lymph nodes (mLNs) (Fig. 4) [102] [103]. In addition, diffusely 

distributed lymphoid and plasma cells located in the lamina propria (LP) of the gut and 

intraepithelial lymphocytes (IELs) are part of the GALTs.  

PPs are one of the sites responsible for induction of immune response in the intestine. They 

are lymphoid aggregates found under the mucosal epithelial cell layer of the small intestine 

[104]. In the large intestine, colonic patches (CPs) represent the equivalent of PPs [105]. These 

lymphoid aggregates are composed of large B cell follicles with intervening smaller T-cell areas 

[98].  

MLNs are another compartment involved in the induction phase. MLNs are the largest lymph 

nodes in the body in which the lymphatic fluid from the intestinal lamina propria is screened. 

The main role of mLNs is to initiate immune responses or tolerance against antigens present 

in the lymph, either in free form or carried by dendritic cells (DCs) [98] [106].  

SILTs are organized lymphoid structures including isolated lymphoid follicle (IFL) and 

cryptopatches. Contrary to other secondary lymphoid organs, development of SILTs starts 

during the first days after birth with accumulation of lymphoid tissue inducer (LTi) cells that 

form clusters called cryptopatches. Cryptopatches recruit B cells and further develop into more 

complex structure called IFLs. Mature ILFs share similar appearances to PPs and CPs but 

contain only one large B cell follicle, while PPs and CPs contain several [107].  

Lamina propria (LP) is the connective tissue situated under the epithelial cell layer. Most of 

intestinal immune cells are located in this space including mainly CD4+ T cells, CD8+ T cells, 

plasma cells producing IgA and the recently described innate lymphoid cells (ILCs) [98] [108]. 

In the LP, these cells exert their effector response in order to prevent entry and systemic 

spread of pathogens. 

IELs are specialized lymphocytes located inside the mucosal layer, between the adjacent 

epithelial cells. These lymphocytes have an important role in immune defense against 

pathogens as they have access directly to gut antigens [109]. With their close contact with 

epithelial cells, they are also important in maintaining gut mucosal homeostasis [110]. 
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Figure 4. Intestinal mucosal immune system. 

Schematic representation of the GALTs and the structural gut organization. Taken from Wu et al., 2014 

[111].  

 

As previously mentioned, the major function of GALTs is to fight against harmful pathogen 

invasion and to maintain tolerance for commensal bacteria. To do so, DCs present under the 

epithelial cell layer can sample antigens present in the lumen using cellular extensions 

between epithelial layer into lumen [112]. In addition, special epithelial cell subsets called M 

cells can endocytosis and facilitate the uptake of antigens to DCs in the PPs [113]. DCs move 

to T cell areas or B cell follicles where they can activate naïve lymphocytes. In PPs and CPs, 

signals from DCs and T cells can further influence the development of immunoglobulin A (IgA) 

secreting B cells [114]. IgA is one of the first line of immune protection in mucosal surface as 

it has the capability to cross the epithelial cells and be secreted into the lumen [115]. Active 

lymphocytes can migrate through mLNs, the thoracic duct and then the blood circulation in 

order to reach the intestinal LP, where they will contribute to the effector phase [101] [104]. 

Gut microbiota is composed of a complex ecosystem, including both commensal and 

pathogenic strain of microbes. The colonization of our gut is estimated at 1013 bacteria 

comprising in more that thousands bacterial species [116]. Indeed, in one recent publication, 

authors have listed a total of 2172 species isolated in humans that can be classified into 12 

different phyla. Most of them (93.5%) belong to four bacterial phyla: Firmicutes, Proteobacteria, 

Actinobacteria, and Bacteroidetes [117]. As described above, gut immune system is in close 

contact with microbes and their metabolites. The gut immune system is well known to shape 

the gut microbial community. On the other hand, microbiota can influence the host immune 

system. One interesting example in our context is the capacity of specific commensal bacteria 
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to induce Th17 cells, a subset of T cells enriched in the gut and important for host defense and 

autoimmunity [118]. It has been shown that germ-free mice have absence of Th17 cells in the 

intestine [119]. However, when the mice are recolonized with commensal microbiota, the level 

of Th17 cells reach the physiological level. By analyzing microbiota of mice divergent for Th17 

cell level in the gut, Ivanov et al. found that a specific species called segmented-filamentous 

bacteria (SFB) are inducer of Th17 cells in the gut [120]. 

As previously introduced, recent evidence suggested that the gut environment has the capacity 

to affect the development of non-intestinal autoimmune disease including CNS autoimmunity, 

rheumatoid arthritis and type 1 diabetes (Fig. 5). 

 

 

Figure 5. Gut microbiota affects extra-intestinal autoimmune diseases. 

Schematic representation of the impact of gut environment in other peripheral tissues. 

Taken from Kamada et al., 2013 [118]. 

 

Regarding MS, several recent studies have reported a significant change in microbiota 

composition of MS patients compared to healthy controls [121] [122] [123]. Moreover, in one 

study, changes in the bacterial community (also known as dysbiosis) have been associated 

with variations in the expression of genes involved in immune response [121]. 

Focusing on the gut immune system, one interesting study has reported a high frequency of 

intestinal Th17 cells in MS patients compared to healthy individuals [124]. Moreover, this result 

correlated with microbiota alterations in MS patients and disease activity. As introduced 

previously, Th17 cells are suggested to be a major actor in the development of MS and 

activation of these cells occurs mainly in the gut. In addition, autoreactive lymphocytes that 

target myelin peptide enhances their pathogenicity when they acquire a Th17 phenotype in the 
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gut, suggesting a great role of gut-primed Th17 cells in CNS autoimmunity [125] [126]. 

However how precisely these processes occur in the gut remain to be further investigated. 

Interventional treatments on MS patients using bacteria are currently developed [127]. For 

example, effect of probiotics, defined as beneficial microorganisms, has been assessed in MS 

patients. Despite the small size of the cohort, Tankou et al. have report that supplementation 

of probiotic cocktail composed of 8 different strains (4 Lactobacillius, 3 Bifidobacterium and 1 

Streptococcus) has the capability to reverse the dysbiosis observed in MS patients that were 

associated with increase anti-inflammatory response in peripheral monocytes and DCs [128]. 

As interventional studies using bacteria are still difficult to performed in human, a lot of 

knowledge in the field are coming from experimental models resumed in a recent review (Table 

2). 

 

Table 2. Role of the gut microbiome during EAE. 
Taken from Van den Hoogen et al., 2017 [129].  
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Germ-free mice and broad-spectrum antibiotic treated mice depict reduced symptoms of EAE 

disease (Table 2). In the majority of the studies, protective effect of microbiota depletion was 

associated with reduced pro-inflammatory immune profile. Probiotic or metabolites produced 

from probiotics have been also intensively tested on EAE murine models and show protective 

effect on the disease with induction of Treg. By contrast, recolonized germ-free mice with SFB 

increase the proportion of pro-inflammatory Th17 cells in the gut but also in the CNS, resulting 

in a more severe EAE disease [118] [130]. Among these recent studies using EAE models, 

two have particularly demonstrated how microbiota can impact CNS autoimmunity. In the first 

one, the team of Prof Mazmanian and Prof Baranzini has transfered fecal microbiota from MS 

patients and healthy controls in germ-free mice. They have further induced CNS autoimmunity 

using active immunized EAE model and observed that mice having received microbiota from 

MS patients have increased symptoms and reduced proportion of interleukin-10 (IL-10) 

secreting Tregs [131]. In the second study, the group of Prof Wekerle and Prof Krishnamoorthy 

has observed similar results but using more powerful protocols. Indeed, they take advantage 

of a cohort composed by monozygotic twins discordant for MS to transferred germ-free mice 

with their fecal microbiota. The mice model used was a spontaneous model of EAE in which 

transgenic mice develop spontaneously the EAE disease without any 

intervention/immunization. After the colonization, MS twin-derived microbiota induced a higher 

incidence of EAE disease associated with reduced anti-inflammatory IL-10 secreting T cells 

compared to healthy twin-derived microbiota [132].  

Regarding structural integrity of the gut mucosal barrier, gut dysbiosis is known to promote 

intestinal permeability [133]. Interestingly, it has been reported that MS patients have an 

increased intestinal permeability [134]. Using EAE model, a previous study has described an 

increased intestinal permeability during EAE development associated with increase pro-

inflammatory Th1 and Th17 cells infiltrates in the gut [135]. However, the relative contribution 

of these infiltrates to neuroinflammation is still largely unknown.  

Another major actor closely related to the gut environment is food. Food is known to change 

the gut microbial composition. It can also influence gut immune system by the dysbiosis or by 

itself with the micronutrients that can directly bind immune cells. One example is the salt that 

have been suggested to influence autoimmunity in experimental models. In several 

publications, sodium chloride has been reported to increase EAE disease associated with a 

higher Th17 responses [136] [137] [138] [139]. In MS patients, results based from 

observational studies found different conclusions. Using food frequency questionnaire, no 

association between dietary sodium intake and risk of MS or relapses were founded [140] 

[141]. Moreover, one study using urine sample from MS patients reported no association 

between urine sodium levels and clinical and MRI outcomes [142]. No clinical trial has been 
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performed to assess the benefit of sodium intake reduction in MS patients. However, one 

clinical trial is currently planned to study the effects of high versus low salt diet on the immune 

response in MS patients and healthy individuals (ClinicalTrials.gov - NCT02282878). Other 

examples on how diet/food are able to change the development of CNS autoimmunity in 

experimental models have been extensively reviewed by Van den Hoggen et al. and are 

summarized in Table 3. 

 

 

Table 3. Impact of diet intervention during EAE. 

Taken from Van den Hoogen et al., 2017 [129]. 
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However, currently, few of the corrective diet proposed have led to radical changes in MS 

patients as observed in the Table 4. 

 

 

Table 4. Dietary studies on MS patients. 

Taken from Van den Hoogen et al., 2017 [129]. 

 

For the few studies showing immunomodulatory effects on MS patients or impact on clinical 

outcomes, they will require large-scale clinical trials to prove their efficacy [143]. Nevertheless, 

continued prospective studies and clinical trial are important to further understand how diet 

can impact CNS autoimmunity. 
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 1.1.5.2.5 Obesity, lipids and cholesterol metabolism 

As demonstrated in the previous chapter, diet have direct impact on the gut environment and 

the CNS autoimmunity. In addition, diet have important indirect effects on the metabolism 

impacting body weight, fat storage, lipids homeostasis perturbation (dyslipidemia) and other 

factors that can affect MS development [143]. Obesity have been described as a risk factors 

for MS. Indeed, several studies have observed that higher is the body mass index (BMI) during 

the childhood [144] [145] or adolescence [146] [147], the higher is the risk to develop MS. 

Metabolic changes associated with obesity such as perturbation of lipid-related variables 

including triglycerides (TG), total cholesterol (tChol), high density lipoprotein cholesterol (HDL), 

low density lipoprotein cholesterol (LDL), have also been associated with poor outcome of MS 

[148] [149] [150] [151] [152]. However, the underlying mechanisms remain unclear. Obesity 

and diet rich in fat promote low-grade inflammation and increase pro-inflammatory cytokines 

production (i.e. interleukin 6 (IL-6) that can drive the generation of Th17 cells [153]). Therefore 

this Th17 sublineage bias could favor autoimmunity in obese individuals. 

Some studies using diet‐induced obese mice have reported a worsening of clinical symptoms 

during EAE disease compared to control mice [153] [154]. Among the studies mentioned 

above, several reports have found high tChol level associated with worsening disability in MS 

patients [151] [155]. Nevertheless, still few studies have studied the impact of lipid-variable 

perturbations and especially tChol before or during development of the disease. Lowering 

cholesterol drugs such as statins have shown beneficial effects on EAE disease but the 

mechanisms are still debated and seems to be independent of their cholesterol-lowering 

effects [151] [156] [157].  

Moreover, high fat diet (HFD) inducing a dyslipidemia has been shown to exacerbate 

neuroinflammation in EAE model using male [158] and female [154] mice. However, a recent 

publication showed that a transgenic mouse model for hypercholesterolemia called low-density 

lipoprotein (LDL) receptor knock-out (LDLr-/-) mice display an attenuated EAE disease in 

female but not in male [159]. Finally, Berghoff and colleagues have shown that cholesterol 

supplementation does not affect EAE development [160]. Interestingly, expression profiles of 

cholesterol metabolism-related genes are found altered in the CNS during development of EAE 

[161]. Moreover, certain cholesterol metabolites have been reported to be modulated by HFD 

and during obesity [162]. With these recent findings, it suggests that perturbation of cholesterol 

metabolism may influence the progression of EAE and MS disease. 
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1.2 Oxysterols  

1.2.1 Introduction  

Cholesterol is a lipid part of sterol family, which is implicated in several biochemical processes 

of the body. Cholesterol is an essential component of the mammalian cells accounting for up 

to 50% of all membrane lipids [163]. As cholesterol has a rigid hydrophobic structure that 

confers stability of the plasma membrane and hamper the movement of other molecules, 

modifying the proportion of the cholesterol in the cell membrane influence membrane fluidity 

[164]. Cholesterol can interact with integral membrane proteins and modulate their functions. 

Cholesterol is also precursor of important molecules such as vitamin D, the bile acids, steroid 

hormones and oxysterols. Oxysterols are downstream metabolites of cholesterol oxidation. 

Research on oxysterols started in the early 1940’s with studies on cholesterol autoxidation 

leading to the generation of oxysterols. Oxysterols really started to get interests in the late 

1970 when Kandutsch and colleagues observed that some oxygen derivatives of cholesterol 

were capable to downregulate the synthesis of cholesterol [165]. The following years, people 

observed that these molecules were responsible for plenty of other biological processes. 

Oxysterols can be separated in two categories called primary and secondary oxysterols. The 

primary oxysterols, synthesized directly from the cholesterol, are composed of side-chain 

oxysterols and ring-modified oxysterols. Side-chain oxysterol family include 24S-, 25- and 27-

hydroxycholesterol (-OHC) and ring-modified oxysterols include 7α- and 7β-

hydroxycholesterol and 7-ketocholesterol [166]. The secondary oxysterols, including 7α,25-

dihydroxycholesterol and 7α,27-dihydroxycholesterol are generated from primary oxysterols 

25-OHC and 27-OHC respectively [166]. Oxysterols can be synthesized via enzymatic and 

non-enzymatic reactions. Specific hydroxylases are responsible for enzymatic oxidation while 

reactive oxygen species (ROS) oxidation is mainly responsible for non-enzymatic generation 

of oxysterols [167]. Oxysterols are well described as strong mediator of cholesterol 

metabolism. Oxysterols modulate the level of cholesterol intracellularly through transcriptional 

regulators like liver X receptor (LXR) and the sterol regulatory element binding protein 

(SREBP) [168]. LXR mediates the expression of ABC transporter intervening in cholesterol 

transport and efflux [169]. SREBP also regulates the cholesterol metabolism in the cell by 

inducing of the synthesis (through HMG-CoA synthase/reductase) or the uptake of cholesterol 

(though expression of LDL receptor) [168]. In addition to the modulation of cholesterol level, 

oxysterols are part of the bile acid and steroid hormones production acting as intermediates in 

their synthesis. More interestingly, research from the last decades have highlighted that 

oxysterols are active metabolites directly involved in immunology including trafficking of 

immune cells, anti-viral action, cytokines secretion and inflammasome modulation [170] .  
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1.2.2 Immune active oxysterols and their ligands 

 

1.2.2.1 Liver X receptor (LXR) 

Many different oxysterols have been discovered. They are all sharing close structural 

similarities, but they have various different targets and actions (Fig. 6). One of the most target 

sharing by oxysterols is LXR receptors. The side-chain oxysterol family such as 25- and 27-

OHC are well characterized as LXR ligands. LXRs are part of the nuclear receptors’ family of 

transcription factors. LXRα (NR1H3) and LXRbeta (NR1H2) are the two isoforms that have 

been identified [171]. Despite the close homology between the two isoforms (almost 80% 

identity of their amino acid sequences are the same), they are not sharing the same function 

and the same pattern of expression. LXRα is expressed mostly in metabolically active tissues 

like liver, gut and adipose tissue. LXRβ is ubiquitously expressed (nusa.org). At physiological 

stage, LXR are important to control metabolic processes including cholesterol homeostasis. 

LXRs have also been characterized as important immunological modulator. LXRs are able to 

suppress inflammatory response through trans-repression [172]. Indeed, sumoylation of active 

LXR form can dampened the activity of nuclear factor kb and activator protein 1, that control 

proinflammatory genes expression [167] [173] [174]. In innate immunity, LXR pathways have 

been described to participate in clearance of bacteria during infection in macrophages. Indeed, 

induction of LXRα but not LXRβ expression occurs during intracellular bacterial infection [175]. 

Using another model of intracellular bacterial infection, Matalonga et al. have discovered that 

LXR activation pathway impaired cytoskeletal changes associated with the infection [176]. 

Regarding adaptive immune system, LXRs have been described to decrease proliferation of 

both T and B cells [177]. LXRβ is expressed in macrophages, T and B cells. On the other hand, 

LXRα is highly expressed in peritoneal-derived and bone-marrow derived macrophages but 

not in T cells or B cells. Mice lacking LXRβ show lymphoid hyperplasia and have improved 

responses to antigenic challenge [177]. These results were found only in LXRβ-/- but not in 

LXRα-/-. In addition, another group found that LXR activation inhibit interleukin-2- and 

interleukin-7-induced human T cell proliferation [178]. Regarding subtypes of T cells, LXRs are 

involved in the polarization of Th17 cells [179]. Indeed, Th17 induction is improved in LXR-/- 

mice and the LXR deficiency promotes Th17 polarization in vitro [179]. Finally, we recently 

demonstrated that LXRs can also act on regulatory T cells. In our study, we found that 25-

OHC, through LXR pathway, acts as a negative regulator of IL-10 secretion of IL-27-induced 

Treg [180]. 
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1.2.2.2 Retinoic acid receptor-related orphan receptor (ROR) 

 

Like LXRs, RORs are member of the nuclear receptor family of transcription factor binding 

oxysterols. They are composed of three different forms; RORα (NR1F1), RORβ (NR1F2), and 

RORγ (NR1F3). RORs recognize and bind as monomer to specific ROR response elements 

on DNA [181]. After their activation, RORs recruit co-activator and activate gene transcription 

[182]. Several oxysterols (i.e. 25-OHC, 27-OHC, 7α-OHC) can bind RORα and RORγ, however 

no study reported oxysterols as ligand of RORβ. RORα is expressed in several tissues and 

participate in circadian rhythms, glucose and lipid metabolism, and during the development. 

RORγ is also expressed in multiple organs and is an important transcription factor for immune 

system. RORγ has also variant including RORγ1 and RORγ2 (also known as RORγT) isoforms 

[183]. RORγT was intensively described as essential transcription factor in Th17 cell 

development and therefore important for autoimmune conditions [184] [185]. Indeed, it has 

been reported that mice lacking RORγT, have a defected Th17 cell development and show 

attenuated autoimmune disease [184]. 

1.2.2.3 Epstein-Barr virus-induced G-protein coupled receptor 2 (Ebi2) 

G-protein coupled receptor 183 also known as Epstein-Barr virus-induced G-protein coupled 

receptor 2 (Ebi2) is a membrane receptor from the GPCR family, that was first discovered in 

Burkitt's lymphoma cells after EBV infection [186].  Ebi2 was first observed in B cells but further 

studies have demonstrated that it was expressed in other type of cells such as T lymphocytes, 

monocytes, dendritic cells, astrocytes and innate lymphoid cells. Among the different signaling 

pathways of GPCR, Ebi2 receptor is defined as chemotactic receptor and participate in the 

migratory capability of cells. The most potent endogenous ligand of the receptor is the oxysterol 

7α,25-OHC produced from oxidation of 25-OHC by Cyp7b1 enzyme. 25-OHC is oxidized from 

cholesterol by the enzyme cholesterol 25-hydroxylase (Ch25h) (Figure 6). Even if Ch25h is not 

directly the enzyme active in the production of 7α,25-OHC, Ch25h enzyme is on the same 

oxysterol pathway and is a critical player required for the generation of 7α,25-OHC. Indeed, 

mice deficient for Ebi2 show often similar phenotype observed in Ch25h-deficient (Ch25h-/-) 

mice [187].  

Functionally, cells expressing Ebi2 are able to move through oxysterol gradient dependent 

manner acting like chemokine processes. The migratory function of this receptor impacts 

several important immune processes. For example, Ebi2 is involved in the T-dependent 

antibody response in the germinal centers. Indeed, studies have demonstrated that mice 

lacking Ebi2 have an abnormal positioning of B cells in the follicular regions of secondary 

lymphoid organs. Indeed, lymphoid stromal cells create an oxysterol gradient that guide B cell 

movement during humoral responses [188]. A recent study demonstrated that Ebi2 drives 
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CD4+ T cells peripheralization in lymph node [189]. Mice lacking Ebi2 receptor have CD4+ T 

cell location issue and have delayed immune responses such as antigen recognition or 

proliferation. 

 

 

 
 

 

 

Figure 6. Immunoactive oxysterols and their pathways of activation. 

Most studied immunologically active oxysterols are 27-OHC, 7α,27-OHC, 25-OHC and 7α,25-OHC. 

They are synthesis from cholesterol via specific enzyme including Ch25h, Cyp27a1 and Cyp7b1. These 

oxysterols act as ligand for several receptors (orange boxes) and have major role in immunology (grey 

boxes). Taken from Willinger et al., 2019 [190]. 

 
 

1.2.3 Oxysterols in CNS autoimmunity 
 
As growing evidence support potential roles on immune regulation by oxysterols, scientific 

community has started to study these cholesterol metabolites in autoimmune conditions.  

In CNS autoimmunity, previous reports have found oxysterol level perturbations in MS patients 

and experimental murine model [191] [192] [193]. Genetic analysis of patients has revealed an 

association between genetic variants of Ch25h and PPMS patients, supporting a role of Ch25h 
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in autoimmune diseases [194]. Our laboratory previously reported that Ch25h-/- mice 

attenuated EAE disease course by limiting the trafficking of pathogenic Th17 lymphocytes to 

the CNS [195]. Indeed, we observed an accumulation of Th17 lymphocytes in the peripheral 

lymph nodes in the absence of oxysterols during EAE thus pointing towards a possible defect 

in T lymphocytes exit from the lymph nodes. Interestingly, this is reminiscent of the fingolimod 

mechanism of action, a drug that prevents MS inflammatory activity by trapping subset of T 

cell in the lymph nodes [196]. However, the accumulation of Th17 cells was only transient and 

we suggest that Th17 cells may be trapped in additional tissues such as the GALTs, that are 

important reservoirs of Th17 cells as previously explained. Moreover, Ch25h-/- mice display an 

altered IgA production at the mucosal surface and could suggest an impact on maintenance of 

gut homeostasis and affecting microbiota composition. Indeed, 25-OHC has been reported to 

inhibit IgA production by repressing activation induced cytidine deaminase (AID) [197]. 

Interestingly, AID-/- mice display dysbiosis [198]. 

On the same oxysterol metabolism pathway, Ebi2, for which 7α,25-OHC is the most potent 

agonist, has also exhibited important role in CNS autoimmunity. Our laboratory previously 

characterized Ebi2 biology in MS patient lymphocytes and observed that Ebi2 is functionally 

expressed on memory CD4+ T cells and is enhanced under natalizumab treatment [199]. In 

another study, Ebi2 expression have been found highly expressed in the inflamed white matter 

of MS patients [200]. Using experimental model, the same authors reported that Ch25h and 

Cyp7b1 expression as well as 7α,25-OHC level were increased in CNS during EAE 

development. Ebi2 was predominantly expressed in Th17 cell subset compared to Th1 or CD8+ 

T cells and its expression was maintained by pro-inflammatory cytokines (i.e. interleukin-23 

(IL-23) and interleukin-1 beta (IL-1β)). In addition, they studied the capacity of Ebi2-/- Th17 cells 

to induce CNS autoimmunity using an adoptive transfer model of EAE. They found that mice 

transferred with encephalitogenic Ebi2-/- Th17 cells have a delayed disease development 

compared to mice transferred with wild-type controls [200].  Interestingly, Ebi2-oxysterol 

interaction has also been recently study in IBDs. It has been reported that level of some 

oxysterols are perturbated in IBD patients [201]. Moreover, Ebi2, Ch25h and Cyp7b1 are found 

highly expressed in inflamed colon of ulcerative colitis (UC) patients [202]. Similar results have 

been observed using experimental model of colitis [201]. Moreover, two publications have 

described that a certain subset of ILCs are expressing high level of Ebi2 receptor in the gut 

[203] [204]. In both studies, the authors have found that ILC type 3 (ILC3), important cell type 

for innate defense mechanisms in the gut, highly express Ebi2 receptor and migrate towards 

oxysterols. Using Ebi2-/- mice, Emgard et al. observed that Ebi2 expression in ILC3s promote 

their migration in the colonic lymphoid tissues (IFL and CP) and are necessary for the formation 

of these structures [203]. By analyzing expression profile of different cell population, stromal 

cells were defined as the source for 7α,25-OHC and provide a local signal for the development 
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of lymphoid structure in the colon. In an experimental colitis model, the authors showed that 

Ebi2-/- mice have a significant lower inflammatory infiltrate and development a milder colitis 

compared to wild-type controls. Moreover, Chu et al. demonstrated that Ebi2 expressed on 

ILC3 is required for the establishment of immune response against bacterial infection [204].  

Altogether, these new discoveries point out important implications of oxysterols on the gut 

equilibrium. By the recent establishment of gut-brain interactions, we suggest that altered gut 

immune response may contribute to the EAE phenotype observed in Ch25h-/-
 mice, pointing 

toward a major role of the interplay between oxysterols and gut environment during CNS 

autoimmunity development.  
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2. AIMS 

My PhD thesis involved three interconnected projects that aimed to understand the relation 

between the oxysterols and the gut environment in the context of CNS autoimmunity.  

The first project aimed to understand the role of the GALT in the modulation of pathogenic cells 

during EAE disease. As highlighted previously, recent studies have shown a potential relation 

between the gut and the development of EAE disease. Although it has been reported that 

infiltration of T cells occurs in the gut in MS patients and experimental model, how GALT 

impacts adaptive immune cells is not fully understood. Furthermore, the precise location, the 

timing of cell infiltration and the mechanisms of T cell regulations during EAE remain unknown. 

Therefore, the comprehension of these interactions is crucial to understand the role of the 

GALTs during MS disease and could give new opportunity of therapeutic intervention. 

Furthermore, the accomplishment of this project gave us the expertise and crucial information 

for the second and third projects.  

The second project investigated how oxysterols can modulated EAE disease development by 

affecting the GALT immunity. In addition, we wanted to further understand what are the precise 

roles of oxysterols in the gut during gut-specific inflammation. As previously mentioned, EAE 

disease is attenuated in Ch25h-/- mice compared to wild-type mice secondary to impaired Th17 

cell trafficking to the CNS. A transient accumulation of Th17 cells was detected in the 

peripheral draining lymph nodes suggesting that Th17 cells may be trapped in additional 

tissues. We first investigated if the Ch25h pathway could be involved in shaping the gut 

immune response during EAE. In parallel to our investigations on the neuroinflammation using 

experimental model of MS, we explored the intestinal immune response in Ch25h-/- using a 

model that induce gut specific inflammation. We studied the role of oxysterols in shaping gut 

immunity using the colitis model induced by the intestinal pathogen Citrobacter rodentium. This 

pathogen-induced inflammation model enabled us to assess the impact of lipid metabolism in 

the response to a well-known intestinal pathogen. This model is useful to study mucosal 

immune response in the gut as the eradication of the bacteria is dependent on coordinate 

innate and adaptive mucosal responses and includes large panel of immune processes [205]. 

We expected to highlight potential new roles of oxysterols in the mucosal immune response 

infectious-mediated inflammation. These knowledge will help us to understand how gut 

environment is perturbed by oxysterol deficiency and what impact it could have during CNS 

autoimmunity.  

Finally, the third project aimed to understand the role of hypercholesterolemia on oxysterols 

and their contribution in promotion of CNS autoimmunity. As discussed, we suggested that 

perturbation of cholesterol metabolism may influence the progression of EAE. To answer this 



25 
 

hypothesis, we proposed to induce hypercholesterolemia in Ch25h-/- and WT mice by HFD or 

with backcrossing mice with LDLr-/- mice. We expected hypercholesterolemia to drive the 

expression of Ch25h thus the production of oxysterol 25-OHC that would exacerbate the EAE 

phenotype in WT but not in Ch25h-/- mice. 

 

 
 

Figure 7: Schematic drawing illustrating the interplay between lipid metabolism, gut environment 
and central nervous system inflammation. We hypothesized that modulations of lipid metabolism, 
including oxysterols and hypercholesterolemia, contribute to the development of inflammation of the 
central nervous system by modulating the gut immunity and the microbiota using the experimental 
autoimmune encephalomyelitis.  
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3. PROJECT I: Impact of the gut environment during 
experimental models of multiple sclerosis 
 

3.1 Materials & Methods  

3.1.1 Animals  

C57BL/6J mice were purchased from Charles River or bred in the animal facility. C57BL/6-

Tg(Tcra2D2,Tcrb2D2)1Kuch/J (TCRMOG 2D2) and C57BL/6-Tg(TcraTcrb)425Cbn/Crl (OT-II) 

transgenic mice were purchased from Charles River. All mice were maintained under specific-

pathogen free conditions at Lausanne University Hospital. All experiments were performed in 

accordance with guidelines from the Cantonal Veterinary Service of state Vaud. 

