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Résumé 

Chez les patients atteints de la sclérose en plaques (SEP), les lymphocytes T autoréactifs 

utilisent des molécules d'adhérence (CAM) pour traverser la barrière hémo-encéphalique (BHE), 

pénétrer dans le système nerveux central (SNC) et médier la détérioration de la myéline. Les 

lymphocytes T régulateurs (Treg) constituent l’un des éléments clés de la tolérance immunitaire, 

protégeant contre les réactions auto-immunes. Cependant, l'entrée et la fonction des Treg dans 

le SNC restent largement inconnues. Notre laboratoire a démontré la contribution de plusieurs 

CAM, dont la molécule melanoma cell adhesion molecule (MCAM), dans la migration des 

lymphocytes pathogéniques à travers la BHE. L'objectif de cette étude est de déterminer si les 

Treg migrent dans le SNC en utilisant MCAM et s’ils exercent des fonctions anti-inflammatoires 

qui pourraient atténuer l'inflammation du SNC. 

L'expression de MCAM, des marqueurs fonctionnels de Treg (CTLA-4, CCR6, CCR5), ainsi 

que leur sécrétion de cytokines (IL-10, GrzmB, TGF-ß, IFN-γ, TNF α, GM-CSF, IL-17a), ont été 

étudiées sur des Treg du sang périphérique, du liquide céphalo-rachidien (LCR) et de la culture in 

vitro, provenant de patients atteints de SEP et d’individus sains (HC), par cytométrie de flux, en 

corroboration avec qPCR et ELISA. De plus, la présence de MCAM+ Treg dans le SNC a été évaluée 

par immunohistofluorescence (CD4, CD25, Foxp3, MCAM, noyaux) sur des souris atteintes 

d'encéphalomyélite auto-immune expérimentale (EAE). 

 Nos données ont montré une augmentation de l'expression de MCAM sur les Treg de 

patients atteints de la forme cyclique de SEP (RRMS) par rapport aux HC. Nous avons observé une 

tendance vers une fréquence plus élevée de MCAM+ Treg dans le LCR par rapport au sang 

périphérique des patients atteints de SEP, ce qui suggère que MCAM pourrait jouer un rôle 

important dans la migration des Treg. Ces cellules MCAM+ Treg semblent avoir un phénotype plus 

fonctionnel et anti-inflammatoire que leurs contreparties MCAM-. De plus, nous avons trouvé des 

niveaux plus élevés de MCAM+ Treg dans les périodes de rémission de l'EAE, ce qui souligne leur 

implication durant cette phase de la maladie. Dans l'ensemble, nos données montrent que MCAM 

est une CAM essentielle pour la migration des Treg vers le SNC. 
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Abstract 

In multiple sclerosis (MS), autoreactive T cells upregulate cellular adhesion molecules (CAMs) 

to cross the blood brain barrier (BBB), enter the central nervous system (CNS) and mediate damage to 

myelin. Regulatory T cells (Treg) are one of the key components of immune tolerance, protecting against 

autoimmune reactions. However, Treg's entry and function in the CNS remains largely unknown. 

Our lab has demonstrated the contribution of several CAMs, including melanoma cell adhesion 

molecule (MCAM), in the migration of pathogenic lymphocytes across the BBB. The goal of this 

study is to determine whether Treg migrate into the inflamed CNS using MCAM and exert anti-

inflammatory functions, possibly dampening CNS inflammation. 

The expression of MCAM and Treg functional markers and chemokine receptors (CTLA-4, 

CCR6, CCR5,), as well as cytokine secretion (IL-10, GrzmB, TGF-ß, IFN-γ, TNF α, GM-CSF, IL-17a), 

were studied on MS patients and healthy individuals (HC) Treg from the peripheral blood, 

cerebrospinal fluid (CSF), and in vitro culture, by flow cytometry, in corroboration with qPCR and 

ELISA. Moreover, the presence of MCAM+ Treg in the CNS was assessed by 

immunohistofluorescence (CD4, CD25, Foxp3, MCAM, nuclei) on experimental autoimmune 

encephalomyelitis (EAE) affected mice. 

 Our data showed an increase in the expression of MCAM on Treg during relapse-remitting 

MS patients (RRMS) compared to HC. We observed a trend for a higher frequency of MCAM+ Treg 

cells in the CSF versus the peripheral blood of MS patients, suggesting that MCAM might play an 

important role in the migration of Treg. These MCAM+ Treg seem to have a more functional and 

anti-inflammatory phenotype than their MCAM- counterparts. Moreover, we found higher levels 

of MCAM+ Treg in periods of EAE remission, underlining their involvement during this disease 

phase. Overall, our data depicts MCAM as an essential CAM for Treg homing to the CNS. 
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Chapter 1 – Introduction  

1. Multiple Sclerosis 

The understanding of multiple sclerosis (MS) has rapidly evolved over the last 100 years. 

Following discoveries made in the early 1800’s, MS was recognized as a distinct disease called 

sclérose en plaques disséminée by French neurologist Dr. Charcot around 1868. Since then, our 

knowledge in terms of epidemiological features, clinical presentations, neuropathological 

characteristics, and treatment approaches have greatly deepened (1). However, to date the cause 

of MS remains unknown and the cure unattained.  

1.1 Clinical Aspects  

MS is a chronic idiopathic neuro-inflammatory and neurodegenerative disorder of the 

central nervous system (CNS) characterized by multifocal lesions disseminated in time and space. 

These lesions are formed through the infiltration of immune cells to the CNS, leading to 

demyelination, inflammation, axonal degeneration, and gliosis in the white and grey matter (2). 

The loss of myelin sheath along axonal projections, alters the neuronal signal conduction, causing 

heterogeneity in the presentation and progression of the disease. 

Prevalence 

MS has an estimated worldwide prevalence of 2.5 million cases, with an increasing 

prevalence gradient in regions more distant from the equator (3). With around 100,000 patients 

affected, Canada holds one of the highest rates of MS in the world (4). The average age of disease 

onset is around 30 years old, with a globally increased female to male ratio (3:1). However, it is 

worth noting that there are also cases of pediatric MS onset (2-10% of cases) and late MS onset, 

(over the age of 50, 4-10% of cases) (5, 6). Being the most common chronic non-traumatic 

neurologic disease in young adults, MS poses a heavy burden on the day to day lives of affected 

individuals, as well as their support system, and the health care system (7).  
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MS subtypes 

The disparity in the disease course is revealed by the different MS subtypes (Figure 1). 

Some people can have symptoms suggestive of a first episode of neurologic symptoms often 

referred to as clinically isolated syndrome (CIS); while others may be asymptomatic individuals 

and yet demonstrate typical MS lesions on their CNS-magnetic resonance imaging (MRI) (8). More 

than 85% of CIS patients progress to having the relapsing-remitting (RRMS) form of the disease 

(9). RRMS is the most common form of MS (80-90%) and is characterized by the appearance of 

neurological symptoms that can last from 24 hours to several days or months (relapse), followed 

by a period of partial or complete recovery (remission). An incomplete recovery is associated with 

a poorer prognosis on the long term (10, 11) . The relapsing-remitting cycle may repeat itself 

numerous times, at an unpredictable relapse frequency and severity. With time, 80% of RRMS 

patients will experience a gradual increase in clinical deterioration that coincides with a reduction 

of cerebral volume, known as secondary progressive MS (SPMS). In contrast, 10-20% of patients 

face a steady decline from disease onset and are diagnosed with primary progressive MS (PPMS) 

(7). 
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Figure 1. –  Graphical representation of the disability progression of the different MS subtypes over time 
(clinically isolated syndrome, relapse-remitting, secondary progressive, primary progressive).  

Neurological dysfunction is determined by a clinical threshold and is correlated with inflammation, axonal 
loss, and brain volume. Image extracted and adapted from Dendrou, Fugger, and Friese, 2015 (7).  

Clinical manifestations  

 An MS attack can affect any part of the CNS, but sites that have a preference for 

demyelination include the optic nerves, the spinal cord, the brainstem, the cerebellum, and the 

white matter of the cerebral hemispheres (12). Thus, clinical manifestations vary from sensory 

and visual disturbances, to motor and cognitive impairments. Still, some presentations are more 

common and typical than others. Unilateral optic neuritis (loss of monocular vision; reduction in 

visual acuity; red desaturation) is the first presenting symptom in 20% of patients, and features 

in up to 50% of MS patients (13). However, the most common CIS symptom is asymmetric 

transverse myelitis, a spinal cord syndrome responsible for the loss of sensation and movement 
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below the cord lesion, including urinary disorders. When the lesion involves the cervical cord, 

Lhermitte’s symptoms may occur (neck flexion causes electrical shooting sensation). Moreover, 

the distribution of sensory and motor impairments can help pinpoint the location of the lesion 

(14, 15). In more progressive forms of MS, spinal injuries with gait disorders become dominant 

such as chronic progressive myelopathy, and asymmetric paraparesis (16, 17). Another site that 

can be affected is the brainstem. Brainstem syndromes represent 25% of CIS cases and include 

diplopia (specifically, internuclear ophthalmoplegia - horizontal eye movement impairment), 

isolated cranial nerve deficits (trigeminal neuralgia - pain from nerve V; Bell’s palsy - lower motor 

neuron lesion to nerve VII), and vertigo (2, 14). Impairments in the cerebellum such as lack of 

coordination, cerebellar ataxia, gaze-evoked nystagmus, dysarthria, and tremors, may occur at 

acute (10% of cases) and progressive (80% cases) phases of the disease. However, the more 

cerebellar symptoms are apparent at disease onset, the worse the prognosis (18, 19). Finally, 

patients experience extreme fatigue, depression, emotional changes, and cognitive impairments 

which are considered to be the most debilitating symptoms of MS (20, 21).  

Diagnosis 

Up until 2001, the diagnosis of MS was made based on the recognition of clinical signs, 

and the exclusion of other resembling diseases. With the development of the MRI and the desire 

to intervene and treat patients at early stages, the diagnosis of MS has known continuous 

progress leading to the establishment of specific diagnostic criteria. The criteria of McDonald in 

2001, and of the Magnetic Resonance Imaging in Multiple Sclerosis (MAGNIUMS) in 2007, have 

always shared the common principle of lesion dissemination in time and space (at least 2 lesions 

occurring at different times, and affecting different parts of the CNS)(22-24). MRI sequences 

revealed the presence of demyelinating lesions that are typical of MS in terms of their 

morphology (oval hyperintense appearance), distribution (periventricular, juxtacortical, 

brainstem, spinal cord, corpus callosum), and signal abnormalities on T2-weighted, T2-weighted 

fluid-attenuated inversion recovery (FLAIR) scans, T1-weighted, and gadolinium-enhanced scans. 

Moreover, the use of contrast agents such as gadolinium allows the detection of BBB leakage, 

which is indicative of an active lesion (22, 25, 26). Thus, attesting to the valuable role of the MRI 

in bridging the gap between visible symptoms and silent lesions. It is important to note that the 
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MRI does not make the diagnosis alone but is an aid to the clinical diagnosis. Other paraclinical 

tests including cerebrospinal fluid (CSF) examination, ocular coherence tomography, evoked 

potentials recordings, and urodynamic studies may be used to support a diagnosis of MS (27). 

Although CSF examination is not mandatory, it remains a valuable test used to determine the 

presence of oligoclonal bands (OCBs). OCBs are visible as an increased concentration of restricted 

bands of specific immunoglobulins (mainly IgG) after CSF electrophoresis, which are not present 

in peripheral blood. While OCBs are detected in nearly 90% of MS patients, their presence is not 

specific to MS as they can be found in a variety of CNS disorders like paraneoplastic disorders, 

CNS lupus, neurosarcoidosis (24, 28, 29). Once the MS diagnosis has been made through a 

combination of clinical and paraclinical tests, other tools such as MRI and Expanded Disability 

Status Scale (EDSS) are used to assess disability and monitor disease progression (30, 31).  

Risk factors  

To date, the etiology of MS remains unknown. However, different genetic, environmental, 

and infectious triggers have been proposed. Having a first-degree relative affected with the 

disease increases the risk of MS by 10-50 times compared to the general population (0.1% 

risk)(32, 33). In fact, the recurrence risk of developing MS is higher for monozygotic twins (18.2%), 

than for dizygotic twins (5%), and siblings (2.7%), thereby alluding to the contribution of a genetic 

component (34). Genome-wide association studies (GWAS) have identified more than 200 gene 

variants associated with MS susceptibility. Most of these MS candidate genes are found to be 

immune system related. One polymorphism with a high prevalence for MS is the haplotype 

Human Leukocyte Antigen (HLA)-DRB1-15:01 allele (odds ratio of 3.08), associated with the Major 

Histocompatibility Complex (MHC) class II (35, 36). The main function of MHC class II molecules is 

to present antigens to CD4+ T lymphocytes, which is critical in initiating the antigen-specific 

immune response. MS patients carriers of DRB1-15:01 are more likely to be female and have an 

earlier disease onset (37). Other genes implicated in multiple immunological pathways have been 

identified as influencing MS susceptibility. Such genes are involved in chemokine and cytokine 

signaling (e.g. CXCR5, IL2RA, IL7R), immune stimulation (CD80, CD40), migration signaling (e.g. 

STAT3, CD6, ALCAM)(7, 38, 39). Genes implicated in neurodegenerative pathways seem to be 
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absent (39). Thus, genetic factors further support the role of immunological mechanisms in the 

development of MS.  

Although genetic predisposition explains the increased risk in monozygotic twins, their 

relatively low risk (18.2%) suggests the involvement of other non-genetic MS risk factors. Studies 

of migration and geographic gradients point to the environment as a significant influence on MS 

susceptibility. As previously mentioned, MS has an uneven distribution, with higher latitudes 

correlating with increased prevalence. When people migrate before adolescence, their risk of MS 

is equivalent to that of the migrated region, while those who migrate after adolescence, carry 

with them the incidence of MS from their original region (40, 41). As such, many environmental 

factors have their effect early in life and have been identified as MS risk factors. 

The increase in MS prevalence with greater distance from the equator is correlated with 

exposure to sunlight, specifically ultraviolet (UV) radiation. UVB exposure is one of the pathways 

by which vitamin D is synthesized. Active vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), has 

been shown to have immunoregulatory properties. In fact, 1,25(OH)2D3 can activate the innate 

immune response and suppress the adaptive immune response. Specifically, 1,25(OH)2D3 

promotes the differentiation of monocytes into macrophages and enhances their phagocytic 

capacity, but inhibits the differentiation of monocytes into dendritic cells (DCs) (42). Moreover, 

1,25(OH)2D3-modulated myeloid DCs  increase the number and suppressive abilities of regulatory 

T cells (Treg) (43, 44). Independently of DCs, 1,25(OH)2D3 promotes the development of Treg, but 

not of T helper 1 (Th1) or T helper 17 (Th17) cells. Serum levels of vitamin D (25(OH)D) regulate 

the suppressive capacities of circulating Treg. Also, 1,25(OH)2D3 reduces the differentiation of B 

cells and their capacity to produce antibodies (45). In addition to its anti-inflammatory role, 

vitamin D may also have a neuroprotective role in a variety of neurological disorders (e.g.  vitamin 

D helped prevent Amyloid- ß derived neuronal cytotoxicity in Alzheimer’s disease) (46, 47). In the 

context of MS, lower serum levels of 25(OH)D are associated with higher rates of disease 

susceptibility. In fact, vitamin D supplementation may reduce the risk of MS in the general 

population, as well as in children of mothers supplemented before and during pregnancy (48). 

Studies have found MS patients to have low 25(OH)D levels compared to healthy individuals (49). 

In MS patients, increased levels of vitamin D are associated with attenuated clinical activity, 
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including a reduced risk of relapse, and a decreased lesion activity on brain MRI (50-52). 

Moreover, there’s a positive correlation between serum levels of 25(OH)D and Treg suppressive 

ability in RRMS patients (53). Furthermore, UV radiation, independent of vitamin D, can have an 

effect on disease susceptibility and progression through other mediators (e.g. Vitamin A, 

melatonin)(54, 55). It is therefore questionable whether UV exposure, vitamin D 

supplementation, or both, are necessary for a decrease in MS susceptibility.  

There is an increasing gender prevalence bias in MS, primarily in RRMS, in which women 

are 3 times more affected than men. Moreover, developmental periods including prenatal 

environment, puberty, pregnancy and reproductive ageing seem to influence the risk and 

progression of MS. Earlier puberty in girls is associated with an increased risk of MS and an earlier 

onset of symptoms (56, 57). As such, hormonal factors are involved in MS. Women generally have 

earlier disease onset, lower prevalence of PPMS, and less progression of disability than men (58). 

Pregnancy has a protective effect on MS relapses, but is followed by a disease rebound during the 

postpartum period (59, 60). The use of oral contraceptives could delay the onset of MS, but would 

not affect the risk of developing the disease (61, 62) .   

Various infectious agents have been found to be associated with MS. To date, the most 

prominent virus candidate identified is the Epstein-Barr Virus (EBV), a herpesvirus causing 

infectious mononucleosis (63). According to epidemiological and meta-analysis studies, 

individuals that have previously experienced clinically overt infectious mononucleosis have a 

greater risk of developing MS (64). In fact, people who are EBV-negative are 15 times less likely 

to develop MS than those who are EBV-positive (65). One apparent association with MS is that 

EBV mediates immune-modulating changes through the reduced activity of EBV-specific cytotoxic 

CD8+ T cells and the prolonged lifespan of B cells leading to aberrant T cell responses in MS 

patients (66).  Some hypothesis supporting EBV molecular mechanisms in MS include molecular 

mimicry (activation of autoreactive cells by cross reactivity between self-antigens and foreign 

agents), and bystander activation (autoreactive cells are activated because of nonspecific 

inflammatory events that occur during infections)(67-69). Moreover, the heterogeneity of the 

disease suggests the involvement of more than one infectious agent, like Human Herpesvirus 6, 

Varicella-Zoster virus in increasing MS predisposition (69). 
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Another lifestyle risk factor is obesity. Men and women who experienced adolescence 

obesity have a two-fold increase risk of developing MS compared to normal weight people (70, 

71). However, obesity at later ages is not associated with an increased MS risk (72) . Adolescent 

obesity can lead to chronic fat-related inflammation, while promoting Th1 responses and 

decreasing Treg number. In this way, obesity may increase the risk of recruitment of autoimmune 

cells to the CNS (73). In addition, obesity reduces the bioavailability of vitamin D (74). 

Interestingly, the odd ratio of obesity and EBV/infectious mononucleosis is around 2 each, but 

approaches 14 when combined (75). Many other environmental factors have been proposed such 

as smoking, concussions in adolescence, antibiotic exposure, alcohol, caffeine, sodium intake, 

diet, shift work, air pollutants exposure (e.g. particulate matters, heavy metals, 

lipopolysaccharide) (71, 76, 77). It is important to note that many risk factors that have been 

associated with MS also affect the gut microbiota composition (78-80). In fact, studies have 

shown that people suffering from inflammatory bowel disease have an increased risk of 

developing MS (81, 82). Distinctive bacteria of the MS flora can promote Th1 differentiation, and 

reduce Treg differentiation (83, 84). Therefore, dysbiosis of gut microbiota is implicated in the 

pathogenesis of MS.  

1.2 MS Pathology  

Pathological features  

MS is one of the inflammatory demyelinating diseases of the CNS, whereby myelin is 

damaged. Myelin sheaths consist of glial plasma membranes that wrap in a compact multilamellar 

spiral around axons (85, 86). These membranes form an insulating layer that increases the 

resistance and decreases the capacitance across axonal membranes. As such, the main role of 

myelin is to propagate electrical signals rapidly along neurons for long distances, by allowing the 

voltage gated sodium channels to cluster at nodes of Ranvier, thus promoting rapid salutatory 

conduction (86). Moreover, myelin can provide metabolic support to the axons by ensuring the 

transport of lactate (87, 88).  Myelin is synthesized by oligodendrocytes in the CNS, and by 

Schwann cells in the peripheral nervous system (PNS). In fact, an oligodendrocyte can myelinate 

from 2 to 50 portions of adjacent axons segments. Although CNS myelin differs slightly from PNS 
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myelin, the dry mass of both is comprised of a high proportion of lipid (70 to 85%) and a low 

proportion of protein (15 to 30%). Some of the CNS myelin proteins include myelin basic protein 

(MBP), proteolipid protein (PLP), myelin oligodendrocyte glycoprotein (MOG), and myelin 

associated glycoprotein (MAG)(89, 90). Thickness, length and compaction of myelin can have an 

impact on the conduction velocity of action potentials (91-93).  Thus, damage to myelin and 

myelin producing cells may impair the complex connections of the nervous system, leading to a 

myriad of adverse neurological symptoms. 

A defining pathological hallmark of MS is the formation of focal inflammatory plaques in 

the CNS. The plaques carry a number of immune cells, which are responsible for an autoimmune-

mediated damage of the myelin sheath. Thus, MS lesions are defined as focal areas of 

demyelination, inflammation, and glial reaction. As previously mentioned, plaque structures can 

be detected by MRI, however they can be further studied and classified by immunohistochemistry 

in post-mortem tissue (Figure 2). Immuno-staining with Luxol fast blue and Haematoxylin and 

Eosin (LHE) reveals the localization and identification of lesions in CNS tissue. Using this histology 

technique, we can see areas of demyelination (blue staining represents myelinated fibers), as well 

as inflammatory infiltrates in the CNS (purple staining represents nuclei; pink staining represents 

the cytoplasm).  

 

Figure 2. –  Characterization of MS inflammatory plaques in the CNS.  
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(a) Example of a post-mortem MS brain section with apparent demyelinating lesions (black arrows). (b) 
Representative immune-staining with Luxol fast blue and hematoxylin and eosin (LHE) identifying areas of 
demyelination and immune infiltration. Image extracted from Larochelle et al., 2016 (94).   

There are several different methods of histological classification systems for CNS lesions. 

One can retain the approach of Kuhlmann et al. as a guideline (95). This method mainly 

characterizes MS lesions according to two criteria; their inflammatory activity, which is based on 

macrophages and microglia distribution, and their demyelinating activity, which is based on the 

continuous level of myelin damage (Table 1). These activities are dynamic and heterogeneous 

processes that evolve with time. Typically, in a lesion, macrophages and microglia first take up 

damaged myelin, break it down in their lysosomes, and then gradually withdraw from the lesion 

site. Thus, the composition of myelin degraded products and the numerical density of 

macrophages and microglia are studied to provide information on the time of active 

demyelination and the age of a lesion. Other immune cells, such as T cells and B cells are present 

in a lesion, however, their numbers and distribution dynamics are lower than 

macrophages/microglia. Accordingly, MS lesions are classified as follows: active lesions, mixed 

active/inactive lesions, and inactive lesions. Both active and mixed active/inactive lesions may be 

further subdivided into demyelinating lesions (ongoing myelin damage), and post-demyelinating 

lesions (when myelin damage has arrested, but macrophages remain present)(95).  

                  Lesion activity  

Lesion Type 

Inflammatory activity: 

macrophages/microglia 

Demyelinating activity 

Active lesion  Present throughout the lesion Yes for demyelinating lesions;  
No for post-demyelinating 
lesions 

Mixed active/inactive lesion Limited to the lesion border Yes for demyelinating lesions;  
No for post-demyelinating 
lesions 

Inactive lesion Absent  No, completely demyelinated 

Table  1. - MS lesion classification criteria.  

MS lesions can be characterized according to their inflammatory activity, and their demyelinating 
activity. These criteria classify MS lesions into 3 main types: active lesions, mixed active/inactive 
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lesions, and inactive lesions. Table adapted with permission from Paula Lepine’s mémoire, 2018, 
Université de Montréal. 

Pathological processes in MS are not limited to the white matter, as they can also affect 

the grey matter. Although less appreciated historically, cortical demyelinating lesions are 

common in MS. There are different types of cortical lesions depending on their location (subpial, 

intracortical, leukocortical, and pancortical lesions). In early stages of MS, these lesions are highly 

inflammatory, whereas in more chronic stages, these lesions have lower T cell infiltrates and a 

more prominent microglia population (96). In general, cortical lesions are less inflammatory than 

white matter lesions and have less BBB permeability (97).  

In addition to activated macrophages and microglia, and immune cell infiltrates, acute MS 

plaques show antibody deposition, complement activation, astrocyte activation and 

oligodendrocyte apoptosis (95). In fact, the infiltrated cells, with the help of CNS resident cells 

(e.g. astrocytes, microglia), cause the selective death of oligodendrocytes either through direct 

contact or through inflammatory and soluble neurotoxic factors (98). As such, demyelination is 

only secondary to the damage of oligodendrocytes. Although neurons are mostly preserved in 

early MS, axonal transections are frequent (99). However, ongoing disease leads to degeneration 

of the vulnerable denuded axons and deposition of a dense astrocytic scar, resulting in brain 

atrophy and ventricular enlargement (7, 100). Accordingly, neuroaxonal degeneration correlates 

with the progressive disability that characterizes later stages of MS.   

The long-term fate of a lesion is unpredictable, as MS lesions may undergo a spontaneous 

process of partial or complete regeneration. Limiting the axonal degeneration that follows 

demyelination, remyelination proves to be a neuroprotective mechanism (101). Remyelination 

requires the activation, proliferation, migration and differentiation of oligodendrocyte progenitor 

cells (OPCs) into mature oligodendrocytes capable of forming new myelin sheaths (102). These 

sheaths are thinner and therefore represent distinct areas of remyelination called shadow 

plaques. However, only 20% of lesions exhibit significant remyelination and the process ultimately 

fails (95). Factors such as ongoing inflammation, myelin debris, axonal loss, lack of trophic factors 

and mitochondrial damage can hinder the recruitment and function of OPCs and thus limit 

remyelination (103). Moreover, as adults age, the efficiency of remyelination gradually decreases 
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(104). This makes the restoration of remyelination an important therapeutic goal to further 

prevent neurodegeneration in MS (101). 

Pathogenic involvement of T cells in MS  

It is the complex pathological interactions between the immune system, glial cells, and 

neurons that ultimately lead to MS.  Whether the disease starts in the CNS (inside-out hypothesis) 

or in the periphery (outside-in hypothesis) remains a subject of great debate. However, studies in 

animal models of MS (e.g. murine experimental autoimmune encephalitis, EAE), together with 

human blood and CSF samples, support the undoubted role of the adaptive immunity in the 

development and sustention of MS. In sum, activated autoreactive T cells directed to CNS myelin 

specific antigens upregulate cell adhesion molecules (CAMs), to migrate over the BBB and 

penetrate the CNS. In humans, the specific antigens at the origin of this reaction have not yet 

been conclusively defined, whereas in EAE studies, immunization with myelin proteins such as 

MOG and MBP  induced disease (105, 106). Upon local contact with antigen presenting cells 

(APCs) in the CNS, T cells are reactivated and mediate damage to myelin by secreting pro-

inflammatory cytokines and by recruiting other immune cells like B cells (autoantibodies), 

monocytes, macrophages (phagocytosis, cytokine production, antigen presentation), natural 

killer cells (cytotoxicity) and mast cells (degranulation)(107). The accumulation of pro-

inflammatory mediators, and oxygen and nitric oxide radicals ultimately leads to demyelination 

and axonal loss. Although several immune actors are implicated in MS, the following section will 

focus on the different populations of T lymphocytes, as these are the cell types of interest studied 

in this thesis. 

CD8+ T lymphocytes 

MHC class I-restricted CD8+ T cells dominate in MS lesions compared to CD4+ T cells, which 

are present in lower levels (108, 109). Within a lesion, enhanced levels of MHC class I antigens 

are found not only on inflammatory cells, but also on neurons and glial cells (110, 111). These 

CD8+ T cells can infiltrate the CNS through adhesion molecules (e.g. α4-integrin binding) (112). In 

the CNS, CD8+ T cells retain their cytotoxic activity which is correlated with acute axonal damage 

(113). Indeed, these cytotoxic T cells (Tc) can release cytotoxins such as granzymes A and B, and 
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perforin, which in turn infiltrate the target cell and induce apoptosis (114, 115). Tc expressing 

granzyme B (GrzmB) are found close to or attached to oligodendrocytes and demyelinated axons 

(116). Another way these cells exhibit their effector function in MS is through the secretion of 

pro-inflammatory cytokines interferon γ (IFN-γ), tumor necrosis factor (TNF), interleukin (IL)-2, 

and IL-17 (117-119). Specifically, increased levels of pathogenic  IL-17+CD8+ T cells are present in 

lesions and in CSF of MS patients (120, 121). Conversely, a population of regulatory CD8+ T cells 

have been reported in EAE and in MS patients (see chapter 2, tolerance section, CD8+ regulatory 

T cells) (114, 122) . Thus, different subsets of CD8 T cells may play a detrimental or beneficial role 

in MS.  

CD4+ T lymphocytes 

CD4+ T cells are also known to initiate MS lesion formation.  CD4+:CD8+ ratio in MS patients 

is 2:1 in the peripheral blood and ranges from 3:1 to 6:1 in the CSF (107, 123, 124). There are 

different subtypes of CD4+ T cells; only the following 4 T helper (Th) subsets and their implication 

in MS will be discussed in this section: Th1, T helper 2 (Th2), Th17, and Treg. In order for a 

particular phenotype to be defined, a combination of cytokine signaling pathways, together with 

lineage-specific transcription factor activation are necessary. Each differentiated cell will then 

secrete a specific set of cytokines, thereby determining their effector functions. The key players 

involved in differentiating different subtypes are explicitly presented by Tato et al. in figure 3 

(125). Additional cytokines are also involved. However, in the case of a deregulatory immune 

disease, the activation of these cells and their production of pro-inflammatory cytokine proves to 

be deleterious. In MS, the roles of CD4+ T cells have been supported by patient observations and 

animal models, such as EAE. These revealed that the pro-inflammatory activity of Th1 and Th17 

is associated with disease exacerbation, while the anti-inflammatory activity of Th2 and Treg 

seem to play a protective role. 
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Figure 3. –  Key players in Th polarization. 

 Depending on the cytokine environment laid down by APCs as well as the activation of specific 
transcription factors, previously antigen-activated naïve CD4+ T cells will differentiate into distinct 
pathways. Each phenotype will have a specific effector function. Image extracted and adapted from Tato 
and O’Shea, 2006 (125). 

Th1 cells  

In the presence of IL-12 and IFN-γ, signaling through the STAT1 pathway induces the 

expression of transcriptional regulator T-box transcription factor TBX21 (T-bet), which drives the 

differentiation of naïve CD4+ T cells into Th1 cells. Th1 cells are characterized by the production 

IFN-γ, as well as lymphotoxin, IL-2, TNF, and granulocyte–macrophage colony-stimulating factor 

(GM-CSF)(126) . They are known to preferentially express the receptors CCR5 and CXCR3(127). 

Their role is critical for immunity against intracellular pathogens (128). Specifically, Th1 

production of IFN-γ can activate and recruit macrophages and dendritic cells to the site of 

inflammation (129).  
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In MS patients, Th1 responses have been positively correlated with disease activity (130). 

In fact, increased clinical activity was associated with IFN-γ and IL-12 levels in the CNS and CSF 

(131). CSF derived CD4+T cells of MS patients produced larger amounts of IFN-γ and IL-2 (132).  

Many Th expressing IFN-γ cells were found in CNS lesions of patients and EAE (133, 134). 

Furthermore, the pathogenic role of IFN-γ was highlighted by a trial in 1987 in which 

administration of IFN-γ seemed to exacerbate MS (135).  High levels of GM-CSF were detected in 

lesions and CSF of patients (136, 137).  

Th17 cells  

Naïve CD4+T cells are driven to differentiate into Th17 cells by early exposure to  TGF-β, 

IL-6, and IL-23. Their master transcriptional regulator is retinoic-acid-receptor-related orphan 

receptor ROR-γt. Th17 cells are pro-inflammatory cells that secrete IL-17A, IL-17F, IL-21, IL-22, 

and GM-CSF, and provide defense against extracellular pathogens (138). The number of Th17 cells 

in the CSF of RRMS patients was found higher during relapse than during remission, which 

implicates Th17 responses with disease activity (139). It has been shown that Th17 cells are 

present in MS lesions and can transmigrate across the BBB more efficiently than Th1 cells (140). 

Moreover, higher levels of IL-17 mRNA and proteins were found in the blood, CNS and CSF of 

patients (118, 141). 

Th2 cells  

IL-4 signaling to naïve CD4+ T cells results in induction of the master transcription factor 

GATA-3. This induces the production of Th2 defining cytokines IL-4, IL-5, and IL-13 (126). In health, 

Th2 immune responses play an important role in eradicating extracellular parasites and bacterial 

infections. These cells mediate allergic responses by directly or indirectly activating inflammatory 

and residential effector pathways (142). Although the exact mechanisms remain unclear, Th2 cells 

are thought to have a protective role in MS. Higher levels of Th2 cytokines were detected in the 

blood of MS patients during remission (143). Decreased MS disease activity during pregnancy has 

been found to be associated with Th2 responses (144).  
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Regulatory T cells (Treg)  

Treg are a subset of CD4+ T cells that express the transcription factor Forkhead box protein 

3 (Foxp3) and the IL-2 receptor α chain (CD25). IL-2 and Transforming Growth Factor beta (TGF-

ß) appear to favor the differentiation and development of Treg. These cells are best known for 

suppressing the functions of effector T cells (Teff) and APCs by secreting anti-inflammatory 

cytokines such as TGF-ß1, IL-10, and IL-35. The function of Treg has proven to be essential in 

preventing autoimmune diseases (145). Their role in suppressing inflammation within the CNS is 

controversial and will be elaborated in chapter 2. 

1.3 Therapeutic Approaches  

At present, treatments for MS consist of immunomodulating and immunosuppressive 

drugs whose efficacy is positively correlated with the risk of toxicity. These disease modifying 

therapies (DMTs) can help reduce the number and damage caused by relapses in RRMS patients 

but have not proved beneficial in managing the progressive phases of the disease (146). Briefly, 

the following text will discuss the mechanism of action of some common treatments currently 

used.  