 

3.1.2 EAE induction and clinical evaluation 

For induction of classical active EAE, mice were immunized with 100 µg myelin 

oligodendrocyte glycoprotein (MOG) peptide 35-55 (MOG35-55) or PBS emulsified in complete 

Freund’s adjuvant supplemented with 5 mg/ml Mycobacterium tuberculosis H37Ra. A total of 

200 µl emulsion was subcutaneously injected into four sites on the flanks of mice. At days 0 

and 2 after initial peptide injections, animals received additional intravenous injection of 100 

ng pertussis toxin. For induction of EAE by adoptive transfer, naïve CD4+ T cells from 2D2 mice 

were polarized in vitro in Th17 or Th1 cells as previously described [206]. Differentiation status 

was checked on day 5 and after 2 days of restimulation with anti-mouse CD3/CD28 antibodies 

(2 µg/ml), 8  106 CD4+ T cells were injected intraperitoneal (i.p.) into wild-type (WT) C57BL/6J 

recipient mice. Mice were scored daily for clinical symptoms. The classical EAE symptoms 

were assessed according to the following score: score 0 – no disease; score 0.5 – reduced tail 

tonus; score 1 - limp tail; score 1.5 – impaired righting reflex; score 2 – limp tail, hind limb 

weakness; score 2.5 – at least one hind limb paralyzed; score 3 – both hind limbs paralyzed; 

score 3.5 –complete paralysis of hind limbs; score 4 – paralysis until hip; score 5 – moribund 

or dead. The atypical EAE symptoms were assessed according to the following score: score 0 

– no disease; score 1 – head turned slightly (ataxia, no tail paralysis); score 2 – head turned 

more pronounced; score 3 – inability to walk on a straight line; score 4 – laying on side; score 

4.5 – rolling continuously unless supported; score 5 – moribund or dead. Combined score 

compiling typical and atypical scoring has also been applied and considers the highest score 

from the typical or atypical clinical signs [207]. Mice were euthanized if they reached a score 

> 3. 
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3.1.3 Antibody treatment 

For homing experiment, mice were injected i.p. with 400 µg of anti-mouse α4β7 (DATK 32) or 

isotype control antibodies (IgG2a isotype control, 2A3) one day before TCRMOG 2D2 Th17 cell 

injection and every three days post-injection until the development of disease or as indicated. 

 

3.1.4 Antibiotic treatment 

Mice were treated with 2.5 mg/ml enrofloxacin in drinking water for 2 weeks, followed by 0.8 

mg/ml of amoxicillin and 0.114 mg/ml clavulanic acid in drinking water for 2 further weeks [208] 

prior to TCRMOG 2D2 Th17 cell injection. Treatment with amoxicillin and clavulanic acid was 

then continued throughout the experiment. 

 

3.1.5 Isolation of immune cells  

Mice were perfused through cardiac ventricle with Phosphate-buffered saline (PBS) 1. Whole 

colon, 15 cm-long pieces of terminal ileum and whole lung were excised and washed in PBS 

1. Gut was opened longitudinally. Washed gut and lung pieces were cut into 2 cm pieces and 

incubated for 20 min at 37°C in HBSS containing 10 mM EDTA under gentle agitation (80 rpm). 

Tissues were washed by vortexing with PBS 1. Organ pieces were then incubated 2 times at 

37°C for 20 min in a dissociation mix composed of 5 ml HBSS, Liberase TL (1 Wünsch unit/mL) 

and DNase I recombinant (1 U/mL) and 2% fetal calf serum (FCS). The remaining tissue pieces 

were mechanically disaggregated on a 70 µm cell strainer using a syringe plunger. For the 

preparation of CNS mononuclear cells, brain and spinal cord were cut into pieces and digested 

45 min at 37°C with collagenase D (2.5mg/ml) and DNAse I (1mg/ml) followed by 70%/37% 

Percoll gradient centrifugation. For the preparation of lymph nodes, organs were removed and 

single cell suspensions were prepared by disaggregation of the tissues through a 70 µm cell 

strainer. The cellular suspensions were washed and filtered through 40 µm cell strainer and 

resuspended in culture medium for further analysis. 

 

3.1.6 Flow cytometric analysis  

Single-cell suspensions in PBS 1 were stained with fixable viability dye eFluroTM 660. For cell 

surface stainings, cells were preincubated with anti-CD16/32 for 10 min to block Fc receptors 

and stained in FACS buffer (PBS containing 1% BSA) with directly labeled monoclonal 

antibodies for 30 min. For intracellular cytokine staining, cells were activated for 4 h with 50 

ng/ml PMA, 1 µg/ml ionomycin in the presence of 10 mg/ml brefeldin A. After surface staining, 

cells were fixed and permeabilized using Foxp3/transcription factor staining buffer set and 

stained intracellularly with directly labeled monoclonal antibodies for 30 min. Data were 

acquired on a LSR II cytometer and all data were analyzed using FlowJo software. 
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Fluorochrome-conjugated antibodies were purchased from several commercial sources 

indicated below and listed in the Key Resources Table. Antibodies against CD45 (30-F11),  

α4β7 (DATK32), CD45.1 (A20) were from Biolegend; CD3 (145-2C11), CD4 (GK1.5), IL-17 

(ebio17B7), IFN-γ (XMG1.2), T-bet (eBio4B10), Foxp3 (clone FJK-16s), TCRVα3.2 (RR3-16), 

CD29 (β1) (HMb1-1), CD45.2 (104), Ki67 (SolA15) were from eBiosciences; RORγT (Q31-

378) was from BD Biosciences and CD49d (α4) (PS/2) was from Biorad. 

 

3.1.7 Tetramer staining 

Cellular suspensions from colon and CNS were prepared as previously described from 

immunized and non-immunized mice at the peak of the disease. Cells were stimulated 4h with 

10 µg/ml of MOG35-55 peptide in the presence of hIL-2 (50 U/mL). I-Ab MOG35-55 tetramer-

positive CD4+ T cells were detected by flow cytometry after surface staining with corresponding 

directly labeled I-Ab MOG35-55 tetramer. 

 

3.1.8 RNA isolation and quantitative PCR analysis 

RNA was extracted from tissue samples using RNeasy Mini Kit following the manufacturer’s 

instructions. cDNA was produced from equivalent amounts of RNA with the Superscript II RT 

(Invitrogen) and the PCR products were amplified with the PowerUp SYBR Green Master Mix. 

Samples were detected on the StepOne Real-Time PCR System. β-actin was used to 

normalize samples and the comparative CT method was used to quantify relative mRNA 

expression. Expression of specific gene transcripts was measured by using the following 

primer pairs: IL-6, 5'-CCCCAATTTCCAATGCTCTCC-3' and 5'-

CGCACTAGGTTTGCCGAGTA-3'; IL-1β, 5’- TGCCACCTTTTGACAGTG ATG-3’ and 5’- 

TGATACTGCCTGCCTGAAGC-3’; TNF-α, 5'-AAGCTCCTCAGCGAGGACAG-3' and 5'-

TGGTTGGCTGCTTGCTTTTC-3'; MAdCAM-1, 5’- ACAGAGCCAGACCTCACCTA-3’, and 5’-

TGATGTTGAGCCCAGTGGAG-3’; VCAM-1, 5’-CTGGGAAGCTGGAACGAAGT-3’ and 5’- 

GCCAAACACTTGACCGTGAC-3’, β-actin, 5'-AAGTGTGACGTTGACATCCGTAAA-3' and 5'-

CAGCTCAGTAACAGTCCGCCTAGA-3'. 

 

3.1.9 Whole-mount immunostaining 

Whole-mount immunostaining was performed as previously described [209]. Briefly, mice were 

perfused with 4% paraformaldehyde and intestines were fixed in picric acid fixation buffer. 

Colon immunostaining was performed with DAPI (1:4000) and the following primary and 

secondary antibodies: CD3ε (145-2C11, 1:1000), VEGFR2 (1:100), LYVE1 (1:500), Ki67 

(1:200), Vα3.2-APC (1:100), goat anti-Armenian hamster DyLight 488 (1:500) and donkey anti-

goat AlexaFluor 555 (1:500). After immunostaining the colon was cut into ~0.5 mm thick strips 
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which were cleared and mounted in RIMS Buffer [210] on a microscope slide fitted with 0.1 

mm spacers (Molecular Probes). Image acquisition was performed on a Zeiss LSM 880 

confocal microscope and image analysis and 3D reconstruction was performed with Imaris 

(Bitplane) and Fiji.  

 

3.1.10 Microbiome analysis 

Two weeks prior the experiment, mice were randomized in cages of two mice. A fecal pellet 

(9–50 mg) was mixed with 550 µL GT buffer (RBS Bioscience) and homogenized in a 

Nucleospin Bead Tube (Machery-Nagel, Düren, Germany) for 20 min at maximum speed on a 

Vortex-Genie 2 with a horizontal tube holder (Scientific Industries). After addition of 1 µL of 50 

mg/mL RNaseA, samples were incubated at room temperature for 5 min and centrifuged for 2 

min at 11,000  g. DNA was extracted from 400 µL of the supernatant using the MagCore 

Genomic DNA Tissue kit on a MagCore HF16 instrument and eluted in 100 µL of 10 mM Tris-

HCl pH 8. Two negative extraction controls were processed in parallel with fecal pellets by 

omitting addition of biological material in the GT buffer. Purified DNA was stored at –20°C. The 

V3–4 region of the bacterial 16S rRNA genes was amplified using 2 ng of extracted DNA (or 5 

µL of the eluate from negative extraction control) as described before [211], except 30 PCR 

cycles were used. The amplicon barcoding/purification and MiSeq (2  300) sequencing were 

performed at LGC Genomics (Berlin, Germany) as previously described [212]. After removal 

of adapter remnants and primer sequences from demultiplexed fastq files using proprietary 

LGC Genomics software, sequencing data were submitted to European Nucleotide Archive 

(ENA) database under study number PRJEB 29544. Clustering of quality filtered merged reads 

into OTUs and taxonomic assignments of representative OTUs using mothur [213] and 

EzBioCloud database [214] were performed following a pipeline described  previously [211], 

with  modified commande options in PEAR [215] (-m 450 -t 250) and USEARCH [216] (-

usearch_global -wordlength 30). Principal Coordinates Analysis (PCoA) of Bray–Curtis 

similarity, based on the square-root transformed relative abundance of OTUs was performed 

in PRIMER (Primer-E Ltd., Plymouth, UK). Shannon diversity index (H’ = –  (pi  lnpi) was 

calculated in PRIMER from the relative abundance of OTUs (pi). 

 

3.1.11 Statistical analysis 

Data analyses and graphs were performed using GraphPad Prism 7.0 software. P values < 

0.05 were considered significant. Results are displayed as mean and SEM or mean and SD, 

as described in the figure legends. Differences in microbiota between before and after adoptive 

transfer EAE were assessed using PERmutational Multivariate Analysis Of Variance 
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(PERMANOVA) (PRIMER) with 9,999 permutations. Wilcoxon signed-rank test was used for 

statistical comparisons of individual taxa, with a confidence level set at 95% (P < 0.05). 

 

3.1.12 Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

BV510 anti-CD45 (clone 30-F11) BioLegend Cat#: 103138 
RRID: AB_2563061 

PE anti-LPAM-1 (integrin α4β7) (clone DATK32) BioLegend Cat#: 120606  
RRID: AB_493267 

APC-eFluor 780 anti-CD3e (clone 145-2C11) eBiosciences Cat#: 47-0031-82 
RRID: AB_11149861 

Alexa Fluor 700 anti-CD4 (clone GK1.5) eBiosciences Cat#:  56-0041-82 
RRID: AB_493999 

PE anti-IL-17A (clone eBio17B7) eBiosciences Cat#:  12-7177-81 
RRID: AB_763582 

Alexa Fluor 488 anti-IFNγ (clone XMG1.2) eBiosciences Cat#:  53-7311-82  
RRID: AB_469932 

PE anti-T-bet (clone eBio4B10) eBiosciences Cat#:  12-5825-82 
RRID: AB_925761 

APC anti-TCR Vα3.2 (clone RR3-16) eBiosciences Cat#:  17-5799-82 
RRID: AB_10854272 

eFluor 450 anti-CD29 (clone HMb1-1) eBiosciences Cat#:  48-0291-82 
RRID: AB_11218304 

PECy7 anti-Foxp3 (clone FJK-16s) eBiosciences Cat#: 25-5773-82 
RRID: AB_891552 

BV421 anti-RORγT (clone Q31-378) BD Biosciences Cat#:  562894 
RRID: AB_2687545 

AF488 anti-CD49d (clone PS/2) BioRad Cat#:  MCA1230A488 
RRID: AB_566805 

AF647 anti-CD45.1 (clone A20) BioLegend Cat#: 110720 
RRID: AB_492864 

PE anti-CD45.2 (clone 104) eBiosciences Cat#: 12-0454-82 
RRID: AB_465678 

FITC Ki67 (clone SolA15) eBiosciences Cat# 11-5698-82 
RRID:AB_11151330 

anti-CD3e (clone 145-2C11) BioLegend Cat#:  100302  
RRID: AB_312667 

anti-VEGFR2 R&D Systems Cat#:  AF644  
RRID: AB_355500 

anti-Lyve-1  Reliatech Cat# 103-PA50 
RRID: AB_2783787 

anti-Ki67 Abcam Cat# ab15580 
RRID:AB_443209 

DyLight 488 anti-hamster IgG (clone Poly4055) BioLegend Cat#:  405503  
RRID: AB_1575117 

AF555 anti-goat IgG Life Technologies  Cat#:  A-21432 
RRID: AB_2535853 

anti-CD16/CD32 (clone 93) Invitrogen Cat#: 16-0161-85 
RRID: AB_468899 

anti-CD3e (clone 145-2C11) BioXcell Cat#: BE0001-1 
RRID: AB_1107634 

anti-CD28 (clone 37.51) BioXcell Cat#: BE0015-1 
RRID: AB_1107624 

anti-LPAM-1 (integrin α4β7) (clone DATK32) BioXcell Cat#: BE0034 
RRID: AB_1107713 
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anti-trinitrophenol IgG2a isotype control (clone 
2A3) 

BioXcell Cat#: BE0089 
RRID: AB_1107769 

PE I-Ab MOG35-55 Tetramer MBL Cat#: TS-M704-1 

Chemicals, Peptides, and Recombinant Proteins 

MOG35-55 peptide Anawa Cat#: 000-001-M41 

Adjuvant, Complete H37 Ra BD Difco Cat#: 231131 

M. tuberculosis H37 Ra, desiccated BD Difco Cat#: 231141 

Pertussis toxin Sigma Aldrich Cat#: P2980 

Liberase TL Roche Cat#: 5401020001 

DNase I recombinant Roche Cat#: 4716728001 

DNase I  Roche Cat#: 10104159001 

RNaseA  Roche Cat#: R4875 

Collagenase D Roche Cat#: 11088866001 

Percoll GE Healthcare Cat#: 17089101 

PMA (Phorbol 12-myristate 13-acetate) Sigma Aldrich Cat#: P8139 
Ionomycin Sigma Aldrich Cat#: I9657 

Brefeldin A Sigma Aldrich Cat#: B7651 

Fixable Viability Dye eFluor 660 eBioscience Cat#: 65-0864-14 

DAPI Sigma-Aldrich Cat#: D9542 

Critical Commercial Assays 

Foxp3 / Transcription Factor Staining Buffer Set eBioscience Cat#: 00-5523-00 

RNeasy Mini Kit Qiagen Cat#: 74104 

Superscript II RT Invitrogen Cat#: 18064014 

PowerUp SYBR Green Master Mix Applied Biosystems Cat#: A25742 

MagCore Genomic DNA Tissue Kit RBC Bioscience Cat#: MGT-01 

Experimental Models: Organisms/Strains 

Mouse: C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J The Jackson 
Laboratory 

Stock#: 006912 

Mouse: C57BL/6-Tg(TcraTcrb)425Cbn/Crl The Jackson 
Laboratory 

Stock#: 004194 

Mouse: C57BL/6J The Jackson 
Laboratory 

Stock#: 000664 

Oligonucleotides 

IL-6-F: CCCCAATTTCCAATGCTCTCC This paper N/A 

IL-6-R: CGCACTAGGTTTGCCGAGTA This paper N/A 

IL-1β-F: TGCCACCTTTTGACAGTG ATG This paper N/A 

IL-1β-R: TGATACTGCCTGCCTGAA GC This paper N/A 

TNFα-F: AAGCTCCTCAGCGAGGACAG This paper N/A 

TNFα-R: TGGTTGGCTGCTTGCTTTTC This paper N/A 

MAdCAM-1-F: ACAGAGCCAGACCTCACCTA This paper N/A 

MAdCAM-1-R: TGATGTTGAGCCCAGTGGAG This paper N/A 

VCAM-1-F: CTGGGAAGCTGGAACGAAGT This paper N/A 

VCAM-1-R: GCCAAACACTTGACCGTGAC This paper N/A 

β-actin-F: AAGTGTGACGTTGACATCCGTAAA This paper N/A 

β-actin-R: CAGCTCAGTAACAGTCCGCCTAGA This paper N/A 

Software and Algorithms 

FlowJo software version 10.5.3 Tree Star N/A 

GraphPad Prism version 7.0 GraphPad software N/A 

Imaris Bitplane N/A 

Fiji ImageJ N/A 

Other 

StepOne Real-Time PCR System Applied Biosystems N/A 
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BD LSR II BD Biosciences N/A 

Zeiss LSM 880  Carl Zeiss N/A 

MagCore HF16  RBC Bioscience N/A 

 

3.2 Results 

3.2.1 Antigen-specific MOG Th17 cells infiltrate the colonic lamina propria during 

active EAE 

We first evaluated if immune dysregulation was observed in the colon during EAE actively 

induced by subcutaneous immunization of myelin oligodendrocyte glycoprotein amino acids 

35-55 (MOG35-55). To evaluate the relative contribution of a CNS antigen-specific response 

versus the sole contribution of the complete Freund adjuvant (CFA), we immunized wild-type 

mice either with the antigen MOG35-55 or PBS emulsified with CFA. Pertussis toxin was injected 

at day 0 and 2 in both groups. Only mice immunized with antigen MOG35-55 developed 

neurological symptoms (Fig. 8A). Colonic transcript levels of innate immune cytokines, more 

specifically IL-6, IL-1β and TNF-α, are known to play a critical role during the pathogenesis of 

inflammatory bowel disease (IBD) and experimental colitis [217]. We thus assessed by 

quantitative real-time PCR (RT-PCR) analysis the cytokine expression levels when the MOG-

immunized mice displayed neurological symptoms. We observed that IL-6 and IL-1β but not 

TNF-α were induced in an antigen-specific manner in the colon (Fig. 8B). As both IL-6 and IL-

1β promote Th17 cell differentiation [218], we further investigated by flow cytometry if Th17 

lymphocytes infiltrated the large intestine during EAE. The MOG-immunized group significantly 

surpassed the PBS group in up-regulation of IL-17-producing CD4+ T cells (Fig. 8C, 8D) but 

not in IFN-γ-producing CD4+ T cells in the colon (Fig. 8E, 8F). Those results suggest that Th17 

subsets specifically respond to the CNS-antigen. We completed the analysis with the use of 

MOG35–55/IAb tetramers and tracked CD4+ T cells based on their myelin antigen specificity in 

the colon and the CNS. Notably, MOG-specific T cells are increased in the colon at the peak 

of EAE disease compared to non-immunized control animals, reaching approximately levels 

observed in the CNS, where about 3% of CD4+ T cells stained positive for MOG-tetramer in 

accordance with previous publication [219] (Fig. 8G). Collectively, these data indicate that 

MOG-specific Th17 cells are observed in the large intestine and suggest an activation of CD4+ 

T lymphocytes in the colon during active EAE. 
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Figure 8. MOG-specific Th17 cells infiltrate the large intestine during active EAE. (A) Wild-type 

mice were immunized either with MOG35-55 or PBS in CFA. The course of EAE in these mice is shown 

as clinical score (mean ± SEM; n = 8). (B) Relative mRNA expression of IL-6, IL-1β and TNF-α in colonic 

tissue as measured by real-time PCR in mice immunized with PBS/CFA or MOG/CFA when mice 

displayed neurological symptoms (mean ± SD; n = 4-6). Data are shown from one of two independent 

experiments with similar results. (C-F) Flow cytometric analysis of colonic lamina propria-infiltrating 

CD4+ T cells in PBS/CFA versus MOG/CFA group. Frequency of RORɣT+/IL-17+ CD4+ T cells (C, D) 

and IFNɣ+ CD4+ T cells (E, F) (mean ± SD; n = 5-6). (G) Cellular suspensions from colon and CNS were 

prepared from non-immunized (ctl) and immunized mice at the peak of the disease (EAE). After short-

term culture of cells in the presence of MOG35-55 peptide, FACS analysis of the total proportion (%) of 

MOG-specific CD4+ T cells were visualized by MOG35-55/IAb tetramer staining (mean ± SD; n = 3). *, P 
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< 0.05; P values were determined by Mann-Whitney test (B (IL-6)), unpaired Student’s t test (B (IL-1β, 

TNF-α), D, F) and one-way ANOVA with Dunnett’s post hoc test (G). 

 

3.2.2 Encephalitogenic TCRMOG 2D2 Th17 cells preferentially infiltrate the large 

intestine 

To specifically study the relevance of the encephalitogenic Th17 cell infiltration in the large 

intestine during EAE, we performed adoptive transfer of CD4+ Th17 cells expressing a TCR 

specific for MOG (TCRMOG 2D2). This model has the advantage to override the priming phase 

of T cells and to enable to focus solely on encephalitogenic potential of TCRMOG 2D2 Th17 cell 

subsets. Briefly, CD4+ T cells from the spleen and lymph nodes (LN) of naive 2D2 mice, were 

differentiated in vitro into Th17 cells (Fig. 9A) and further transferred in C57BL/6J recipient 

mice as previously described [206] [207]. Following TCRMOG 2D2 Th17 cell transfer, C57BL/6J 

recipient mice developed both typical and atypical EAE signs characterized by an ascending 

paralysis and an unbalanced gait with severe axial instability respectively [207]. However, 

when highly activated TCRMOG 2D2 Th17 cell subsets are injected, neurological symptoms do 

not appear before 10 days after injection (Fig. 9B), suggesting that TCRMOG 2D2 Th17 cell are 

activated in peripheral organs to acquire a phenotype enabling them to reach the CNS. We 

thus evaluated by flow cytometry analysis if TCRMOG 2D2 Th17 cells (as defined by Vα3.2 

expression) were detected in the small and large intestine before neurological symptoms 

appear. We detected a significant percentage of CD4+ T cells expressing Vα3.2 in the gut. In 

addition, the percentage of CD4+ T cells expressing TCR Vα3.2 was significantly higher in the 

colon (36.5% ± 2.0) compared to the small intestine (10.4% ± 2.9) (Fig. 9C, 9D) suggesting a 

predominant infiltration of the large intestine. In line with previous reports using the Lewis rat 

model of EAE [68] [220] [221], TCRMOG 2D2 Th17 cells were present in the lungs (Fig. 9C). We 

further characterized the anatomical location of TCRMOG 2D2 cells within the colon using whole-

mount immunostaining. In agreement with flow cytometry analysis, high numbers of TCRMOG 

2D2 Th17 cells were found in the colonic lamina propria before EAE disease onset and were 

not observed in control non-injected WT animals (Fig. 9E).  
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Figure 9. Encephalitogenic TCRMOG 2D2 Th17 cells infiltrate preferentially the large intestine and 

are located in the colonic lamina propria during EAE. (A) CD4+ T cells from 2D2 mice were activated 

in vitro under Th17 polarizing conditions in the presence of TGFβ, IL-6 and IL-23. After 2 days of 

restimulation with anti-mouse CD3/CD28 antibodies, TCRMOG 2D2 Th17 cells were injected into wild-

type recipient mice. (B) Clinical scores of EAE in mice adoptively transferred with TCRMOG 2D2 Th17 

cells. The course of EAE in these mice is shown as clinical score (mean ± SEM; n = 12). (C) Flow 

cytometric analysis of the total proportion (%) of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T cells 

at day 8 post injection among the lamina propria of ileum, colon and lung in non-injected control mice 

and mice injected with TCRMOG 2D2 Th17 cells (mean ± SD; n = 3). Data are representative of two 

experiments. (D) Representative flow cytometry analysis of 2D2-TCR (Vα3.2+) expression in 

CD3+/CD4+ T cells obtained from the colonic lamina propria of non-injected control mice versus mice 

injected with TCRMOG 2D2 Th17 cells 8 days after injection. (E) Colon whole-mount immunostaining 

for endogenous (green, CD3ε) and injected TCRMOG 2D2 (red, Vα3.2) T cells from control and TCRMOG 

2D2 T cell injected mice; blue, DAPI. Scale bar, 50μm . [Jeremiah Bernier-Latmani performed the 

whole-mount immunostaining and took the picture]. 
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We then asked if Th17 cell colonic infiltration was MOG specific. To address this question, we 

took advantage of OT-II transgenic mice that display a TCR specific for the ovalbumin 323-

339 peptide. CD4+ T cells, obtained from both OT-II and 2D2 mice on the CD45.2 background, 

were polarized into Th17 cells and transferred into CD45.1 recipient mice. Colonic tissue was 

examined by flow cytometry for the percentage of CD45.2+ on total CD45+ cells. 2D2 and OT-

II cells migrated similarly to the colon suggesting that Th17 cell migration to the colon is not 

MOG specific (Fig. 10A). We further asked if different subset of encephalitogenic T cell subsets 

similarly migrate to the colon. We thus generated Th17 and Th1 cells from MOG-specific TCR 

2D2 transgenic T cells in vitro as previously described [206] and transferred them into naive 

syngeneic wild-type C57Bl6/J recipients. The percentages of TCRMOG 2D2 T cells were 

assessed by flow cytometry from the colon of recipient mice. Significantly higher percentage 

of TCRMOG 2D2 T cells were detected in the colon when cells were differentiated into Th17 

versus Th1 cells (Fig. 10B). Those results suggest that Th17 cells migrate to the colon during 

EAE independently of their antigen-specificity but at higher levels than Th1 cells. 

 

 

Figure 10: TCRMOG 2D2 Th17 cells enter the colon in an antigen-independent manner but at higher 

levels than TCRMOG 2D2 Th1 cells. (A) Flow cytometric analysis of the total proportion (%) of CD45.2+ 

cells (donor 2D2 or OT-II) obtained from the colon of CD45.1 recipient mice 15 days after T cell transfer 

(mean ± SD; n = 3). (B) Flow cytometric analysis of Vα3.2+ frequency in CD3+/CD4+ T cells at day 4 

post injection in the colon of mice injected with TCRMOG 2D2 Th17 cells or TCRMOG 2D2 Th1 cells (mean 

± SD; n = 3-4). *, P < 0.05; P values were determined by unpaired Student’s t test (A, B). 
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3.2.3 Encephalitogenic TCRMOG 2D2 Th17 cells are in close contact with colonic 

blood vessels and egress via lymphatic vessels 

Using 3D image reconstruction we assessed the location of TCRMOG 2D2 Th17 cells within the 

colonic lamina propria. While TCRMOG 2D2 Th17 cells were found throughout the colonic 

lamina propria, we observed that many cells were closely associated with colon blood 

capillaries. Quantification of TCRMOG 2D2 Th17 cells either in immediate vicinity (on) or not 

(off) with colon blood capillaries showed that more than 60% of the TCRMOG 2D2 Th17 were 

contacting these vessels (Fig. 11A). We further observed that a fraction of TCRMOG 2D2 Th17 

cells showed an elongated morphology, suggesting a migratory phenotype (Fig. 11A). 

Furthermore, TCRMOG 2D2 Th17 cells were detected closely associated with, and in the lumen 

of, dilated vessels below colonic crypts, identified as lymphatic capillaries by LYVE-1 staining 

(Fig. 11B-D). As intestinal lymphatic capillaries drain into mesenteric lymph nodes (mLN) [222], 

we assessed the percentage of TCRMOG 2D2 by FACS analysis in the gut-draining mLN versus 

the dermal inguinal lymph nodes (dLN) of the same recipient mice 4 and 8 days after TCRMOG 

2D2 transfer and in PBS-injected recipient mice (Fig. 12). Around 1% CD4+ T cells were Vα3.2+ 

in the dLN (1.03% ± 0.1) and mLN (1.0% ± 0.1) of PBS-injected recipient mice, compatible with 

low levels of endogenous Vα3.2+ expression in lymphoid organs of C57Bl6/J mice [223]. We 

observed a significant 18-fold (18.7% ± 4.5, 4 days) and 13-fold (13.3% ± 1.9, 8 days) increase 

in CD4+ T cells harboring the Vα3.2+ marker in the mLN after TCRMOG 2D2 Th17 cell transfer 

(Fig. 12). At the same time, there was only a minor tendency towards increase in Vα3.2+ T 

cells in the dLN of the same mice (2.6 % ± 0.2, 4 days) and (2.9 % ± 0.5, 8 days) after T cell 

transfer compared to the control dLN (1.03% ± 0.1) (Fig. 12). Altogether, these data show that 

TCRMOG 2D2 Th17 cells infiltrate the colonic lamina propria, migrate out of the colon via 

lymphatic vessels and likely re-enter blood circulation downstream of mLNs. 
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Figure 11. Encephalitogenic TCRMOG 2D2 Th17 cells are located in close contact to blood and 

lymphatic vessels. (A) Injected TCRMOG 2D2 T cells (red, Vα3.2) are located in the colonic lamina 

propria near blood vessels (green, VEGFR2). Arrowheads indicate TCRMOG 2D2 T cells with an 

elongated morphology. Scale bar, 50μm. Percentage of TCRMOG 2D2 T cells in direct contact (on) or 

not (off) with colon blood capillaries, n=3. (B) Whole-mount immunostaining of Vα3.2+ T cells (red) 

entering submucosal VEGFR2+ (white), LYVE1+ (green) lymphatic capillaries 4 days after T cell 

injection. (C) 3D reconstruction of Vα3.2+ T cells (red) entering lymphatic capillaries (green). (D) Same 

image as C, turned 90° on the Y-axis to show T cells in the lymphatic capillary lumen. Scale bars: A, 

50μm; B, 20μm; C, 10μm. ***, P < 0.001; P values were determined by unpaired Student’s t-test. 