Interferon beta is a polypeptide naturally found in the body and is used in its injectable 

form as a first line approach to treat MS. Known for its anti-inflammatory nature, interferon beta 

decreases the expression of MHC class II, favors the production of anti-inflammatory cytokines, 

reduces the proliferative activity of Th1 and Th17 cells, and enhances the BBB stability (147). 

Glatiramer acetate, polymer of four amino acids, is another injectable form of MS treatment that 

has anti-inflammatory and neuroprotective effects, by promoting a Th2 deviation and Treg 

induction (148). Dimethyl fumerate is an anti-inflammatory agent that targets the redox master 

regulator Nrf2 and is implicated in monocyte and T cells oxidative processes (149). An anti-

metabolite drug, Teriflunomide, although not fully understood, can inhibit the de novo pyrimidine 

synthesis needed for proliferating immune cells as well as reduce their migratory ability to the 

CNS (150, 151).  

From studies done with Teriflunomide, it was evident that B cells were involved in 

activating pro-inflammatory T cells in MS, thus other monoclonal antibodies were developed, 
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notably, rituximab and ocrelizumab, that target CD20 and limit the proliferation of B cells (152). 

Another immune selective intervention worth mentioning is Fingolimod, an oral agonist of 

sphingosine 1-phosphate receptor that causes the internalization and degradation of the receptor 

in multiple cell types, including lymphocytes. It is known to reduce the amount of circulating 

lymphocytes in MS by preventing T cells from leaving secondary lymph organs (153). Clinical trials 

revealed the beneficial effects of Fingolimod, including a 50% reduction in relapse lesions and a 

reduced level of brain atrophy.  

 Another type of DMT, is an inhibitor of immune migration. Natalizumab is a monoclonal 

antibody that prevents the migration of leukocytes by blocking the α4β1 integrin of very late 

activation antigen 4 (VLA-4) involved in the adhesion of cells and their diapedesis across the BBB 

into the CNS. Favorable outcomes have been reported from RRMS patients as their relapses and 

lesions are reduced. However, when treatment is stopped, disease activity recurs with excessive 

reactivation. Moreover, Natalizumab comes with the risk of developing progressive multifocal 

leukoencephalopathy (a demyelinating disease caused by reactivation of JC virus infection in 

immunocompromised patients)(154, 155).  

Other agents such as mitoxantrone, alemtuzumab and cyclophosphamide are known for 

providing general immunosuppression. For instance, alemtuzumab targets the depletion of T cells 

and B cells expressing the CD52 marker and preserves the Treg population due to their low CD52 

expression (156). Although the depletion of activated immune cells decreases the number of 

effector cells capable of entering the CNS, they are associated with higher risks of severe 

complications (157).  

Over the past decade, FDA-approved therapies for MS have greatly expanded, which have 

mainly benefited newly diagnosed patients with the RRMS disease course. Since most patients 

advance towards a neurodegenerative phenotype, additional research towards preventive and 

neuroprotective treatments are needed. Thus, determining biomarkers to aid in the diagnosis, 

prognosis, and treatment option is a valuable new research direction in MS.  
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1.4 Animal models of MS  

 MS has been extensively investigated by using the animal model of experimental 

autoimmune encephalomyelitis (EAE) in which CNS autoimmunity is induced in susceptible 

animals. In fact, mice and rats were found the best models for assessing acute, relapse-remitting, 

and chronic progressive stages of EAE disease course (158). Currently, there are three main types 

of EAE: active, passive, and spontaneous.  

Active EAE is carried out by immunizing a susceptible mouse with a myelin peptide 

selected according to the mouse strain (e.g. peptide PLP139-151 in SJL/J mice, or peptide MOG35-55 

in C57BL/6 mice). To potentiate the humoral immune response, a complete Freund׳s adjuvant 

emulsion containing inactivated amounts of Mycobacterium tuberculosis is added (159). 

Following the first few days of immunization, injections of pertussis toxin are administered to 

promote BBB destabilization and immune infiltration to the CNS, leading to symptoms of 

relapsing-remitting disease like those of MS patients (160, 161). In fact, EAE mice symptoms are 

characterized by an ascending paralysis starting at the tail, followed by limb and forelimb 

paralysis, the severity of which is evaluated on a five points scale. Th1 and Th17 cells are 

considered as the important mediators of EAE pathology. Passive EAE is induced by the passive 

transfer of encephalogenic T cells from an immunized donor mouse into a naïve recipient. In 

general, EAE developed by passive induction is more aggressive than that induced actively and 

has additional symptoms to ascending paralysis, such as ataxia and proprioceptive disorder (162). 

Spontaneous EAE occurs in transgenic mice models in which mutant T cell receptors (TCR), 

expressed by most T cells, can recognize a myelin peptide. Consequently, these animals 

spontaneously develop EAE symptoms. A particular mouse model used in our lab is the TCR1640 

transgenic mouse, which express a TCR specific for MOG92-106. This model was developed from 

the Vα8,3 and Vβ4 gene segments of TCR from the Th1 encephalitogenic clone of immunized SJL/J 

mice with recombinant rat MOG (163). In addition to allowing the study of acute disease phase, 

this model reflects more accurately the disease presentation of humans. For instance, in TCR1640, 

disease is more prevalent in females (80%) that develop a relapse-remitting course, than in males 

(60%) that develop a more progressive course (164).   
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Overall, studies involving the EAE model have greatly contributed to the identification and 

understanding of MS mechanisms. The use of these experimental models makes it possible to 

study different aspects of CNS inflammation. In addition, the EAE model has contributed to the 

development of MS therapies such as glatiramer acetate, and mitoxantrone (165). 
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 2. Regulatory T Cells  

To maintain immune homeostasis, there must be a balance between immune activation 

(processing of foreign antigens) and immune suppression (tolerance). Immune checkpoints exist 

to control the activation of immune cells and eliminate the function of pathogenic cells. However, 

the loss of self-tolerance leads to the activation of self-reactive T cells and the development of 

autoimmune diseases, like MS.  Over the years, growing interest in tolerance mechanisms has led 

to the discovery of immune-regulatory cells. One of the main “suppressive” subsets identified are 

regulatory T cells (Treg). In health, Treg are key players in maintaining immune tolerance to self- 

and non-self-antigens, thereby preventing autoimmune reactions.  

2.1 Tolerance 

To achieve tolerance, the immune system, depended on antigen-specific reactions, must 

be educated. In this way, the non-reactivity of the immune response to self-molecules establishes 

tolerance. Hematopoietic precursor cells migrate from the bone marrow to the thymus where 

they undergo positive and negative selection based on the nature of their T cell receptor (TCR) 

interactions with peptide-MHC complex and auto-antigens. Highly self-reactive lymphocytes are 

deleted during this clonal selection: process known as central tolerance. However, some self-

reactive cells escape the clonal selection and enter the periphery. Mechanisms of peripheral 

tolerance ensure the control of self-reactive T cells by directly (T cell intrinsic mechanisms) or 

indirectly (T cell extrinsic mechanisms) acting on them. T cell intrinsic mechanisms work in concert 

and in redundancy to prevent autoimmunity by deleting or inactivating cells; these include clonal 

anergy (no immune response to cognate antigenic stimuli), clonal deletion (engagement with self-

peptide-MHC complex induces apoptosis pathway), clonal ignorance (circulating T cells have low 

immunogenicity to self-antigens located in immune privileged sites), and inhibitory receptors (e.g. 

Cytotoxic T Lymphocyte associated molecule-4 (CTLA-4) upregulated upon TCR stimulation 

leading to T-cell-cycle arrest) (166, 167).  T cell extrinsic mechanisms control immune responses 

via a subset of regulatory cells that differ in their phenotypical and functional characteristics. 
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Similar to Treg cells, these regulatory cells may inhibit the activation or promote the suppression 

of other immune cells. Some of these regulatory cells will be briefly discussed in this section.  

Tolerogenic dendritic cells  

Tolerogenic DCs are known to exert multiple immunosuppressive effects to induce 

tolerance. Tolerogenic DCs often have an immature phenotype characterized by a low expression 

of co-stimulatory ligands and MHC molecules. Thus, presenting antigens to self-reactive T cells in 

the absence of co-stimulatory signals can induce T cell mediated anergy (168). Moreover, they 

can trigger T cell apoptosis by expressing indoleamine 2,3-dioxygenase (IDO), CTLA-4 and death 

receptors like tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and Fas cell surface 

death receptor (FasL/Fas). They can also secrete IL-10, TGF-ß and retinoic acid (RA) leading to the 

induction of tolerogenic DCs, the inhibition of Teff cells and the promotion of Treg differentiation 

and function (169, 170).  

B regulatory cells (Breg)  

IL-10 producing B cells have been recently characterized as B cells with regulatory 

properties known as Breg (171, 172). Their primary mechanism of action is the secretion of IL-10, 

IL-35 and TGF-ß, thereby favoring Treg development and inhibiting Teff cell function. Breg have 

been reported to play a role in the development of malignancies, infections, organ 

transplantation, and autoimmune diseases (173).  

CD8+ regulatory T cells 

As previously mentioned, regulatory CD8+ T cells help maintain immune homeostasis. 

These cells are identified by the expression of CD122, CD28, CD103, and HLA-G (174-177). They 

are able to secrete IL-10, and are thought to contribute to the suppression of the immune 

response and MS disease activity (177, 178). 

T helper 3 cells (Th3)  

 Initially Th3 cells were described in the context of oral tolerance and were later found to 

be important in the gut immune regulation (179). It has been demonstrated that EAE mice fed 

with several low doses of MBP developed T cells that primarily secreted TGF-ß, as well as IL-4 and 



43 

IL-10. These T cells were characterized as Th3 cells that have suppressive abilities that could 

prevent the induction of EAE (180, 181). 

T regulatory type 1 cells (Tr1) 

A regulatory subset of CD4+ T cells, Tr1 cells are induced in the periphery in the presence 

of IL-10 (182). Tr1 cells are characterized by the co-expression of CD49b and lymphocyte-

activation gene 3 (LAG-3) and have low levels of CD25 and CTLA-4 (183, 184). They control 

immunological responses in several immune-mediated diseases by secreting IL-10, TGF-ß and 

GrzmB (182). 

2.2 Origin of CD4 Regulatory T Cells  

Over the past 20 years, Treg’s contribution to the immune response has become more 

evident as their understanding and identification have progressed. Treg constitute approximately 

1% of developing CD4 thymocytes, about 10 to 15% of CD4 T cells in secondary lymphoid organs, 

and about 5 to 10% of all circulating CD4 T cells (185). Although the Treg population is relatively 

small, their impact on the immune responses is substantial.  Like other regulatory cells, Treg are 

responsible for maintaining immune homeostasis and are crucial for survival. While Treg can be 

characterized as T cells with immunosuppressive activity, several studies have reported distinct 

populations of Treg in terms of development, phenotype, and function. Throughout the years, 

the terminology used to classify Treg has been inconsistent. Currently Foxp3+ Treg are classified 

as follows: thymus-derived Treg (tTreg), peripherally in vivo–induced Treg (pTreg), and in vitro–

induced Treg (iTreg). In the past, tTreg were referred to as natural Treg (nTreg), whereas pTreg 

and iTreg were collectively referred to as induced or adaptive Treg (186). 

Thymus-derived Treg (tTreg) 

Early work in the 1960s involving thymectomies on day 3 of mice life (d3Tx), was found to 

induce autoimmune diseases, highlighting the importance of the thymus and the role of thymus-

derived T cells in immune responses and tolerance (187). A seminal study in 1969 by Nishizuka 

and Sakakura revealed that thymectomies at day 1, day 7 or later, did not result in the 

development of autoimmune diseases as d3Tx mice did. They also showed that autoimmunity of 
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d3Tx mice can be rescued by a thymus transplant. These discoveries were later attributed to Teff 

cells exiting the thymus by day 3 post-partum, followed by a delayed exit of “suppressor T 

cells”(188, 189).  It was in 1995 that Sakaguchi et al. identified the IL-2 receptor, CD25, as a marker 

of suppressive T cells, further characterizing this population (190). In a subsequent study, they 

showed that d3Tx inhibited the accumulation of CD25+ T cells in the periphery, and that CD25+ T 

cells transferred into d3Tx mice rescued their autoimmunity, thereby revealing the importance of 

thymus-derived CD25+ T cells in preventing autoimmunity (191).  

To date, our knowledge of tTreg development has expanded but is not yet fully elucidated. 

Treg cell progenitors originate in the bone marrow and mature into tTreg in the thymus, where 

they undergo a number of immune checkpoints before migrating to the periphery.  These 

checkpoints include gene rearrangement for TCR expression, positive selection (capacity to 

interact with MHC), and negative selection (capacity of self-reaction), in which most of the 

immature T cells are eliminated while a minority differentiate into tTreg (192). The interaction 

between TCR and tTreg is crucial for tTreg generation whereby tTreg have a high self-antigen 

reactivity compared to conventional T cells. In parallel with TCR stimulation, CD28-B7 or CD40-

CD40L co-stimulation are essential for the generation of tTreg. In fact, CD28 or CD40 deficiency 

in mice resulted in an 80% decrease in tTreg number (193). In addition, it has been shown that 

TCR and CD28 signaling induce the expression of TNF receptor superfamily protein, most notably 

OX40, GITR and TNFR2, further promoting tTreg generation. Additional molecules of stimulation 

and cell adhesion are involved to ensure the appropriate reaction of Treg with APCs (CTLA-4, 

CD18/CD11a). Following TCR and CD28 signaling, transcription factors NF-κB, AP-1 and NFAT 

become activated and induce the expression of Foxp3, thereby determining the tTreg cell lineage 

(167). Studies revealed that CD28 co-stimulation can induce Foxp3 expression in thymocytes 

independently of IL-2, but that IL-2 is crucial for the maintenance and survival of the tTreg 

population in the thymus and the periphery (193). In fact, IL-2 and CD25 signaling prevent tTreg 

from Foxp3-induced death, thus promoting their survival (194). Combined deficiency in IL-2 and 

TGF- ß nearly completely depleted tTreg number (195, 196). Once developed in the thymus, tTreg 

migrate to the periphery, circulating through secondary lymphoid organs and non-lymphoid 

tissues. In the periphery, tTreg are subject to phenotypic and functional changes depending on 
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the target cells and the local environmental signals. Thus circulating T cells may enter and exhibit 

anti-inflammatory properties in several tissues such as lungs, liver, pancreas, gastrointestinal 

tract, adipose tissue and other (195, 197) .   

Peripherally in vivo–induced Treg (pTreg) 

In the periphery, naïve CD4+ T cells may also upregulate Foxp3 expression, thereby 

acquiring Treg cell properties. This population, called pTreg, is induced under specific conditions 

involving in vivo chronic suboptimal antigenic stimulation, and in vivo targeting of antigen to 

immature DCs (198, 199). Some suggest that differentiation into pTreg is a way to redirect 

potentially pathogenic T cells into protective T cells (192). Although the specifics of pTreg 

differentiation are not fully understood, it is now recognized that TCR interaction, CD28, IL-2, TGF-

ß and retinoic acid are required (200). In fact, IL-2 and TGF-ß play an important role in peripheral 

induction by activating the Foxp3 locus through transcription factors STAT5 and those of  the 

Smad family (201). Moreover, the tissue specific environment can provide additional factors 

required for pTreg generation. For instance, pTreg are mostly present in the gastrointestinal tract, 

where T cells are continually activated by commensal organisms (e.g. Clostridium spp). These 

microbes can lead to DC-derived TGF-ß induction of pTreg, as well as the secretion of short-chain 

fatty acids (e.g. butyrate), which in turn contribute to pTreg development (202, 203). While the 

extent to which these pTreg contribute to self-tolerance is not yet known, they are thought to 

play a major role in maintaining gut-immune tolerance and in controlling dynamic responses in 

pathological context.  

 In vitro–induced Treg (iTreg) 

Following in vitro treatment with α-CD3, α-CD28, IL-2, TGF-ß and retinoic acid, naïve T cells 

upregulate Foxp3 expression and acquire Treg phenotypes. Such induced cells are referred to as 

iTreg. Although the use of in vitro iTreg to investigate in vivo Treg mechanisms is considered a 

valid approach, iTreg lack the epigenetic patterns and transcriptional characteristics of in vivo 

Treg, thus rendering them unstable (204). Because they do not have the complete demethylation 

that drives Treg signature genes, the expression of some Treg markers may differ. For example, 

human and murine tTreg express Helios and Neuroplilin-1, while most iTreg fail to do so (205). 
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Despite differences in mRNA transcripts, protein expression, epigenetics, and stability, iTreg 

exhibit phenotypic and functional characteristics similar to other Treg subsets (206).  

2.3 Characterization of Treg  

 In humans, both thymic and peripheral Treg are essential for the maintenance of immune 

tolerance. Currently, one of the main challenges in advancing Treg research is the lack of markers 

that differentiate between Treg and conventional T cells, and between different Treg subsets. 

This section will cover some of the general markers used for Treg characterization. 

Initially identified as CD4+ CD25+ T cells in mice, Treg were later characterized in humans 

as CD4+ CD25high T cells in the thymus and in the peripheral blood (207). CD25 proves to be 

important in the development, survival, and function of Treg, and is a useful marker for Treg given 

its stable and high expression. However, CD25 is expressed by 5 to 10% of mouse CD4+ T cells, 

and by 1 to 2% of human CD4+ T cells, whereby all conventional CD4+ T cells upregulate CD25 

upon activation (167, 208). Moreover, many CD4+Foxp3+ Treg cells have mid or low expression of 

CD25 (209). Thus, CD4+CD25+ T cells do not represent a distinct Treg population. In vitro studies 

showed that CD4+CD25+ T cells that lack the α-chain of the IL-7 receptor, CD127, are suppressive 

cells (209, 210). However, later studies demonstrated that CD127 is downregulated by 

conventional CD4+ T cells upon activation, rendering the differentiation between Treg and 

activated T conventional cells challenging (211).  

As previously alluded to, the expression of Foxp3 is crucial for Treg development and 

suppressive function (212). The importance of Foxp3 was revealed by mutation studies of Foxp3  

gene in mice, which resulted in massive proliferation of CD4+ T cells, extensive multiorgan 

infiltration, overproduction of pro-inflammatory cytokines, and spontaneous autoimmunity, 

otherwise known as Scurfy mutant mice (213). These mice suffered an X-linked mutation of the 

Foxp3 gene, leading to fatal lymphoproliferative disease. Similarly, mutations in the Foxp3 gene 

in humans have led to an immunodeficient disease, immunodysregulation polyendocrinopathy 

enteropathy X-linked syndrome (IPEX), and are known to be associated with immune 

dysregulation, autoimmune polyendocrinopathy syndrome, autoimmune enteropathy, 

inflammatory bowel disease (IBD), allergic dermatitis, food allergy, hematological disorders, 
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immunodeficiency hyperimmunoglobulinemia E (199, 214), but not MS, for which GWAS studies 

did not provided evidence of a significant genetic role for Foxp3 in MS (215). In both mice and 

humans, Foxp3 mutations resulted in deficient numbers of tTreg and pTreg. In addition, deletion 

of the Foxp3 gene in mature Treg cells resulted in the loss of their suppressive function in vivo 

and their secretion of pro-inflammatory cytokines (216). Foxp3 is a member of the forkhead 

family of transcriptional regulators that can act as a transcriptional enhancer or repressor of 

about 1500 genes in humans. These genes include several cytokine genes, T cell proliferation and 

activation genes (e.g. NF-κB), which can inhibit the effector functions of T cells (217). To date, 

Foxp3 is known to be the master regulator of Treg cells and a valuable marker for Treg in mice 

and humans. CD4+CD25+ T cells are shown to specifically express Foxp3 protein. However, in 

humans, other T helper cells  transiently express high levels of Foxp3 upon activation, making it 

difficult to distinguish between Treg cells and conventional T cells under inflammatory conditions 

(218). In addition, due to its intracellular localization, its use as a defining marker is restricted in 

the purification and sorting of Treg for functional studies. 

 Currently, the combination of CD4+CD25highCD127lowFoxp3+ T cells allows to discriminate 

Treg from non-Treg subsets. It is also largely assumed that the majority of isolated CD4+Foxp3+ T 

cells are in fact tTreg, although pTreg contribution is recognized, there are is presently no way to 

separate theses subtypes. The identification of cell surface markers that uniquely characterize 

Treg remains an area of intensive research. Many other markers have been associated with, but 

are not limited to, human Treg (e.g. CTLA-4, CCR6, GITR, CD62L, PD-1, Helios)(167). Having specific 

Treg markers would allow to better understand Treg physiology, function, and therapeutic 

application.  

2.4 Treg Mechanisms of Suppression 

 Treg can limit and inhibit the proliferation and cytokine production of a wide range of 

immune cells (T cells, B cells, natural killer cells, monocytes, macrophages, and DC). Treg exert 

their immunosuppressive function either directly (by cell-cell contact), or indirectly (soluble 

mediated factors). Here, an overview of the four main Treg mediated suppression mechanisms 

will be presented (Figure 4). 
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Figure 4. –  Schematic representation of Treg’s suppression mechanisms of other immune cells.  

To mediate their immunosuppressive functions, Treg may limit APCs role via CTLA-4 effects, disrupt 
metabolic pathways (e.g. adenosine), induce apoptosis via cytotoxic molecules (e.g. Gal-9, granzyme B) 
and secrete anti-inflammatory cytokines such as TGF-β, IL-10, and IL-35. Image extracted from Grant et 
al., 2014 (219).  

  One form of Treg contact dependent suppression is the modulation of APC activity. During 

T cell activation, CD80/CD86 expressed by APCs bind to CD28 expressed by T cells to stimulate 

their proliferation. However, Treg express CTLA-4, which competes with CD28 and in turn binds 

with higher affinity to CD80/CD86 (220). This interaction causes the internalisation and 

downregulation of CD80/CD86 on APCs, thereby limiting the initiation of an adaptive immune 

response. In addition, these signals can activate the enzyme IDO, generating the 

immunosuppressive metabolite kynurenin, as well as activate the transcription factor Foxo3, 

inhibiting DC-cytokine production (221, 222). Moreover, Treg can express LAG-3, a surface 

receptor that binds MHC class II molecules on APCs, which negatively regulates the expansion of 

activated T conventional cells (223).  

Treg may disrupt the metabolic pathway of effector cells, thereby limiting their survival 

and function. IL-2 is produced by T cells during an immune response and is known for its 
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immunostimulatory and immunoregulatory functions. In fact, IL-2 is a necessary growth factor 

promoting naïve T cells proliferation and differentiation into Teff cells, in addition to expanding 

the Treg population. Since Treg express high levels of CD25 on their surfaces, it has been 

suggested that they limit T effector activity by depleting the local environment of IL-2 (224, 225). 

Moreover, Treg are found to have elevated levels of intracellular cyclic adenosine 

monophosphate (cAMP), a long-known suppressor of T cell activation and function (226). While 

Teff have minimal levels of cAMP, Treg are able to directly transfer their intracellular cAMP to 

Teff via cell contact-depended gap junctions. This cAMP acts as a second messenger to impair IL-

2 synthesis and inhibit Teff proliferation (227). Furthermore, Treg express the ectoenzymes CD39 

and CD73 on their surfaces which enables the hydrolysis and conversion of the pro-inflammatory 

extracellular adenosine triphosphate (ATP) into anti-inflammatory adenosine. 

Similar to NK cells and CD8+ T cells, in highly inflammatory environments, Treg may induce 

T cell, B cell, granulocyte, and APC apoptosis by releasing cytotoxic molecules such as granzymes 

A and B, that enter target cells via perforin pores, leading to the activation of the caspase pathway 

(228-230). Galectin-1, Galectin-9 and Galectin-10 have also been reported to trigger Treg-

mediated apoptosis (231-233).  

Treg can mediate their suppressive ability by secreting anti-inflammatory cytokines such 

as TGF-β, IL-10, and IL-35. Although the role of these immunosuppressive cytokines is not yet 

completely understood, they are of great importance for Treg suppressive function in vivo, 

particularly at interfaces of the gut, skin and lungs (234, 235). TGF-β is widely expressed by various 

cells and has pleiotropic functions such as limiting T cell proliferation and NK responses, and 

inhibiting cytolytic and effector functions of T cells (e.g. by downregulating cytokines such as TNF 

and IFN, and inhibiting IL-2 transcription). Treg can produce large amounts of membrane-bound 

and soluble TGF-β, and highly express the Glycoprotein A Repetitions Predominant, GARP, a 

transmembrane protein that binds to the latent form of TGF-β, which is correlated with their 

suppressive capacity (236, 237). Defects in TGF-β signaling have led to the development of 

autoimmune diseases in mice (238). IL-10 is another cytokine that is produced by Foxp3+ and 

Foxp3- T cells, B cells, macrophages and DCs, and has immunosuppressive effects on various 

immune cells (239-241). In fact, IL-10 production by these immune cells were shown to indirectly 
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influence suppression by helping Treg maintain Foxp3 expression (242). IL-10 is known for its key 

role in Treg-mediated suppression of intestinal inflammation (243). However, depending on the 

tissue and the disease, IL-10 may have different roles. For example, in the inflamed skin, IL-10+ 

Treg were necessary to control IFN-γ + T cells, whereas in the lymph nodes, IL-10 was dispensable 

for IFN-γ regulation and T cell proliferation (244). Moreover, Treg derived from the spleen seem 

to barely secrete any IL-10 in vitro, suggesting that their suppressive ability is not dependent on 

IL-10 (245). Recently, IL-35, composed of IL-12α and the Epstein-Barr virus-induced gene 3 (EBi3), 

has been reported as an immune suppressive cytokine implicated in Treg-mediated suppression 

(246). Although human Treg do not constitutively produce IL-35, IL-35 is preferentially expressed 

by Treg since EBi3 is a downstream target of Foxp3 (247). Deficiency in one of the IL-35 chains 

reduced the suppressive ability of Treg in vitro and in vivo in an IBD model (246). In addition to 

their suppressive function, TGF-β, IL-10, and IL-35 are involved in the maintenance of tolerance, 

by which they enhance Treg suppression and stimulate the conversion of activated conventional 

T cells into T cells with a regulatory phenotype (eg. Foxp3+ T cells, Tr1 cells) (248-250).  

2.5 Treg in MS   

In healthy individuals, maintaining central and peripheral immune tolerance is crucial to 

prevent the activation of autoreactive T cells. In fact, dysfunctional self-tolerance mechanisms 

leading to autoimmunity distinguish MS from other neuro-inflammatory diseases, such as 

Parkinson’s disease, Alzheimer’s disease, and stroke. Throughout the years, controversial 

evidence regarding Treg activity in MS have emerged and their involvement has been a subject 

of great debate.  

A study by Putheti et al. in 2004 first showed that circulating Treg in the peripheral blood 

of MS patients have no altered frequency or function compared to those of healthy controls (251). 

However, an opposing study in the same year reported a significant reduction in the suppressive 

capacity of circulating CD4+CD25high T cells from RRMS patients versus healthy donors (252). At 

that time, most studies only analyzed peripheral blood samples to study Treg dysfunction in MS. 

While an initial study by Tzartos et al. confirmed the absence of Treg in MS brain lesions, later 

studies, although in low levels, have highlighted the presence of Treg in the CNS (120, 253). In 
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2017, Zandee et al. showed that IL10+ Treg were present in the CNS of a subset of MS patients, 

suggesting that Treg might have anti-inflammatory properties in MS lesions (254). In addition, an 

increased frequency of CD4+CD25+Foxp3+ was detected in the CSF compared to the peripheral 

blood of untreated MS patients (253).  

The role of Treg in regulating neuro-inflammation is also well supported by EAE studies. 

Although some studies have reported an accumulation of Treg in the CNS of EAE, their failure in 

controlling CNS derived pro-inflammatory T cells suggested that Treg abnormalities involved their 

loss of suppressive abilities (255). However, when Treg were depleted using anti-CD25 antibodies 

in PLP139-151 immunized EAE, an enhancement of disease severity and mortality was reported 

(256). In MOG35–55 active and passive EAE, accumulation in the CNS of IL-10-producing 

CD4+CD25+Foxp3+ T cells positively correlated with disease recovery. In fact, the importance of IL-

10 in Treg mediated function was documented in EAE models. McGeashy et al. have 

demonstrated that a transfer of  these Treg cells to mice before EAE induction resulted in a 

reduced disease severity (257).  

Together, these data suggest that Treg might be needed for the resolution of disease. Such 

findings point to the possibility that Treg might play an important role in dampening CNS 

inflammation. Therefore, further in-depth research is needed to reconcile these discrepancies 

and advance MS research. 
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3. Barriers of the CNS 

The proper functioning of the CNS is vital to our survival. To this end, constant exchanges 

between the CNS and the blood compartment are necessary. Importantly, blood vessels supply 

the CNS with oxygen and nutrients and remove carbon dioxide and metabolic waste. However, a 

varying number of toxins and cells are also present in the blood. Because of the limited 

regenerative capacity of neuroglial cells and their requirement of a stable extracellular 

environment to function, blood components may pose a threat to the brain. Thus the importance 

of heavy restricting barriers that tightly regulate the movement of molecules, ions, and cells 

between the blood and the CNS (258).  

3.1 Neuro-anatomical composition 

The Blood Brain Barrier (BBB) 

The BBB outlines the unique properties of CNS microvasculature (259). CNS vessels are 

continuous, non-fenestrated vessels that allow for an extensive but selective area of surface 

exchange (260). Together, vascular cells (endothelial cells, smooth muscle cells, pericytes), neural 

cells, glial cells (astrocytes, microglia, oligodendrocytes) and the extracellular matrix (EM) form a 

functional and anatomical unit, known as the neurovascular unit (NVU) (Figure 5) (261). The 

contribution of each cell type will be discussed in this section.  
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Figure 5. –  Schematic representation of the neurovascular unit (NVU) and the blood brain barrier (BBB).  

The NVU enables intercellular communication between cells of the vasculature, neurons, and glia. The BBB 
acts as a module within the NVU to tightly regulate blood-CNS exchanges. As vessels penetrate the CNS, 
they lose their smooth muscle coverage and pial layer, and become surrounded by pericytes, perivascular 
astrocytes and microglia. Astrocytes have fine processes near synapses and occupy separate non-
overlapping spatial domains. The BBB composition is represented in the magnified window.  Endothelial 
cells (EC) line CNS vessels and are connected by tight junctions (TJ) and adherens junctions (AJ). Between 
the EC and the astrocytic feet are two basement membranes (BM) (Vascular BM and Parenchymal BM) 
separated by the perivascular space where T cells are re-activated in the context of neuroinflammation. 
Illustration was created using Biorender.com.  

Endothelial cells (EC)  

The mesodermally derived EC of the BBB (BBB-EC) constitute an extremely thin layer of 

cells, held together by tight junctions (TJ) and adherens junctions (AJ) proteins, thereby restricting 

the movement of large and hydrophilic molecules between the cells (paracellular), and reducing 

BBB permeability. This paracellular barrier consists of the interactions between transmembrane 

proteins such as claudins, occludin and junctional adhesion molecules (JAMs) for TJ, and vascular-

endothelial (VE)-cadherin and platelet EC adhesion molecules (PECAM)1 for AJ. In turn these 

intercellular zipper structures are anchored to the cytoskeleton by adaptor molecules including 

zona occludens (ZO)-1, ZO2, ZO3 for TJ, and catenins (α, β and p120) for AJ (262, 263). In addition, 
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EC lack fenestrations and exhibit low levels of pinocytic and transcytotic activity, thereby limiting 

diffusion of molecules through the cells (transcellular) (264, 265). BBB-EC are highly polarized cells 

characterized by high efflux transporters on their luminal surface that restrict the passive 

diffusion of lipophilic toxins into the CNS, and by nutrient transporters that allow the transport of 

specific nutrients and the removal of specific waste products across the BBB (266, 267). 

Moreover, they are known to express very low levels of leukocyte adhesion molecules (LAM), 

thereby restricting the entry of immune cells to the CNS (262, 268). Thus, the barrier properties 

of BBB-EC further maintain a rigorous control of CNS homeostasis.  

Pericytes (PC) 

A cellular layer of pericytes (PC) incompletely lines the abluminal surface of EC (269). 

Nevertheless, CNS-PC provide a high microvascular coverage with an endothelial:pericyte ratio 

between 1:1 and 3:1 (270). These neural crest derived PC are embedded within the vascular 

basement membrane and have anchor points with EC via N-cadherin (271). They are able to 

extend their lengthy processes over several EC which grants them the ability to control capillary 

diameter and regulate blood flow in response to neural activity (272). In addition to their 

contractile capacity, PC provide support, guidance and barrier properties during embryogenesis 

and maintain BBB function during aging (273).  

Basement Membranes (BM) 

 Together, EC and PC are surrounded by a vascular basement membrane (BM) composed 

of EM molecules, including collagens, laminins (α4 and α5), and heparan sulfate proteoglycans. A 

second BBB BM, called the parenchymal BM or glia limitans perivascularis, is secreted by 

astrocytic processes and is characterized by proteins such as laminins (α1 and α2) and 

dystroglycan (259, 274). The area between the vascular BM and the parenchymal BM is called the 

perivascular space, and it is where the initial reactivation of CNS invading lymphocytes takes place 

(275). 

Astrocytes 

Astrocytes are CNS-specific cells derived from the neuroepithelium of the embryonic 

neural tube. Historically, they were viewed as structural support to neurons, but today their 
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function has proven to be essential for regulating the micro-environment of CNS cells. Using a 

staining for glial fibrillary acidic protein (GFAP) as a cellular marker, one can appreciate their 

extended polarized cellular processes that can ensheath neural cells and blood vessels (276).  As 

part of the tripartite synapse, astrocytes maintain a bidirectional communication with neurons 

via gliotransmitters (277). Their strategic position between neurons and blood capillaries ensures 

a neurometabolic and neurovascular (regulating PC and smooth muscle cells) coupling in an 

activity dependent manner (278). Moreover, astrocytic endfeet are known to cover over 90–99% 

of the abluminal surface of CNS micro-vessels. Through the dysroglycan–dystrophin/agrin 

complex the endfeet are linked to the BM (279). Thus, their close proximity to CNS 

microvasculature allows them to provide metabolic and functional support to the BBB. They can 

release essential soluble factors including TGF-β, basic fibroblast growth factor (bFGF), glial-

derived neurotrophic factor (GDNF), angiotensinogen, angiopoietin I, and members of the 

Hedgehog family (280, 281). They have been shown to be crucial for BBB formation and 

maturation, particularly in establishing barrier properties (282, 283). Astrocytes can also regulate 

immune responses in the CNS and secrete inflammatory cytokines (281, 284). 