[Jeremiah Bernier-Latmani performed the whole-mount immunostaining, took the picture and 

performed 3D reconstruction]. 
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Figure 12. Encephalitogenic TCRMOG 2D2 Th17 cells migrated through the mesenteric lymph 

nodes but not the dermal inguinal lymph nodes. (A) Representative flow cytometry analysis of 2D2-

TCR (Vα3.2+) expression in CD3+/CD4+ T cells from mesenteric lymph nodes (mLN) and dermal inguinal 

lymph nodes (dLN) isolated from PBS-injected (control) mice and from mice injected with TCRMOG 2D2 

Th17 cells at 4 days (d4) and 8 days (d8) post injection. (B) Flow cytometry analysis of the total 

proportion (%) of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T cells of mLN and dLN at the indicated 

time points after TCRMOG 2D2 Th17 cells transfer (mean ± SD; n = 3-4). *, P < 0.05; **, P < 0.01; ***, P 

< 0.001, ****, P < 0.0001; P values were determined by two-way ANOVA with Tukey’s post hoc test (B). 
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3.2.4 Blocking integrin α4β7/MAdCAM-1 interactions inhibits TCRMOG 2D2 Th17 entry 

to the large intestine and significantly attenuates EAE  

To explore whether colonic TCRMOG 2D2 migration contributes to neuroinflammation, we asked 

if blocking TCRMOG 2D2 entry to the gut influences EAE development. Autoimmune T cells 

receive signals to acquire a functional phenotype that allow them to invade their target tissues 

[224] [225]. Intestinal-targeting of T cells requires expression of the ligand α4β7 integrin on 

immune cells and expression of its receptor mucosal vascular addressin cell adhesion 

molecule 1 (MAdCAM-1) on intestinal venules [226]. In our model, MAdCAM-1 was expressed 

in the colon at significant higher level compared to the CNS both at steady state and 4 days 

after adoptive transfer (Fig. 13A). As we detected large amount of TCRMOG 2D2 Th17 in the 

large intestine, we evaluated whether these cells expressed the integrin α4β7. Half (50.2% ± 

2.8) of the colonic TCRMOG 2D2 cells expressed α4β7 four days after adoptive transfer while 

α4β7 expression was significantly reduced (14.5% ± 3.1) at day 8, before neurological signs 

appear (Fig. 13B). Those results suggest that α4β7 expression is involved in TCRMOG 2D2 

Th17 cell migration to the gut. In mouse models of T cell-mediated colitis, administration of 

α4β7 antibodies reduces inflammation and the severity of colitis. Similarly, Vedolizumab, a 

humanized specific α4β7 inhibitor, has proven effective in ulcerative colitis and Crohn’s 

disease [227] [228] [229]. As we observed an important TCRMOG 2D2 Th17 cell infiltration in 

the large intestine, we further tested whether selective blocking of α4β7 could also influence 

EAE disease course. α4β7-blocking antibodies (DATK 32) were administered one day before 

adoptive transfer followed by injections every three days until the development of EAE disease. 

We observed during EAE a significant reduction of TCRMOG 2D2 Th17 cell infiltration in the 

colon, but not in the ileum nor in the lung 4 days after T cell transfer in mice treated with anti-

α4β7 compared with the isotype control group (Fig. 13C, 13D). Moreover, α4β7 blockade was 

efficient in dampening EAE neurological disease course (Fig. 13E and Table 5). In addition, a 

significantly reduced number of TCRMOG 2D2 Th17 infiltrating the CNS was recorded 10 days 

after T cell adoptive transfer in mice treated with anti- α4β7 compared with the isotype control 

group (Fig. 13F).  
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Figure 13. Blocking integrin α4β7 reduces migration of encephalitogenic TCRMOG 2D2 cells to the 

colon and delays the progression of EAE disease. (A) Relative mRNA expression of MAdCAM-1 in 

CNS and colonic tissue as measured by real-time PCR in non-injected mice (day 0) and four day after 

TCRMOG 2D2 Th17 cells injection. Box-and-whisker graphs show median, min., and max. values and 

25th and 75th percentiles (n = 6). (B) Flow cytometry analysis of the total proportion (%) of the integrin 

α4β7 expression in colonic 2D2-TCR (Vα3.2+) CD4+ T cells at the indicated time points after TCRMOG 

2D2 Th17 cells injection (mean ± SD; n = 3). Data are representative of two experiments. (C, D) Flow 

cytometry analysis of 2D2-TCR (Vα3.2+) proportion in CD4+ T cells obtained from the colon, ileum and 

lung in isotype control versus anti-α4β7 treated group at day 4 after TCRMOG 2D2 Th17 cells transfer 

(mean ± SEM; n = 3-4). Data are representative of two experiments. (E) Clinical scores of EAE in 

adoptively transferred mice treated with PBS 1X, isotype control or anti-α4β7 antibodies. The course of 

EAE in these mice is shown as clinical score (mean ± SEM; n = 6-8; P values are shown for comparison 

between anti-α4β7 versus isotype groups). (F) Absolute numbers of TCRMOG 2D2 Th17 cells infiltrating 

the CNS 10 days after adoptive transfer in mice treated with isotype control or anti-α4β7 antibodies 

(mean ± SD; n = 4). Data are representative of two experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

****, P < 0.0001; NS, not significant; P values were determined by unpaired Student’s  t  test (A, B), two-

way ANOVA with Sidak’s post hoc test (D) and Tukey’s post hoc test (E).  
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Table 5. Blocking integrin α4β7 attenuates disease course in adoptive transfer EAE. EAE in mice 

treated with PBS, isotype control or anti-α4β7 antibodies. EAE disease incidence (%), maximum scores 

(mean ± SD; n = 6-8), day of disease onset (mean ± SD; n = 5-8), area under the curve (AUC) (mean ± 

SD; n = 6-8). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; P values were shown for 

comparison between anti-α4β7 versus isotype groups and were determined by one-way ANOVA with 

Tukey’s post hoc test (AUC, maximum score) and by Kruskal-Wallis test with Dunn's post hoc test (day 

of disease onset).  

 

Similar results were obtained when we extended the anti-α4β7 treatment until the end of the 

EAE disease (Fig. 14A) suggesting that the contribution of colonic Th17 cell on EAE takes 

place early during EAE. Furthermore, anti- α4β7 antibody treatment was not able to delay 

active EAE development (Fig. 14B). In active EAE, Th1 cells play a predominant role compared 

to Th17 cells [206]. This is in accordance with our observation that Th17-polarized 2D2 cells 

are more prone to reach the colon compared to Th1-polarized 2D2 cells (Fig. 10B). Those 

results suggest a contribution of Th17 migration to the colon during EAE. 
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Figure 14. Continuously blocking of a4b7-integrin alleviates adoptive-transfer EAE but not active 

EAE. (A) Clinical scores of Th17 adoptive-transfer EAE mice treated with anti-α4β7 antibodies or isotype 

control every 3 days until the end of the experiment (mean ± SEM; n = 9 per group). (B) EAE was 

induced in wild-type mice by immunization with MOG35-55 in Complete Freund Adjuvant (CFA). Mice 

were injected with either anti-a4b7 antibodies or an isotype control every 3 days. The course of EAE is 

shown as clinical score (mean ± SEM; n = 7 per group). Maximum scores (mean ± SD; n = 7), day of 

disease onset (mean ± SD; n = 5-6), area under the curve (AUC) (mean ± SD; n = 7). *, P < 0.05; **, P 

< 0.01; ***, P < 0.001, ****, P < 0.0001; P values were determined by two-way ANOVA with Sidak’s post 

hoc test (A). 
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3.2.5 Colonic TCRMOG 2D2 Th17 cell express CNS-Integrin and their intestinal infiltrate 

resolves upon CNS invasion 

As we observed TCRMOG 2D2 Th17 infiltration of the large intestine before neurological clinical 

signs, we wondered whether this infiltration persisted throughout the disease course. The 

frequency of TCRMOG 2D2 Th17 was thus evaluated at different time points after T cell transfer 

by flow cytometry analysis simultaneously in the colon and the CNS samples. TCRMOG 2D2 

Th17 cells infiltrate the colonic lamina propria as early as 4 days after transfer, while no cells 

were detected in the CNS simultaneously (Fig. 15A). Eight days post-transfer, the frequency 

of colonic TCRMOG 2D2 Th17 cells decreased by more than two-fold compared to day 4 while 

we found a concomitant significant increase in the percentage of 2D2 cells in the CNS from 

0% at day 4 to 32.7% ± 6.4 at day 8 and then 67.5% ± 10.7 at the peak of the disease (Fig. 

15A). Taken together, the data presented above demonstrate that CNS-specific Th17 cells are 

able to migrate and to infiltrate the large intestine during the preclinical phase of transfer EAE 

prior reaching the CNS. To assess if TCRMOG 2D2 Th17 detected in the gut display 

encephalitogenic properties, we evaluated the level of α4β1 integrin (CNS-specific integrin) 4 

days after T cell transfer and showed that α4β1 integrin was expressed at similar levels than 

α4β7 integrin known to be gut-specific (Fig. 15B). However, the α4β1 integrin ligand VCAM-1 

was expressed solely in the CNS but not in the colon (Fig. 15C). In addition, α4β1 integrin 

expression decreases on TCRMOG 2D2 Th17 cells of the colon over time while the expression 

remained high in the CNS when the TCRMOG 2D2 reached the CNS (Fig. 15D). Those results 

strengthen our hypothesis that TCRMOG 2D2 Th17 depict encephalitogenic properties while 

present in the colon. 
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Figure 15. Encephalitogenic TCRMOG 2D2 Th17 cells infiltrate the large intestine and express 

CNS-specific integrin before reaching the CNS. (A) Flow cytometry analysis of the total proportion 

(%) of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T cells of colonic lamina propria and CNS at the 

indicated time points after TCRMOG 2D2 Th17 cells transfer (mean ± SD; n = 4-5). Data are 

representative of two experiments. (B) Flow cytometry analysis of the total proportion (%) of the integrin 

α4β7 and α4β1 expression in colonic 2D2-TCR (Vα3.2+) CD4+ T cells four days after TCRMOG 2D2 Th17 

cells injection (mean ± SD; n = 3). Data are representative of two experiments. (C) Relative mRNA 
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expression of VCAM-1 in CNS and colonic tissue as measured by real-time PCR in non-injected mice 

(day 0) and four day after TCRMOG 2D2 Th17 cells injection. Box-and-whisker graphs show median, 

min., and max. values and 25th and 75th percentiles (n = 6). (D) Flow cytometry analysis of the total 

proportion (%) of the integrin α4β1 expression of 2D2-TCR (Vα3.2+) CD4+ T cells in the colon and the 

CNS at the indicated time points after TCRMOG 2D2 Th17 cells injection (mean ± SD; n = 3). Data are 

representative of two experiments. (E) Representative flow cytometry analysis of RORɣT+/Foxp3-, 

RORɣT+/Tbet-, RORɣT+/IL-17+ expression in 2D2-TCR (Vα3.2+) CD4+ T cells obtained from the 

colonic lamina propria of EAE mice at day 4 after TCRMOG 2D2 Th17 cells transfer. (F) Time course of 

transferred TCRMOG 2D2 analyzed by flow cytometry for RORɣT+/Foxp3- intracellular expression and 

shown as a percentage of the Vα3.2+ T cells population (mean ± SD; n = 4-5). Data are representative 

of two experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; NS, not significant; P 

values were determined by one-way ANOVA with Tukey’s post hoc test (A, D, F) and unpaired Student’s 

t test (B, C). 

 

Different Th17 cell subsets have been described in the colon, in particular the homeostatic 

Th17 cells co-expressing both Foxp3 and RORγT [230] and the pathogenic Th17 cells that do 

not express Foxp3. Thus, we evaluated the phenotypic profile of the TCRMOG 2D2 Th17 cells 

detected in the colonic lamina propria. Four days after injection, colonic lamina propria Vα3.2+ 

CD4+ T cells were analyzed by flow cytometry for RORγT, Foxp3, T-bet, and IL-17A 

expression. TCRMOG 2D2 Th17 cells maintained RORγT expression, while neither T-bet nor 

Foxp3 expression was detected (Fig. 15E). We further conducted our analysis at different time 

points after T cell transfer and observed a reduction of the total frequencies of RORγT+ 2D2+ 

cell (Fig. 15F). However, the residual colonic 2D2+ CD4+ T cells kept their capacity to secrete 

the pro-inflammatory IL-17 cytokine in colonic lamina propria at all time points examined (Fig. 

16A, 16B). In addition, Foxp3 and RORγT co-expressing Th17 cells and Foxp3+ RORγT- 

regulatory T cells, were both restricted to Vα3.2- CD4+ T cells (2D2-) and their frequencies were 

not impacted by time (Fig. 16C). We thus demonstrated that TCRMOG 2D2 Th17 cells were 

predominantly detected in the large intestine before reaching the CNS and that these cells 

maintained their pro-inflammatory phenotype after in vivo transfer. 
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Figure 16. Encephalitogenic TCRMOG 2D2 Th17 cells maintain their pathogenic phenotype 

throughout EAE disease. (A) Representative FACS analysis of IL-17+ expression in RORγT+ 2D2+ 

T cells obtained from the colonic lamina propria of EAE at the indicated time points after TCRMOG 2D2 

Th17 cells transfer. (B) Time course of transferred TCRMOG 2D2 analyzed by flow cytometry for IL-17+ 

intracellular expression and shown as a percentage of the RORγT+Vα3.2+ T cells population (mean ± 

SD; n = 2-4). (C) Ex vivo flow cytometry analysis of colonic RORɣT +/-/ Foxp3- frequency in 2D2+TCR 

(Vα3.2+) cells versus 2D2-TCR (Vα3.2-) cells population. Representative contour plots are shown 

depicting intracellular staining for RORɣT versus Foxp3 after gating for Vα3.2+ or Vα3.2- CD4+ T cells 

population (mean ± SD; n = 4-5). Data are representative of two experiments; NS, not significant; P 

values were determined by Kruskal-Wallis test with Dunn's multiple comparisons post hoc test (B).  
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3.2.6 Encephalitogenic TCRMOG 2D2 Th17 cells proliferate in the large intestine 

Having established that TCRMOG 2D2 cells are detected in the colonic lamina propria, we further 

explored their fate within the large intestine and evaluated their proliferative status with Ki67 

staining. FACS analysis demonstrated that almost 100% of TCRMOG 2D2 cells proliferated in 

the colonic lamina propria 4 days after T cell transfer. This proliferation rate significantly 

decreased to less than 20% 8 days post-transfer (Fig. 17A). In comparison, Vα3.2- CD4+ T 

cells (host cells) showed a constant proliferation rate of 25% with no significant changes 

between day 4 and day 8 (Fig. 17A). We next assessed the location of proliferating TCRMOG 

2D2 cells in the colon by whole-mounting immunostaining (Fig. 17B). At day 4, 30% of TCRMOG 

2D2 detected above the lumen-adjacent blood vessel (“lumen”, yellow line in Fig. 17B) were 

Ki67+ while only 15% of TCRMOG 2D2 cells were located below the lumen-adjacent blood vessel 

(“stroma” cells). In agreement with FACS analysis, less than 5% of total TCRMOG 2D2 cells 

were Ki67+ at day 8 after injection regardless of location (Fig. 17C). However, among Ki67+ 

TCRMOG 2D2 cells at both day 4 and day 8 approximately two third of Ki67+ cells were found 

near the colon lumen (Fig. 17D). These results show that TCRMOG 2D2 cells proliferated at the 

maximum rate 4 days after T cell transfer and are found near colonic lumen.  
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Figure 17. Encephalitogenic TCRMOG 2D2 Th17 cells proliferate in the colon (A) Flow cytometry 

analysis of proliferating Ki67+ cells (%) among 2D2+TCR (Vα3.2+) and 2D2-TCR (Vα3.2-) CD4+ T cells 

within colonic lamina propria at the indicated time points after T cell transfer (mean ± SD; n = 4). Data 

are shown from one of three independent experiments with similar results. (B) Whole-mounting 

immunostaining of proliferating (Ki67+, red), TCRMOG 2D2 (Vα3.2+ cells, green) and blood vessels 

(white, VEGFR2). Blue, DAPI. Vα3.2+ T cells observed above the lumen-adjacent blood vessel (yellow 

line) were considered “lumen” T cells and cell located below were considered “stroma”. (C) 

Quantification of the percentage and location (mean ± SD; n = 4) of Ki67+ TCRMOG 2D2+ cells in the 

colon 4 and 8 days after T cell transfer. (D) Quantification of the percentage of Ki67+ TCRMOG 2D2+ 

cells located at the lumen (mean ± SD; n = 4). Scale bars: B, 50μm.  *, P < 0.05; **, P < 0.01; ***, P < 

0.001, ****, P < 0.0001; NS, not significant; P values were determined by two-way ANOVA with Tukey’s 

post hoc test (A, C). [Jeremiah Bernier-Latmani performed the whole-mount immunostaining and took 

the pictures]. 

 

3.2.7 Encephalitogenic TCRMOG 2D2 Th17 cells induce an intestinal dysbiosis and 

antibiotics treatments decrease encephalitogenic properties of Th17 cells 

We further hypothesized that factors present in the colonic lumen, more specifically gut 

microbiota, could impact TCRMOG 2D2 T cells. We thus evaluated whether TCRMOG 2D2 were 

influenced by and/or could impact intestinal microbial composition as changes in gut microbiota 

composition were reported in other EAE model [126] [130] [231] [232] [233]. We thus 

performed metataxonomic analysis by sequencing of 16S ribosomal RNA gene amplicons from 

fecal samples of the same recipient mice before and 9 days, when mice were still clinically 

asymptomatic, after TCRMOG 2D2 Th17 transfer. Analysis of Shannon index revealed that 

TCRMOG 2D2 Th17 cell transfer significantly increased the diversity of the gut microbiota (Fig. 

18A). Analysis of the variance between microbial communities showed that TCRMOG 2D2 T cell 

transfer resulted in markedly different (PERMANOVA P = 0.0009) gut microbial communities 

(Fig. 18B). Analysis of the microbiota at various taxonomic levels showed a shift in the gut 

microbiota composition after Th17 cell transfer including an increase in phyla with gram-

negative cell wall structure (Proteobacteria and Bacteroidetes) and a decrease of the gram-

negative bacteria belonging to the class Bacilli (Firmicutes). In the Bacteroidetes phylum, 

genus Alistipes and several operational taxonomic units (OTUs) of the Bacteroidales order 

increased in relative abundance after TCRMOG 2D2 Th17 cell transfer. In the Firmicutes phylum, 

the proportion of genus Lactobacillus and three OTUs assigned to it decreased significantly 

following adoptive transfer (Fig. 18C and Table 6). Concomitantly, several members of the 

Clostridiales order, including family Ruminococcaceae, an OTU from the family 

Lachnospiraceae and genera Eisenbergiella, KE159538, Eubacterium, Oscillibacter and 

Pseudoflavonifractor increased in relative abundance.  
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Figure 18. Encephalitogenic TCRMOG 2D2 Th17 cells impact gut microbiota composition (A) Alpha 

diversity. Shannon diversity index was based on the relative abundance of OTUs. (B) PCoA of Bray–

Curtis similarities based on the square root-transformed relative abundance of OTUs. Stool samples 

obtained from the same mouse before and after T cell transfer are indicated by the same alphabetic 

character (A–J). (C) OTUs differentially represented before and after injection of TCRMOG 2D2 Th17 

cells. Only OTUs with significant changes (P < 0.05) and an average relative abundance >1% in at least 

one of the two groups are presented. Boxplots show the first to third quartiles (bottom and top of the 

box) divided by the median. The highest and lowest value in the 1.5 interquartile range are indicated 

by whiskers. Circles indicate outliers. (D) Clinical scores of EAE in mice adoptively transferred with 

TCRMOG 2D2 Th17 cells and treated with or without antibiotics (ABX). The course of EAE is shown as 

clinical score (mean ± SEM; n = 6-7). Data are representative of two experiments. (E) Clinical scores 

of EAE in adoptively transferred mice treated with antibiotics (ABX), antibiotics and isotype control or 

antibiotics and anti-α4β7 antibodies   *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; P values 

were determined by Wilcoxon signed-rank test (A, C) and two-way ANOVA with Sidak’s (D) and Tukey’s 

(E) post hoc test. [The team of Prof. Schrenzel performed the microbiota analysis]. 

 

To evaluate whether the TCRMOG 2D2 Th17 cells required the presence of microbiota to induce 

EAE, we injected TCRMOG 2D2 Th17 cells in antibiotic-treated mice. The antibiotic treatment, 

used to eliminate broad bacteria community [208], significantly reduce EAE severity (Fig. 18D) 

without impairing the ability of TCRMOG 2D2 T cells to infiltrate the colon (Fig. 19). We then 

wondered whether blocking Th17 cell colonic migration and antibiotic treatment could have 

additive effects. We treated mice with antibiotics and administered anti- α4β7 or control isotype 

antibody (Fig. 18E). Antibiotic treatment reduced EAE severity, however blocking of 

α4β7/MAdCAM-1 pathway did not further enhance the protective effect of antibiotic treatment 

thus orienting our interpretation towards an interdependent role of the intestinal microbiome 

and anti-α4β7 treatment. 
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Figure 19. Antibiotic treatment does not influence TCRMOG 2D2 Th17 infiltration in the colon. (A) 

Flow cytometry analysis of the total proportion (%) of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T 

cells of colonic lamina propria at the indicated time points after TCRMOG 2D2 Th17 cells transfer in control 

and in antibiotic treated mice (ABX). Data are representative of two experiments. (B) Representative 

flow cytometry analysis of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T cells obtained from the colonic 

lamina propria of control versus antibiotic treated (ABX) mice four days (d4) and eight days (d8)  after 

TCRMOG 2D2 Th17 cells transfer. 

 

In summary, in TCRMOG 2D2 Th17 adoptive-transfer EAE transfer, Th17 cells migrate and 

proliferate at highest level in the large intestine at preclinical stage of EAE disease. 

Furthermore, Myelin-specific Th17 cells change gut microbiota composition. Finally, blocking 

myelin specific Th17 cell entry in the colon or disrupting gut microbiota with antibiotic 

treatments dampens EAE development. 
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Table 6. Changes in the relative abundance of bacterial taxa in fecal mouse microbiota observed 

after injection of TCRMOG 2D2 Th17 cells. Only taxa with a mean relative abundance >0.5% in at least 

one of the two groups of samples (before and after AT EAE) were compared and those with statistically 

significant differences (P<0.05) are represented. The statistical analysis method used was a Wilcoxon 

signed-rank test. Significant increase and decrease in the taxon relative abundance after treatment are 

indicated by red and blue filled cells, respectively. [The team of Prof. Schrenzel performed the microbiota 

analysis] 
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3.3 Discussion  

The implication of the gut-brain axis has received growing attention in the field of neuro-

immunology, with recent works showing an accumulation of Th17 cells in the small intestine 

as well as an intestinal dysbiosis in MS patients [124]. However, if those findings are a 

consequence of neuroinflammation or in the contrary if they affect the development of 

neuroinflammation remain disputed. We here report that CNS–specific Th17 cell migrate to 

the intestine during EAE. Furthermore, blocking α4β7/MAdCAM-1 pathway not only limits 

intestinal Th17 cell infiltration, to a larger extent in the large intestine, but also significantly 

dampens EAE severity in an adoptive-transfer model. Mechanistically, myelin-specific Th17 

cells proliferate in the gut and alter gut microbiota composition. Antibiotic treatments 

dampen EAE development in the Th17 cell adoptive transfer EAE model. However, blocking 

α4β7/MAdCAM-1 pathway does not synergize with the beneficial effect of antibiotic 

treatments. These data strongly suggest that during CNS autoimmunity, encephalitogenic 

Th17 cell traffic to the large intestine, where their pro-inflammatory functions are 

strengthened at least partially via gut microbiota changes. 

An association between MS and IBD has been described in humans [14] as well as an 

increased risk of MS and IBD comorbidity [234]. Animal models have demonstrated a crucial 

role for gut-homing effector T cells in inflammatory bowel disease and mice lacking β7 integrin 

have less intestinal T cells as a consequence of a reduced rate of migration to the gut [235] 

[236]. Moreover, blocking antibodies against the α4β7-integrin attenuate mouse models of 

intestinal inflammation and are clinically effective in the treatment of human ulcerative colitis 

and Crohn’s disease [237] [238]. Combined anti-α4-integrin (natalizumab), that blocks both 

α4β1/VCAM-1 and α4β7/MAdCAM-1 interactions, is effective in addition to intestinal 

inflammatory diseases to target both MS and EAE [36] [239] [240]. For MS, the effect is 

attributed specifically to the α4 β 1 inhibition directly in the CNS. Indeed, the impact of 

α4β7/MAdCAM-1 interactions in neuroinflammation remains controversial and studies 

specifically addressing their role in EAE pathogenesis have led to inconsistent results. Using 

SJL/N mouse strains, B. Engelhardt et al found no effect of anti-α4β7 nor anti-β7 neutralizing 

antibodies on the development of EAE [241]. Similarly, Vedolizumab does not prevent CNS 

inflammation nor demyelination in Rhesus Monkey EAE model [242]. In apparent contrast, β7 

integrin-deficient C57BL/6 mice are partially resistant to adoptive EAE transfer and to 

neutralizing antibodies against MAdCAM-1 [243] [244]. Furthermore the development of active 

EAE is attenuated in MAdCAM-1-KO mice while MAdCAM-1 blockade 5 days after 

immunization does not attenuate EAE [245]. Indeed, the timing of intestinal T cell blocking is 

certainly relevant. We observe that anti-α4β7 treatment is efficient when administered only 
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until the appearance of the first neurological signs and that the extension of the treatment 

during the entire EAE disease course did not enhance its protective effect. Those results are 

in accordance with the observation of a significant TCRMOG 2D2 Th17 cell colonic proliferation 

at 4 days but not anymore at 8 days after T cell transfer. Furthermore, the observed differences 

in the previous publications can be attributed to the use of different mouse strains and to 

methodological differences in inducing EAE that may or not favor Th17 cell polarization. We 

here show that blocking α4β7-integrin inhibits Th17 cell entry in the colonic lamina propria 

during adoptive transfer EAE and further contributes to a reduction of neurological symptoms. 

We did not observe impairment of the neurological disease course with anti-α4β7 treatment in 

the active EAE model that is mainly driven by Th1 cells. We thus propose that the colon might 

be a niche for reactivation and proliferation of immune cells during EAE, in particular for Th17 

cells. The effect on myelin-specific Th17 cells observed in the colon during EAE could be 

related to their production of IL-17 cytokine family more than on their antigen-specificity. This 

would be in accordance with the intrinsic properties of IL-17A as modulators of microbiota 

composition [246]. As IL-17 cytokines can be produced by adaptive immune cells but also by 

other cell types (ILC3, γδ T-cells), it remains to be elucidated if IL-17 family cytokines, such as 

IL-17A, could per se impact neuroinflammation independently of their cellular sources.  

Whether MAdCAM-1, an intestinal protein, is also expressed in the CNS and thus contributes 

to our observation has been debated [247] [248] [249] [250] [251]. We detected very low levels 

of MAdCAM-1 mRNA in the CNS and at much lower rates compared to the colon. MAdCAM-

1, if expressed in the CNS, is expressed at a low level and has been shown not to contribute 

to neuroinflammation [252]. In addition even ectopic expression of MAdCAM-1 on blood-brain 

barrier does not influence EAE in the C57BL/6J model [252]. This corroborates with the 

publication from the T. Korn group that proposed in an adoptive transfer EAE model that Th17 

lymphocytes traffic to the CNS independently of α4 integrin expression during EAE [253]. Here 

we observed a beneficial effect on neuroinflammation when blocking α4β7/MAdCAM-1 

interactions. However, the beneficial effect was transient. This could be a consequence of the 

insufficient blocking of Th17 trafficking in the small intestine and the colon. Lymphocyte 

migration to the gut is controlled by additional chemoattractant receptors, such as the C-C 

motif chemokine receptors 9 (CCR9) for the small intestine or the orphan G-protein-coupled 

receptor 15 (GPR15) for the colon [254]. Concomitant blocking of CCR9/GPR15/chemokines 

interaction could contribute to fully evaluate the role of the entire intestine in driving EAE.  

Gut mucosa harbors the highest concentration of immune cells in the body and studies in 

human and mice suggested that small intestine is a possible location for the generation, 

activation and expansion of effector T cells that cause autoimmune responses [135]. However, 
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it is still unclear how mucosal immune responses elicited in the gut modulate CNS inflammation 

and whether the large intestine is further involved in EAE pathogenesis. Our observations that 

myelin-specific Th17 cells infiltrate preferentially the large intestine further demonstrate the 

occurrence of compartmentalization and suggest the existence of distinctive mechanisms of 

autoimmune cells recruitment that may allow functional specialization of immune responses in 

different segments of the intestine.  

 

Th17 adoptive EAE transfer had a notable effect on gut microbiota composition with a 

decreased representation of the Firmicutes phylum, in particular of the proportion of the 

Lactobacillus species, which have been associated with a beneficial effects, including 

inflammatory immune response reduction during EAE [255]. We observed a significant 

reduction in L. Johnsonii, which are known to have immunomodulatory properties [256]. 

Interestingly L. Johnsonii are induced by intermittent fasting which further dampens EAE 

severity [257]. Intestinal microbiota has been proposed to contribute to the accumulation or 

activation of Th17 in the intestine [258] [259]. In the context of neuroinflammation, commensal 

species residing in the small intestine impact on the development of the disease in mouse 

model and human. Encephalitogenic Th17 cells can be generated in the gut with the 

segmented filamentous bacteria (SFBs) monocolonization [130] while Bacteroides species or 

colonic clostridia respectively suppress IL-17 production or support the development of 

regulatory T cells [260] . Here we further show that antibiotic treatment was sufficient to 

dampen neurological disease in the adoptive transfer EAE model and furthermore that blocking 

α4β7/MAdCAM-1 interactions was not be beneficial in the context of antibiotic treatment. 

Those results suggest an intrinsic relationship between CNS-specific Th17 and intestinal 

microbiota composition. However, the precise mechanisms of the “gut flora-Th17 cell 

interactions” remain to be further studied. 

In summary, CNS antigen specific Th17 cells infiltrate the large intestine and depict high 

proliferating properties in this organ during EAE. Specifically targeting Th17 cell migration to 

the large intestine by blocking α4β7/MAdCAM-1 interaction attenuates EAE disease 

interdependently of the microbiota composition. Our results thus contribute to reevaluation of 

the gut as a target during CNS autoimmunity. 
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Figure 20. Disrupting myelin-specific Th17 cell gut homing confers protection in an adoptive 

transfer experimental autoimmune encephalomyelitis. Graphical abstract representing the 

important findings of the first project. Th17-polarized myelin-specific (TCRMOG 2D2) CD4+ T cells migrate 

to the colon before the development of neuroinflammation. Encephalitogenic Th17 cells further change 

intestinal microbiome composition. Blocking encephalitogenic Th17 cell entry into the colon or treatment 

with antibiotics ameliorates EAE severity. 
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4. PROJECT II: Role of oxysterols on gut immunology 

during EAE and pathogen-induced colitis 

4.1 Materials & Methods  

4.1.1 EAE induction and clinical evaluation 

EAE induction and clinical evaluation were done as previously described in 3.1.2. 

 

4.1.2 Isolation of immune cells  

Isolation of immune cells were done as previously described in 3.1.5. 

 

4.1.3 Flow cytometric analysis  

Flow cytometric analysis were done as previously described in 3.1.6, with additional following 

materials and methods: Fluorochrome-conjugated antibodies were purchased from several 

commercial sources indicated below: Antibodies against CD44 (IM7), NK1.1 (PK136), CD45 

(30-F11), CD335 (29A1.4), IL-33Ra (DIH9), CD90.2 (53-2.1), CD127 (A7R34), CD3 (17A2), 

CD196 (29-2L17) were from Biolegend; CD11c (N418), CD11b (M1/70), Ly6G (RB6-8C5), 

Ly6C (HK1.4), B220 (RA-6B2) were from eBioscience; CD5 (REA421), CD11b 

(M1/70.15.11.5), CD11c (N418), CD19 (6D5), Ter-119 (Ter-119), B220 (RA3-6B2), TCRγ/δ 

(REA633), CD49b (DX5), FcεRIα (MAR-1), TCRβ (REA318), Siglec-F (ES22-10D8) were from 

Miltenyi Biotec. 

 

4.1.4 Quantification of oxysterols 

For quantification of oxysterols during EAE, tissues were excised, weighted before freezing in 

liquid nitrogen. Tissues were stored at −80°C until analysis. Samples were analyzed by the 

laboratory of Prof Giulio Muccioli at the Université catholique de Louvain using previously 

described methods [201]. 

 

4.1.5 Whole-mount immunostaining 

Whole-mount immunostaining were done as previously described in 3.1.9. 

 

4.1.6 Microbiome analysis 

Microbiome Analysis were done as previously described in 3.1.10. 
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4.1.7 RNA isolation and quantitative PCR analysis 

RNA isolation and quantitative PCR analysis were done as previously described in 3.1.8, 

with additional following material and methods: Expression of specific gene transcripts was 

measured by using the following primer pairs: Ch25h, 5’-CCAGCTCCTAAGTCACGTC-3’ and 

5’-CACGTCGAAGAAGGTCAG-3’; IL-23p19 5’-TGAGCCCTTAGTGCCAACAG-3’ and 5’-

CTTGCCCTTCACGCAAAACA-3’; iNos2 5’-TTTCGCGGCGATAAAGGGAC-3’ and 5’-

GGGGAGCCATTTTGGTGACT-3’. 

4.1.8 Citrobacter rodentium infection 

Citrobacter rodentium strain DBS100 was cultured in LB broth overnight. Overnight fasting 

mice were inoculated with 2 x 109 colony-forming units (CFU) by oral gavage. Mice were daily 

weighed and bacterial load was monitored using homogenized fecal pellet cultured on 

MacConkey agar plate.  

 

4.1.9 Generation, culture, and stimulation of BMDCs 

Bone marrow-derived dendritic cells (BMDCs) were obtain from 8- to 12-week-old WT or 

Ch25h-/- mice. Tibias and femurs were excised, and bone-marrow was flushed out with 

complete medium (RPMI 1640 Medium, GlutaMAX™ Supplement, Gibco) containing 10% 

FCS (FBS 18, Biowest), 100UM penicillin streptomycin (BioConcept), 1mM sodium pyruvate 

(Sigma) and β-mercaptoethanol (Gibco). Bone-marrow was mechanically disaggregated on a 

70 µm cell strainer using a syringe plunger. After a short red blood cell lysis of 5 minutes and 

appropriate wash, adherent and nonadherent cells were separated after incubation for 30 

minutes on a 10-cm petri dish. Non-adherent cells were cultured for 7 days in complete medium 

with addition of recombinant murine granulocyte macrophage colony-stimulating factor (rmGM-

CSF, 20ng/mL, ImmunoTools). Cells passages and addition of rmGM-CSF were realized at 

day 2 and 5. At day 7, adherent cells were harvested. Quality and purity of the culture was 

assessed by flow cytometry using the percentage of CD11c+ CD11b+.  

For the bacterial challenge, BMDC are seeded in 24-well plates (5*105 cell/mL) in complete 

medium. After overnight resting of the cells, BMDCs are cultured with heat-killed C. rodentium 

at the indicated multiplicity of infection (MOI) or LPS at 0.1 ug/mL (from E. Coli, serotype 

O55:B5 (Enzo)) or medium. Cell supernatants were collected, and cytokine levels were 

assessed using ELISA (Invitrogen). Cells were harvested to determined gene expression 

profile. 

 

4.1.10 Statistical analysis 

Statistical analyses were done as previously described in 3.1.11 
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4.2 Results  

4.2.1 Increase Ch25h expression in intestine during EAE 

To investigate the role of Ch25h and related oxysterols in the gut during CNS autoimmunity, 

we first performed EAE immunization and assessed the Ch25h expression profile in wild-type 

mice. We analyzed the expression at different time points during the development of the 

disease and in different tissues including small intestine LP (siLP), whole cecum tissues and 

whole colon tissues. We observed an increase Ch25h expression in small intestine lamina 

propria when the mice displayed neurological symptoms (EAE scores of 3) (Fig. 21A). Increase 

Ch25h expression was also observed in both cecum and colon tissues when the mice had a 

score of 3 but also before neurological symptomatic manifestation (Fig. 21B). 

 

A    B

 

 

Figure 21. Increase Ch25h expression in the gut during EAE disease. 

(A) Relative mRNA expression of Ch25h in small intestine lamina propria (siLP) at baseline and when 

mice are sick (clinical score of 3) (mean ± SEM; n = 3-4). (B) Relative mRNA expression of Ch25h in 

the cecum and colon tissue during the development of EAE (mean ± SEM; n = 2-6). 

 

 

4.2.2 Modulation of oxysterol level in the gut during EAE 
 
As Ch25h expression is modulated during EAE development in the gut, we further examined 

how deficiency of Ch25h can affect oxysterol hemostasis. Oxysterol level perturbations were 

previously reported during gastrointestinal inflammation and IBDs. As inflammation occurs in 

the gut during CNS autoimmunity, we quantified oxysterol levels in the gut of wild-type and 

Ch25h-/- during EAE development (Fig. 22). 

 
  

cce 
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Figure 22. Oxysterol levels in the small intestine and the colon during the development of CNS 

autoimmunity. (A-B) 25-OHC level was analyzed in small intestine (SI) (A) and in colon (B) of wild-

type (WT) and Ch25h deficient mice (Ch25h-/-) at steady state (ctl) or 14 days after EAE immunization 

(mean ± SD, n = 8). (C-D) 7α,25-OHC level was analyzed in small intestine (SI) (C) and in colon (D) of 

wild-type (WT) and Ch25h deficient mice (Ch25h-/-) at steady state (ctl) or 14 days after EAE 

immunization (mean ± SD, n = 8). (E-F) 4β-OHC level was analyzed in small intestine (SI) (E) and in 

colon (F) of wild-type (WT) and Ch25h deficient mice (Ch25h-/-) at steady state (ctl) or 14 days after 

EAE immunization (mean ± SD, n = 8). *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; ND, not 

detected; P values were determined by two-way ANOVA. [The team of Prof. Muccioli performed the 

oxysterol quantification]. 
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At steady state, Ch25h-/- mice had a significant reduction of 25-OHC in the colon but not in the 

small intestine (Fig. 22A, 22B). Ch25h deficient mice showed significant decrease of 25-OHC 

during EAE in the small intestine and the colon. We found no increase of 25-OHC during the 

development of EAE in wild-type mice in both compartments (Fig. 22A, 22B). We observed an 

increased level of 7α,25-OHC in the small intestine of wild-type mice during EAE compared to 

non-treated mice that did not reach significant differences (Fig. 22C). Interestingly, small 

intestine and colon did not share the same profile of oxysterols. For example, 7α,25-OHC was 

present in small intestine but was not detected in the colon (Fig. 22D). Finally, 4β-OHC level, 

which is associated with colitis [201], was significantly increased during EAE in both WT and 

Ch25h-/- mice in the colon (Fig. 22E, 22F). However, in the small intestine we observed a 

significant increase of 4β-OHC in the WT but not in the Ch25h-/- mice.  

 

4.2.3 Reduced intestinal infiltration of Th17 cells in Ch25h-/- mice during EAE 

 
As Ch25h expression and oxysterol levels were modulated during EAE development in the 

different compartments of the gut, we further examined how deficiency of Ch25h could affect 

the intestinal immune system during the disease in the small and large intestine. We compared 

the immune responses in wild-type and Ch25h-/- mice at day 10 after immunization using 

lamina propria cell extraction and flow cytometry analysis. As previously demonstrated, Ch25h-

/- mice depicted a delayed neurological EAE disease course compared to WT controls (Fig. 

23A). We observed similar proportion of neutrophils (Fig. 23B, 23C) and macrophage (Fig. 

23D, 23E) between wild-type and  Ch25h-/- mice in the small intestine and the colon. Regarding 

lymphocyte population, Ch25h-/- mice depicted a significant decrease of Th17 infiltrates 

compared to wild-type controls in both small and large intestine (Fig. 23F, 23G). No difference 

was observed in the proportion of Foxp3+ Treg in small intestine and the colon (Fig. 23H, 23I).  
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Continous Figure 23 

 

 

 

 
 

Figure 23. Reduced Th17 proportion in the small and large intestine during EAE disease. 

(A) Ch25h-/- and wild-type mice challenged with classical EAE and clinical score were assessed daily 

(mean ± SEM; n = 8). (B-C) Flow cytometry analysis of the total proportion (%) CD11b+Ly6G+ neutrophils 

in the small intestinal lamina propria (siLP) (B) and the colonic lamina propria (cLP) (C) at day 10 after 

EAE immunization (mean ± SD; n = 3). (D-E) Flow cytometry analysis of the total proportion (%) 

CD11b+F4/80+ macrophages in the siLP (D) and the cLP (E) at day 10 after EAE immunization (mean 

± SD; n = 3).  (F-G) Flow cytometry analysis of the total proportion (%) of Th17 cells (RORγT+ IL-17+) in 

the siLP (F) and cLP (G) at day 10 after EAE immunization (mean ± SD; n = 3). (H-I) Flow cytometry 

analysis of the total proportion (%) of Foxp3+ Treg cells in the siLP (H) and cLP (I) at day 10 after EAE 

immunization (mean ± SD; n = 3). *, P < 0.05; **, P < 0.01; P values were determined by unpaired 

Student’s t test. 
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4.2.4 EAE induces morphological changes in the small intestine that are less 
pronounced in Ch25h-/- mice 
 
As structural integrity is important for gut functionality, we further assessed if perturbations of 

intestinal morphology occurred with immune cell infiltrations during EAE disease. As 7α,25-

OHC is found in a higher proportion in the small intestine compared to colon and has it is the 

most potent ligand for Ebi2 receptor that drives of immune cell migration, we here focused our 

investigations first on the small intestine. Using whole-mount immunostaining of the small 

intestine, we characterized the villus size and vascular networks with blood endothelial cell 

staining (VEGFR2+ cells) of both WT and Ch25h-/- mice at steady state and during EAE. EAE 

induced significant expansion of intestinal villi size and underlying blood vessels in wild-type 

mice but not in Ch25h-/- mice (Fig. 24). Those results suggest that structural changes observed 

during gut inflammation in intestinal villi are less important in the absence of Ch25h. This 

observation might be related to the reduced infiltration of Th17 cells and/or delayed EAE onset 

observed in Ch25h-/- mice but this hypothesis remains to be formally tested. 

 

A      B 

 
Figure 24. EAE disease affects intestinal morphology. 

(A) Representative small intestine whole-mount immunostaining of the entire villus showing blood vessel 

(VEGFR2) of WT and Ch25h-/- mice at day 16 post-immunization. (B) Villus area quantification of WT 

and Ch25h-/- mice at basal level and 16 days post-immunization (mean ± SD, n = 3-6). *, P < 0.05; P 

values were determined by two-way ANOVA. [Jeremiah Bernier-Latmani performed the whole-mount 

immunostaining and took the picture]. 

 

 

 
4.2.5 EAE induces gut microbiota changes that are not impacted by Ch25h deletion 
 
Ch25h-/- mice have been reported to depict altered IgA production. As previously mentioned, 

IgA can shape the gut microbiota and we suggested that Ch25h-/- mice may have gut microbial 

imbalance. We performed metataxonomic analysis by sequencing of 16S ribosomal RNA gene 
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amplicons from fecal samples from Ch25h-/- and WT mice before and 10 days after EAE 

immunization (Fig. 25). Analysis of the microbiota at various taxonomic levels showed a shift 

in the gut microbiota composition after EAE immunization including an increase of 

Proteobacteria and Actinobacteria and a decrease in Firmicutes (Fig. 25A). No major shifts in 

the gut microbiota composition were observed at phylum level between Ch25h-/- and wild-type 

mice. However, when deeper phylogenic analyses were performed, differences between 

Ch25h-/- and wild-type mice were observed. For instance, in the Firmicutes phylum, genus 

Butyricicoccus is increased in relative abundance in Ch25h-/- compared to wild-type mice at 

basal level (Fig. 25B). Interestingly, these bacteria are known to produce butyrates which have 

anti-inflammatory proprieties [261]. The importance of this difference at baseline should be 

further investigated. 

 

 
 

Figure 25. Ch25h deletion has no major impact on gut microbiota during EAE. 

(A) Relative abundance (%) of phyla between Ch25h-/- versus wild-type (WT) mice before (ctl) and at 

day 10 post-immunization (EAE). (B) Relative abundance (%) of Butyricicoccus genus between Ch25h-

/- versus wild-type (WT) mice before (ctl) and at day 10 post-immunization (EAE). [The team of Prof. 

Schrenzel performed the microbiota analysis]. 

 

 
 

4.2.6 Delayed clearance of C. rodentium in Ch25h-/- mice 
 
To further understand the contribution of oxysterols in gut immunology, we evaluated the role 

of Ch25h in another mouse model that induces directly gut mucosal immune responses. We 
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chose citrobacter rodentium-induced colitis model, consisting of an oral challenge of C. 

rodentium bacteria known to induce strong colonic mucosal immune responses. We selected 

this infectious model as it involves both innate and adaptive immune responses. In addition, at 

that time, no study had evaluated the role of Ch25h during gut infection. Ch25h-/- and wild-type 

mice were challenged with the bacteria and load of bacterial infection were assessed. Ch25h-

/- mice had a delayed clearance of the bacteria but can still clear the infection at the end (Fig. 

26A). Mice lost weight during the infection but no difference was observed between the two 

groups (Fig. 26B). A biological marker of the colitis induced by the pathogen is the shortening 

of the colon length [262]. We observed in both genotypes shortening of the colon without any 

significant differences between the two groups (Fig. 26C).  

 

 
 
Figure 26. Delayed clearance of C. rodentium in Ch25h-/- mice.  
(A) Bacterial load was monitored on wild-type (WT) and Ch25h-/- mice using fecal culture on selective 
plates (mean ± SEM, n = 5-8). (B) Weight was recorded during the progression of the infection (mean 
± SEM, n =5-8). (C) Colon length from Ch25h-/- and wild-type (WT) was measured in non-infected and 
infected mice at day 16 post-infection (mean ± SEM, n = 4-7). P values were determined by two-way 
ANOVA. [Dominique Velin performed C. rodentium preparation, gavage and mice dissection] 
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4.2.7 Ch25h-/- mice show abnormal innate immune response to C. rodentium  
 
Citrobacter rodentium-induced colitis model is a useful model to understand global immune 

response as it involves both innate and adaptive immune systems. Adaptive immune response 

was monitored by flow cytometry analysis of T lymphocytes population in the colonic lamina 

propria (cLP) during the clearance phase of the bacteria. Ch25h deficiency does not impact 

adaptive immune response to C. rodentium as no differences were observed in IFNγ+ Th1 nor 

IL-17+ Th17 proportion between the two genotypes (Fig. 27A, 27B). Innate immune response 

was assessed by gene expression profile of colonic tissues. After 3 days of infection, Ch25h-/- 

mice depicted a decrease expression of colonic inducible nitric oxide synthase (iNOS) 

expression compared to wild-type mice that did however not reach significant differences (Fig. 

27C). Colonic tumor necrosis factor alpha (TNFα) significantly decreased in Ch25h-/- mice 

compared to wild-type mice at early stage of the infection pointing out a potential defect in 

innate immune cell activation in mice lacking Ch25h (Fig. 27C).  

 

 

 
 
 
 
Figure 27. Ch25h-/- mice have an abnormal innate immune response during infection.  
(A) Representative flow cytometry analysis of Th1 (IFNγ+) and Th17 (IL-17+) cells in the colonic lamina 
propria from Ch25h-/- and wild-type (WT) mice at day 16 post infection. (B) Flow cytometry analysis of 
the total proportion (%) of Th1 and Th17 cells in the colonic lamina propria from Ch25h-/- and wild-type 
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(WT) mice at day 16 post infection (mean ± SD, n = 4-5). (C) Relative mRNA expression of iNOS and 
TNFα in colonic tissue of Ch25h-/- and wild-type (WT) mice at day 3 post-infection (mean ± SD, n = 3). 
P values were determined by unpaired Student’s t test (C). 

 
 

4.2.8 Ch25h-/- BMDCs have an impaired IL-23 response to bacterial challenge 
 
To further investigate the role of innate response in the presence or absence of Ch25h enzyme, 

bone marrow-derived dendritic cells (BMDC) from Ch25h-/-
 and wild-type mice were cultured 

and challenged with inactivated heat-killed C. rodentium. Dose-dependent increase of Ch25h 

expression was observed in wild-type BMDCs challenged with the bacteria (Fig. 28A). LPS 

was reported to increase Ch25h expression in BMDC derived from another strain of wild-type 

mice and was used as positive control [263]. BMDC responses to bacteria have been 

addressed through cytokine production including interleukin-6 (IL-6), TNFα and interleukin-23 

(IL-23). IL-6 production was induced during the stimulation but on the same extent in Ch25h-/- 

and wild-type BMDCs (Fig. 28B). TNFα was also induced during the bacterial challenge and a 

small but significantly transitory decrease of secretion was observed in Ch25h-/- cells (Fig. 

28C). IL-23 secretion was significantly decreased in BMDC lacking Ch25h showing an 

impaired capability of these cells to secrete IL-23 in response to heat-killed C. rodentium (Fig. 

28D). We further confirmed the result by mRNA and observed that IL-23 gene expression was 

also reduced in Ch25h-/- BMDCs 12 hours after bacterial challenge (Fig. 28E). This potential 

defect in DCs response could potentially explain the delayed of bacterial clearance observed 

in Ch25h-/- mice. 
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Figure 28. Ch25h-/- BMDCs have an ineffective IL-23 response to bacterial challenge. 
(A) Relative mRNA expression of Ch25h in BMDCs 12 hours post-stimulation with either C. rodentium 

at different multiplicity of infection (MOI) or with LPS or medium (ctl) (mean ± SD, n = 1-3). (B-D) ELISA 

quantification of IL-6 (B), TNFα (C) and IL-23 (D) secretion by BMDCs after C. rodentium (MOI 1) (mean 

± SD, n = 3-6). (E) Relative mRNA expression of IL-23 expression in BMDCs 12 hours post-stimulation 

with either C. rodentium at different MOI or with LPS or medium (ctl) (mean ± SD, n = 3). *, P < 0.05; **, 

P < 0.01; ***, P < 0.001, ****, P < 0.0001; P values were determined by two-way ANOVA (B, C, D, E).  
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4.2.9 Ch25h-/- mice have decreased level of CD4+ type 3 innate lymphoid cells 
 
ILCs are a recently described family of innate immune cells important for defense against 

pathogens. As previously mentioned, they are located mostly in the LP of mucosal surface and 

can be activated to produce cytokines contributing to the innate immune response [264]. Three 

main subtypes of cells have been described at the beginning; ILC1, ILC2, ILC3 that mirror the 

signature effector cytokine profiles of the classical CD4+ Th1, Th2 and Th17 cells respectively 

[265]. In addition, experts have also recently included NK cells and LTi cells in the ILC family 

[264]. ILC3, the most abundant ILC type in the intestine, are responsible for homeostasis of 

intestinal epithelium, lymphoid tissue development and protection against bacteria including C. 

rodentium [266] [267]. IL-23, that we found potential defected in DCs of Ch25h-/-, drives the 

activation of ILC3 [268]. Therefore, colonic lamina propria (cLP) ILC3 populations from WT and 

Ch25h-/- mice were analyzed at physiological stage (Fig. 29). A significant reduction of CD4+ 

ILC3 in the cLP were observed in mice lacking Ch25h compared to wild-type mice, suggesting 

a potential impaired functionality of the ILC3 that could explain the delayed of bacterial 

clearance observed in these mice. 

 

 
 
Figure 29. Ch25h-/- mice have decreased level of CD4+ ILC3 cells in the colonic lamina propria. 
(A) Flow cytometry analysis of the total proportion (%) of CD4+ type 3 innate lymphoid cell (ILC3) 

of colonic lamina propria isolated from WT and Ch25h-/- mice. Population frequencies gated on 

CD45+Lin-CD127+RORγT+CCR6+. (mean ± SD, n = 3). *, P < 0.05; P values were determined by 

unpaired Student’s t test. 
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4.3 Discussion 

Last decade, growing scientific evidence have demonstrated how oxysterols can affect the 

immune system. More recently, oxysterols emerged as mediators in fine-tuning the immune 

responses during autoimmune disorders. We reported that mice lacking Ch25h had an 

attenuate EAE disease and reduced Th17 cell infiltration in the CNS, pointing toward a role of 

Ch25h and related oxysterols during CNS autoimmunity. As previously observed, our study 

and others have suggested a strong role of the gut environment during EAE disease [129]. 

Ch25h-/- mice have shown modulation of mucosal IgA homeostasis but whether the oxysterol 

deficiency lead to an altered gut immune response remain still largely unknown. We aim to 

understand whether oxysterols can modulate gut immunity and could contribute to EAE 

phenotype observed in Ch25h deficient mice.  

We here report that Ch25h expression and oxysterol levels are modulated in the intestine 

during the development of CNS autoimmunity. To our knowledge, it is the first evaluation of 

oxysterol levels in the gut during CNS autoimmunity. Previous reports have observed oxysterol 

modulations during autoimmune conditions but always in the tissues directly affected by the 

disease and not peripheral organs. For example, Ch25h expression and oxysterol levels were 

found modulated during the development of EAE disease in CNS tissues [193] [200]. 

Regarding the intestine, two previous studies demonstrated that colitis alters colon oxysterol 

levels and oxysterol-metabolizing enzymes expression. Indeed, Ch25h was upregulated in the 

intestine during inflammation in ulcerative colitis (UC) patients and experimental model of 

colitis [201] [202]. These recent reports strengthen the fact that Ch25h expression is 

upregulated and oxysterols are modulated in inflammatory environment such as colitis or 

neuroinflammation. We here found that Ch25h expression is up regulated during EAE in the 

small intestinal lamina propria and in the whole colon tissue. Similar results were found for the 

colon in the previous cited studies during active and chronic colitis models. Using acute colitis 

models, previous studies demonstrated that 25-OHC and 7α,25-OHC are increased during the 

disease. In our report, we did not report an increase of 25-OHC in the colon nor in the small 

intestine. Regarding 7α,25-OHC, we detected this oxysterol in a low amount in the small 

intestine but not in the colon. In accordance with the literature, 25-OHC is detected 100 times 

more than 7α,25-OHC, and levels of 7α,25-OHC detected are often very low. In our settings, 

we hypothesized that 7α,25-OHC are present in colon samples but under the detection level 

[201]. 7α,25-OHC was increased in small intestine during EAE in wild-type mice compared to 

non-treated mice however it did not reach significant differences. Surprisingly, Ch25h 

deficiency do not lead to major reduction of 25-OHC and 7α,25-OHC. As previously reported 

in Wyss et al., Ch25h-/- mice are still able to produce 25-OHC [202]. It is known that 25-OHC 

can be produced by auto-oxidation or by alternative enzymes (such as Cyp3a or Cyp27A1) 
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[269]. Another element that could explain these results is the potential presence of oxysterols 

in the diet of the mice. Indeed, the group of Prof. Muccioli have already reported that 25-OHC 

is present in normal chow from Research Diets (AIN-93-M) [162]. These elements could mask 

the consequences of the deletion of Ch25h. 4β-OHC is the most represented oxysterol in the 

colon and was previously shown associated with colitis. Indeed, Guillemot-Legris et al., have 

demonstrated that 4β-OHC levels were consistently increased in their model of colitis (active 

and chronic colitis) [201]. Moreover, they administered 4β-OHC to the mice during the 

development of the colitis. Interestingly, mice treated with 4β-OHC worsened colon 

inflammation compared to mice treated with vehicle. Here we observed that 4β-OHC was 

highly increased during EAE in both small and large intestine in wild-type mice. However, in 

small intestine of Ch25h-/- mice, 4β-OHC was significantly reduced compared to WT during 

EAE development. With the recent knowledge about this oxysterol, it could strengthen the 

hypothesis of a pro-inflammatory environment in the gut during EAE development and suggest 

lower inflammation in the small intestine of mice lacking Ch25h during CNS autoimmunity. 

However, the underlying mechanisms need to be further investigated. With these new results, 

we reported that oxysterols are modulated during the EAE in the gut and Ch25h-/- mice depict 

an altered profile of these metabolites during the disease. We here focused on Ch25h-related 

oxysterols, but we plan to further analyze other enzyme expression profiles related to the 

production of 25-OHC to understand which enzymes are modulated and responsible for the 

fluctuations of oxysterol that we observed. Moreover, we observed that oxysterol levels are 

different from one tissue to another. Local level of oxysterols may be different from the whole 

tissues. Therefore, analysis of the gradient directly in the different GALTs could be more 

precise to understand specific modulation of oxysterol rather than whole tissue changes. 

We previously described that Ch25h-/- mice attenuated EAE disease course by a delayed 

trafficking of pathogenic Th17 lymphocytes to the CNS. The accumulation of Th17 was only 

transient and suggest that autoreactive Th17 cells could be trapped temporary in other tissues 

before reach the CNS. We thought that Th17 cells would have accumulated in the GALTs of 

Ch25h-/- mice and delayed their migration to the CNS. With our experiments, we observed that 

intestinal sequestration is not occurring in the absence of Ch25h. On the contrary, we observed 

a reduced intestinal Th17 infiltration in Ch25h-/- mice. In addition, we observed intestinal 

morphology modulations during EAE disease. Nouri et al. previously demonstrated that 

structural changes occur in the small intestine during EAE development [135]. We confirmed 

these findings and reported an increase villus size area during EAE in WT but not in Ch25h-/- 

mice suggesting a potential effect of oxysterols on gut morphology during EAE development 

that needs to be further investigated. With our recent findings on the capability of gut 

environment to potentiate the pathogenicity of autoreactive Th17 cells, delayed EAE disease 
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in mice lacking Ch25h could be explained by a delayed migration to the intestine observed 

after their initial priming, at the site of MOG/CFA injection. The underlying mechanisms need 

to be further investigated. One strategy is to better understand the cellular source of oxysterols 

and the site of production. High expression of oxysterol converting enzymes are observed in 

stromal cells such as blood endothelial cells and in lymphatic endothelial cells in several organs 

including peripheral lymph nodes and spleen [188]. Recent publications reported intestinal 

stromal cells as producers of 7α,25-OHC [203] [204]. Therefore, one hypothesis is that a local 

gradient of oxysterols directly emerging from the vascular and/or lymphatic endothelium could 

favor lymphocytes diapedesis into different tissues such as the gut or the BBB. Discovering 

the cellular source and the site of oxysterol secretion may lead to the discovery of selective 

targets of immune cell trafficking. 

At the beginning of our project, main phenotype observed in the gut of Ch25h-/- was altered 

IgA production, potentially associated with a dysbiosis as previously explained [197] [198]. 

Surprisingly, we did not observe a major impact of Ch25h deletion on the gut microbiota, both 

at steady state and during EAE disease. Similar changes were observed in the relative 

abundance of the general phyla between WT and Ch25h-/- mice during EAE.  