The blood-meningeal-barrier (BMB) 

The CNS is surrounded by connective tissue coverings, known as meninges, which act as a 

protective shield to the brain and spinal cord. The meninges consist of 3 main layers; the dura 

mater (the outermost dense, inelastic sheet that contains a rich vascular network lacking TJ 

between EC, thus allowing the extravasation of solutes), followed by the leptomeninges: the 

arachnoid mater (middle barrier), and the pia mater (innermost layer in contact with the 

CNS)(285). The arachnoid is a translucent avascular membrane that lacks blood vessels. This loose 

connective tissue is composed of epithelial cells and collagen fibers, and is involved in CSF 

metabolism via the subarachnoid space (286). Clusters of arachnoid granulations (arachnoid villi) 

protrude into the dura mater, allowing CSF to exit the CNS and pass into the systemic venous 

system. Having TJ and efflux pumps, the arachnoid is as an important barrier between the 

fenestrated vasculature of the dura mater and the CSF (287). Beneath the arachnoid mater is the 

subarachnoid space, which is filled with CSF. Blood vessels entering or leaving the CNS travel in 

this subarachnoid space. The pia matter is closely adherent to the surface of the CNS as it follows 
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its numerous invaginations, surrounding the initial portions of each blood vessel infiltrating the 

brain. This sheathing creates an interstitial space, the perivascular or Virchow-Robin space, 

between the pia mater and the vessels. Thus, the pia further regulates exchanges of 

macromolecules between the CSF and perivascular space (288). The pia mater is composed of 

epithelial and fibroblast-like cells. Unlike the arachnoid, the pia does not have TJ and lack 

astrocytic end feet (289).  

The blood–CSF barrier  

The CNS contains five communicating cavities, called ventricles, which are lined with 

ependymal cells and filled with CSF. The choroid plexus is a circumventricular organ, localized in 

the ventricular system, forming an interface between the blood and the CSF. The blood–CSF 

barrier consists largely of the fenestrated endothelium of the choroid plexus. These EC differ from 

the BBB-EC in that they lack TJ. The epithelial cells of the choroid plexus, however, are linked 

together by TJ and specialize in CSF secretion, thereby contributing to brain homeostasis 

maintenance, intracranial volume adjustment, buffering of extracellular solutes, nutrient supply 

to CNS cells, as well as limiting access to circulating cells (290, 291).  

3.2 Recruitment of immune cells to the CNS 

The CNS compartment is regarded as an immunoprivileged site. Although the term 

"immune privilege" implies a lack of immune response, it is now well established that the immune 

privilege of the CNS is not absolute, but rather highly regulated. Moreover, studies showed that 

the CNS has its own lymphatic drainage system and is directly connected to secondary cervical 

lymph nodes (292, 293). In fact, immune cells constantly circulate through the blood-CNS in order 

to patrol the CNS environment, process of immune surveillance.  

APCs that reside next to CNS barriers are responsible for initiating CNS immune responses 

during immune surveillance. These specialized immune sentinel cells include DCs, meningeal 

macrophages, perivascular macrophages, CP macrophages, and microglia (the resident 

macrophages in the CNS parenchyma) (294-296). Under physiological conditions, a very limited 

number of lymphocytes can access the CNS through the CP, CSF, meninges, perivascular spaces, 
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and eventually parenchymal tissue. Regardless of their antigen specificity, only activated T cells 

expressing the necessary CAMs, chemokine receptors and integrins, may cross CNS barriers and 

conduct immune surveillance (297-299). The expression of CAMs, chemokine, and chemokine 

receptors by the CNS barriers is an additional immunological checkpoint that prevents (during 

homeostatic conditions), or promotes (during inflammation) the penetration of leukocytes to the 

CNS parenchyma, ventricular and subarachnoid spaces (291). However, in the absence of 

inflammation, BBB-EC do not express much of the necessary CAMs for activated T cells to enter, 

thus, immune surveillance happens primarily at the BMB and the blood-CSF barrier (300). In 

pathological conditions such as MS, CNS barriers are disrupted, resulting in ion dysregulation, 

altered signaling homeostasis, and infiltration of leukocytes and molecules to the CNS, leading to 

neuro-axonal degeneration (259). 

3.3 Leukocyte migration into the CNS  

The structure of blood vessels entering the CNS progresses as follows: leptomeningeal 

arteries, parenchymal arterioles, capillaries, post-capillary venules, venules, and, veins. 

Leukocytes reach the CNS either through parenchymal capillaries and post-capillary venules, in 

order to cross the BBB and access the perivascular space; or through the leptomeningeal arteries 

and CP, in order to cross the BMB and blood-CSF barrier and access the CSF (280, 301). To cross 

the EC layer of the barriers, leukocytes use a multistep process of migration that involves their 

capture-rolling-tethering, adhesion, arrest-crawling, and diapedesis (280, 302, 303) (Figure 6). 
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Figure 6. –  Schematic representation of the multistep extravasation of leukocytes at the BBB. 

Leukocytes tether to BBB-EC through selectin binding, allowing their rolling. Chemokine signaling lead to 
leukocyte firm adhesion and arrest. Leukocytes led by chemokine signaling extend their protrusions for 
migration. Following migration, extravasating leukocytes in the periventricular space await their 
reactivation. Entry into the CNS parenchyma requires the action of matrix metalloproteinases (MMPs) 
which degrade the BBB. Illustration was created using Biorender.com.  

During an inflammatory process, interactions between leukocytes and EC involve 

selectins, chemokines, cytokines, and CAMs. Leukocytes undergo E- and P-selectin-mediated 

rolling along the surface of EC (304). EC secrete pro-inflammatory chemokines like CCL2, CCL5, 

and CXCL10, to recruit monocytes and lymphocytes into the CNS (140, 305, 306). Meanwhile, pro-

inflammatory cytokines like IL-17, IL-22, IFN-γ, TNF and GM-CSF, promote the upregulation of pro-

inflammatory mediators by EC, as well as the disruption of EC TJ and AJ, thereby weakening CNS 

barrier properties and facilitating immune cell infiltration (259, 307). The expression of CAMs by 

BBB-EC, such as intercellular adhesion molecule (ICAM)-1 and vascular CAM (VCAM)-1, and the 

expression of their cognate ligands on leukocytes, such as αLβ2 (leucocyte function-associated 

antigen (LFA)-1) and α4β1 (very late antigen (VLA)-4) respectively, are crucial for the firm 

adhesion of leukocytes on the surface of EC (308-311). This direct interaction EC-leukocytes, leads 

to the activation and conformational change of integrins, in turn inducing intracellular changes in 
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leukocytes, enabling them to perform a para- or trans-cellular migration across the BBB (312, 

313). Leukocyte diapedesis increases BBB permeability, thus promoting subsequent immune 

infiltration (314, 315).  

In MS, different CAMs were found upregulated on BBB-EC and were reported to play an 

important role in the transmigration of immune cells across CNS barriers. For example, activated 

leukocyte CAM (ALCAM) can interact with high affinity with its ligand CD6, and is involved in the 

recruitment and transmigration of monocytes, CD4 cells and B cells to the CNS (308, 316, 317). 

Melanoma CAM (MCAM), is also involved in the recruitment of a subset of pathogenic CD4 and 

CD8 cells to the CNS, whereas Ninjurin-1 promotes the migration of APCs and activated T cells to 

the CNS (318, 319). Moreover, controversial involvement of Mucosal addressin CAM (MAdCAM-

1) in MS and EAE is reported (320-322). The identification of CAMs involved specifically in MS can 

have a great therapeutic potential in limiting the entry of immune cells to the CNS. 

Following migration across EC, immune cells will first have to cross the vascular BM, 

followed by the parenchymal BM, in order to reach the CNS. In fact, the EM components of the 

BMs are important in regulating the extent of perivascular infiltration. Studies have demonstrated 

that vessels expressing high levels of laminin-α4, and low levels of laminin-α5 contain large 

immune infiltrates, whereas normally vessels express high levels of laminin-α5 and have very low 

immune infiltrates (323, 324). In MS, the secretion of matrix metalloproteinases (MMPs) highly 

contributes to BM degradation, thereby facilitating immune cell entry to the parenchyma (325).  

In the perivascular space, leukocytes need to be reactivated by perivascular APCs to secrete 

MMPs, destroy the parenchymal BM, overcome astrocytic feet, and finally, infiltrate the CNS (275, 

326). In MS, the entry of pathogenic leukocytes to the CNS is an early phenomenon that leads to 

neuro-inflammation and MS plaque formation (327).   

3.4 Role of Melanoma Cell Adhesion Molecule (MCAM)  

MCAM Structure, Expression and Localization 

The MCAM molecule, also reported as MUC18, S-endo-1, gicerin, HEMCAM and CD146, 

was initially described as a membrane antigen that increased in expression with melanoma 
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progression and metastatic potential (328).  MCAM is a 113-118 kDa glycoprotein that belongs to 

the immunoglobulin (Ig) superfamily of proteins. The CD146 gene is found on the q23.3 arm of 

chromosome 11 in humans, and on chromosome 9 in mice. The molecule consists of 5 Ig domains 

(2 variable (V) and 3 constant type 2 (C2)) arranged as V-V-C2-C2-C2, a transmembrane domain 

and a cytoplasmic region (329). Murine MCAM has an amino acid sequence that is 76.2% identical 

to human MCAM (330). Alternative splicing generates 2 CD146 isoforms that differ in the length 

of their cytoplasmic domain: A long isoform discovered in human melanocytes (MCAM-l) and a 

short isoform first identified in chickens (MCAM-s) (331). A soluble form of CD146, that is about 

10 kDa smaller than cell-associated CD146, was also identified in endothelial cell culture 

supernatant (332). This soluble isoform is generated by a metalloprotease-dependent shedding 

of CD146 extracellular domain, and can be detected in human plasma and serum (333).  

In addition to being expressed in melanoma, MCAM was found present in various cancers 

such as pancreatic, breast, ovarian, and kidney cancers, osteosarcomas, angiosarcomas, Schwann 

cell tumors and leiomyosarcomas. Currently, the differential expressions and localizations of 

CD146 isoforms on these cancer cells is not known. However, MCAM overexpression was 

observed in biopsies of patients and was correlated with a poor prognosis (334). Thus, MCAM 

increased tumor growth, invasiveness, MMP activity and metastatic potential (335). In healthy 

adults, MCAM was found to be expressed on bone marrow fibroblasts, blood vessel components 

(smooth muscle cells, EC, PC), as well as on a subpopulation of activated T cells (336-338). 

Peripheral vascular EC express MCAM, notably when activated, proliferating, or reaching 

confluence. MCAM was found highly expressed at EC-intercellular junctions, but outside of TJ and 

AJ sites (339). Studies showed that MCAM-l has a preferred junctional localization, whereas 

MCAM-s has a preferred apical position, suggesting different roles for each isoform (340, 341). 

However, it was shown that MCAM is involved in the rolling, adhesion and migration of leukocytes 

across vascular EC and in VEGF-induced angiogenesis (341-343) . In fact, MCAM can interact with 

the actin cytoskeleton to increase leukocytes adhesion. Moreover, it was shown that MCAM is 

present on approximately 1% of mononuclear leukocytes in the peripheral blood (344). However, 

upon stimulation, the amount of CD146+ T lymphocytes is increased (338, 345). Furthermore, 
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MCAM can mediate both homotypic and heterotypic interactions with numerous ligands on 

leukocytes and EC, such as laminin-α4, VEGFR-2, Wnt5a, Galectin-1, Netrin-1 (346-351).  

MCAM involvement in MS  

The Prat lab has previously used proteomic techniques in order to uncover new targets in 

MS. These studies revealed the potential expression and implication of MCAM in MS (308). This 

led to an in-depth study in 2012 by Larochelle et al. where they identified the expression of MCAM 

on human BBB-EC, as well as on a subset of human effector memory CD4+ lymphocytes 

(CD161+CCR6+CD4+ lymphocytes) that were highly inflammatory (strong correlation with ROR-γ, 

IL-23R, IL-17, IL-22, GM-CSF and GrzmB)(311). Specifically, they showed that MCAM+ lymphocytes 

expressed significantly higher levels of GM-CSF and GrzmB than MCAM- lymphocytes under 

inflammatory conditions. Moreover, this population was more abundant in the peripheral blood, 

CSF and CNS of MS patients and EAE, compared to healthy individuals and controls. In fact, they 

reported an upregulation of MCAM at the BBB within inflammatory lesions. In EAE, the blockade 

or depletion of CD4+MCAM+ T cells restricted the adhesion and migration of Th17 cells across 

BBB-EC and decreased disease severity. In 2015, another study by Larochelle et al.  identified an 

upregulation of MCAM on circulating CD8+ lymphocytes during MS relapses and on infiltrating 

CD8+ lymphocytes in MS CNS lesions (352). They showed that these MCAM+ effector lymphocytes 

(CD161+CCR6+CD8+ lymphocytes) express higher levels of IL-17, IFN-γ, GM-CSF and TNF and 

significantly lower levels of IL-10, IL-4 and FoxP3 than MCAM- lymphocytes. Moreover, in vitro 

work revealed the enhanced ability of MCAM+ CD8+ lymphocytes to kill human oligodendrocytes 

compared to MCAM-CD8+ lymphocytes. As well, in vivo blockade of MCAM+CD8+ lymphocytes in 

EAE and TCR1640 reduced disease severity. A recent study in 2018 showed that MCAM blockade 

in EAE and in vitro reduced the migration of encephalogenic cells particularly across the CP 

endothelium (353). Moreover, they detected laminin-α4 on CP endothelium, suggesting that 

interactions between MCAM-laminin-α4 facilitate the migration of MCAM+ cells to the CNS. These 

studies conclude that MCAM is an adhesion molecule used by pathogenic T cells to cross CNS 

barriers, enter the brain, thereby allowing disease progression. Thus, MCAM could be a valuable 

therapeutic target for treating MS. However, whether MCAM is used by other cell types is yet to 

be determined.  
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Chapter 2 - Objectives and Hypothesis  

Currently, little is known about how Treg enter the CNS or how they function within the CNS, 

particularly in the context of MS. Over the years, the Prat lab has demonstrated the contribution 

of several CAMs, including MCAM, in the migration of pathogenic lymphocytes across the BBB. 

However, the specific CAMs involved in Treg recruitment remain to be established. 

Objective 

The main goal of this study is to determine whether MCAM is necessary for the migration of Treg 

across the BBB, and whether these MCAM+ Treg have higher suppressive capabilities than the 

non-migrating Treg. 

Hypothesis 

Treg upregulate MCAM in order to migrate over the BBB into the CNS, after which they could 

possibly contribute to reducing inflammation in MS. Therefore, Treg migration mechanisms are a 

potential target for future therapeutic treatments. 

Aim 1. Assess the expression of MCAM on Treg in steady state compared to inflammatory 

conditions 

Evaluated the expression of Treg functional markers, chemokine receptors, and cytokine 

secretion on MCAM+ versus MCAM- Treg by flow cytometry, in corroboration with qPCR, ELISA 

and cytospins.  

Aim 2. Investigate the migratory potential of MCAM+ Treg in resting and inflammatory 

conditions 

Studied MCAM+ Treg migratory potential across human BBB-EC compared to MCAM- Treg by 

using in vitro migration assays modeling BBB properties.  

Aim 3. Evaluate the expression of MCAM+ Treg in the CNS 

Immunofluorescence (IF) and confocal microscopy on brain and spinal cord sections allowed the 

detection of MCAM+ Treg in the CNS of EAE and TCR1640.  
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Chapter 3 - Materials and Methods  

Donors Classification  

Patients were diagnosed and classified into CIS, RRMS, SPMS, and PPMS by certified 

neurologists from the Centre Hospitalier de l’Université de Montréal – MS clinic, according to 

McDonald’s revised criteria (24). Upon obtaining informed consent from each donor in 

accordance with institutional guidelines (Centre de Recherche du Centre Hospitalier de 

l’Université de Montréal research ethic committee approval number BH07.001), blood and CSF 

samples were collected. Patient’s samples were further subgrouped for analysis depending on 

disease stage, sex, and age. Similarly, blood samples from consenting healthy individuals were 

obtained. Donors characteristics are described in table 2. 

Type Number Female Male Average age 
RRMS 22 18 4 49 
SPMS 3 3 0 59 
PPMS 2 2 0 49 
DMTs 30 26 4 41 

HC 31 19 12 32 
Table  2. - Description of the characteristics of patients and donors included in the immune-staining 

experiments. 