However, we found some modulations of certain genera associated with the Ch25h deficiency. 

Indeed, we observed an increase abundance of Butyricicoccus that are known to produce short 

chain fatty acids called butyrates. Short chain fatty acids including propionate and butyrate are 

able to stimulate Treg. Interestingly, Haghikia et al. and others have demonstrated that oral 

administration of propionate reduced EAE disease by increasing the Treg proportion [270] 

[271]. Nevertheless, in our experiments, potential increase of butyrates in Ch25h deficient mice 

was not associated with increase of Treg population in the gut as previously shown with flow 

cytometry analysis. 

To further understand whether oxysterol deficiency lead to altered gut immune response, we 

aim to assess the immune response to enteric bacterial infection. We reported that Ch25h and 

related oxysterols are important in the gut infection as delayed of bacterial clearance were 

observed in mice lacking Ch25h. Furthermore, we found that innate immune system was 

impaired during bacterial challenge both in vivo and in vitro. We observed a reduced 

expression of gene important for the innate immune response early during the infection. In 

vitro, we reported an impaired secretion of IL-23 by dendritic cells derived from Ch25h-/- mice. 

IL-23 is particularly important for the activation of ILC3 to produce their signature cytokines 

including IL-22 that is crucial for the early phase of host defense against C. rodentium [272]. 

Therefore, alteration of IL-23 by Ch25h-/- DCs could explain the reduced proportion of CD4+ 

ILC3 in the cLP of Ch25h-/- mice associated with the difficulty to eliminate the pathogen.  

At that time, this was the first evidence that Ch25h and related oxysterols have a potential role 
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in the gut immune response against bacterial infection. However, during our project, Chu et al. 

bring evidence that oxysterols can act directly on ILCs, independently of IL-23 secretion [204]. 

Indeed, they demonstrated that ILC3s express Ebi2 and regulate their migration through 

oxysterol gradient. Interestingly, they observed a disorganized ILC3 distribution in the mLNs 

and a defective ILC3 accumulation in the siLP of Ebi2-/- and Ch25h-/- mice. They also 

demonstrated reduced cryptopatches and IFL in the colon of Ebi2-/- and Ch25h-/- mice, that 

were already reported in a previous study [203]. Moreover, they found a reduced proportion 

and number of ILC3s in the small intestine and the colon in Rag1-/- Ebi2-/- compared to Rag1-/- 

mice at steady state. Finally, the author observed an increase severity of colitis in Rag1-/- mice 

compared to Rag1-/- Ebi2-/- following C. rodentium infection. Rag1-/- Ebi2-/- mice had a reduced 

survival rate following the infection compared to Rag1-/- mice [204]. Although, Ebi2-/- on Rag1-

/- background were used instead of Ch25h-/- on WT background, our results go in the same 

direction and it strongly suggests that Ch25h-related oxysterol pathway is required for ILC3-

mediated immunity against pathogens, the gut homeostasis in general and maybe other 

peripheral organs such as the CNS. Interestingly, a recent preliminary study has observed 

ILC3 population inside CNS of healthy mice that was reduced during EAE. In the gut, they 

reported an increased ILC3 proportion in the PP and the siLP during the peak of EAE disease 

[273]. 

The recent knowledge obtained about the role of oxysterols in the gut during specific-gut 

inflammation, give us a better idea of how the gut environment is perturbated with the lack of 

oxysterols and how it could potentially affect the development of EAE disease.  

Indeed, one could suggest that abnormal ILC3 repartition and functionality can change the 

structural organization of the gut affecting the proper gut functionality and affecting 

autoimmune disease outside the gut compartment such as EAE or MS. 
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5. PROJECT III: Role of oxysterols during 
hypercholesterolemia and the contribution in EAE disease 
 
5.1 Materials & Methods  

5.1.1 Animals and diet 

Ch25h-/-
 and wild-type mice were crossed with LDLr-/- mice. Mice were place on HFD (Kliba 

2127) containing 60% of fat during 4 weeks before EAE immunization. Control group were 

placed under control diet (Kliba 2125) containing 10% of fat or chow diet (Kliba 3242). Diet 

was kept during EAE experiments until the end of the experiments.  

5.1.2 EAE induction and clinical evaluation 

EAE induction and clinical evaluation were done as previously described in 3.1.2. 

 

5.1.3 Antibody treatment 

For lowering cholesterol experiments, mice were injected i.p. with 10mg/kg of anti-PCSK9 

(proprotein convertase subtilisin/kexin type 9) (alirocumab, Praluent ®, Sanofi) or PBS control 

one week before EAE immunization and once per week until the end of the experiments.  

 

5.1.4 Flow cytometric analysis  

Flow cytometric analysis were done as previously described in 4.1.3, with additional following 

material and methods: Fluorochrome-conjugated antibodies were purchased from several 

commercial sources indicated below: Antibodies against CD8 (53.6-7) was from eBioscience. 

 

5.1.5 Quantification of lipid profile 

Blood from overnight-fasting mice were collected submandibular and serum was isolated using 

centrifugation. Serum lipid profiles were assessed using Roche Cobas C111 robot from the 

Mouse Metabolic Evaluation Facility (UNIL, Lausanne) and Siemens Dimension Xpand plus 

from the Center of Phenogenomics (EPFL, Lausanne). 

 

5.1.6 RNA isolation and quantitative PCR analysis 

RNA isolation and quantitative PCR analysis were done as previously described in 4.1.7. 

 

5.1.7 Isolation of CNS immune cells  

Isolation of CNS immune cells were done as previously described in 3.1.5  
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5.1.8 Antigen-specific proliferative and cytokine responses 

Mice were immunized with MOG35-55 peptide in CFA as described previously.  

Single cell suspensions were prepared from spleen 10 days post-immunization. Cells were 

restimulated with MOG35-55 for 72h in supplemented DMEM medium containing inactivated 

10% FCS (FBS 18, Biowest), 100 U/mL penicillin-streptomycin (BioConcept), 1 mM sodium 

pyruvate (Sigma), 50 M β-mercaptoethanol (Gibco), MEM non-essential amino acids (100x) 

(Gibco), MEM vitamins (100x) (Sigma), 200 mM L-glutamine, folic acid 14mM (Sigma), 0.3 mM 

L-asparagine (Sigma), 0.7 mM L-arginine. For proliferation assays, cells were pulsed with 1Ci 

of [3H]-thymidine (Hartmann Analytic) during the final 18h and analysis of incorporated [3H]-

thymidine was performed in a β-counter (Packard Top Count NXT Luminescence and 

Scintillation Counter). Secreted cytokines were measured after 48h of culture with MOG35-55 by 

ELISA (Invitrogen). 

 

5.1.9 Statistical analysis 

Statistical analyses were done as previously described in 3.1.11. 

5.2 Results  

5.2.1 Intestinal Ch25h expression increases during hypercholesterolemia 

To increase cholesterol level and change oxysterol homeostasis, female Ch25h-/- and wild-

type mice were fed with HFD. Female mice are known to be more resistant to diet induced 

obesity than males [274]. However, as EAE experiments are usually performed in female mice, 

we started with female mice placed on special diet. As our projects interest the gut-brain axis, 

we decided to assess the intestinal Ch25h expression in wild-type and LDLr-/- fed either with 

chow diet (ctl) or high fat diet (HFD). Significant increase of Ch25h expression was observed 

in the small intestine of wild-type mice fed with HFD compared to control (Fig. 30). The 

expression of Ch25h was even higher in LDLr-/- mice fed with control or HFD. These results 

demonstrated that hypercholesterolemia induced by diet or by genetic model significantly 

increase Ch25h expression in the small intestine. 

https://crypto.unil.ch/topics/medicine-and-dentistry/,DanaInfo=www.sciencedirect.com,SSL+nonessential-amino-acid
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Figure 30. Ch25h expression increases in the gut during hypercholesterolemia. 

(A) Relative mRNA expression of Ch25h in intestinal tissue as measured by real-time PCR in wild-type 

and LDLr-/-
 mice fed with either chow diet (ctl) or high fat diet (HFD) (mean ± SD, n = 4-5). *, P < 0.05; 

**, P < 0.01; ***, P < 0.001, ****, P < 0.0001; P values were determined by one-way ANOVA. Data are 

representative of two experiments. 

 

5.2.2 Ch25h deficiency has no major role on lipid profile in transgenic model of 

hypercholesterolemia 

As previously reported by our group [195], Ch25h did not impact levels of circulating lipid profile 

including tChol, LDL, HDL, and triglyceride (TG) as no difference was observed between 

Ch25h-/- and wild-type mice when fed with chow diet. We further assessed the impact of Ch25h 

under LDLr-/- genetic background. Similar lipid levels between Ch25h-/-LDLr-/- compared to 

LDLr-/- mice were observed except for TG level that was significantly reduced in double knock-

out mice (Fig. 31). 
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Figure 31. Ch25h deficiency has no major role on baseline lipid profile in transgenic model of 
hypercholesterolemia under normal diet. (A-D) Serum profile of total cholesterol (tChol) (A) 
triglyceride (TG) (B), high-density lipoprotein (HDL) (C) and low-density lipoprotein (LDL) (D) levels of 
wild-type, Ch25h-/-, LDLr-/- and Ch25h-/-LDLr-/- female fed with chow diet (mean ± SD, n = 6-12). *, P < 
0.05; **, P < 0.01; P values were determined by one-way ANOVA. Data are representative of two 
experiments. [Mouse Metabolic Evaluation Facility from University of Lausanne performed the lipid 
profile analysis] 
 
 

5.2.3 Ch25h-/- mice conserve their delayed EAE disease phenotype in 

hypercholesterolemic conditions 

To evaluate the impact of Ch25h deletion on EAE disease in the context of 

hypercholesterolemia, wild-type, Ch25h-/-, LDLr-/- and double knock-out Ch25h-/-LDLr-/- mice 

were further placed on HFD (60% fat) or adequate control diet (ND; 10% fat). Lipid profile, 

weight gain and EAE disease profile were assessed. LDLr-/- mice are known to be more 

susceptible to increase cholesterol level when fed with HFD compared wild-type control. 

Indeed, HFD significantly depicted increased level of tChol in LDLr-/- mice compared to ND. 

However, HFD did not increase significantly the level of tChol in wild-type mice compared to 

ND. Ch25h depletion had no major effect on TG and tChol levels in mice placed on HFD (Figure 

32A, 32B). After four weeks of HFD, EAE immunization was performed. We expected that 

hypercholesterolemia would exacerbate the EAE phenotype in WT but not in mice lacking 
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Ch25h. However, we did not observe a more severe EAE disease in the mice depicting the 

highest cholesterol levels, which are the LDLR-/- mice compared to WT mice under HFD. 

However, we observed a significant delayed EAE disease onset in all Ch25h-/- groups 

compared to their corresponding wild-type controls, independently of their blood cholesterol 

levels (Figure 32C, 32D and Table 7). We were surprised that mice susceptible for high fat diet 

and harboring high circulating tChol level (such as LDLr-/- mice on HFD) did not show enhanced 

susceptibility to EAE. Indeed, based on previous publications [154] [158], we expected to 

observe exacerbated EAE disease in mice with hypercholesterolemia such as mice under HFD 

or LDLr-/- transgenic strain. On the contrary, we found that LDLr-/- mice placed on HFD 

developed an attenuated EAE disease (Fig. 32D). As we obtained those contradictory results, 

we decided to perform further additional experiments to understand whether circulating 

cholesterol impacts EAE development. 
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Figure 32. Effect of hypercholesterolemia and oxysterols during EAE disease. 
(A-B) Triglyceride (A) and total cholesterol (B) profile of wild-type, Ch25h-/-, LDLr-/- and Ch25h-/-LDLr-/- 

fed with normal diet (ND, 10% fat) or high fat diet (HFD, 60% fat) (mean ± SD, n = 6). (C) Mice were 
immunized after 4 weeks of high fat diet (HFD, 60% fat). Clinical scores of EAE (mean ± SEM, n = 6) 
(D) Area under the curve (AUC) of the EAE disease curve (C) was assess between the groups (mean 
± SEM, n = 6). *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; ns, not significant; P values 
were determined by two-way ANOVA (A, B, C) and by one-way ANOVA (D). See also Table 7. [Mouse 
Metabolic Evaluation Facility from University of Lausanne performed the lipid profile analysis] 
 
Table 7: Ch25h-/- mice depicted delayed EAE disease independently of hypercholesterolemia. 

 
Group Disease 

incidence 
Score max 
(mean +/- SD) 

Mean day of onset 
(mean +/- SD) 

AUC  
(mean +/- SD) 

WT  83.3% (5/6) 2.3 +/- 1.2 13.4 +/- 0.9 8.0 +/- 1.8  

Ch25h-/-  100% (6/6) 2.8 +/- 0.4 15.33 +/- 1.6 3.7 +/- 1.2 

LDLr-/-  66.7% (4/6) 1.5 +/- 1.3 14.25 +/- 1.7 4.4 +/- 1.2  

Ch25h-/- LDLr-/-  50% (3/6) 0.8 +/- 1.0 15.67 +/- 1.2 1.1 +/- 0.7 

 
AUC, area under the curve 
 

 

5.2.4 Effect of hypercholesterolemia during EAE on male and female mice  

We first performed EAE experiments in LDLr-/- mice. As female are described to not respond 

properly to hypercholesterolemia, male mice were further included in the study. LDLr-/- induced 

a significant hypercholesterolemia in the mice without addition of HFD as previously 

demonstrated. Therefore, we decided to avoid dietary effects and focused only on the LDLr 

pathway to induce circulating hypercholesterolemia. LDLr-/- and WT mice were compared for 

EAE disease development. No significant difference in EAE development was observed 

between LDLr-/- and wild-type in both female and male mice (Fig. 33). 

 
 

Figure 33. Hypercholesterolemia does not exacerbate EAE disease in male nor in female mice.  

(A) EAE was induced in female wild-type and LDLr-/- mice. The course of EAE is shown as clinical score 

(mean ± SEM; n = 8). (B) EAE was induced in male wild-type and LDLr-/- mice. The course of EAE is 

shown as clinical score (mean ± SEM; n = 9). Data are representative of two experiments. 



83 
 

 

5.2.5 anti-PCSK9 decrease circulating cholesterol without alleviating EAE symptoms 

As no impact of cholesterol were found using LDLr-/- transgenic model, we further asked if 

reduced circulating cholesterol would change EAE development. The best-known lowering-

cholesterol drugs are statins. As introduced in the first part of my thesis, statins have several 

biological effects aside the effect on cholesterol lowering, including anti-inflammatory effects 

that are not associated with the decreased circulating cholesterol. Therefore, we proposed to 

use a novel class of lowering-cholesterol drug called alirocumab. Alirocumab is a monoclonal 

anti-PCSK9 antibody approved by Swissmedic to treat patients with high cholesterolemia 

(such as familial hypercholesterolemia) in case of insufficient cholesterol lowering with statin 

treatments and dietary interventions [275]. Wild-type mice were treated either with anti-PCSK9 

antibodies or control injections of PBS and EAE was induced. Significant reduction of 

circulating tChol, LDL and HDL were detected in mice treated with anti-PCSK9 (Fig. 34A). 

However, when EAE immunizations were performed, mice developed similar profiles of EAE 

symptoms (Fig. 34B) and similar incidence (Fig. 34C). Immune infiltrates were assessed in the 

CNS and no significant differences were observed between anti-PCSK9 treated mice and 

control (Fig. 34D). These results add another evidence that circulating cholesterol may not be 

important in EAE development. 
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Figure 34. anti-PCSK9 decrease circulating cholesterol without alleviating EAE symptoms.  

(A) Quantification of circulating tChol, LDL and HDL of anti-PCSK9 treated mice versus control group 

(mean ± SD, n = 3. (B) Clinical scores of EAE in immunized mice treated with anti-PCSK9 or PBS control 

(mean ± SEM, n = 7). (C) Disease free activity curve between mice treated with anti-PCSK9 and PBS 

control mice. (D) Flow cytometry analysis of the total proportion (%) of the leukocyte (viable CD45+), 

lymphocyte T (CD3+) and lymphocyte T CD4+ (CD4+) in the CNS 14 days after EAE immunization 

(mean ± SD; n = 4). *, P < 0.05; **, P < 0.01; P values were determined by unpaired Student’s t test (A). 

Data are representative of two experiments. [Center of Phenogenomics from EPFL performed the 

lipid profile analysis]. 
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5.2.6 anti-PCSK9 treatment does not show altered systemic immune responses 

To further evaluate the role of hypocholesterolemia in CNS autoimmunity, we asked whether 

the anti-PCSK9 could induce an altered immune cell activation in the periphery in the absence 

of differences in clinical score. MOG35-55 antigen specific responses were compared between 

anti-PCSK9 treated mice and controls. After 10 days post EAE immunization, splenocytes 

were harvested and culture with MOG peptide in vitro. We assessed the antigen-specific 

sensitization by analyzing the cytokines responses during the recall stimulation. MOG35-55 

activated T cells isolated from anti-PCSK9 treated mice produced similar amounts of IL-17A 

and IFNγ than control group (Fig. 35A, 35B). Using recall stimulation with MOG35–55 peptide 

and [3H]-thymidine incorporation, anti-PCSK9 treatment did not alter proliferation of peripheral 

MOG35-55 specific T cells (Fig. 35C). These results indicate that anti-PCSK9 treatment does not 

impact the proliferation nor sensitization of autoreactive T cells. 

 

 

Figure 35. anti-PCSK9 treatment does not show altered systemic immune responses. 

(A-B) In vitro restimulation of splenocytes isolated from EAE immunized anti-PCSK9 treated mice versus 

control group with MOG35-55. Secretion of IL-17A and IFNγ were measured by ELISA after 48 h of culture 

with the indicated concentration of MOG35–55 (mean ± SEM, n = 3). (C) Proliferative response was 

determined by [3H]-thymidine integration and expressed in counts per minute (CPM) (mean ± SEM, n = 

3). NS, not significant; P values were determined by two-way ANOVA (C). 

 

5.3 Discussion 

Obesity and high fat diet have been associated with perturbation of cholesterol and oxysterol 

hemostasis in liver, hypothalamus, adipose tissue and plasma [162]. During EAE development, 

gene related to cholesterol metabolism and oxysterol level are found altered in the CNS [161] 

[193]. However, the role of cholesterol during EAE development is still debated and impact of 

their oxysterol derivates during cholesterol perturbation remain largely unknown. We here 

report that hypercholesterolemia induced by high fat diet or by transgenic mice model for 

hypercholesterolemia can increase Ch25h expression in the gut, suggesting altered Ch25h-

related oxysterols in this tissue. Even if our data only rely on gene expression, we proposed  
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that hypercholesterolemia induces changes in Ch25h-related oxysterol metabolism in the gut. 

Previous study observed an increase liver expression of Cyp7b1 during HFD and an increase 

25-OHC level in the liver of genetic model of obesity [162]. However, 25-OHC level in the 

plasma was not perturbated with HFD [276]. In the context of CNS autoimmunity, we 

hypothesized that the high Ch25h expression may lead to an increase 7α,25-OHC gradient in 

the intestine allowing infiltration of Th17 lymphocytes and thus impacting the development of 

EAE disease. However, when mice were placed on diet rich in fat and further challenged with 

EAE immunization, a significant delayed of EAE disease was observed in all mice deficient for 

Ch25h when compared to their own controls independently of hypercholesterolemia. 

Indeed, the protective EAE phenotype observed in Ch25h-/- was conserved during 

hypercholesterolemia and was not amplified. As previously reported in the literature, we 

expected to see an exacerbated EAE disease in mice treated with HFD compared to control 

mice [154] [158]. Moreover, we were surprised when Mailleux et al. published their 

observations of a protective role of LDLr deficiency in female mice during EAE [159]. They 

suggested that the LDLr suppresses apolipoprotein E expression leading to exacerbation of 

neuroinflammatory responses in female, as female apolipoprotein E deficient mice are 

described to have a worsen EAE disease [277]. However, in our settings we did not observe a 

protective role of LDLr deficiency in the development of EAE. Overall, these results 

demonstrate that even if hypercholesterolemia increases Ch25h expression in the intestine 

and could potential modify trafficking of the immune cells, no major impact has been detected 

on the course of EAE disease.  

As previously mentioned, contradictory results have been found regarding the role of 

circulating cholesterol in the EAE development. Therefore, we evaluated the role of 

hypercholesterolemia in male and female wild-type mice using only the LDLr-/- transgenic, as 

it already induces a significant increase of circulating cholesterol. Contrary to the literature, we 

reported that LDLr deficient mice show a similar course of EAE disease compared to wild-type 

control both in female and male. We further evaluated if reduction of circulating cholesterol 

could impact CNS autoimmunity using anti-PCSK9 antibodies, a new generation of lowering-

cholesterol drug. We demonstrated that treatment with anti-PCSK9 antibodies can significantly 

decreases the circulating cholesterol level. However, this reduction of tChol does not change 

the EAE development as anti-PCSK9 treated mice developed the same EAE course than 

control. Moreover, we further demonstrated that the reduced cholesterol level does not altered 

the adaptive immune responses during the development of CNS autoimmunity. Our results 

suggest that circulating cholesterol does not impact the development of EAE disease. 

Nevertheless, cholesterol is still an interesting target for the late phase of CNS autoimmunity. 

Indeed, it has been recently shown that dietary cholesterol can facilitate the repair of 

demyelinated lesions in the CNS [160]. 
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6. GENERAL CONCLUSION  

 

The projects conducted in my thesis aimed to provide insights on the potential relation between 

oxysterols and the gut environment in the development of experimental model of MS. The 

expected value of the first project is to understand the impact of the gut mucosal immunology 

in the modulation of EAE disease development. We show that encephalitogenic Th17 cells 

infiltrate the colonic lamina propria before neurological symptom development in two murine 

MS models, the active and adoptive-transfer EAE. Specifically targeting Th17 intestinal homing 

by blocking integrin α4β7-MAdCAM-1 pathway impairs T cell migration to the large intestine 

and further dampens EAE severity in Th17 adoptive-transfer model. Mechanistically, myelin-

specific Th17 cells proliferate in the colon and affect gut microbiota composition. The beneficial 

effect of blocking the integrin α4β7-MAdCAM-1 pathway on EAE is interdependent of gut 

microbiota. Those results show that disrupting myelin-specific Th17 cell trafficking to the large 

intestine harness neuroinflammation and suggest that the gut environment and microbiota 

catalyze the encephalitogenic properties of Th17 cells. Further research should unravel what 

precisely trigger proliferation of autoreactive Th17 in the gut and identify what are the 

consequence for the Th17 cells. 

In the second project, we aim to assess how oxysterols can modulate the gut immune system 

and the microbiota during the development of CNS autoimmunity and also during gut-specific 

inflammation using enteric bacterial infection. We show that infiltration of Th17 cells is reduced 

in the intestine during the development of EAE disease in the absence of Ch25h. In addition, 

we did not observe morphological changes in the small intestinal structures in mice deficient 

for Ch25h during EAE compared to WT mice. Deeper evaluations should be performed to 

understand the role or the consequence of oxysterols in the modulation of tissue remodeling. 

We evaluated the level of oxysterols and observed modulations of oxysterol homeostasis in 

the gut during the development of EAE disease. 

Using gut-specific inflammatory model, Ch25h-related oxysterols have been identified as 

important in the immune response against host pathogens. We reported an impaired innate 

immune response resulting in a delayed bacterial clearance in mice lacking Ch25h. Dendritic 

cells have a defective IL-23 secretion when exposed to C. rodentium in vitro and ILC3 

localization are disrupted in absence of oxysterols in vivo. Those data provide new evidence 

about the importance of oxysterols in the gut immunology and suggest interesting direction of 

future research such as the mechanism of the local source of oxysterols. Indeed, stromal cells 

have been suggested to be the local producers in the gut. However, the precise mechanisms 

and functions of the local oxysterol gradient remain still largely unknown. Better understand of 
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the cellular source and the activation of oxysterols secretion could lead to the identification of 

new specific targets of immune cell trafficking. 

In the third project, we evaluated the effect of hypercholesterolemia on oxysterols and their 

contribution in promotion of CNS autoimmunity. We reported that perturbations of circulating 

lipids induce modulation of Ch25h expression in the gut without affecting the development of 

EAE disease. Contrary to other studies, we observed that hypercholesterolemia does not 

influence the course of EAE. Moreover, reduction of circulating cholesterol using anti-PCSK9 

lowering-cholesterol drug shows similar results. These findings demonstrate that the 

perturbation of circulating cholesterol does not impact development of CNS autoimmunity. 

Altogether, the thesis provides new understandings of the role of the gut and lipid metabolism 

during neuroinflammation and contributes to understand the implications of cholesterol 

metabolism on the gut immunology and microbiota that are implicated in MS development. 

Fine-tuning of cholesterol derivates may not only lead to novel therapeutic discovery but may 

contribute, as oxysterol levels are possibly modulated by fat in the diet, to scientific-based 

reevaluations of dietary approaches. Those perspectives could therefore lead to a 

personalized medical approach not only for MS but also for other inflammatory and 

autoimmune diseases.  
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SUMMARY

Multiple sclerosis (MS) is a common autoimmunedis-
ease of the CNS. Although an association between
MS and inflammatory bowel diseases is observed,
the link connecting intestinal immune responses
and neuroinflammation remains unclear. Here we
show that encephalitogenic Th17 cells infiltrate the
colonic lamina propria before neurological symptom
development in two murine MS models, active and
adoptive transfer experimental autoimmune enceph-
alomyelitis (EAE). Specifically targeting Th17 cell in-
testinal homing by blocking the a4b7-integrin and
its ligand MAdCAM-1 pathway impairs T cell migra-
tion to the large intestine and dampens EAE severity
in the Th17 cell adoptive transfer model. Mechanisti-
cally, myelin-specific Th17 cells proliferate in the co-
lon and affect gutmicrobiota composition. The bene-
ficial effect of blocking the a4b7-integrin and its
ligandMAdCAM-1pathwayonEAE is interdependent
with gut microbiota. Those results show that disrupt-
ingmyelin-specific Th17cell trafficking to the large in-
testine harnesses neuroinflammation and suggests
that the gut environment and microbiota catalyze
the encephalitogenic properties of Th17 cells.
INTRODUCTION

Multiple sclerosis (MS) is a neurological andautoimmunedisorder

characterizedby inflammatory cell infiltrates anddemyelinationof

theCNS. Its development is under the control of genetic and envi-

ronmental factors. Although environmental factors contribute to

MS development (Olsson et al., 2017), most of our knowledge

about their relative contributions relies on epidemiological data,

leaving the underlying pathophysiology largely unraveled.
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Among environmental factors, recent studies proposed a role

for intestinal factors in affectingMSdisease severity (van denHo-

ogen et al., 2017). Furthermore, changes in the intestinal micro-

biome were described in MS and experimental autoimmune

encephalomyelitis (EAE) (MiyakeandYamamura, 2019). Although

those results remain disputed, they highlight the possible interac-

tion between the gut and the brain, called the gut-brain axis, in

neuroinflammation. Interestingly, animal models indicate that

increased intestinal permeability (leaky gut) plays a pathogenic

role not only in gastrointestinal disorders, such as inflammatory

bowel disease (IBD), but also in systemic autoimmune diseases,

like type 1 diabetes and MS (Mu et al., 2017; Opazo et al.,

2018). Moreover, alteration of the gut microbiome and immune

cell infiltrate are described in the small intestine in EAE (Berer

et al., 2011;Nouri et al., 2014) andMS (Berer et al., 2017;Cosorich

et al., 2017). T helper (Th) 17 cells infiltrate the small intestine and

increase intestinal permeability (Nouri et al., 2014); however, their

relative contribution to neuroinflammation remains largely un-

known. Furthermore, whether the large intestine, namely, the

colon, promotes neuroinflammation is not established.

In this report,weobservedalteredgut immune responsesasso-

ciatedwithan infiltrationofpro-inflammatoryTh17cells in the lam-

ina propria of the colon in twoEAEmodels. Blocking themigration

of pro-inflammatory Th17 cells in the intestinal compartment, as

well as treatmentwith antibiotics, reduced the severity of EAEdis-

ease interdependently, pointing toward a contribution of the gut-

brain axis in EAE. Although the link between gut immunity andMS

remains to be clarified, a better understanding of how immune

cells are regulated in the intestine during EAE could support inno-

vative approaches to target neuroinflammation.
RESULTS

Antigen-Specific MOG Th17 Cells Infiltrate the Colonic
Lamina Propria during Active EAE
We first evaluated whether immune dysregulation was observed

in the colon during EAE actively induced by subcutaneous
.
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immunization of myelin oligodendrocyte glycoprotein (MOG)

amino acids 35–55 (MOG35–55). To evaluate the relative contribu-

tion of a CNS antigen-specific response versus the sole contri-

bution of the complete Freund adjuvant (CFA), we immunized

wild-type mice with the antigen MOG35–55 or PBS emulsified

with CFA. Pertussis toxin was injected at days 0 and 2 for both

groups. Only mice immunized with antigen MOG35–55 developed

neurological symptoms (Figure 1A). The expression levels of

innate immune cytokines interleukin (IL) 6, IL-1b, and tumor ne-

crosis factor alpha (TNF-a) that play a role during IBD and exper-

imental colitis (Papadakis and Targan, 2000) were assessed by

quantitative real-time PCR in the colon when the MOG-immu-

nized mice displayed neurological symptoms. IL-6 and IL-1b,

but not TNF-a, were induced in an antigen-specific manner (Fig-

ure 1B). Because both IL-6 and IL-1b promote Th17 cell differen-

tiation (Korn et al., 2009), we investigated by flow cytometry

whether Th17 lymphocytes infiltrated the large intestine during

EAE. The MOG-immunized group significantly surpassed the

PBS group in upregulation of IL-17-producing CD4+ T cells (Fig-

ures 1C and 1D), but not in interferon (IFN) g-producing CD4+

T cells (Figures 1E and 1F), in the colon. Those results suggest

that Th17 cell subsets specifically respond to the CNS antigen.