Human immune cell isolation 

Peripheral blood samples were obtained by venous puncture and processed using 1X 

Phosphate Buffer Solution (PBS) – 2mM ethylenediaminetetraacetic acid (EDTA; Sigma) by density 

gradient centrifugation on Ficoll-Paque™ (GE Healthcare). A 1800 rotation per minute (rpm) 

centrifugation for 30 minutes (min) separated different blood cell types according to their density. 

As a result, a distinct layer of peripheral blood mononuclear cells (PBMCs) can be observed and 

recollected. These PBMCs were subject to multiple washes with 1X PBS-2mM EDTA buffer, and 2 

rounds of centrifugation (1500rpm-10min, 800rpm-10min) for purification. 10μL of the isolated 

PBMCs diluted in 20mL of 1X PBS-2mM EDTA were then counted in a 1:10 dilution of 0.1X Trypan 

Blue using a cell count Hemacytometer. Cells (1x106 PBMCs) were immediately processed for flow 
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cytometry (referred to as FACS, fluorescence-activated cell sorting), while the rest were put into 

culture for direct Treg isolation or Th/iTreg polarization.  

CSF isolation  

CSF samples were collected from untreated MS patients undergoing lumbar puncture 

(n=4). Following a 1400rpm-10min centrifugation, cells were collected and immediately 

processed for flow cytometry.  

Isolation of human Treg  

After PBMC isolation of healthy donors, Treg isolation was performed using 

CD4+CD25+CD127dim/- Regulatory T cell isolation kit II for human (Miltenyi Biotec, 130-094-775) 

following the manufacturer’s protocol. Briefly, using a cocktail of biotinylated antibodies and anti-

Biotin MicroBeads, non-CD4+ and CD127high cells were depleted while the cell fraction passed 

through LD MACS isolation columns in a MACS magnetic field. The flow-through fraction of pre-

enriched CD4+ CD127 dim/– T cells is labeled with CD25 MicroBeads for subsequent positive 

selection of CD4+ CD25+ CD127dim/– Treg through MS MACS isolation columns in a MACS magnetic 

field. 

In vitro immune cell polarization (iTreg, Th1, Th2, Th17) 

Following PBMC isolation of HC and MS patients, CD4+ T cells were labelled by EasySepTM 

Human CD4+ T cell Enrichment kit (STEMCELL Technologies, 19052) and isolated using an 

EasySepTM magnet. MACS buffer (1X PBS, 2mM EDTA, 0.5% Fetal Bovine Serum (FBS)) at 4°C was 

used. A second isolation using Naïve CD4+ T cell isolation kit II (Miltenyi Biotec, 130-094-131) was 

performed to separate the naïve CD4+ CD45RA+ T cells from the memory CD4+CD45RO+ T cells 

using MACS isolation columns (negative selection) according to manufacturer’s protocol. From 

each fraction 0.5x106 cells were set aside for a FACS purity check staining. Purity was measured 

by flow cytometry and was greater than 90%. 
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Figure 7. –  Schematics of sample processing from PBMC isolation to Th polarization.  

Naïve CD4+ T cell fraction 

In a 24-well plate (Corning) pre-coated with 5µg/mL α-CD3 (eBioscience, clone OKT3), 1mL 

of iTreg stimulation mix containing, 1 μg/mL of α-CD28 (BD Biosciences), cytokines, All Trans 

Retinoic Acid (ATRA) (see table 3) and X-VIVOTM 15 medium (LonzaTM) supplemented with 2mM 

L-glutamine, 100U/mL penicillin, and 100μg/mL streptomycin (all from Sigma), was added per 

well. 1x106 cells from the naïve CD4 fraction were added into each well and were cultured for 6 

days at 37ºC for iTreg polarization. Wells with 1x106 cells and 1mL of α-CD28 (2µg/mL)-X-VIVOTM 

15 were also cultured as controls.  

iTreg - Stimulation mix in X-VIVO Concentration Company 

rhTGF-ß1 10 ng/mL R&D Systems 

ATRA (All Trans Retinoic Acid) 20nM Sigma Aldrich 

rhIL-2 200 U/mL R&D Systems 

Table  3. - Mix of antibodies used to polarize naïve CD4+T cells into iTreg.  
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Memory CD4+ T cell fraction 

In a 6 well-plate (Corning) pre-coated with 2.5µg/mL α-CD3 (eBioscience), 1mL of Th stimulation 

mix (see table 4) containing 2 μg/mL of α-CD28 (BD Biosciences) was added per well.  1x106 cells 

from this fraction were added into each well and were cultured for 5 days at 37ºC for Th1, Th2, 

Th17 polarization.  

 Concentration Company 

Th1 - Stimulation mix in X-VIVO 
rhIL-12 10 ng/mL R&D Systems 
α-IL-4 5 μg/mL Bio X Cell 
Th2 - Stimulation mix in X-VIVO 
α-IL-12 10 ng/mL R&D Systems 
rhIL-4 200 ng/mL R&D Systems 
α-IFN-γ 5 μg/mL Bio X Cell 
Th17 - Stimulation mix in X-VIVO 
α-IL-4 5 μg/mL Bio X Cell 
α-IFN-γ 5 μg/mL Bio X Cell 
rhIL-23 25 μg/mL R&D Systems 

Table  4. - Mix of antibodies used to polarize memory CD4+T cells into Th1, Th2, Th17.  

Following the in vitro culture (5 days for the Th1, Th2, Th17 condition, and 6 days for the iTreg 

condition) cells were collected and harvested. The supernatant of different conditions was saved 

for future Enzyme-linked immunosorbent assay (ELISA). Cells were counted, divided for 

immediate FACS staining, and saved for future RNA isolation (2x106 cells in Trizol reagent (Life 

Technologies)), Western blot (8x106 cells in RIPA Buffer (Thermoscientific)), and cytospin slides. 

Flow cytometry extracellular and intracellular staining 

Samples were transferred to 96-well V-bottom plates for flow cytometry staining. Cells 

were stained with surface markers against antibodies presented in table 5, for 20 min at 4°C. 

Fluorochrome-matched isotypes and unstained cells were used as controls. Cell viability was 

measured with LIVE/DEAD Fixable Aqua Dead Cell Stain kit (Life Technologies). Spinning cycles of 

2000rpm-3min and 1X PBS-washes were performed. Cells were then fixed and permeabilized for 

30 min at 4°C with eBioscienceTM Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher 

Scientific, 00-5523-00), and incubated overnight at 4°C in the dark. The next day, cells were 
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incubated for 15 min at room temperature in 5% normal mouse IgG serum to avoid nonspecific 

immunoglobulin binding, and stained for intracellular expression of Foxp3 for 20 min at 4°C. Two 

washes were performed before resuspending cells in FACS buffer (1% FBS, 0.1% NaN3 in PBS). 

Cells were acquired on a LSR II flow cytometer (BD Biosciences), and analysed using BD FACSDiva 

Software. 

For intracellular cytokine staining, cells were re-stimulated for 4 hours with 20ng/mL 

phorbol 12-myristate 13-acetate (PMA, Sigma), 1µg/mL ionomycin (Sigma) and 2µg/mL Golgi 

PlugTM inhibitor (BD Biosciences). Cells were first stained for the following surface markers: CD4-

PB, CD25-PerCP Cy5.5, MCAM-PE-vio (all from BD Biosciences). Cells were then fixed, 

permeabilized and incubated overnight as previously described. The next day, cells were 

incubated for 15 min at room temperature in 5% mix of normal mouse and rat IgG serum. 

Intracellular staining was performed by incubating cells with antibodies presented in table 6. Cells 

were treated as previously described before acquisition.  

Antibody mix Fluorochromes Company  
CD3 AF700 BD Biosciences 
CD4 PerCP Cy5.5 BD Biosciences 
CD8 APC-Cy7 BD Biosciences 
CD25 PE-Cy7 BD Biosciences 
CD127 PB BioLegend 
MCAM  APC Miltenyi Biotec 
CCR5 FITC BD Biosciences 
CTLA4 BV605 BD Biosciences 
CCR6 BV785 BioLegend 
CD45RA FITC BD Biosciences 
CD45RO APC-Cy7 BD Biosciences 

Table  5. - Antibodies used for extracellular staining and purity check. 

Antibody mix Fluorochromes Company  
TGF-ß1 FITC R&D Systems 
IL-10 APC BD Biosciences 
GrzmB AF700 BD Biosciences 
Foxp3 PE Thermo Fisher Scientific 
TNF-α BV785 BD Biosciences 
IL-17a AF488 Thermo Fisher Scientific 
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GM-CSF biotin BD Biosciences 
Streptavidin 605 BD Biosciences 
IFN-γ AF700 BD Biosciences 

Table  6. - Antibodies used for intracellular staining. 

Enzyme-linked immunosorbent assay (ELISA) 

Sandwich ELISA was performed to measure recombinant human IL-10 and TGF-ß1 

secreted by iTreg and Th17 polarized cells. To this end, supernatants were collected from the in 

vitro culture and processed according to the manufacturer's instructions: Human IL-10 DuoSet 

ELISA (R&D Systems, DY217B) and Human TGF-ß1 DuoSet ELISA (R&D Systems, DY240). In a 96-

well microplate, 100µL/well of capture antibody diluted in 1X PBS was incubated overnight at 

room temperature. The next day, plates were blocked by adding 300µL/well of Reagent Diluent 

(RD) (1% BSA in PBS) for IL-10 conditions, and 300µL/well of buffer (5% Tween 20 in PBS) for TGF-

ß1 for 1 hour to ensure the binding of non-specific sites. Prior to this step, TGF-ß1 conditions were 

activated from latent TGF-ß1 to immunoreactive TGF-ß1 by 1N HCl and neutralized by 1.2N 

NaOH/0.5 M HEPES. 100µL/well of samples and standards diluted in RD were added and 

incubated for 2 hours. Next, 100µL/well of Detection Antibody – RD (2 hours), followed by 

Streptavidin-HRP (streptavidin conjugated to horseradish-peroxidase) (20 min) were added to 

each well to bind the antigen of interest. A Substrate Solution (H2O2, Tetromethylbenzidine) and 

Stop Solution (2N H2SO4) were added to allow for detection.  Two series of washes were 

performed between each step using 400µL of Wash Buffer per well (1X PBS, 0.05%Tween 20). The 

optical density at wavelengths 450nm and 540nm was determined using a plate reader.  

quantitative Polymerase Chain Reaction (qPCR)  

Cell pellets of 1x106 iTreg and Th17 dissolved in Trizol reagent (Life Technologies) were 

preserved at -80°C. RNA was isolated from these samples using RNease Mini kit according to 

manufacturer’s protocol (Qiagen). The amount of RNA present in each sample was measured 

using a nanodrop (Implen). cDNA was then synthesised from 0.5μg RNA using QuantiTect Reverse 

Transcription Kit (Qiagen). A Veriti 96 Well Thermal Cycler (Applied Biosystems) allowed the cDNA 

transcription based on the following program: 2 min at 42°C in gDNA Wipeout Buffer (RNeasy 

Mini Kit - Qiagen) to remove genomic DNA, followed by reverse transcription for 30 min at 42°C 
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and 3 min at 95°C. Gene expression was determined using primers and TaqMan MGB polarization 

probes from Thermo Fisher Scientific, labelled with the FAM reporter for FOXP3 (Hs01085834), 

ROR-γt (Hs01076112_m1), TGF-ß1 (Hs00998133_m1), IL-10 (Hs00961622_m1), IL-12A 

(Hs01073447_m1) and EBI3 (Hs00194957). Human 18S ribosomal endogenous control (Thermo 

Fisher Scientific) labelled with the VIC reporter was used to normalize samples. CT values were 

quantified by qPCR using QuantStudioTM 7 Flex Real-Time PCR System (Life Technologies).  

Cytospins - Immunocytofluorescence  

iTreg cells obtained from in vitro culture were resuspended in 1X PBS and transferred into 

cytospin wells (375 000 cells/slide). Slides were spun for 2 min. Supernatants were aspirated and 

slides were fixed in acetone for 20 seconds at room temperature before being stored at -80°C.  

Immunocytofluorescence was performed on iTreg slides to better assess the expression of IL-10 

and TGF-ß1. iTreg cytospins were permeabilized and fixed with cold acetone for 10 min at –20°C 

and immunostained with goat-anti-IL-10 (1:13.3, R&D Systems) for 30 min at room temperature. 

Then, a donkey-anti-goat Cy3 antibody (1:400, Jackson ImmunoResearch) was added for 1 hour 

at room temperature. TGF-ß1 is still being optimized. 0.05% PBS-Tween was used for washes. 

Slides were incubated with the nuclear counterstain 4ʹ,6-diamidino-2-phenylindole (DAPI) 

(1:1000, Sigma) for 10 min before being mounted (Mowiol reagent, homemade). Slides with only 

secondary antibody and DAPI were used as negative control. Images were acquired on a Leica TCS 

SP5 confocal microscope (Leica Microsystems) 

BBB-EC isolation and culture 

CNS tissue was obtained from patients undergoing epilepsy surgery. Prior to surgery, 

informed consent from every patient and ethical approval was obtained (Centre de Recherche du 

Centre Hospitalier de l’Université de Montréal research ethic committee approval number 

HD04.046). The non-epileptic part of the CNS tissue was processed to isolate Human Brain 

endothelial cells (HBEC) as previously published (354-356). Briefly, meninges were removed, and 

specimen was washed with 1X PBS. The specimen was minced, and homogenized before being 

filtered (Nalgene filtration apparatus, VWR) over 3 different Nitex mesh (Filmar) (first a 350µm 

mesh, followed by two 112µm mesh) to obtain different fraction sizes. Filters were removed and 
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fractions were spun at 2200rpm for 15min. Filtrates were treated with collagenase type IV 

(2mg/ml, Sigma) for 15 min and inactivated with Endothelial Cell Culture Media (ECM). This ECM 

contained: Medium 199 (Invitrogen) enriched with 20% murine melanoma cell conditioned 

medium (clone M3, ATCC), 10% FBS (Gibco), 5% human serum (Gibco), 0.2% endothelial cell 

growth supplement (BD Biosciences) and 0.13% insulin selenium-transferrin premix (Sigma). 

HBECs were grown to confluence in 0.5% gelatin (Sigma) coated T25 flasks (Corning) in ECM for 3 

weeks before being transferred into T75 flasks. After 1 week, HBECs were confluent and passaged 

into new T75 flasks.  

BBB transmigration assay 

Transmigration assays were performed using modified Boyden chambers to model the 

BBB in vitro, as previously published (140, 308, 356). Briefly, 3×104 HBECs were grown to 

confluence on gelatin coated 3 μm pore size Boyden chambers (Corning) in ECM supplemented 

with 40% Astrocyte Conditioned Media (ACM) for 3 days. After 48h, HBECs were stimulated with 

200 U/ml TNF and 100 U/ml IFN-γ (Invitrogen) (inflamed) or ECM-ACM alone (rested). On day 3, 

iTreg cells cultured in vitro were harvested and separated into MCAM+ iTreg and MCAM- iTreg 

using anti-CD146-APC and anti-APC magnetic beads (Miltenyi Biotec, 130-090-855) on MACS 

isolation columns (positive selection) according to manufacturer’s protocol (mean purity over 

95% was verified by FACS). One million cells of each population were added to the upper chamber 

and allowed to migrate for 18 hours. Cells in the upper chambers and those that migrated to the 

lower chambers were collected, counted, and stained for FACS. Each condition was performed in 

triplicates for every donor.   

Active EAE disease induction and scoring  

Dr. Stephanie Zandee and Marc Charabati induced active EAE in 6 to 10-week old female 

wildtype C57BL/6 mice procured from Charles River Laboratories (Montreal, QC, Canada). All 

animal protocols were conducted in accordance with the Canadian Council on Animal Care and 

institutional guidelines (Centre de Recherche du Centre Hospitalier de l’Université de Montréal 

animal care committee approval N11023APs). Briefly, mice were immunized subcutaneously with 

200µg of MOG35–55 peptide (MEVGWYRSPFSRVVHLYRNGK; Alpha Diagnostic International) in 
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100µl emulsion of complete Freund’s adjuvant (CFA) with 4 mg/mL Mycobacterium tuberculosis 

(Fisher Scientific). On day 2, an intraperitoneal injection of Pertussis toxin (500 ng PTX, Sigma) 

was administered. A score reflecting disease severity was daily attributed on a scale of 0 to 5: 0 = 

no clinical symptoms; 1 = limp tail; 2 = slow righting-reflex; 2.5 = ataxia; 3 = hind limb 

monoparalysis; 3.5 = hind limb monoparalysis and severe weakness in the other hind limb; 4 = 

hind limbs paraparalysis; 4.5, hind limb paraparalysis and forelimb weakness; 5 = moribund. Based 

on disease course, mice were sacrificed on specific days after post-immunization (p-i): on day 9 

p-i, onset mice were sacrificed (score 2); on day 14 p-i, peak mice were sacrificed (score 4), on 

day 15 p-i, remission mice were sacrificed (score 3); on day 31 p-i, chronic mice were sacrificed 

(score 2.25). CNS tissue was harvested for histology and immunofluorescence staining.  

In addition, spleen and spinal cord sections from TCR1640 transgenic mice from our lab’s 

mouse biobank were used. This mouse model expresses a T-cell receptor (TCR)-specific for 

MOG92–106, which were kindly provided by the group of Dr Wekerle. 

Cryo-sectioning 

Brain and spinal cord EAE tissues were embedded in optimal cutting temperature 

compound (OCT) (Tissue-Tek) and frozen on dry ice before transferal to -80°C. Using a Leica 

CM3050S cryostat (Leica Microsystems), tissue blocks were cut into 10 µm sections, mounted on 

Superfrost slides (Thermo Fisher Scientific), and left drying overnight at room temperature. The 

next day, slides were prefixed for 20 seconds with acetone before being wrapped in aluminium 

foil and stored at -80°C. 

Histology of frozen EAE sections 

In order to identify EAE lesions and areas of demyelination, Luxol Fast Blue and 

Haematoxylin and Eosin (LHE) stainings were performed on EAE brain and spinal cord sections. 

Sections were fixed with 10% formaldehyde (Fisher Scientific) for 3 hours at room temperature, 

and washed in 1X PBS for 3 min. Then, sections were incubated in Luxol Fast Blue solution (1% 

Solvan Blue 38 (Sigma), 95% ethanol and 0.05% glacial acetic acid (Fisher Scientific)) for 2 hours 

at 60°C. After cooling down for 15 min, excess stain was removed by 95% ethanol for 1 minute. 

Sections were washed under running tap water and then differentiated with 1 dip in Luxol 
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differentiator (0.4% hydroquinone (Sigma), 5% sodium sulphite (Sigma)). Sections were placed in 

Harris Haematoxylin (Sigma) for 5 min for nuclear staining, and then differentiated with 1 dip in 

Haematoxylin differentiator (1% hydrochloric acid in a 70% ethanol solution). The sections were 

dipped in 0.05% NaOH and dehydrated in 95% ethanol for 1 min before using Eosin Y for 30 

seconds to stain the cytoplasm. Lastly, slides were immersed in successive baths of 95% and 100% 

ethanol and were cleared in toluene (Chaptec) for 5 min before being mounted in Entallan 

medium (Millipore). Thus, nuclei were stained in purple, cytoplasm in pink, and myelin in blue, 

allowing identification of lesions. Images were acquired on a Leica DM4000B microscope (Leica 

Microsystems) and processed on the Leica Application suite V3 program (Leica Microsystems). 

Immunofluorescence (IF) staining of CNS mouse  

Frozen mouse CNS sections from active EAE and TCR1640 were processed similarly. Slides 

were fixed in cold acetone for 10 min at -20°C, then transferred to 70% ethanol for 5 min at -20°C, 

before being hydrated in 1X PBS for 3 min at room temperature. A PAP-pen (Dako) was used to 

draw a hydrophobic barrier around each section. First, sections were blocked with 

streptavidin/biotin endogenous blocking kit (Invitrogen, E21390), and then blocked for 

nonspecific immunoglobulin binding with 10% serum of the secondary antibody host species for 

30 min at room temperature. Primary antibodies (table 7) diluted in 3% serum of the secondary 

antibody host species were incubated overnight at 4°C. The next day, sections were washed 3 

times for 5 min with 0.05% PBS Tween and incubated with secondary antibodies (table 7) for 40 

min at room temperature in a humidity chamber. 

For the 4-color Treg staining in EAE, primary antibodies with their respective secondary 

antibodies were incubated sequentially as presented in table 8. The use of a Tyramide 

SuperboostTM kit (Invitrogen, B40922) allowed the detection of weakly visible targets (MCAM) by 

providing signal amplification using the catalytic activity of horseradish peroxidase (HRP) enzymes 

conjugated with short polymers (poly)(providing an additional signal enhancement). The kit 

enables the combination of AlexaFluor (AF) dyes with poly-HRP-mediated tyramide labeling, in 

which the reaction generates a greater signal.  On the first day of staining, MCAM rabbit anti 

mouse (1:200) antibody was incubated overnight. The next day, endogenous peroxidase was 
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blocked for 15 min using a 0.3% HRP solution from the Tyramide Superboost kit before adding a 

goat anti rabbit poly-HRP-conjugated secondary antibody for 1 hour (from the Tyramide 

Superboost kit). After washing 4 times for 5 min with 0.05% PBS Tween, 100uL per slide of 

tyramide working solution (containing tyramide-AF488) was added for 5 min and blocked using 

reaction stop reagent working solution to halt the HRP reaction, as per the kit’s instructions. Since 

PB emits its fluorescence out of the range of the visible scope (maximum detection at 455 nm),  

CD4-Pacific Blue (PB) rat anti-mouse (1:70) primary antibody was used followed by the secondary 

antibody donkey anti rat AF647 in order to better detect the staining in a visible channel (594 nm 

- 633 nm). Sections were then blocked with 10% rat serum for 1 hour before being incubated with 

Foxp3-biotin rat anti mouse (1:20) followed by a 1-hour incubation with streptavidin (SA)-Cy3. 

The use of biotin-SA provides an additional amplification of the Foxp3 signal detection (table 7 – 

8). 

For the 5-color proof of concept staining in EAE, an additional 15 min blocking step with 

10% goat serum followed by an incubation with anti-Laminin for 1 hour and its secondary 

antibody were done on the third day.  

Before being mounted, slides were washed with 0.05% PBS Tween and 1% Triton-X, and 

were incubated with the appropriate nuclear counterstain TOPRO-3 (1:300, Invitrogen) or DAPI 

(1:1000, Sigma) diluted in 1X PBS for 10 min, then mounted with Mowiol mounting reagent. For 

negative control sections, primary antibodies were omitted, and for single stain sections, nuclear 

counterstains were omitted. Images were acquired on a Leica TCS SP5 confocal microscope (Leica 

Microsystems) with a 40X/1.4 oil immersion objective or a Leica TCS SP5 MP confocal microscope 

with a 63X/1.4 oil immersion objective. Images were analyzed by Leica Application Suite 

Advanced Fluorescence (Leica Microsystems) and ImageJ software.  

Primary 
Antibodies 

Dilution  Host Company 

CD4-FITC 1:20 rat BD Biosciences 
CD4-PB 1:70 rat BD Biosciences 
Foxp3-biotin  1:20 rat e-bioscience  
CD6 1:10 goat R&D Systems 
MCAM 1:200 rabbit Abcam  
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CD25 1:50 goat Invitrogen 
Laminin 1:500 rat Dako  
GFAP-Cy3 1:750 mouse Sigma 
MHC II 1:30 rat BD Biosciences 

 
Secondary Antibodies Dilution  Company 

Strepavidin-Cy3 1:1500 Jackson ImmunoResearch 
donkey anti goat AF488 1:350 Jackson ImmunoResearch 
donkey anti goat 1:500 Invitrogen  
goat anti rabbit AF594 1:200 Invitrogen 
donkey anti rat AF647 1:200 Jackson ImmunoResearch 

Table  7. - List of primary and secondary antibodies used for IF. 

Time Overnight 15 min  1 hour 5 min 1 hour 45 min  1 hour 1 hour 1 hour 

Antibodies MCAM  Block 

HRP 

Goat 

poly-HRP  

Tyramide 

AF488 

CD4-

PB 

Donkey 

anti rat 

AF647 

Block 

10% rat 

serum 

Foxp3-

biotin  

SA-Cy3 

Table  8. - Optimized IF staining protocol of 4 markers (MCAM, CD4, Foxp3, DAPI) on EAE spinal cord 
sections.  

Representation of the sequential order of antibody incubation with time.  

Statistical Analysis  

Statistical analysis was performed with GraphPad Prism software. Paired or unpaired 

Students’t-test, as well as one-way analysis of variance (ANOVA) statistics with post-test Turkey 

were performed when appropriate. Results are presented as the mean ± standard error of the 

mean (SEM). Only p values < 0.05 were considered statistically significant. 
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Chapter 4 - Results 

Expression of CD4+CD25highCD127lowFoxp3+ Treg cells and increased 

frequency of MCAM+ Treg in RRMS 

 Our first objective was to detect the presence of Treg and assess the expression of MCAM 

on Treg in healthy controls (HC) compared to MS patients. First, PBMCs were isolated from HC 

and MS patients at different disease stages by gradient density centrifugation using FicollTM , and 

then were immuno-stained for flow cytometry processing. Treg cells were identified by FACS 

using the gating strategy described in Figure 8. As such, in this thesis, 

CD4+CD25highCD127lowFoxp3+ T cells detected by FACS from freshly isolated PBMCs and CSF cells 

will be referred to as Treg or ex-vivo Treg, in contrast with the naïve CD4+ induced cells, referred 

to as iTreg.  

A preliminary study in our lab revealed similar levels of Foxp3+ T cells  (about 5% CD25high 

CD127low Foxp3+ cells of CD4 T cells) between HC, untreated MS patients (RRMS, PPMS, SPMS) 

and treated MS patients (DMT) in the peripheral blood (Figure 9A). Thus, Treg levels are 

maintained during different diseases phases of MS. We then looked whether those cells 

expressed MCAM by using an MCAM isotype control to position the positive and negative MCAM 

selection gate on the Treg population (Figure 8). We detected significantly higher levels of MCAM+ 

Treg in untreated RRMS patients (mean MCAM+ Treg from CD4 = 0.5%; mean MCAM+ cells from 

Treg = 9.4%) compared to HC (mean MCAM+ Treg from CD4 = 0.3% ; mean MCAM+ cells from 

Treg= 7.0%) (Figure 9B-C). There were no significant MCAM+ Treg expression in PPMS, SPMS or 

DMT groups compared to the RRMS group. Consequently, we decided to focus our study of 

MCAM expression on Treg in HC compared to untreated RRMS patients.  
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Figure 8. –  Gating strategy for identifying the CD3+ CD4+ CD25high CD127low Foxp3+ T cell population 
representing the population of interest, Treg, and further determining MCAM+ Treg and MCAM- Treg 
by flow cytometry analysis (FACS).  

First, lymphocytes are selected according to their characteristics of FSC and SSC. Then, single cells 
(singlets), and living cells are conserved using a scatter gate procedure. From these, we selected the CD3+ 

lymphocytes cells and identified the CD4 population. From the CD4 population, we gated on the CD25high 
and CD127low cells. From the CD3+ CD4+ CD25high CD127low T cells, those that are Foxp3+ were retained and 
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considered as Treg cells in this project. In order to determine the MCAM+ versus MCAM- Treg populations, 
an MCAM isotype control was used to position the positive and negative selection gate.  
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Figure 9. –  Expression of CD25high Foxp3+ CD4 T cells and MCAM+ Treg from peripheral blood (PBMCs) of 
healthy individuals (n=31) and MS patients at different disease phases (n=2-30 per group).  

(A) Percentage of CD4 cells positive for CD25 and Foxp3 population from PBMCs of HC and MS patients. 
(B) Percentage of Treg positive for MCAM from PBMCs of HC versus different phases of MS. Combined 
data in collaboration with Dr. Stephanie Zandee. HC = healthy control, RRMS = untreated relapsing-
remitting MS, PPMS= primary progressive MS, SPMS = secondary progressive MS, DMT = RRMS patients 
receiving disease modifying therapy. All plots are presented as mean ± standard error of the mean. * p < 
0.05. 

 

Since studying Treg expression in PBMCs is not completely representative of what is 

happening in the CNS, CSF samples were used as an indication of the circulating CNS environment. 

When available, CSF samples from untreated RRMS patients were collected, processed, and 

analyzed by FACS according to the same gating strategy described in Figure 8. PBMC and CSF 

samples from the same untreated RRMS patients were matched and compared. Treg functional 

markers, CTLA-4, CCR6, and CCR5, were reported in the literature and were chosen to assess Treg 

functionality in PBMC versus CSF samples of untreated RRMS patients (Figure 10A). We observed 

a general increase of CTLA-4, CCR6 and CCR5 levels in CSF-Treg versus PBMC-Treg, suggesting that 

functional Treg might be present in the CNS of MS patients and could potentially exert their 

suppressive function in the CNS. To determine whether these Treg prefer the use of MCAM for 

their migration across CNS barriers, we investigated the expression of MCAM+ versus MCAM- Treg 

in PBMCs compared to CSF (Figure 10B). We observed a trend for a higher frequency of MCAM+ 

Treg in the CSF compared to the peripheral blood of untreated RRMS patients, suggesting that 

MCAM might be important for Treg homing to the CNS. However, data from some patient 

samples revealed a decrease in the expression of MCAM on Treg which could be explained by 

interpatient variability and the early stage of disease at which the CSF samples were processed. 

Moreover, increased expression of CTLA-4, CCR6 and CCR5 was also detected in MCAM+ Treg 

versus MCAM- Treg which was significant in Treg from PBMC, and showed a trend but did not 

reach significance in Treg from CSF (Figure 10B). 
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Figure 10. –  Expression of Treg functional markers CTLA-4, CCR6, and CCR5 in peripheral blood (PBMCs) versus 
cerebrospinal fluid (CSF) of untreated RRMS patients. 

  (A) Percentage of Treg expressing CTLA-4, CCR6, CCR5 in PBMC compared to CSF (n=3). (B) Percentage of 
MCAM+ versus MCAM- Treg expressing CTLA-4, CCR6, CCR5 in PBMCs versus CSF (n=3-7). All plots are 
presented as mean standard error of the mean.  “*” p <0.05. 
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Modified expression of Treg functional markers in iTreg population  

One of the main challenges in working with Treg is the low number of cells retrieved from 

the peripheral blood (357). In order to investigate Treg migratory potential via functional assays 

(e.g. migration assay, flow adhesion assay), additional number of cells were needed (> 

1x106/condition). In fact, when we tried sorting Treg from the peripheral blood using magnetic 

beads from the CD4+CD25+CD127dim/- Regulatory T cell isolation kit (Miltenyi Biotec, 130-094-775), 

we obtained 0.215 x 106 isolated Treg cells from a total of  215x106 PBMCs isolated from 12 tubes 

of blood of HC. The low cell count was not enough to proceed with functional assays. Thus, it was 

first necessary to optimize the culture of Treg in vitro to obtain higher numbers of CD4+ CD25high 

CD127low Foxp3+ T cells. From freshly isolated PBMCs, naïve CD4+ CD45RA+ T cells and memory 

CD4+CD45RO+ T cells were sorted using magnetic beads. By putting in culture the naïve CD4+ 

CD45RA+ T cells in a plate coated with α-CD3, in the presence of α-CD28, TGF-ß1, IL-2, ATRA, and 

X-VIVO medium for 6 days, we generated an iTreg cell population. We obtained around a 60% 

purity of Foxp3+CD4+ iTreg cells (Figure 11A), in line with the iTreg published literature (358).  In 

the same way, we cultured the memory CD4+CD45RO+ T cells and used different cytokines and 

antibody mixes to induce the polarization of Th1, Th2, and Th17 cells as per previous published 

protocols in the Prat lab. These were used as controls to compare the phenotypes of different cell 

populations.  With qPCR we detected mRNA expression of transcription factors (Foxp3 and ROR-

γt) and cytokines (IL-10, TGF-ß, and IL-35 compromised of EBi3 and IL-12α) in HC iTreg and Th17 

cells. The mRNA expression of Foxp3, IL-10, TGF-ß, and EBi3 by iTreg cells confirmed their Treg-

like phenotype in contrast to Th17 cells that had higher expression of ROR-γt and IL-12α (Figure 

11B). In addition, we detected IL-10 expression on iTreg cells by immunocytofluorescence analysis 

(Figure 11C), further characterizing iTreg phenotype. 
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Figure 11. –  Confirmation of iTreg purity and phenotype.  

(A) Treg were isolated and cultured in vitro for 1 week to generate iTreg population (in vitro induced Treg). 
After culture, around 60% of iTreg were Foxp3+ cells. (B) Relative mRNA expression of Foxp3 and ROR-gt 
in iTreg versus Th17 (n=1) by qPCR. (C) iTreg expression of IL-10 optimized by immunocytofluorescence 
(n=1). 

 

In order to determine whether iTreg cells are capable of producing and releasing IL-10 and 

TGF-ß1, we measured the concentration of these cytokines in the supernatant of HC and RRMS-

iTreg collected after 6 days of culture by ELISA. We were able to detect IL-10 in the iTreg 

supernatant of HC with an increased concentration in the iTreg supernatant of RRMS (IL-10 

DuoSet ELISA, R&D Systems, DY217B) (Figure 12). Unlike other cytokines that are produced in an 

active form, TGF-ß is a precursor protein that is synthesized in a latent form and must be 

converted to its active form to bind to its receptor. We performed TGF-β1 ELISA on samples with 

latent TGF-β1 activation (ac) and without latent TGF-β1 activation (not ac). To activate latent TGF-

β1 to immunoreactive TGF-β1 we used acid activation and neutralization solutions as described 

by the TGF-β1 DuoSet ELISA kit (R&D Systems, DY240). Since we add TGF-ß1 in the culture mix to 

induce iTreg polarization, we measured control samples that only contained iTreg stimulation mix 

(α-CD3, α-CD28, TGF-ß1, IL-2, ATRA, and X-VIVO) with the TGF-β1 ELISA kit and subtracted the 

mean concentration of TGF-ß1 detected in ac and not ac control samples to the mean TGF-ß1 

concentration detected in iTreg supernatant samples. We detected higher concentrations of not 

ac TGF-ß1 than ac TGF-ß1 samples in iTreg HC and RRMS supernatants. Moreover, higher levels 

of TGF-ß1 were measured in RRMS samples than HC samples. Altogether, the data suggest that 

iTreg cells from HC and RRMS can produce and secrete anti-inflammatory cytokines.  