We completed the analysis with the use of MOG35–55/IAb tetra-

mers and tracked CD4+ T cells based on their myelin antigen

specificity in the colon and the CNS. Notably, MOG-specific

T cells are increased in the colon at the peak of EAE disease

compared with non-immunized control animals, approximately

reaching the levels observed in the CNS, where about 3% of

CD4+ T cells stained positive for MOG tetramer, in accordance

with a previous publication (Mycko et al., 2015) (Figure 1G).

Collectively, these data indicate that MOG-specific Th17 cells

are observed in the large intestine and suggest an activation of

CD4+ T lymphocytes in the colon during EAE.

Encephalitogenic TCRMOG 2D2 Th17Cells Preferentially
Infiltrate the Large Intestine
To specifically study the relevance of encephalitogenic Th17 cell

infiltration in the large intestine during EAE, we performed adop-

tive transfer of in vitro polarized Th17 cells of CD4+ T cells iso-

lated from C57Bl6 mice with a T cell receptor (TCR) specific for

the peptide MOG35–55 referred to as TCRMOG 2D2. This model

has the advantage of overriding the priming phase of T cells to

focus solely on the encephalitogenic potential of TCRMOG 2D2

Th17 cell subsets. Briefly, CD4+ T cells from the spleen and

lymph nodes of naive 2D2 mice were differentiated in vitro into

Th17 cells (Figure 2A) and transferred into C57BL/6J recipient

mice as previously described (Jäger et al., 2009; Peters et al.,

2015). Following TCRMOG 2D2 Th17 cell transfer, C57BL/6J

recipient mice developed both typical and atypical EAE signs,

characterized by an ascending paralysis and an unbalanced

gait with severe axial instability, respectively (Peters et al.,

2015). However, when highly activated TCRMOG 2D2 Th17 cell

subsets are injected, neurological symptoms do not appear

before 10 days after injection (Figure 2B), suggesting that

TCRMOG 2D2 Th17 cells are activated in peripheral organs to ac-

quire a phenotype enabling them to reach the CNS. We thus

evaluated by flow cytometry analysis whether TCRMOG 2D2

Th17 cells (as defined by Va3.2 expression) were detected in
the small and large intestine before neurological symptoms

appear.We detected a significant percentage ofCD4+ T cells ex-

pressing Va3.2 in the gut. The percentage of CD4+ T cells

expressing TCR Va3.2 was significantly higher in the colon

(36.5% ± 2.0%) compared with the small intestine (10.4% ±

2.9%) (Figures 2C and 2D), suggesting a predominant infiltration

of the large intestine. In line with previous reports using the Lewis

rat model of EAE (Fl€ugel et al., 2001; Kanayama et al., 2016;

Odoardi et al., 2012), TCRMOG 2D2 Th17 cells were present in

the lungs (Figure 2C). We further characterized the anatomical

location of TCRMOG 2D2 cells within the colon using whole-

mount immunostaining. In agreement with flow cytometry anal-

ysis, high numbers of TCRMOG 2D2 Th17 cells were found in

the colonic lamina propria before EAE disease onset and were

not observed in control, non-injected, wild-type animals (Fig-

ure 2E). We then asked whether Th17 cell colonic infiltration

was MOG specific and took advantage of OT-II transgenic

mice that display a TCR specific for ovalbumin 323–339 peptide.

CD4+ T cells, obtained from OT-II and 2D2 mice on a CD45.2

background, were polarized into Th17 cells and transferred

into CD45.1 recipient mice. Colonic tissue was examined by

flow cytometry for the percentage of CD45.2+ on total CD45+

cells. 2D2 and OT-II cells migrated similarly to the colon, sug-

gesting that Th17 cell migration to the colon is not MOG specific

(Figure 2F). We asked whether different encephalitogenic T cell

subsets similarly migrate to the colon. We generated Th17 and

Th1 cells from TCRMOG 2D2 T cells in vitro as previously

described (Jäger et al., 2009) and transferred them into naive

syngeneic wild-type C57BL/6J recipients. The percentages of

TCRMOG 2D2 T cells were assessed by flow cytometry from

the colon of recipient mice. A significantly higher percentage of

TCRMOG 2D2 T cells was detected in the colon when cells

were differentiated into Th17 versus Th1 cells (Figure 2G). Those

results suggest that Th17 cells migrate to the colon during EAE

independent of their antigen specificity but at higher levels

than Th1 cells.

Encephalitogenic TCRMOG 2D2 Th17 Cells Are in Close
Contact with Colonic Blood Vessels and Egress via
Lymphatic Vessels
Using 3D image reconstruction, we assessed the location of

TCRMOG 2D2 Th17 cells within the colonic lamina propria.

Although TCRMOG 2D2 Th17 cells were found throughout the

colonic lamina propria, we observed many cells closely associ-

ated with colon blood capillaries. Quantification of TCRMOG

2D2 Th17 cells either in the immediate vicinity (on) or not (off)

of colon blood capillaries showed that more than 60% of the

TCRMOG 2D2 Th17 cells were contacting these vessels (Fig-

ure 3A). We further observed that a fraction of TCRMOG 2D2

Th17 cells showed an elongated morphology, suggesting a

migratory phenotype (Figure 3A). Furthermore, TCRMOG 2D2

Th17 cells were detected closely associated with, and in the

lumen of, dilated vessels below colonic crypts, identified as

lymphatic capillaries by LYVE-1 staining (Figures 3B–3D).

Because intestinal lymphatic capillaries drain into mesenteric

lymph nodes (mLNs) (Bernier-Latmani and Petrova, 2017), we

assessed the percentage of TCRMOG 2D2 by fluorescence-acti-

vated cell sorting (FACS) analysis in the gut-draining mLNs
Cell Reports 29, 378–390, October 8, 2019 379



Figure 1. MOG-Specific Th17 Cells Infiltrate the Large Intestine during Active EAE

(A) Wild-type mice were immunized with either MOG35–55 or PBS in CFA. The course of EAE in these mice is shown as a clinical score (mean ± SEM; n = 8).

(B) Relative mRNA expression of IL-6, IL-1b, and TNF-a in colonic tissue as measured by real-time PCR in mice immunized with PBS and CFA or MOG and CFA

when mice displayed neurological symptoms (mean ± SD; n = 4–6). Data are representative of two independent experiments.

(C–F) Flow cytometric analysis of colonic lamina propria-infiltrating CD4+ T cells in the PBS and CFA group versus the MOG and CFA group. Frequency of

RORgT+/IL-17+ CD4+ T cells (C and D) and IFNg+ CD4+ T cells (E and F) (mean ± SD; n = 5–6).

(G) Cellular suspensions from colon and CNSwere prepared from non-immunized (ctl) and immunizedmice at the peak of the disease (EAE). FACS analysis of the

total proportion (as a percentage) of MOG-specific CD4+ T cells was visualized by MOG35–55/IAb tetramer staining (mean ± SD; n = 3).

*p < 0.05; p values were determined byMann-Whitney test (B [IL-6]), unpaired Student’s t test (B [IL-1b and TNF-a], D, and F) and one-way ANOVAwith Dunnett’s

post hoc test (G).
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Figure 2. Encephalitogenic TCRMOG 2D2

Th17 Cells Preferentially Infiltrate the Large

Intestine and Are Located in the Colonic

Lamina Propria during EAE

(A) CD4+ T cells from 2D2 mice were activated

in vitro under Th17-polarizing conditions in the

presence of transforming growth factor b (TGF-b),

IL-6, and IL-23. After restimulation with anti-CD3/

CD28 antibodies, TCRMOG 2D2 Th17 cells were

injected into wild-type recipient mice.

(B) Clinical scores of EAE in mice adoptively

transferred with TCRMOG 2D2 Th17 cells. The

course of EAE in these mice is shown as a clinical

score (mean ± SEM; n = 12).

(C) Flow cytometric analysis of the total proportion

(as a percentage) of TCRMOG 2D2 (Va3.2+)

expression in CD3+/CD4+ T cells at day 8 post-

injection among the lamina propria of ileum, colon,

and lung in non-injected control mice and mice

injected with TCRMOG 2D2 Th17 cells (mean ± SD;

n = 3). Data are representative of two independent

experiments.

(D) Representative flow cytometry analysis of

TCRMOG 2D2 (Va3.2+) expression in CD3+/CD4+

T cells obtained from the colonic lamina propria of

non-injected control mice versus mice injected

with TCRMOG 2D2 Th17 cells 8 days after injection.

(E) Colon whole-mount immunostaining for endog-

enous (green, CD3ε) and injected TCRMOG 2D2

(red, Va3.2) T cells from control and TCRMOG 2D2

T cell-injectedmice; blue, DAPI. Scale bars: 50 mm.

Data are representative of three independent

experiments.

(F) Flow cytometric analysis of the total proportion

(as a percentage) of CD45.2+ cells (donor 2D2

or OT-II) obtained from the colon of CD45.1

recipient mice 15 days after T cell transfer (mean ±

SD; n = 3).

(G) Flow cytometric analysis of Va3.2+ frequency

in CD3+/CD4+ T cells at day 4 post-injection in

the colon of mice injected with TCRMOG 2D2

Th17 cells or TCRMOG 2D2 Th1 cells (mean ± SD;

n = 3–4).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

p values were determined by two-way ANOVA

with Sidak’s post hoc test (C) and unpaired Stu-

dent’s t test (G).
versus the dermal inguinal lymph nodes (dLNs) of the same

recipient mice 4 and 8 days after TCRMOG 2D2 transfer and in

PBS-injected recipient mice (Figure S1A). Around 1% CD4+

T cells were Va3.2+ in the dLNs (1.03% ± 0.1%) and mLNs

(1.0% ± 0.1%) of PBS-injected recipient mice, compatible with

low levels of endogenous Va3.2+ expression in the lymphoid or-

gans of C57BL/6J mice (Bettelli et al., 2003). We observed a sig-

nificant 18-fold (18.7% ± 4.5%, 4 days) and 13-fold (13.3% ±

1.9%, 8 days) increase in CD4+ T cells harboring the Va3.2+

marker in the mLNs after TCRMOG 2D2 Th17 cell transfer. At

the same time, there was only a minor tendency toward increase

in Va3.2+ T cells in the dLNs of the same mice (2.6% ± 0.2%,

4 days) and (2.9% ± 0.5%, 8 days) after T cell transfer compared

with the control dLNs (1.03% ± 0.1%) (Figure S1B). Altogether,

these data show that TCRMOG 2D2 Th17 cells infiltrate the

colonic lamina propria, migrate out of the colon via lymphatic
vessels, and likely reenter blood circulation downstream of

mLNs.

Blocking a4b7-Integrin and Its Ligand MAdCAM-1
Interaction Inhibits TCRMOG 2D2 Th17Cell Entry into the
Large Intestine and Significantly Attenuates EAE
To explore whether colonic TCRMOG 2D2 migration contributes

to neuroinflammation, we asked whether blocking TCRMOG

2D2 entry into the gut influences EAE development. Autoimmune

T cells receive signals to acquire a functional phenotype that al-

lows them to invade their target tissues (Kassiotis and Stock-

inger, 2004; Salmi and Jalkanen, 2005). Intestinal targeting of

T cells requires expression of the ligand a4b7-integrin on im-

mune cells and expression of its receptor mucosal vascular

addressin cell adhesion molecule 1 (MAdCAM-1) on intestinal

venules (Gorfu et al., 2009). In our model, MAdCAM-1 was
Cell Reports 29, 378–390, October 8, 2019 381



Figure 3. Encephalitogenic TCRMOG 2D2 Th17 Cells Are Located in

Close Contact with Blood and Lymphatic Vessels

(A) Injected TCRMOG 2D2 T cells (red, Va3.2) are located in the colonic lamina

propria near blood vessels (green, VEGFR2). Arrowheads indicate TCRMOG

2D2 T cells with an elongated morphology. Percentage of TCRMOG 2D2 T cells

in direct contact (on) or not (off) with colon blood capillaries, n = 3.

(B) Whole-mount immunostaining of Va3.2+ T cells (red) entering submucosal

VEGFR2+ (white) and LYVE-1 (green) lymphatic capillaries 4 days after T cell

injection.

(C) 3D reconstruction of Va3.2+ T cells (red) entering lymphatic capillaries

(green).

(D) Same image as (C), turned 90� on the y axis to show T cells in the lymphatic

capillary lumen.

Scale bars: (A) 50 mm, (B and D) 20 mm, and (C) 10 mm. Data are representative

of two independent experiments. ***p < 0.001; p values were determined by

unpaired Student’s t test. See also Figure S1.
expressed in the colon at a significant higher level compared

with the CNS, both at steady state and 4 days after adoptive

transfer (Figure 4A). Because we detected a large number of

TCRMOG 2D2 Th17 cells in the large intestine, we evaluated
382 Cell Reports 29, 378–390, October 8, 2019
whether these cells expressed a4b7-integrin. Half (50.2% ±

2.8%) of the colonic TCRMOG 2D2 cells expressed a4b7 four

days after adoptive transfer, whereas a4b7 expression was

significantly reduced (14.5% ± 3.1%) at day 8, before neurolog-

ical signs appear (Figure 4B). Those results suggest that a4b7

expression is involved in TCRMOG 2D2 Th17 cell migration to

the gut.

In mouse models of T cell-mediated colitis, administration of

a4b7 antibodies reduces inflammation and severity of colitis.

Similarly, vedolizumab, a humanized specific a4b7 inhibitor,

has proven effective in ulcerative colitis and Crohn’s disease

(Lam and Bressler, 2014; McLean et al., 2012; Tilg and Kaser,

2010). Because we observed important TCRMOG 2D2 Th17 cell

infiltration in the large intestine, we tested whether selective

blocking of a4b7 could also influence EAE disease course.

a4b7-blocking antibodies (DATK 32) were administered one

day before adoptive transfer, followed by injections every

three days until the development of EAE disease. We observed

during EAE a significant reduction of TCRMOG 2D2 Th17 cell

infiltration in the colon, but not in the ileum or in the lung,

4 days after T cell transfer in mice treated with anti-a4b7

compared with the isotype control group (Figures 4C and 4D).

Moreover, a4b7 blockade was efficient in dampening EAE

neurological disease course (Figure 4E; Table S1). In addition,

a significantly reduced number of TCRMOG 2D2 Th17 cells infil-

trating the CNSwas recorded 10 days after T cell adoptive trans-

fer in mice treated with anti-a4b7 compared with the isotype

control group (Figure 4F). Similar results were obtained when

we extended the anti-a4b7 treatment until the end of the EAE

disease (Figure S2), suggesting that the contribution of colonic

Th17 cells in EAE takes place early during EAE. Anti-a4b7 anti-

body treatment did not influence active EAE disease course (Fig-

ures 4G and 4H). Those results suggest a contribution of Th17

cell migration to the colon when Th17 cells are adoptively

transferred.

Colonic TCRMOG 2D2 Th17 Cells Express CNS Integrin,
and Their Intestinal Infiltrate Resolves upon CNS
Invasion
Because we observed TCRMOG 2D2 Th17 cell infiltration of the

large intestine before neurological clinical signs, we wondered

whether this infiltration persisted throughout the disease course.

The frequency of TCRMOG 2D2 Th17 cells was evaluated at

different time points after T cell transfer by simultaneous flow cy-

tometry analysis in the colon and the CNS. TCRMOG 2D2 Th17

cells infiltrate the colonic lamina propria as early as 4 days after

transfer, whereas no cells were detected in the CNS (Figure 5A).

Eight days post-transfer, the frequency of colonic TCRMOG 2D2

Th17 cells decreased by more than two-fold compared with

day 4, whereas we found a concomitant significant increase in

the percentage of 2D2 cells in the CNS, from 0% at day 4 to

32.7% ± 6.4% at day 8 and then 67.5% ± 10.7% at the peak

of the disease (Figure 5A). Altogether, those data demonstrate

that CNS-specific Th17 cells migrate and infiltrate the large in-

testine during the preclinical phase of transfer EAE before reach-

ing the CNS.

To assess whether TCRMOG 2D2 Th17 cells detected in the gut

display encephalitogenic properties, we evaluated the level of



Figure 4. Blocking a4b7-Integrin Reduces

Migration of Encephalitogenic TCRMOG 2D2

Cells to the Colon and Delays the Progres-

sion of EAE Disease

(A) Relative mRNA expression of MAdCAM-1 in

CNS and colonic tissue as measured by real-time

PCR in non-injected mice (day 0) and four days

after TCRMOG 2D2 Th17 cell injection. Box-and-

whisker graphs showmedian, minimum (min.), and

maximum (max.) values and 25th and 75th per-

centiles (n = 6).

(B) Flow cytometry analysis of the total proportion

(as a percentage) of the a4b7-integrin expression

in colonic TCRMOG 2D2 (Va3.2+)CD4+ T cells at the

indicated time points after TCRMOG 2D2 Th17 cell

injection (mean ± SD; n = 3). Data are represen-

tative of two independent experiments.

(C and D) Representative flow cytometry analysis

of TCRMOG 2D2 (Va3.2+) expression in CD3+/

CD4+ T cells obtained from the colonic lamina of

mice treated with an isotype control (C) versus the

anti-a4b7-integrin flow cytometry analysis of the

TCRMOG 2D2 (Va3.2+) proportions in CD4+ T cells

obtained from the colon, ileum, and lung in isotype

control versus the anti-a4b7-treated group at

day 4 after TCRMOG 2D2 Th17 cell transfer (mean ±

SEM; n = 3–4) (D). Data are representative of two

independent experiments.

(E) Clinical scores of EAE in adoptively transferred

mice treated with PBS 13, isotype control, or anti-

a4b7 antibodies. The course of EAE in these mice

is shown as a clinical score (mean ± SEM; n = 6–8;

p values are shown for comparison between anti-

a4b7 versus isotype groups). Data are represen-

tative of three independent experiments.

(F) Absolute numbers of TCRMOG 2D2 Th17 cells

infiltrating the CNS 10 days after adoptive transfer

in mice treated with isotype control or anti-a4b7

antibodies (mean ± SD; n = 4). Data are repre-

sentative of two independent experiments.

(G and H) Active EAEwith mice injected either anti-

a4b7 antibodies or isotype control every 3 days.

The active EAE course is shown as (G) clinical

scores (mean ± SEM; n = 7 per group), (H) day of

disease onset (mean ± SD; n = 5–6), andmaximum

scores (mean ± SD; n = 7). Data are representative

of one experiment.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; NS, not significant; p values were determined by unpaired Student’s t test (A, B, and F), two-way

ANOVA with Sidak’s post hoc test (D), and Tukey’s post hoc test (E). See also Figure S2 and Table S1.
a4b1-integrin (CNS-specific integrin) 4 days after T cell transfer.

a4b1-integrin was expressed at levels similar to those of a4b7-

integrin, which is known to be gut specific (Figure 5B). How-

ever, a4b1-integrin ligand vascular cell adhesion molecule-1

(VCAM-1) was expressed solely in the CNS, not in the colon (Fig-

ure 5C). In addition, a4b1-integrin expression decreases on

TCRMOG 2D2 Th17 cells of the colon over time, whereas the

expression remained high in the CNS when the TCRMOG 2D2

reached the CNS (Figure 5D). Those results strengthen our hy-

pothesis that TCRMOG 2D2 Th17 cells depict encephalitogenic

properties while present in the colon.

Different Th17 cell subsets have been described in the colon,

including the homeostatic Th17 cells co-expressing both Foxp3

andRORgT (Solomon andHsieh, 2016) and the pathogenic Th17
cells that do not express Foxp3. Thus, we evaluated the pheno-

typic profile of the TCRMOG 2D2 Th17 cells detected in the

colonic lamina propria. Four days after injection, colonic lamina

propria Va3.2+ CD4+ T cells were analyzed by flow cytometry

for RORgT, Foxp3, T-bet, and IL-17A expression. TCRMOG 2D2

Th17 cells maintained RORgT expression, whereas neither

T-bet nor Foxp3 expression was detected (Figure 5E). We con-

ducted our analysis at different time points after T cell transfer

and observed a reduction of the total frequencies of RORgT+

2D2+ cells (Figure 5F). However, the residual colonic 2D2+

CD4+ T cells kept their capacity to secrete the pro-inflammatory

IL-17 cytokine in colonic lamina propria at all time points exam-

ined (Figures S3A and S3B). In addition, Foxp3 and RORgT co-

expressing Th17 cells and Foxp3+ RORgT� regulatory T cells
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Figure 5. Encephalitogenic TCRMOG 2D2

Th17 Cells Infiltrate the Large Intestine

and Express CNS-Specific Integrin before

Reaching the CNS

(A) Flow cytometry analysis of the total propor-

tion (as a percentage) of TCRMOG 2D2 (Va3.2+)

expression in CD3+/CD4+ T cells of colonic lamina

propria and CNS at the indicated time points

after TCRMOG 2D2 Th17 cell transfer (mean ± SD;

n = 4–5). Data are representative of two indepen-

dent experiments.

(B) Flow cytometry analysis of the total proportion

(as a percentage) of a4b7-integrin and a4b1-in-

tegrin expression in colonic TCRMOG 2D2 (Va3.2+)

CD4+ T cells four days after TCRMOG 2D2 Th17

cell injection (mean ± SD; n = 3). Data are repre-

sentative of two independent experiments.

(C) Relative mRNA expression of VCAM-1 in CNS

and colonic tissue as measured by real-time PCR

in non-injected mice (day 0) and four days after

TCRMOG 2D2 Th17 cell injection. Box-and-whisker

graphs show median, min., and max. values and

25th and 75th percentiles (n = 6).

(D) Flow cytometry analysis of the total proportion

(asapercentage)of thea4b1-integrinexpressionof

TCRMOG 2D2 (Va3.2+)CD4+ T cells in the colon and

the CNS at the indicated time points after TCRMOG

2D2 Th17 cell injection (mean ± SD; n = 3). Data are

representative of two independent experiments.

(E) Representative flow cytometry analysis of

RORgT+/Foxp3�, RORgT+/T-bet, and RORgT+/

IL-17+ expression in TCRMOG 2D2 (Va3.2+) CD4+

T cells obtained from the colonic lamina propria of

EAE mice at day 4 after TCRMOG 2D2 Th17 cell

transfer.

(F) Time course of transferred TCRMOG 2D2

analyzed by flow cytometry for RORgT+/Foxp3�

intracellular expression and shown as a percent-

age of the Va3.2+ T cell population (mean ± SD;

n = 4–5). Data are representative of two inde-

pendent experiments.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

NS, not significant; p values were determined by

one-way ANOVA with Tukey’s post hoc test (A, D,

and F) and unpaired Student’s t test (B and C). See

also Figure S3.
were both restricted to Va3.2�CD4+ T cells (2D2�), and their fre-

quencies were not affected by time (Figure S3C). We thus

demonstrated that TCRMOG 2D2 Th17 cells were predominantly

detected in the large intestine before reaching the CNS and

maintained their pro-inflammatory phenotype after in vivo

transfer.

Encephalitogenic TCRMOG 2D2 Th17 Cells Proliferate in
the Large Intestine
Having established that TCRMOG 2D2 cells are detected in the

colonic lamina propria, we explored their fate within the large in-

testine and evaluated their proliferative status with Ki67 staining.

FACS analysis demonstrated that almost 100% of TCRMOG 2D2

cells proliferated in the colonic lamina propria 4 days after T cell

transfer. This proliferation rate significantly decreased to less

than 20% 8 days post-transfer (Figure 6A). In comparison,
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Va3.2� CD4+ T cells (host cells) showed a constant proliferation

rate of 25%with no significant changes between day 4 and day 8

(Figure 6A).

We assessed the location of proliferating TCRMOG 2D2 cells in

the colon by whole-mount immunostaining (Figure 6B). At day 4,

30% of TCRMOG 2D2 detected above the lumen-adjacent blood

vessel (lumen, yellow line in Figure 6B) were Ki67+, whereas only

15% of TCRMOG 2D2 cells were located below the lumen-adja-

cent blood vessel (stroma cells). In agreement with FACS anal-

ysis, less than 5% of total TCRMOG 2D2 cells were Ki67+ at day

8 after injection, regardless of location (Figure 6C). However,

amongKi67+ TCRMOG 2D2 cells at both day 4 and day 8, approx-

imately two-thirds of Ki67+ cells were found near the colon lumen

(Figure 6D). These results show that TCRMOG 2D2 cells prolifer-

ated at the maximum rate 4 days after T cell transfer and are

found near colonic lumen.



Figure 6. Encephalitogenic TCRMOG 2D2 Th17 Cells Proliferate in the

Colon

(A) Flow cytometry analysis of proliferatingKi67+ cells (as a percentage) among

2D2+TCR (Va3.2+) and 2D2�TCR (Va3.2�) CD4+ T cells within colonic lamina

propria at the indicated time points after T cell transfer (mean ± SD; n = 4). Data

are shown from one of three independent experiments with similar results.

(B) Whole-mount immunostaining of proliferating cells (Ki67+, red), TCRMOG 2D2

cells (Va3.2+, green), and blood vessels (white, VEGFR2); blue, DAPI. Va3.2+

T cells observed above the lumen-adjacent blood vessel (yellow line) were

considered lumenTcells, andcells locatedbelowwereconsideredstromaTcells.

(C) Quantification of the percentage and location (mean ± SD; n = 4) of Ki67+

TCRMOG 2D2+ cells in the colon 4 and 8 days after T cell transfer. Data are

shown from a single experiment in which Th17 cells obtained at day 4 and day

8 were injected at the same time.

(D) Quantification of the percentage of Ki67+ TCRMOG 2D2+ cells located at the

lumen (mean ± SD; n = 4). Data are shown from a single experiment.

Scale bars: (B) 50 mm. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; NS, not

significant; p values were determined by two-way ANOVA with Tukey’s post

hoc test (A and C).
Encephalitogenic TCRMOG 2D2 Th17 Cells Induce an
Intestinal Dysbiosis, and Antibiotic Treatments
Decrease the Encephalitogenic Properties of Th17Cells
We hypothesized that factors present in the colonic lumen, more

specifically gut microbiota, could affect TCRMOG 2D2 T cells. We

thus evaluated whether TCRMOG 2D2 were influenced by and/or

could affect intestinal microbial composition, because changes

in gut microbiota composition were reported in other EAE

models (Berer et al., 2011; Lavasani et al., 2010; Lee et al.,

2011; Ochoa-Repáraz et al., 2009, 2010). We performed meta-

taxonomic analysis by sequencing of 16S ribosomal RNA gene

amplicons from fecal samples of the same recipient mice before

and 9 days after, when mice were still clinically asymptomatic,

TCRMOG 2D2 Th17 cell transfer. Analysis of the Shannon index

revealed that TCRMOG 2D2 Th17 cell transfer significantly

increased the diversity of the gut microbiota (Figure 7A). Analysis

of the variance among microbial communities showed that

TCRMOG 2D2 T cell transfer resulted in markedly different

(permutational multivariate analysis of variance [PERMANOVA],

p = 0.0009) gut microbial communities (Figure 7B). Analysis of

the microbiota at various taxonomic levels showed a shift in

the gut microbiota composition after Th17 cell transfer, including

an increase in phyla with gram-negative cell wall structure (Pro-

teobacteria and Bacteroidetes) and a decrease of the gram-

negative bacteria belonging to the class Bacilli (Firmicutes). In

the Bacteroidetes phylum, genus Alistipes and several opera-

tional taxonomic units (OTUs) of the Bacteroidales order

increased in relative abundance after TCRMOG 2D2 Th17 cell

transfer. In the Firmicutes phylum, the proportion of genus

Lactobacillus and three OTUs assigned to it decreased signifi-

cantly following adoptive transfer (Figure 7C; Table S2).

Concomitantly, several members of the Clostridiales order,

including the family Ruminococcaceae, an OTU from the family

Lachnospiraceae, and the genera Eisenbergiella, KE159538,

Eubacterium, Oscillibacter, and Pseudoflavonifractor, increased

in relative abundance.

To evaluate whether the TCRMOG 2D2 Th17 cells required the

presence of microbiota to induce EAE, we injected TCRMOG 2D2

Th17 cells into antibiotic-treated mice. The antibiotic treatment,

used to eliminate a broad bacteria community (Zaiss et al., 2015),

significantly reduced EAE severity (Figure 7D) without impairing

the ability of TCRMOG 2D2 T cells to infiltrate the colon (Figure S4).

We then wondered whether blocking Th17 cell colonic migration

and antibiotic treatment could have additive effects. We treated

mice with antibiotics and administered anti-a4b7 or control iso-

type antibody (Figure 7E). Antibiotic treatment reduced EAE

severity; however, blocking the a4b7-integrin and its ligand

MAdCAM-1 pathway did not enhance the protective effect of

antibiotic treatment, thus orienting our interpretation toward an

interdependent role for the intestinal microbiome and anti-a4b7

treatment.

In summary, in TCRMOG 2D2 Th17 cell adoptive-transfer EAE,

Th17 cells migrate and proliferate at the highest level in the

large intestine at the preclinical stage of EAE disease. Myelin-

specific Th17 cells change gut microbiota composition. Finally,

blockingmyelin-specific Th17 cell entry into the colon or disrupt-

ing gut microbiota with antibiotic treatments dampens EAE

development.
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Figure 7. Encephalitogenic TCRMOG 2D2

Th17 Cells Affect Gut Microbiota Composi-

tion

(A) Alpha diversity. The Shannon diversity index

was based on the relative abundance of OTUs.

(B) Principal coordinates analysis (PCoA) of Bray-

Curtis similarities based on the square root-

transformed relative abundance of OTUs. Stool

samples obtained from the same mouse before

and after T cell transfer are indicated by the same

alphabetic character (A–J).

(C) OTUs differentially represented before and af-

ter injection of TCRMOG 2D2 Th17 cells. Only OTUs

with significant changes (p < 0.05) and an average

relative abundance > 1% in at least one of the two

groups are presented. Boxplots show the first to

third quartiles (bottom and top of the box) divided

by the median. The highest and lowest values in

the 1.5 3 interquartile range are indicated by

whiskers. Circles indicate outliers.

(D) Clinical scores of EAE in mice adoptively

transferred with TCRMOG 2D2 Th17 cells and

treated with or without antibiotics (ABX). The

course of EAE is shown as a clinical score (mean ±

SEM; n = 6–7). Data are representative of two in-

dependent experiments.

(E) Clinical scores of EAE in adoptively transferred

mice treated with antibiotics (ABX), ABX and iso-

type control, or ABX and anti-a4b7 antibodies.

Data are representative of one experiment.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

p values were determined by Wilcoxon signed-

rank test (A and C) and two-way ANOVA with

Sidak’s (D) and Tukey’s (E) post hoc test. See also

Figure S4 and Table S2.
DISCUSSION

The implication of the gut-brain axis has received growing

attention in the field of neuroimmunology, with recent works

showing Th17 cell accumulation in the small intestine, as well

as intestinal dysbiosis, in MS patients (Cosorich et al., 2017).

However, whether those findings are a consequence of neuroin-

flammation or instead they affect the development of neuroin-

flammation remains disputed. We report here that CNS-specific

Th17 cells migrate to the intestine during EAE. Furthermore,

blocking the a4b7-integrin and its ligand MAdCAM-1 pathway

not only limits intestinal Th17 cell infiltration, to a large extent

in the large intestine, but also significantly dampens EAE

severity in an adoptive-transfer model. Mechanistically, myelin-

specific Th17 cells proliferate in the gut and alter gut micro-
386 Cell Reports 29, 378–390, October 8, 2019
biota composition. Antibiotic treatment

dampens EAE development in the Th17

cell adoptive-transfer EAE model. How-

ever, blocking the a4b7-integrin and its

ligand MAdCAM-1 pathway does not

synergize with the beneficial effect of

antibiotic treatments. These data strongly

suggest that during CNS autoimmunity,

encephalitogenic Th17 cells enter the

large intestine, where their pro-inflamma-
tory functions are strengthened at least partially by gut micro-

biota changes.

An association between MS and IBD has been described in

humans (Gupta et al., 2005), as has an increased risk of MS

and IBD comorbidity (Kosmidou et al., 2017). Animal models

have demonstrated a crucial role for gut-homing effector

T cells in IBD, and mice lacking b7-integrin have fewer intestinal

T cells as a consequence of a reduced rate ofmigration to the gut

(Steeber et al., 1998;Wagner et al., 1996).Moreover, a4b7-integ-

rin-blocking antibodies attenuate mouse models of intestinal

inflammation and are clinically effective in the treatment of hu-

man ulcerative colitis and Crohn’s disease (Feagan et al.,

2005; Picarella et al., 1997). Combined anti-a4-integrin (natali-

zumab), blocking both a4b1/VCAM-1 and a4b7-integrin and

its ligand MAdCAM-1 interactions, is effective, in addition to



intestinal inflammatory diseases, in targeting both MS and EAE

(Brandstadter and Katz Sand, 2017; Steinman, 2012; Yednock

et al., 1992). For MS, the effect is attributed specifically to

the a4b1 inhibition directly in the CNS. Indeed, the impact of

a4b7-integrin and its ligand MAdCAM-1 interactions in neuroin-

flammation remains controversial, and studies specifically ad-

dressing their role in EAE pathogenesis have led to inconsistent

results. Using the SJL/N mouse strain, Engelhardt and col-

leagues found no effect of anti-a4b7- or anti-b7-neutralizing an-

tibodies on the development of EAE (Engelhardt et al., 1998).

Similarly, vedolizumab does not prevent CNS inflammation or

demyelination in a rhesus monkey EAE model (Haanstra et al.,

2013). In apparent contrast, b7-integrin-deficient C57BL/6

mice are partially resistant to adoptive EAE transfer and to

neutralizing antibodies against MAdCAM-1 (Kanwar et al.,

2000a, 2000b). Furthermore, the development of active EAE

is attenuated in MAdCAM-1-knockout (KO) mice, whereas

MAdCAM-1 blockade 5 days after immunization does not

attenuate EAE (Kuhbandner et al., 2019). Indeed, the timing of in-

testinal T cell blocking is relevant. We observe that anti-a4b7

treatment is efficient when administered only until the appear-

ance of the first neurological signs and that the extension of

the treatment during the entire EAE disease course did not

enhance its protective effect. Those results are in accordance

with our observation of significant TCRMOG 2D2 Th17 cell colonic

proliferation at 4 days, but not at 8 days, after T cell transfer.

Furthermore, the observed differences in the previous publica-

tions can be attributed to the use of different mouse strains

and to methodological differences in inducing EAE that may or

may not favor Th17 cell polarization. We show here that blocking

a4b7-integrin inhibits Th17 cell entry into the colonic lamina

propria during adoptive transfer EAE and contributes to a reduc-

tion of neurological symptoms. We did not observe an impact of

anti-a4b7 treatment in the active EAE model, suggesting that in

the absence of a MOG-CFA depot, Th17 cells depend more on

gut for their activation. Alternatively, the MOG-CFA model de-

pends on both Th1 and Th17 cells, whereas in the adoptive

transfer, we used purified 2D2 Th17 cells. However, the differ-

ences obtained between the two EAEmodels remain to be inves-

tigated, as does the initial localization of Th17 cell activation/

reactivation during autoimmunity in humans. We propose that

the colon might be a niche for reactivation and proliferation of

immune cells during EAE, in particular for Th17 cells. The effect

on myelin-specific Th17 cells observed in the colon during EAE

could be related to their production of the IL-17 cytokine family

more than on their antigen specificity. This would be in accor-

dance with the intrinsic properties of IL-17A as modulators of

microbiota composition (Douzandeh-Mobarrez and Kariminik,

2019). Because IL-17 cytokines can be produced not only by

adaptive immune cells but also by other cell types (ILC3 and

gd T cells), it remains to be elucidated whether IL-17 family cyto-

kines, such as IL-17A, could per se affect neuroinflammation in-

dependent of their cellular sources.

Whether MAdCAM-1, an intestinal protein, is also expressed

in the CNS and thus contributes to our observation has been

debated (Allavena et al., 2010; O’Neill et al., 1991; Steffen

et al., 1994, 1996; Vercellino et al., 2008). We detected low levels

of MAdCAM-1 mRNA in the CNS at lower rates compared with
the colon. MAdCAM-1, if expressed in the CNS, is expressed

at a low level and has been shown not to contribute to neuro-

inflammation (Döring et al., 2011). In addition, even ectopic

expression of MAdCAM-1 on the blood-brain barrier does not in-

fluence EAE in the C57BL/6J model (Döring et al., 2011). This

corroborates with the publication from Korn and colleagues

that proposed, in an adoptive-transfer EAE model, that Th17

lymphocytes reach the CNS independent of a4-integrin expres-

sion during EAE (Rothhammer et al., 2011). Here we observed a

beneficial effect on neuroinflammation when blocking a4b7-in-

tegrin and its ligand MAdCAM-1 interactions. However, the

beneficial effect was transient. This could be a consequence of

the insufficient blocking of Th17 cell trafficking in the small intes-

tine and the colon. Lymphocyte migration to the gut is controlled

by additional chemoattractant receptors, such as the C-C motif

chemokine receptor 9 (CCR9) for the small intestine or the

orphan G-protein-coupled receptor 15 (GPR15) for the colon

(Habtezion et al., 2016). Concomitant blocking of CCR9/

GPR15/chemokine interaction could contribute to evaluation of

the role of the intestine in driving EAE.

Gut mucosa harbors the highest concentration of immune

cells in the body, and studies in humans and mice suggested

that the small intestine is a possible location for the generation,

activation, and expansion of effector T cells that cause autoim-

mune responses (Nouri et al., 2014). However, it is unclear how

mucosal immune responses elicited in the gut modulate CNS

inflammation and whether the large intestine is further involved

in EAE pathogenesis. Our observations that myelin-specific

Th17 cells preferentially infiltrate the large intestine further

demonstrate the occurrence of compartmentalization and sug-

gest the existence of distinctive mechanisms of autoimmune

cell recruitment that may allow functional specialization of im-

mune responses in different segments of the intestine.

Th17 cell adoptive-transfer EAE had a notable effect on gutmi-

crobiota composition, with a decreased representation of the

Firmicutes phylum, in particular of the proportion of the Lactoba-

cillus species that have been associated with beneficial effects,

including inflammatory immune response reduction during EAE

(Umbrello and Esposito, 2016). We observed a significant reduc-

tion in L. johnsonii, which are known to have immunomodulatory

properties (Owaga et al., 2015). Interestingly, L. johnsonii are

induced by intermittent fasting, which dampens EAE severity

(Cignarella et al., 2018). Intestinal microbiota have been pro-

posed to contribute to the accumulation or activation of Th17

cells in the intestine (Goto et al., 2014; Yang et al., 2014b). In

the context of neuroinflammation, commensal species residing

in the small intestine affect the development of the disease in hu-

mans and in their mouse models. Encephalitogenic Th17 cells

can be generated in the gut with segmented filamentous bacteria

monocolonization (Lee et al., 2011), whereas Bacteroides spe-

cies or colonic clostridia, respectively, suppress IL-17 produc-

tion or support the development of regulatory T cells (Wekerle

et al., 2013). Here we show that antibiotic treatment was suffi-

cient to dampen neurological disease in the adoptive transfer

EAE model and that blocking a4b7-integrin and its ligand

MAdCAM-1 interactions was not be beneficial in the context of

antibiotic treatment. Those results suggest an intrinsic relation-

ship between CNS-specific Th17 cells and intestinal microbiota
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composition. However, the precise mechanisms of the gut flora-

Th17 cell interactions remain to be studied.

In summary, CNSantigen-specific Th17 cells infiltrate the large

intestine anddepict high proliferating properties in this organdur-

ing EAE. Specifically targeting Th17 cell migration to the large

intestine by blocking a4b7-integrin and its ligand MAdCAM-1 in-

teractions attenuates EAE disease interdependently with the

microbiota composition. Our results thus contribute to reevalua-

tion of the gut as a target during CNS autoimmunity.
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Ochoa-Repáraz, J., Mielcarz, D.W., Haque-Begum, S., and Kasper, L.H.

(2010). Induction of a regulatory B cell population in experimental allergic

encephalomyelitis by alteration of the gut commensal microflora. Gut Mi-

crobes 1, 103–108.

Odoardi, F., Sie, C., Streyl, K., Ulaganathan, V.K., Schläger, C., Lodygin, D.,
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Antibodies

BV510 anti-CD45 (clone 30-F11) BioLegend Cat#: 103138; RRID: AB_2563061

PE anti-LPAM-1 (integrin a4b7) (clone DATK32) BioLegend Cat#: 120606; RRID: AB_493267

APC-eFluor 780 anti-CD3e (clone 145-2C11) eBiosciences Cat#: 47-0031-82; RRID: AB_11149861

Alexa Fluor 700 anti-CD4 (clone GK1.5) eBiosciences Cat#: 56-0041-82; RRID: AB_493999

PE anti-IL-17A (clone eBio17B7) eBiosciences Cat#: 12-7177-81; RRID: AB_763582

Alexa Fluor 488 anti-IFNg (clone XMG1.2) eBiosciences Cat#: 53-7311-82; RRID: AB_469932

PE anti-T-bet (clone eBio4B10) eBiosciences Cat#: 12-5825-82; RRID: AB_925761

APC anti-TCR Va3.2 (clone RR3-16) eBiosciences Cat#: 17-5799-82; RRID: AB_10854272

eFluor 450 anti-CD29 (clone HMb1-1) eBiosciences Cat#: 48-0291-82; RRID: AB_11218304

PECy7 anti-Foxp3 (clone FJK-16 s) eBiosciences Cat#: 25-5773-82; RRID: AB_891552

BV421 anti-RORgT (clone Q31-378) BD Biosciences Cat#: 562894; RRID: AB_2687545

AF488 anti-CD49d (clone PS/2) BioRad Cat#: MCA1230A488; RRID: AB_566805

AF647 anti-CD45.1 (clone A20) BioLegend Cat#: 110720; RRID: AB_492864

PE anti-CD45.2 (clone 104) eBiosciences Cat#: 12-0454-82; RRID: AB_465678

FITC Ki67 (clone SolA15) eBiosciences Cat# 11-5698-82; RRID:AB_11151330

anti-CD3e (clone 145-2C11) BioLegend Cat#: 100302; RRID: AB_312667

anti-VEGFR2 R&D Systems Cat#: AF644; RRID: AB_355500

anti-Lyve-1 Reliatech Cat# 103-PA50; RRID: AB_2783787

anti-Ki67 Abcam Cat# ab15580; RRID:AB_443209

DyLight 488 anti-hamster IgG (clone Poly4055) BioLegend Cat#: 405503; RRID: AB_1575117

AF555 anti-goat IgG Life Technologies Cat#: A-21432; RRID: AB_2535853

anti-CD16/CD32 (clone 93) Invitrogen Cat#: 16-0161-85; RRID: AB_468899

anti-CD3e (clone 145-2C11) BioXcell Cat#: BE0001-1; RRID: AB_1107634

anti-CD28 (clone 37.51) BioXcell Cat#: BE0015-1; RRID: AB_1107624

anti-LPAM-1 (integrin a4b7) (clone DATK32) BioXcell Cat#: BE0034; RRID: AB_1107713

anti-trinitrophenol IgG2a isotype control (clone 2A3) BioXcell Cat#: BE0089; RRID: AB_1107769

PE I-Ab MOG35-55 Tetramer MBL Cat#: TS-M704-1

Chemicals, Peptides, and Recombinant Proteins

MOG35-55 peptide Anawa Cat#: 000-001-M41

Adjuvant, Complete H37 Ra BD Difco Cat#: 231131

M. tuberculosis H37 Ra, desiccated BD Difco Cat#: 231141

Pertussis toxin Sigma Aldrich Cat#: P2980

Liberase TL Roche Cat#: 5401020001

DNase I recombinant Roche Cat#: 4716728001

DNase I Roche Cat#: 10104159001

RNaseA Roche Cat#: R4875

Collagenase D Roche Cat#: 11088866001

Percoll GE Healthcare Cat#: 17089101

PMA (Phorbol 12-myristate 13-acetate) Sigma Aldrich Cat#: P8139

Ionomycin Sigma Aldrich Cat#: I9657

Brefeldin A Sigma Aldrich Cat#: B7651

Fixable Viability Dye eFluor 660 eBioscience Cat#: 65-0864-14

DAPI Sigma-Aldrich Cat#: D9542
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Critical Commercial Assays

Foxp3 / Transcription Factor Staining Buffer Set eBioscience Cat#: 00-5523-00

RNeasy Mini Kit QIAGEN Cat#: 74104

Superscript II RT Invitrogen Cat#: 18064014

PowerUp SYBR Green Master Mix Applied Biosystems Cat#: A25742

MagCore Genomic DNA Tissue Kit RBC Bioscience Cat#: MGT-01

Experimental Models: Organisms/Strains

Mouse: C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J The Jackson Laboratory Stock#: 006912

Mouse: C57BL/6-Tg(TcraTcrb)425Cbn/Crl The Jackson Laboratory Stock#: 004194

Mouse: C57BL/6J The Jackson Laboratory Stock#: 000664

Oligonucleotides

See Table S3 N/A

Software and Algorithms

FlowJo software version 10.5.3 Tree Star https://www.flowjo.com/solutions/flowjo/downloads

GraphPad Prism version 7.0 GraphPad software https://www.graphpad.com/scientific-software/

prism/

Imaris Bitplane https://imaris.oxinst.com/downloads

Fiji ImageJ https://imagej.net/Fiji/Downloads

Other

StepOne Real-Time PCR System Applied Biosystems N/A

BD LSR II BD Biosciences N/A

Zeiss LSM 880 Carl Zeiss N/A

MagCore HF16 RBC Bioscience N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Caroline

Pot (Caroline.Pot-kreis@chuv.ch). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6J mice were purchased from Charles River or bred in the animal facility. C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J (TCRMOG

2D2) and C57BL/6-Tg(TcraTcrb)425Cbn/Crl (OT-II) transgenic mice were purchased from Charles River. All mice used were females

aged from 8 to 10 weeks and were maintained under specific-pathogen free conditions at Lausanne University Hospital. All exper-

iments were performed in accordance with guidelines from the Cantonal Veterinary Service of state Vaud.

METHOD DETAILS

EAE induction and clinical evaluation
For induction of classical active EAE, mice were immunized with 100 mg myelin oligodendrocyte glycoprotein peptide 35-55

(MOG35-55) or PBS emulsified in complete Freund’s adjuvant supplemented with 5 mg/ml Mycobacterium tuberculosis H37Ra. A

total of 200 ml emulsion was subcutaneously injected into four sites on the flanks of mice. At days 0 and 2 after initial peptide injec-

tions, animals received additional intravenous injection of 100 ng pertussis toxin. For induction of EAE by adoptive transfer, naive

CD4+ T cells from 2D2 mice were polarized in vitro in Th17 or Th1 cells as previously described (Jäger et al., 2009). Differentiation

status was checked on day 5 and after 2 days of restimulation with anti-mouse CD3/CD28 antibodies (2 mg/ml), 8 3 106 CD4+

T cells were injected intraperitoneal (i.p.) into wild-type C57BL/6J recipient mice. Mice were scored daily for clinical symptoms.

The classical EAE symptoms were assessed according to the following score: score 0 – no disease; score 0.5 – reduced tail tonus;

score 1 - limp tail; score 1.5 – impaired righting reflex; score 2 – limp tail, hind limb weakness; score 2.5 – at least one hind limb para-

lyzed; score 3 – both hind limbs paralyzed; score 3.5 –complete paralysis of hind limbs; score 4 – paralysis until hip; score 5 –

moribund or dead. The atypical EAE symptoms were assessed according to the following score: score 0 – no disease; score 1 –

head turned slightly (ataxia, no tail paralysis); score 2 – head turned more pronounced; score 3 – inability to walk on a straight
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line; score 4 – laying on side; score 4.5 – rolling continuously unless supported; score 5 – moribund or dead. Combined score

compiling typical and atypical scoring has also been applied and considers the highest score from the typical or atypical clinical signs

(Peters et al., 2015). Mice were euthanized if they reached a score > 3.

Antibody treatment
For homing experiment, mice were injected i.p. with 400 mg of anti-mouse a4b7 (DATK 32) or isotype control antibodies (IgG2a iso-

type control, 2A3) one day before TCRMOG 2D2 Th17 cell injection and every three days post-injection until the development of dis-

ease or as indicated.

Antibiotic treatment
Mice were treated with 2.5 mg/ml enrofloxacin in drinking water for 2 weeks, followed by 0.8 mg/ml of amoxicillin and 0.114 mg/ml

clavulanic acid in drinking water for 2 further weeks (Zaiss et al., 2015) prior to TCRMOG 2D2 Th17 cell injection. Treatment with amox-

icillin and clavulanic acid was then continued throughout the experiment.

Isolation of immune cells
Mice were perfused through cardiac ventricle with Phosphate-buffered saline (PBS) 13. Whole colon, 15 cm-long pieces of terminal

ileum andwhole lungwere excised andwashed in PBS 13. Gut was opened longitudinally. Washed gut and lung pieces were cut into

2 cm pieces and incubated for 20min at 37�C in HBSS containing 10mMEDTA under gentle agitation (80 rpm). Tissues were washed

by vortexing with PBS 1 3. Organ pieces were then incubated 2 times at 37�C for 20 min in a dissociation mix composed of 5 mL

HBSS, Liberase TL (1W€unsch unit/mL) andDNase I recombinant (1 U/mL) and 2% fetal calf serum (FCS). The remaining tissue pieces

were mechanically disaggregated on a 70 mm cell strainer using a syringe plunger. For the preparation of CNS mononuclear cells,

brain and spinal cord were cut into pieces and digested 45min at 37�Cwith collagenase D (2.5mg/ml) and DNase I (1mg/ml) followed

by 70%/37% Percoll gradient centrifugation. For the preparation of lymph nodes, organs were removed and single cell suspensions

were prepared by disaggregation of the tissues through a 70 mm cell strainer. The cellular suspensions were washed and filtered

through 40 mm cell strainer and resuspended in culture medium for further analysis.

Flow cytometric analysis
Single-cell suspensions in PBS 1 3 were stained with fixable viability dye eFluroTM 660. For cell surface stainings, cells were prein-

cubatedwith anti-CD16/32 for 10min to block Fc receptors and stained in FACSbuffer (PBS containing 1%BSA)with directly labeled

monoclonal antibodies for 30 min. For intracellular cytokine staining, cells were activated for 4 h with 50 ng/ml PMA, 1 mg/ml iono-

mycin in the presence of 10 mg/ml brefeldin A. After surface staining, cells were fixed and permeabilized using Foxp3/transcription

factor staining buffer set and stained intracellularly with directly labeled monoclonal antibodies for 30 min. Data were acquired on a

LSR II cytometer and all data were analyzed using FlowJo software. Fluorochrome-conjugated antibodies were purchased from

several commercial sources indicated below and listed in the Key Resources Table. Antibodies against CD45 (30-F11), a4b7

(DATK32), CD45.1 (A20) were from Biolegend; CD3 (145-2C11), CD4 (GK1.5), IL-17 (ebio17B7), IFN-g (XMG1.2), T-bet (eBio4B10),

Foxp3 (clone FJK-16 s), TCRVa3.2 (RR3-16), CD29 (b1) (HMb1-1), CD45.2 (104), Ki67 (SolA15) were from eBiosciences; RORgT

(Q31-378) was from BD Biosciences and CD49d (a4) (PS/2) was from Biorad.

Tetramer staining
Cellular suspensions from colon and CNS were prepared as previously described from immunized and non-immunized mice at the

peak of the disease. Cells were stimulated 4h with 10 mg/ml of MOG35-55 peptide in the presence of hIL-2 (50U/mL). I-Ab MOG35-55

tetramer-positive CD4+ T cells were detected by flow cytometry after surface staining with corresponding directly labeled I-Ab

MOG35-55 tetramer.

RNA isolation and quantitative PCR analysis
RNA was extracted from tissue samples using RNeasy Mini Kit following the manufacturer’s instructions. cDNA was produced

from equivalent amounts of RNA with the Superscript II RT (Invitrogen) and the PCR products were amplified with the PowerUp

SYBR Green Master Mix. Samples were detected on the StepOne Real-Time PCR System. b-actin was used to normalize samples

and the comparative CT method was used to quantify relative mRNA expression. Expression of specific gene transcripts was

measured by using the following primer pairs: IL-6, 50-CCCCAATTTCCAATGCTCTCC-30 and 50-CGCACTAGGTTTGCCGAGTA-30;
IL-1b, 50- TGCCACCTTTTGACAGTG ATG-30 and 50- TGATACTGCCTGCCTGAA GC-30; TNF-a, 50-AAGCTCCTCAGCGAGGA

CAG-30 and 50-TGGTTGGCTGCTTGCTTTTC-30; MAdCAM-1, 50- ACAGAGCCAGACCTCACCTA-30, and 50-TGATGTTGAGCCCA

GTGGAG-30; VCAM-1, 50-CTGGGAAGCTGGAACGAAGT-30 and 50- GCCAAACACTTGACCGTGAC-30, b-actin, 50-AAGTGTGAC

GTTGACATCCGTAAA-30 and 50-CAGCTCAGTAACAGTCCGCCTAGA-30.

Whole-mount immunostaining
Whole-mount immunostaining was performed as previously described (Bernier-Latmani and Petrova, 2016). Briefly, mice were

perfused with 4% paraformaldehyde and intestines were fixed in picric acid fixation buffer. Colon immunostaining was performed
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with DAPI (1:4000) and the following primary and secondary antibodies: CD3ε (145-2C11, 1:1000), VEGFR2 (1:100), LYVE1 (1:500),

Ki67 (1:200), Va3.2-APC (1:100), goat anti-Armenian hamster DyLight 488 (1:500) and donkey anti-goat AlexaFluor 555 (1:500). After

immunostaining the colon was cut into�0.5mm thick strips which were cleared andmounted in RIMSBuffer (Yang et al., 2014a) on a

microscope slide fitted with 0.1 mm spacers (Molecular Probes). Image acquisition was performed on a Zeiss LSM 880 confocal

microscope and image analysis and 3D reconstruction was performed with Imaris (Bitplane) and Fiji.

Microbiome Analysis
Two weeks prior the experiment, mice were randomized in cages of two mice. A fecal pellet (9–50 mg) was mixed with 550 mL GT

buffer (RBS Bioscience) and homogenized in a Nucleospin Bead Tube (Machery-Nagel, D€uren, Germany) for 20 min at maximum

speed on a Vortex-Genie 2 with a horizontal tube holder (Scientific Industries). After addition of 1 mL of 50 mg/mL RNaseA, samples

were incubated at room temperature for 5 min and centrifuged for 2 min at 11,000 3 g. DNA was extracted from 400 mL of the su-

pernatant using the MagCore Genomic DNA Tissue kit on a MagCore HF16 instrument and eluted in 100 mL of 10 mM Tris-HCl pH 8.

Two negative extraction controls were processed in parallel with fecal pellets by omitting addition of biological material in the GT

buffer. Purified DNA was stored at –20�C. The V3–4 region of the bacterial 16S rRNA genes was amplified using 2 ng of extracted

DNA (or 5 mL of the eluate from negative extraction control) as described before (Bouillaguet et al., 2018), except 30 PCR cycles

were used. The amplicon barcoding/purification and MiSeq (2 3 300) sequencing were performed at LGC Genomics (Berlin, Ger-

many) as previously described (Lazarevic et al., 2016). After removal of adaptor remnants and primer sequences from demultiplexed

fastq files using proprietary LGC Genomics software, sequencing data were submitted to European Nucleotide Archive (ENA) data-

base. Clustering of quality filtered merged reads into OTUs and taxonomic assignments of representative OTUs using mothur

(Schloss et al., 2009) and EzBioCloud database (Yoon et al., 2017) were performed following a pipeline described previously (Bouil-

laguet et al., 2018), with modified commande options in PEAR (Zhang et al., 2014) (-m 450 -t 250) and USEARCH (Edgar, 2010)

(-usearch_global -wordlength 30). Principal Coordinates Analysis (PCoA) of Bray–Curtis similarity, based on the square-root trans-

formed relative abundance of OTUs was performed in PRIMER (Primer-E Ltd., Plymouth, UK). Shannon diversity index (H’ = – S (pi3

lnpi) was calculated in PRIMER from the relative abundance of OTUs (pi).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses and graphs were performed using GraphPad Prism 7.0 software. P values < 0.05 were considered significant. Results

are displayed as mean and SEM or mean and SD, as described in the figure legends. Differences in microbiota between before and

after adoptive transfer EAE were assessed using PERmutational Multivariate Analysis Of Variance (PERMANOVA) (PRIMER) with

9,999 permutations. Wilcoxon signed-rank test was used for statistical comparisons of individual taxa, with a confidence level set

at 95% (p < 0.05).

DATA AND CODE AVAILABILITY

The fastq files containing sequencing reads generated during this study are available at European Nucleotide Archive (ENA) database

under study number PRJEB 29544; https://www.ebi.ac.uk/ena/data/view/PRJEB29544.

This study did not generate/analyze code.
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(A) Representative flow cytometry analysis of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T cells from 

mesenteric lymph nodes (mLN) and dermal inguinal lymph nodes (dLN) isolated from PBS-injected (control) 

mice and from mice injected with TCRMOG 2D2 Th17 cells at 4 days (d4) and 8 days (d8) post injection.  

(B) Flow cytometry analysis of the total proportion (%) of 2D2-TCR (Vα3.2+) expression in CD3+/CD4+ T cells 

of mLN and dLN at the indicated time points after TCRMOG 2D2 Th17 cells transfer (mean ± SD; n = 3-4). *, P 

< 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; P values were determined by two-way ANOVA with 

Tukey’s  post  hoc  test  (B). 
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Figure S2, related to Figure 4: Continuously blocking of 47-integrin alleviates adoptive-transfer EAE 

but not active EAE.  

Clinical scores of Th17 adoptive-transfer EAE mice treated with anti-α4β7  antibodies or isotype control every 3 

days until the end of the experiment (mean ± SEM; n = 9 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001; P 

values were determined by two-way ANOVA with Sidak’s  post  hoc  test. 
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Figure S3, related to Figure 5: Encephalitogenic TCRMOG 2D2 Th17 cells maintain their pathogenic 

phenotype throughout EAE disease. 

(A) Representative FACS analysis of IL-17+ expression  in  RORγT+ 2D2+ T cells obtained from the colonic 

lamina propria of EAE at the indicated time points after TCRMOG 2D2 Th17 cells transfer. 

(B) Time course of transferred TCRMOG 2D2 analysed by flow cytometry for IL-17+ intracellular expression 

and shown as a percentage of the RORγT+Vα3.2+ T cells population (mean ± SD; n = 2-4). 

(C) Ex vivo flow cytometry analysis of colonic RORγT +/-/ Foxp3- frequency in 2D2+TCR (Vα3.2+) cells versus 

2D2-TCR (Vα3.2-) cells population. Representative contour plots are shown depicting intracellular staining 

for RORγT versus Foxp3 after gating for Vα3.2+ or Vα3.2- CD4+ T cells population (mean ± SD; n = 4-5). 

Data are representative of two experiments; NS, not significant; P values were determined by Kruskal-Wallis 

test with Dunn's multiple comparisons post hoc test (B).  
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Figure S4, related to Figure 7: Antibiotic treatment does not influence TCRMOG 2D2 Th17 infiltration in 

the colon.  

(A) Flow cytometry analysis of the total proportion (%) of 2D2-TCR  (Vα3.2+) expression in CD3+/CD4+ T cells 

of colonic lamina propria at the indicated time points after TCRMOG 2D2 Th17 cells transfer in control and in 

antibiotic treated mice (ABX). Data are representative of two experiments.  

(B) Representative flow cytometry analysis of the total proportion (%) of 2D2-TCR  (Vα3.2+) expression in 

CD3+/CD4+ T cells obtained from the colonic lamina propria of control versus antibiotic treated (ABX) mice 

four days (d4) and eight days (d8)  after TCRMOG 2D2 Th17 cells transfer. 
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Table S2, related to Figure 7: Changes in the relative abundance of bacterial taxa in fecal mouse microbiota observed after 

injection of TCRMOG 2D2 Th17 cells. Only taxa with a mean relative abundance >0.5% in at least one of the two groups of samples 
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Table S3, related to STAR Methods 

 

Gene ID Gene name Primer Sequence (5’-3’) 

IL-6 Interleukin-6 Forward CCCCAATTTCCAATGCTCTCC 

Reverse CGCACTAGGTTTGCCGAGTA 

IL-1β Interleukin-1 beta Forward TGCCACCTTTTGACAGTG ATG 

Reverse TGATACTGCCTGCCTGAA GC 

TNF-α Tumor necrosis factor alpha Forward AAGCTCCTCAGCGAGGACAG 

Reverse TGGTTGGCTGCTTGCTTTTC 

MAdCAM-1 Mucosal addressin cell 
adhesion molecule 1 

Forward ACAGAGCCAGACCTCACCTA 

Reverse TGATGTTGAGCCCAGTGGAG 

VCAM-1 Vascular cell adhesion 
molecule 1 

Forward CTGGGAAGCTGGAACGAAGT 

Reverse GCCAAACACTTGACCGTGAC 

β-actin Beta-actin Forward AAGTGTGACGTTGACATCCGTAAA 

Reverse CAGCTCAGTAACAGTCCGCCTAGA 

 
Table S3. Oligonucleotides used in this study. Related to STAR Methods. 
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Abstract: Cholesterol is a member of the sterol family that plays essential roles in biological processes,
including cell membrane stability and myelin formation. Cholesterol can be metabolized into
several molecules including bile acids, hormones, and oxysterols. Studies from the last few decades
have demonstrated that oxysterols are not only active metabolites but are further involved in the
modulation of immune responses. Liver X Receptors (LXRs), nuclear receptors for oxysterols, are
important for cholesterol homeostasis and regulation of inflammatory response but are still poorly
characterized during autoimmune diseases. Here we review the current knowledge about the role
of oxysterols during autoimmune conditions and focus on the implication of LXR-dependent and
LXR-independent pathways. We further highlight the importance of these pathways in particular
during central nervous system (CNS) autoimmunity and inflammatory bowel diseases (IBD) in both
experimental models and human studies. Finally, we discuss our vision about future applications
and research on oxysterols related to autoimmunity.

Keywords: Liver X receptors; oxysterols; Ebi2; ROR; Ch25h; autoimmunity; multiple sclerosis;
inflammatory bowel disease

1. Introduction

Cholesterol is implicated in several biochemistry processes of the body. It is an essential component
of the mammalian cells accounting for up to 25% of all membrane lipids [1]. Its rigid hydrophobic
structure confers stability on the plasma membrane and hampers the movement of other molecules,
thus modifying the proportion of the cholesterol in the cell membrane can influence membrane
fluidity [2]. In addition, cholesterol can interact with integral membrane proteins and modulate their
functions [1]. It is also a precursor of important molecules such as vitamin D, bile acids, steroid
hormones, and oxysterols.

Oxysterols are downstream metabolites of cholesterol oxidation. They can be divided into
two categories called primary and secondary oxysterols. The primary oxysterols, synthesized
directly from the cholesterol, are composed of side-chain oxysterols and ring-modified oxysterols.
Side-chain oxysterol family includes 24S-, 25-, (25R)-26- (the latest was previously named 27- [3]),
hydroxycholesterol (-OHC), and ring-modified oxysterol, which includes 7α- and 7β-OHC and
7-ketocholesterol (-KC). The secondary oxysterols, including 7α,25-dihydroxycholesterol and 7α
(25R)-26-dihydroxycholesterol are generated from primary oxysterols 25-OHC and (25R)-26-OHC,
respectively. Oxysterols can be synthesized via enzymatic and non-enzymatic reactions.
Specific hydroxylases are responsible for enzymatic oxidation, while reactive oxygen species oxidation
is mainly responsible for non-enzymatic generation of oxysterols [4].

Research on oxysterols started in the early 1940′s with studies on cholesterol autoxidation leading
to the generation of oxysterols [5,6]. Growing interest in studying oxysterols continued in the late
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1970 when Kandutsch and colleagues observed that oxygenated derivatives of cholesterol were able
to downregulate the synthesis of cholesterol [7–10]. During the following years, several studies
highlighted the importance of these molecules in a multitude of other biological processes [11]. Indeed,
oxysterols were first described as a mediator of cholesterol metabolism. Oxysterols modulate the level
of cholesterol intracellularly through transcriptional regulators like the liver X receptor (LXR) and
the sterol regulatory element binding protein (SREBP). LXR mediates the expression of ATP binding
cassette (ABC) transporter intervening in cholesterol transport and efflux [12]. SREBP also regulates
the cholesterol metabolism in the cell by inducing the synthesis (through 3-hydroxy-3-methylglutaryl
coenzyme A synthase/reductase) or the uptake of cholesterol (though expression of low-density
lipoprotein receptor). In addition to the modulation of cholesterol levels, oxysterols are precursors of
bile acid production and steroid hormones acting as intermediates in their synthesis. In the last decade,
oxysterols have been proposed to act as fine-tuners of the immune responses, including trafficking of
immune cells, anti-viral actions, cytokine secretions, and inflammasome modulations. In this review,
we will focus on oxysterols and their downstream pathways that are implicated in immunological
processes. We will further discuss their implications during autoimmune diseases.

2. Oxysterols: LXR Agonists and Beyond

2.1. LXR

Different oxysterol subsets have been discovered. They are all sharing close structural similarities
but have various targets and actions (Figure 1). One receptor shared by oxysterols is the LXR
receptor. Side-chain oxysterol family such as 25-OHC and (25R)-26-OHC are well characterized as LXR
ligands [13]. LXRs are part of the nuclear receptors’ family of transcription factors. LXRα (NR1H3)
and LXRβ (NR1H2) are two isoforms that have been identified [14]. Despite the close homology
between the two isoforms (almost 80% identity of their amino acid sequences are identical) [15],
they are not sharing the same function nor the same pattern of expression (https://www.nursa.org,
last accessed date: 8 August 2019). LXRα is expressed mostly in metabolically active tissues like
liver, gut, and adipose tissue. Indeed, LXRα has been suggested to be the major sensor of dietary
cholesterol. LXRβ is ubiquitously expressed. For both LXRα and LXRβ, the active form is a heterodimer
composed by the association of one protein of LXR and one protein of retinoid x receptor (RXR) [16].
The heterodimer binds LXR response elements, consisting of a direct repeat spaced by 4 nucleotides [17].
LXR modulates gene expression through direct activation, repression, and transrepression [18]. At the
physiological stage, LXR are important to control metabolic processes, including cholesterol homeostasis.
The metabolism of cholesterol leading to oxidized cholesterol derivates is known to activate a LXR
downstream pathway [19]. This process leads to an active feedback loop characterized by the activation
of several genes that can modulate cholesterol levels such as cholesterol transporters (ABC transport
genes) [20]. Moreover, LXRs are essential for hepatic functions and participate in the bile acid formation
and control of hepatic lipogenesis. LXRs have also been characterized as important immunological
modulators. LXRs are able to suppress inflammatory response through trans-repression [21]. Indeed,
sumyolation of active LXR form can dampen the activity of nuclear factor κb and activator protein 1
that controls proinflammatory genes expression [22,23].

In innate immunity, LXR pathways participate in the clearance of bacteria during infection in
macrophages. Indeed, induction of LXRα (but not LXRβ) expression occurs during intracellular
bacterial infection [24]. Using another model of intracellular bacterial infection, Matalonga et al.
have discovered that LXR activation induces cytoskeletal changes during infection by modulating
nicotinamide adenine dinucleotide levels [25]. Regarding the adaptive immune system, LXRs have
been described to decrease the proliferation of both T and B cells [26]. LXRβ is expressed in macrophage,
T, and B cells. On the other hand, LXRα is highly expressed in peritoneal-derived and bone-marrow
derived macrophages, but not in T cells or B cells. Mice lacking LXRβ show lymphoid hyperplasia
and have improved responses to antigenic challenge [26]. These results were only found in LXRβ

https://www.nursa.org
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knockout but not in LXRα knockout. In addition, LXR activation inhibit IL-2- and IL-7-induced human
T cell proliferation [27]. Regarding subtypes of T cells, LXRs are involved in the polarization of Th17
cells [28], subset of T helper cells that are important in autoimmune disease. Indeed, Th17 induction
is facilitated in LXR knockout mice and LXR deficiency promotes Th17 polarization in vitro [28].
Finally, we demonstrated that LXRs further acts on regulatory T cells. In our study, we observed that
25-OHC, through LXR pathway, acts as a negative regulator of IL-10 secretion in murine IL-27-induced
Treg [29]. Similarly, 25-OHC has been shown to down-regulate IL-10 production from human Th1
cells [30], thus highlighting a pro-inflammatory role of 25-OHC in fine-tuning CD4+ T cell polarization
in different T cell subsets.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 3 of 16 
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Figure 1. Molecular targets of oxysterol implicated in autoimmunity. Oxysterols have different targets
during autoimmune diseases. Oxysterols promote immune cell trafficking through Ebi2 receptor
expressed on cell surface. Oxysterol-Ebi2 interaction allows the cells to migrate via an oxysterol-gradient
dependent manner. The liver X receptor (LXR) and RORγT are members of the nuclear receptors’ family
of transcription factors involved in immune cell differentiation. Through those transcription factors,
oxysterols modulate the gene expression implicated in inflammatory and autoimmune processes.

2.2. Retinoic Acid Receptor-Related Orphan Receptor (RORs)

Like LXRs, RORs are members of the nuclear receptor family of transcription factors binding
oxysterols. They are composed of three different forms; RORα (NR1F1), RORβ (NR1F2), and RORγ
(NR1F3). RORs recognize and bind as monomer to specific ROR response elements on DNA [31].
After their activation, RORs recruit co-activator and activate gene transcription [32]. Several oxysterols
(i.e., 25-OHC, (25R)-26-OHC, 7α-OHC) can bind RORα and RORγ, however no study reported
oxysterols as ligand of RORβ [4]. RORα is expressed in several tissues and participate in circadian
rhythms, glucose and lipid metabolism, and during the development. RORγ is also expressed in
multiple organs and is an important transcription factor for immune cells. RORγ has also variant
including RORγ1 and RORγ2 (also known as RORγT) isoforms [33]. RORγT is an essential transcription
factor in Th17 cell development [34] and drives autoimmune diseases, as will be discussed in the
following chapters.
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2.3. Epstein-Barr Virus-Induced G-Protein Coupled Receptor 2 (Ebi2)

G-protein coupled receptor 183 also known as Epstein-Barr virus-induced G-protein coupled
receptor 2 (Ebi2) is a membrane receptor from the G-protein-coupled receptors (GPCR) family. Ebi2 was
first discovered in Burkitt’s lymphoma cells after Epstein-Barr virus infection [35]. It was first observed
in B cells but further studies have demonstrated that it was also expressed in other type of cells
such as T lymphocytes, monocytes, dendritic cells, astrocytes and innate lymphoid cells. Among the
different signaling pathways of GPCR, Ebi2 receptor is defined as chemotactic receptor and participates
in the migratory capability of cells [36–38]. The most potent endogenous ligand of this membrane
receptor is the oxysterol 7α-25-OHC produced from oxidation of 25-OHC by Cyp7b1 enzyme [38,39].
Cells that express Ebi2 are trafficking through an oxysterol gradient dependent manner acting like
chemokine processes (Figure 1). The migratory function of this receptor affects several important
immune processes. In particular, Ebi2 is involved in the T-dependent antibody response in the germinal
centers [37]. Indeed mice lacking Ebi2 have an abnormal positioning of B cells in the follicular regions
of secondary lymphoid organs [39]. A recent study demonstrated that Ebi2 drives CD4+ T cells
peripheralization in lymph node [40]. Mice lacking Ebi2 receptor have a CD4+ T cells location issue
and have delayed responses in antigen recognition and proliferation in the lymph node.

3. Oxysterols in CNS Autoimmunity

3.1. Oxysterols

As growing evidence supported roles in immune regulation involving oxysterols, the scientific
community further studied the role of cholesterol metabolites in autoimmune conditions.
Multiple sclerosis (MS) is the most common autoimmune disease involving the nervous system [41].
MS and its animal model, the experimental autoimmune encephalomyelitis (EAE), are characterized
by inflammatory cell infiltrates and demyelination in the central nervous system (CNS), leading to
neurological damage. A combination of both genetic and environmental factors has been proposed to
trigger the disease. In this vein, obesity has been described as a risk factor for MS. Indeed, a direct
correlation between a higher body mass index during childhood [42,43] or adolescence [44,45] and
a higher risk of developing MS has been observed in several epidemiological studies. In addition,
metabolic changes linked with obesity such as an altered lipid profile are associated with poor outcome
of MS [46–50]. Moreover, obesity and high fat diet have been associated with perturbation of cholesterol
and oxysterol homeostasis in the liver, hypothalamus, adipose tissue and plasma in an experimental
model [51].

Oxysterol perturbations have been further described in MS. First, it has been proposed that
MS patients have disrupted oxysterol levels compared to healthy controls both in blood and in
cerebrospinal fluid (CSF). In particular the plasma levels of 24-OHC, (25R)-26-OHC, and 7α-OHC
were significantly lower in MS patients compared to in healthy control [52] and in the CSF of MS
patients, a reduction of the concentration of 25-OHC and (25R)-26-OHC was observed [53]. Similarly,
an evaluation of oxysterol levels was performed in MS patients and controls in a longitudinal study
(5 year) and significant modulations of circulating oxysterols were observed in MS patients but
not in controls: 24-OHC, (25R)-26-OHC, and 7α-OHC levels were lower in MS patients compared
with healthy controls, and 7-KC was higher in progressive MS compared with relapsing-remitting
MS [54]. However, while a decreased 24-OHC-blood level was observed with advanced Alzheimer’s
disease as well as with MS disease, increased 24-OHC-blood levels have been observed in early
neurodegenerative processes in both diseases [55]. 24-OHC is the predominant metabolite of brain
cholesterol [56] and several studies reported a modulation of 24-OHC in the CSF and serum of MS
patients [57]. Interestingly, the disease-modifying therapy natalizumab, reduces the concentrations of
24-OHC and (25R)-26-OHC in CSF [58]. As 24-OHC indicates CNS cholesterol turnover [59,60] and
has been proposed as a biomarker for neurodegeneration [61] and for clinical stages of MS [62]. It has
been proposed that a decrease of 24-OHC after natalizumab treatment might reflect reduced neuronal
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damage. Regarding (25R)-26-OHC, the majority of this oxysterol in the CSF is coming from peripheral
blood and the concentration depends on the blood brain barrier (BBB) integrity [58]. As natalizumab
acts on the BBB functionality [63], the authors hypothesized that reduction of (25R)-26-OHC in the CSF
could be associated with an improvement of BBB integrity.

Genetic analysis of MS patients further revealed a potential association between genetic variants
of cholesterol 25-hydroxylase (Ch25h) and primary progressive MS patients, supporting a role for
Ch25h and related-oxysterols in CNS autoimmunity [64]. Moreover, genetic variants in NR1H3 (LXRα)
were also found to be associated with increased risk of developing progressive MS [65,66]. These recent
studies on human strongly suggest that perturbation of oxysterol metabolism may influence the
progression of MS disease. However, the underlying mechanisms are still unclear and several research
groups, including ours, are working on understanding the role of oxysterols in CNS autoimmunity
using experimental models.

3.2. LXR

In 2006, Hindinger et al. published the first evidence for a role of LXR in the EAE model.
Using the LXR agonist ligand T0901317, they observed that it reduced EAE clinical severity and
CNS inflammation [67]. Additional studies found that in vivo administration of LXR agonists
decreased IL-17 secretion [28] and suppressed IL-17A, IFNγ, and IL-23R expression [68]. As Th17
cells largely contribute to EAE development [69,70], these results are associated with the dampened
EAE severity observed [68]. Moreover, both mice and human Th17 cells were downregulated by
LXR activation [28]. Th17 cell differentiation is controlled by LXR through the activation of Srebp-1a
and Srebp-1c. Overexpression of SREBF-1a and SREBF-1c dampened the differentiation of Th17
cells by physically interfering with the Ahr transcription factor and inhibiting Ahr-controlled IL-17
transcription [28]. In contrast, knocking down of either SREBF1 isoforms resulted in an increase of Th17
cell differentiation [28]. Interestingly, LXR/RXR pathways and SREBF1 modulate encephalitogenic
Th17 cells during the adoptive transferred EAE. The authors compared the transcriptome transition of
encephalitogenic Th17 cell before (in vitro) and after adoptive transfer in the CNS of recipient mice [71].
LXR/RXR and downstream target genes, including genes important for cholesterol transport such
as Lpl, Abca1, and Abcg1 were found to be increased in Th17 cells during EAE compared to Th17
differentiated in vitro. In contrast, SREBF1, which controls the expression of genes involved in fatty
acid and triglycerides synthesis, was found to be downregulated in Th17 cells located in CNS of EAE
mice compared to in vitro differentiated Th17 cells [71]. Even if the precise role of LXR pathway in
CNS autoimmunity remains to be further investigated, modulation of the LXR pathway and their
target genes are involved in a metabolic checkpoint during Th17 cell differentiation which is important
in MS and EAE diseases [71]. Beyond the regulation of T cells, LXR pathways influence other types of
CNS cell population. LXR activation via oxysterols downregulated pro-inflammatory responses in
microglial and astrocytes in vitro. As EAE and MS also involved glial cells, it could further explain the
role of LXR activation in the development of these diseases [72–74] Moreover, LXRα has been shown
to modulate the BBB permeability and to affect EAE severity. Using mice with specific depletion of
LXRα in endothelial cells, the authors observed a worsened EAE disease compared to controls [75].

3.3. ROR

As introduced above, RORγT, a target for several oxysterols, is an essential transcription factor
for Th17 cell differentiation [76]. As EAE is mediated mainly by Th17 cells, several reports have
studied the role of this transcription factor in CNS autoimmunity. RORγT knockout mice are less
susceptible to EAE disease and depict a reduction of Th17 cell infiltration in the CNS [34]. In contrast,
overexpression of RORγT led to increased EAE disease severity [77]. As lymph nodes are absent in
RORγT knockout mice [78], it is difficult to decipher whether the therapeutic potential of RORγT in
reducing EAE is secondary to the lack of RORγT in the T cells, or to the lack of lymph nodes. However,
Yang et al. found that suppressing RORγT expression specifically in encephalitogenic T cells did not
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reduced EAE disease using adoptive transferred EAE [79]. Additional study demonstrated that RORα
is also involved in the differentiation of Th17. Mice knockout for RORα have reduced level of IL-17
production and develop milder clinical symptoms during EAE disease. RORα and RORγT synergized
in promoting Th17 differentiation. Moreover, double deficiencies in RORα and RORγ completely
impaired Th17 generation in vitro and fully protected mice from EAE development [80].

3.4. Ebi2

Ebi2 is involved in migration of immune cells. As T cell trafficking plays a major role in MS
and EAE, Ebi2 and related oxysterols have been studied recently in this context (Figure 2). In our
laboratory, we demonstrated that oxysterols regulate the trafficking of encephalitogenic T cells during
the development of EAE disease [81]. Indeed, Ch25h-deficient mice show an attenuated EAE disease
course by limiting the trafficking of pathogenic Th17 lymphocytes to the CNS. We further observed an
accumulation of Th17 lymphocytes in the peripheral lymph nodes in the absence of Ch25h-related
oxysterols during EAE, thus pointing towards a possible defect in T lymphocytes exit from the lymph
nodes. Interestingly, this is reminiscent of the fingolimod mechanism of action, a drug that constrains
MS inflammatory activity by trapping a subset of the T cell in the lymph nodes [82]. We further
observed that T lymphocytes migrate specifically in response to 7α,25-OHC through Ebi2 signaling.
Independently, other authors reported that Ch25h and Cyp7b1 expression as well as 7α,25-OHC
level were increased in CNS during EAE development [83]. They further proposed that Ebi2 is
predominantly expressed in Th17 cell subset compared to Th1 or CD8+ T cells and that its expression
is maintained by pro-inflammatory cytokines (i.e., interleukin-23 and interleukin-1β). The capacity
of Ebi2-/- Th17 cells to induce CNS autoimmunity was established using an adoptive transfer model
of EAE. Mice that received encephalitogenic Ebi2-/- Th17 cells had a delayed disease development
compared to mice transferred with wild-type controls [83]. In addition, inflamed white matter of MS
patients showed a high expression of Ebi2 receptor compared to the non-inflamed region of the white
matter and a proportion of T cell expression Ebi2 was described in the lesions of MS patients [83].
Moreover, we characterized the Ebi2 expression profile in human lymphocytes in MS patients and
observed that Ebi2 is functionally expressed on memory CD4+ T cells [84]. Interaction between Ebi2
receptor and oxysterols fine-tunes immune cell migration, a mechanism used by several treatments
for MS, such as natalizumab, which blocks the entry of immune cells into the CNS [63]. Interestingly,
memory CD4+ T cells from MS patients treated with natalizumab display an increased Ebi2 expression
and migration profile to 7α,25-OHC, suggesting an important role for Ebi2 and related oxysterol in
human CD4 T cell migration in MS patients [84]. Finally, oxysterol levels are altered in the CNS
during EAE development. Among the several oxysterols found in the CNS, 7α,25-OHC is significantly
increased during EAE and could potentially be associated with the increase immune cell infiltrates
observed during the disease [85]. However, the precise role of 7α,25-OHC and its exact cellular source
in the CNS during EAE remain still unknown.
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4. Oxysterols in Inflammatory Bowel Disease (IBD)

4.1. Oxysterols

Inflammatory bowel disease (IBD) regroup two frequent chronic diseases of the gut: the
ulcerative colitis (UC) and Crohn’s disease (CD). Several examples of evidence showing a relation
between oxysterols and inflammatory disorders such as IBD have appeared throughout the last years.
Oxysterols which originated from diet are totally absorbed by the gut, which represents the initial site
of exposure to their effects. They are suggested to potentially interfere with homeostasis of the human
digestive tract, playing a role in intestinal mucosal damage. Oxysterols were found most commonly in
cholesterol-rich food as a mixture [86–88]. Several in vitro studies proposed that a mixture of oxysterols
derived from dietary cholesterol led to a strong pro-inflammatory effect and exhibited cytotoxicity,
apoptosis, and development of atypical cell clones of human colonic epithelial cells, favoring in vitro
intestinal inflammation and colon cancer progression [89–95]. In addition, oxysterols such as 7-KC and
25-OHC were also described to decrease the barrier integrity of vascular endothelium and intestinal
epithelial [96]. These in vitro studies on intestinal cells suggest that oxysterols are able to interfere in
different steps of colonic inflammation (Figure 2). Finally, intestinal fibrosis and stenosis are common
complications of CD that do not respond to anti-inflammatory treatments. Interestingly, oxysterols
downstream Ch25h enzyme are further implicated in the pathogenesis of intestinal fibrosis and could
thus contribute to IBD on several aspect of the disease [97].

4.2. LXR

In the colon of human and mice, both LXR subtypes are expressed and were reported to have
anti-inflammatory effects in colon epithelial cells [98]. In two different experimental model of IBD,
it was reported that LXR-deficient mice were more susceptible to colitis with a more protective role
for LXRβ than LXRα in both DSS and TNBS-induced colitis. In addition, activation of LXR receptors
by synthetic ligands accelerates disease recovery in DSS-induced colitis [98]. LXR activation via oral
application of LXR agonist reduced pro-inflammatory Th1 and Th17 cells while induced gut-associated
regulatory T cells [99]. Polymorphisms in LXRs were shown to be associated with IBD in a Danish
study and the mRNA expression for both LXRs are decreased in CD and UC patients compared to
healthy controls [98,100]. Recently, two independent studies reported that both oxysterols, particularly
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4β-HC and 25-OHC as well as their metabolizing enzyme levels, were altered in acute or chronic colitis
models in mice and in biopsies of human colitis cohorts [101,102]. However, despite evidence showing
the relation between oxysterol/LXR receptors and intestinal inflammation, it is difficult to evaluate the
precise role of oxysterols and their nuclear receptors during colitis, which needs further investigation.

4.3. Ebi2

In 2012, Ebi2 was identified as an IBD risk gene by genome-wide association studies (GWAS)
and a single nucleotide polymorphism in Ebi2 increase the risk for both, CD and UC with genome
wide significance [103]. Moreover, a significant upregulation of EBI2 gene was found in the ileum
of CD patients with NOD2 risk allele [104]. The role of EBI2 during intestinal inflammation was
recently studied using different mice model of colitis [102,105,106]. Using an innate model of intestinal
inflammation, Emgard et al. showed that Ebi2 deficient mice were less susceptible to colitis [105].
Ebi2 is highly expressed by type 3 innate lymphoid cells (ILC3s), whereas oxysterols synthetized
enzymes were mostly produced by fibroblastic stromal cells found in intestinal lymphoid structures.
Ebi2 and its oxysterol ligand were shown to be essential for the localization and the migration of
ILC3s and to have a critical role for the formation of lymphoid tissues in the mouse colon during
colitis [105,106]. The data suggest an implication of EBI2/oxysterol axis for controlling and regulating
colonic lymphoid tissues organization during intestinal inflammation.

5. Other Autoimmune Diseases

5.1. Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA) is a chronic autoimmune disorder that primarily affects the joints.
The disease is characterized by an infiltration of inflammatory leukocytes in the synovial compartment
and autoantibodies that are also found in 50% to 70% of patients [107]. LXR have been hypothesized
as a possible therapeutic target for RA. Indeed, the first study investigating the role of LXR pathways
reported that LXR agonist (T0901317) reduced the clinical symptoms in the murine collagen-induced
arthritis (CIA) model [108]. Similar results were found in two other studies showing that LXR
ligand (GW3965) attenuated the symptoms associated with a decreased pro-inflammatory cytokines
production [109,110]. Contrary results were found in which the authors observed a dose-dependent
exacerbation of arthritis disease when mice were treated with two LXR ligands (T0901317 and
GW3965) [111]. The authors explained these discordant findings by the different doses and routes of
the drug administration used.

RORs were also found involved in the RA. RORC gene, coding for RORγ, is found to be
highly expressed in the CD4+ T cell of patients with a recent RA disease compared to healthy
controls [112]. Using the CIA model, one study has shown that the inverse agonist of RORγ can
decrease the development of arthritis [113]. Moreover, Xue et al. found similar results using a
selective inverse agonist of RORγT [114]. On the other hand, overexpression of RORγT in T cells also
attenuated the arthritis in mice, however the precise mechanisms are not yet fully understood [115].
Finally 25-OHC dampens IL-10 production in Th1 cells that also contribute to the disease progression
in RA. Interestingly, synovial Ch25h expression mRNA expression is highly expressed in individuals
that depict autoantibody-positive arthralgia and that are at high risk of developing RA [30]. The role
of oxysterols and Ch25h-pathway thus remain to be further investigated in RA (Figure 2).

5.2. Type 1 Diabetes (T1D)

Type 1 diabetes (T1D) is a T-cell–mediated autoimmune disease that destroys insulin-producing
pancreatic β-cells. Very few studies examine the implication of oxysterol or cholesterol biosynthesis
pathway during T1D. Using experimental models, Yoshioka et al. measured high levels of cholesterol
oxides in the kidney, heart, and liver of diabetic rats [116]. Using mass spectrometry on human blood,
one study describes increased levels of total oxysterols, particularly 7β-OH-chol, in T1D patients
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compared to subjects without diabetes [117]. Furthermore, in another study, T1D patients also had
higher plasma oxysterol levels, more specifically plasma 7-KC and chol-triol levels compared to healthy
controls [118]. In 2010, a GWAS meta-analysis of T1D using both rat and human blood have linked
polymorphisms in the EBI2 gene with T1D [119]. These data suggest that oxysterols could further be
implicated in T1D and could even be promising suitable biomarkers to monitor the intensity of lipid
oxidative modifications during T1D. However the significance and the underlying mechanisms of
oxysterol production and their biological activities in T1D remain to be elucidated (Figure 2).

6. Conclusions

Through work over the last several decades, it is now recognized that cholesterol metabolites,
in particular oxysterols, are involved in fine-tuning the immune responses and contribute to the
development of several autoimmune diseases, including MS, IBD, RA, and possibly T1D. The complexity
of oxysterol downstream pathways with several intracellular nuclear factors as well as with membrane
surface receptors certainly contributes to the different implications of oxysterols pathways during
autoimmunity. The precise contribution of both LXR-dependent and independent pathways is still
largely undetermined in this context. It thus remains a field that needs to be further investigated to
fully understand how oxysterols are generated and participate to autoimmunity. By understanding
the precise role of cholesterol pathways during inflammation, we can anticipate the emergence of new
therapeutic treatments to tackle autoimmune diseases.

Author Contributions: Writing—original draft preparation, D.D., S.V.; writing—review and editing, C.P.; funding
acquisition, C.P.

Funding: This work was supported by the Swiss National Science Foundation (#PP00P3_157476).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ABC ATP binding cassette
BBB Blood brain barrier
CD Crohn’s disease
Ch25h Cholesterol 25-hydroxylase
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