  

 



83 

 

 

Figure 12. –   Concentration of IL-10 and TGF-ß1 measured by ELISA in iTreg supernatant of HC (n=4) and RRMS 
(n=1).  

TGF-ß1 ac = activated form, TGF-ß1 not ac = not activated form. All plots are presented as mean ± standard 
error of the mean. * p < 0.05. 
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Treg have higher expression of CTLA-4, CCR6, and CCR5 

In order to investigate iTreg functionality, FACS immuno-staining for CTLA-4, CCR6, and 

CCR5 was performed to further assess differences in Treg phenotypic expression between HC and 

RRMS iTreg, as well as between ex-vivo Treg and iTreg (Figure 13). Unpaired t test was used to 

evaluate statistical differences between HC and RRMS groups. We observed similar expression of 

CTLA-4, CCR6, and CCR5 in PBMC derived ex-vivo Treg between HC and RRMS groups, hinting to 

the maintained functionality of Treg in RRMS (Figure 13A). In the iTreg population, there were no 

significant changes in CTLA-4 and CCR5 expression between HC iTreg and RRMS iTreg. However, 

CCR6 seems to be significantly more expressed by HC iTreg than by RRMS iTreg (Figure 13B), 

suggesting that some differences in iTreg derived from CD4+ CD45RA+ T cells from RRMS patients 

and HC exist. To compare the expression of functional makers on ex-vivo Treg (Figure 13A) versus 

iTreg (Figure 13B), ANOVA statistics with post-test Turkey were performed (not represented on 

graphs), with a significance level measured at 95% confidence intervals. A significant increase in 

the levels of CTLA-4 and CCR6 of HC iTreg was detected compared to HC ex-vivo Treg.  There were 

no significant changes in CCR5 levels between HC ex-vivo Treg and iTreg. Furthermore, RRMS ex-

vivo Treg and RRMS iTreg revealed similar expression of functional markers. Taken together these 

results demonstrate that iTreg is a reliable alternative to expand and study the Treg population 

in vitro. 
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Figure 13. –  Expression of Treg functional markers CTLA-4, CCR6, and CCR5 in ex-vivo Treg and iTreg in HC 
(n=21) and untreated RRMS (n=4) by FACS.  

(A) Similar expression of CTLA-4, CCR6, and CCR5 in PBMC derived ex-vivo Treg between HC and RRMS. (B) 
Modified expression of CTLA-4, CCR6, and CCR5 in CD4+ CD45RA+ T cells derived iTreg between HC and 
RRMS. All plots are presented as mean ± standard error of the mean. * p < 0.05. 
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MCAM+ Treg have increased expression of CTLA-4, CCR6, and CCR5 

We further characterized the expression of MCAM on ex-vivo Treg versus iTreg from HC 

and RRMS. We found that MCAM levels were significantly increased in iTreg cells compared to 

ex-vivo Treg in both HC and RRMS groups, suggesting that the activation of cells in culture 

conditions for a week without a specific antigen could enhance the expression of cellular adhesion 

molecules on the surface of cells (Figure 14A).   

Our goal is to determine whether these MCAM+ Treg, which may have a preferred 

migratory potential, express higher functional markers than MCAM- Treg. We determined that 

MCAM+ HC ex-vivo Treg express significantly higher levels of CTLA-4, CCR6 and CCR5 than their 

MCAM- counterparts (Figure 14B). Likewise, MCAM+ RRMS ex-vivo Treg express significantly 

higher levels of CTLA-4 and CCR5 than their MCAM- counterparts, as well as an increased trend of 

higher CCR6 levels than MCAM- RRMS ex-vivo Treg (Figure 14B). In addition, similar trends are 

observed in the iTreg population, where MCAM+ HC and RRMS iTreg significantly upregulate 

CTLA-4 and CCR5, with a slight increase in CCR6 expression compared to their respective MCAM- 

counterparts (Figure 14C). These results imply that MCAM+ Treg, which may be better equipped 

to migrate, may also be better at exerting their suppressive functions. 

It is worth noting that MCAM- Treg, although in lower levels than MCAM+ Treg, still 

expressed Treg functional markers. We further investigated the possibility of these Treg being 

involved in MS by looking at the expression of other CAMs (CD6, ALCAM, CD49d) on Treg from 

PBMCs (Annex 1).  In addition to MCAM, we found that RRMS Treg can express significantly higher 

levels of CD6, ALCAM, and CD49d, suggesting that Treg in RRMS are functional and upregulate 

CAMs for their potential to migrate.  
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Figure 14. –  Expression of Treg functional markers CTLA-4, CCR6, and CCR5 in MCAM+ and MCAM- ex-vivo Treg 
and iTreg in HC (n=21) and untreated RRMS (n=4) by FACS. 
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(A) Increased MCAM expression in iTreg versus ex-vivo Treg. (B) MCAM+ HC and RRMS ex-vivo Treg express 
higher levels of CTLA-4, CCR6 and CCR5 than their MCAM- counterparts. (C) MCAM+ HC and RRMS iTreg 
express higher levels of CTLA-4, CCR6 and CCR5 than their MCAM- counterparts.  All plots are presented 
as mean ± standard error of the mean. * p < 0.05.  

MCAM+ versus MCAM- iTreg cytokine secretion  

Our next goal was to determine whether MCAM+ Treg could be further characterized as 

anti-inflammatory or pro-inflammatory in MS.  We first evaluated the expression of anti-

inflammatory cytokines (IL-10, TGF-ß), pro-inflammatory cytokines (IFN-γ, TNF α, GM-CSF, IL-

17a), and cytotoxic mediator (GrzmB) on MCAM+ and MCAM- iTreg by FACS. After 1 week of 

culture, iTreg cells were harvested and re-stimulated for 4 hours with PMA, ionomycin, and Golgi 

Plug inhibitor to detect the maximum potential of iTreg cytokine secretion, prior to immuno-

staining. The percentage of MCAM+ iTreg cells expressing IL-10 (20% HC; 10% RRMS) and GrzmB 

(34% HC; 50% RRMS) is significantly higher than in MCAM- iTreg in both HC and RRMS groups 

(Figure 15). These results suggest that MCAM+ Treg have a more favorable anti-inflammatory 

phenotype than MCAM- Treg. Since we detect very few expressions of TGF-ß1 by FACS compared 

to qPCR and ELISA we think that TGF-ß1 FACS antibody is not properly working and need further 

optimization. Thus, results with iTreg expression of TGF-ß1 could not be interpreted. We also 

detected high levels of pro-inflammatory cytokine TNF α in MCAM+ iTreg (69% HC; 76% RRMS) 

and MCAM- iTreg (65% HC; 76% RRMS) in both HC and RRMS, as well as low levels of pro-

inflammatory cytokines IFN-γ and GM-CSF, and almost no IL-17a. Moreover, there were no 

significant differences in cytokine secretion between HC iTreg and RRMS iTreg, further supporting 

Treg unchanged functional abilities in MS.  

We further investigated whether IL-10+ MCAM+ iTreg cells were positive for other cytokines by 

FACS gating on this population (Figure 16). ANOVA statistics with post-test Turkey were 

performed (not represented on graphs) with a significance level measured at 95% confidence 

intervals. HC MCAM+ iTreg producing IL-10 expressed significantly increased levels of GrzmB and 

TNF α compared the other cytokines, while RRMS MCAM+ iTreg producing IL-10 only expressed 

significantly increased levels of GrzmB and TNF α compared to IL-17. Overall, this shows that 

MCAM+ iTreg producing anti-inflammatory IL-10 is also capable of producing GrzmB and TNF α.  
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Figure 15. –  MCAM+ and MCAM- iTreg cytokine expression from HC (n=11) and RRMS (n=4). 

 First column FACS dot plot example of cytokine gating strategy on MCAM+ and MCAM- iTreg of 1 HC. 
MCAM+ iTreg seem to have a more anti-inflammatory phenotype than their MCAM- counterparts. All plots 
are presented as mean ± standard error of the mean. * p < 0.05. 
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Figure 16. –  Cytokine (IFN-γ, TNF α, GM-CSF, GrzmB, IL-17a) expression of IL-10+ MCAM+ iTreg from HC and 
RRMS by FACS. 

 All plots are presented as mean ± standard error of the mean.  
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iTreg migratory potential in vitro  

Previous studies by the Prat lab have shown that human BBB-ECs express MCAM, 

particularly under inflammatory conditions. Given that MCAM interacts with itself and with other 

heterophilic ligands expressed at the BBB and that MCAM is expressed on Treg, we investigated 

whether MCAM may be involved in the transmigration of Treg across the BBB. To that end, an in 

vitro human BBB model was used to perform iTreg transmigration studies. Modified Boyden 

chambers consisting of inserts (upper chamber) with 3μm pores were placed in 24-well plates 

(lower chamber) (Figure 17A). In the upper chamber, HBECs were grown in primary culture on a 

gelatin layer until forming a confluent monolayer of ECs. HBECs were either stimulated with TNF 

α + IFN-γ (inflamed EC) to mimic the inflamed BBB, or only had added ECM-ACM (resting EC) to 

mimic resting conditions. iTreg cells were added to the upper chamber and left to migrate for 18 

hours across the monolayer of HBECs, after which iTreg cells in the lower chamber were collected 

and counted. We detected a significantly increased iTreg transmigration in inflammatory 

conditions (mean number of cells counted= 20 390) compared to resting conditions (mean 

number of cells counted= 5 897) (Figure 17B).  

Our next goal was to study the migratory potential of MCAM+ iTreg compared to MCAM- 

iTreg across the BBB. To this extent, we sorted iTreg cells into subsets of MCAM+ iTreg and MCAM- 

iTreg by using anti-CD146-APC followed by anti-APC magnetic beads (positive selection of MCAM) 

on magnetic columns. One million cells of each population were then added to the upper 

chambers and allowed to migrate for 18 hours. When cells were counted, it seemed that MCAM- 

iTreg transmigrated in higher numbers than MCAM+ iTreg in both resting and inflamed conditions 

(Figure 17C). We suspect that the beads selection of MCAM interfered with the potential of 

MCAM+ iTreg cells to migrate across HBECs laid on a porous membrane. We therefore need to 

repeat this study with a different design approach in order to validate MCAM+ iTreg migratory 

potential.   
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Figure 17. –  Migration of iTreg across resting and inflamed BBB-ECs in a 2D in vitro 2D model of the human 
BBB.  

(A) Schematic representation of modified Boyden chamber assay. A total of 0.5 x106 iTreg cells were added 
to the upper chamber and allowed to migrate for 18 hours across cultured BBB-EC. Cells recovered from 
the lower chamber were counted. Migration is expressed as number of cells in the lower chamber. (B) 
Graph representing the number of iTreg migrated under resting and inflammatory conditions (TNF α + IFN-
γ) (n=2). (C) Graph representing the number of MCAM+ versus MCAM- migrated iTreg under resting and 
inflammatory conditions (n=1-3). All plots are presented as mean ± standard error of the mean. * p < 0.05. 
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MCAM+ Treg expression in the CNS 

We aim to confirm the migration of MCAM+ Treg across CNS barriers by detecting their 

presence in CNS tissue. We used immunofluorescence and confocal microscopy to determine the 

expression of MCAM and Treg and their localization in the CNS. We first set out to optimize and 

validate antibodies and staining protocols for Treg markers. Since the spleen is a secondary 

lymphoid organ that stores immune cells, tissue sections of C57BL/6 mouse spleen were used as 

a positive control to evaluate the expression of CD4 and Foxp3 on T cells (Figure 18A). In addition, 

we optimized laminin staining as a blood vessel marker for future assessment of MCAM co-

localization with vessels and visualization of CNS meninges, in order to detect MCAM+ Treg 

distinctive entry points within the CNS. We were able to successfully detect CD4+Foxp3+  T cells in 

the spleen by verifying the nuclear localization of Foxp3 transcription factor (Figure 18B). Thus, 

we confirmed that the 4 fluorochromes used (CD4, Foxp3, Laminin, nuclei) work well together in 

the mouse spleen.  

 Since a more precise characterization of Treg would be CD4+CD25highCD127lowFoxp3+ T cells, 

we wanted to verify that these CD4+Foxp3+ T cells were indeed Treg cells by their positive 

expression of the CD25 marker using IF. We used brain sections from the TCR1640 mouse model, 

known for the presence of Treg in the CNS, to evaluate the expression of Treg markers CD4, Foxp3 

and CD25. We found that almost all CD4+Foxp3+ cells were also positively stained for CD25 (Figure 

19). Due to limitations in the use of multiple markers by IF, we therefore define Treg with IF as 

the overlay of CD4 and Foxp3 markers. 
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Figure 18. –  Immunofluorescence staining of CD4+ Foxp3+ T cell in mouse spleen.  

(A) Expression of CD4 (green), Foxp3 (red), Laminin (cyan), and nuclei (blue) in spleen sections from 
wildtype C57BL/6 mice. Scale bar = 50µm. (B) Zoom in spleen section demonstrating double staining of 
CD4 (green) and Foxp3 (red). White arrow = CD4+ Foxp3+ T cells defining Treg. Scale bar = 50µm. 
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Figure 19. –  Immunofluorescence images of Treg in brain section of MS mouse model, T cell receptor 
transgenic mice (TCR1640).  

Treg defined by immunofluorescence as CD4+ Foxp3+ CD25+ cell, 25 µm. 
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MCAM+ Treg expression at different EAE phases 

To confirm that MCAM+ Treg play a role in CNS inflammatory lesions, we evaluated the 

expression of MCAM and Treg in MOG35-55 induced active EAE mice at different time points. EAE 

mice were harvested based on their disease score, at different time points, each representing a 

distinct disease phase as revealed by the EAE curve (Figure 20A). Days 0 to 7 post-immunization 

(p-i), mice did not show any symptoms related to disease, which represented the pre-

symptomatic phase. Symptoms began to appear on day 9 p-i, representing the onset phase, 

reaching the highest score 4 on day 14 p-i, representing peak of disease. On days 15-16 p-i, a 

partial clinical recovery phase, herein referred to as a remission phase is observed with a score 

drop to 2.25, which stabilizes with time, representing the chronic phase (days 17 to 31 p-i).  For 

each time point, CNS tissue was harvested for histology and immunofluorescence staining. LHE 

staining was performed on spinal cord sections in order to identify demyelinating and 

inflammatory lesions (Figure 20B, black arrows). Immune infiltrates were primarily localized on 

the ventral side of the spinal cord rather than the dorsal side, with most immune infiltrates at 

onset and peak phases. Moreover, it seems that the distribution of infiltrates was centred in the 

meninges. The LHE staining revealed the presence and localization of immune infiltrates in the 

CNS which can now be studied in more detail using immunofluorescence and confocal 

microscopy.  

Next, we investigated the presence of Treg and MCAM in situ within immune infiltrates of EAE 

spinal cord sections at different disease time points (onset, peak, remission, chronic) (Figure 21). 

Looking at the overlap of CD4 and Foxp3 markers, we detected the presence of Treg cells at 

different disease phases. We observed a fewer proportion of Treg at early time points (onset and 

peak), while an enrichment of Treg within the CNS was more persistent at later disease timepoints 

(remission and chronic). In addition, we found strong MCAM expression particularly on blood 

vessels at all disease time points, while some expression was also detected on single cells. 

Furthermore, we detected the presence of MCAM+ Treg within EAE perivascular infiltrates at all 

disease time points with a growing proportion over time. Thus, we have confirmed the presence 

of Treg in the CNS of MS mouse models as well as the accumulation of MCAM+ Treg in the 

inflamed CNS specifically at remission and chronic disease phases.  
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Figure 20. –  Active EAE disease course and CNS immune infiltrates.  

(A) EAE curve representing disease development (days post-immunization, p-i) of MOG35–55 induced 
active EAE in C57BL/6 mice, measured according to 5-point scale reflecting disease severity. Data 
representative of n=15 animals (n=3 per group, per time point). Blue arrows indicate day of harvest of 
chosen mice at different disease time points (onset, peak, remission – defined as the partial recovery 
phase, chronic). (B) Frozen EAE spinal cord sections stained with Luxol Fast Blue and Haematoxylin and 
Eosin (LHE) at specific disease phases: onset (EAE score= 2), peak (EAE score=4), remission (EAE score=3), 
and chronic ( EAE score =2.5). Images in the first column display x4 magnification, scale bar= 200µm. 
Images in the second column display x10 magnification, scale bar=79µm. Black arrows indicate areas of 
immune infiltrates in the CNS.  
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Figure 21. –  In situ immunofluorescence images of MCAM+ Treg in spinal cord sections of active EAE mice at 
different disease time points (onset, peak, remission, chronic). 

 Overlap of CD4 (green) and Foxp3 (red) define a Treg cell. Evidence of MCAM (cyan) expression on Treg 
and blood vessels. DAPI was used to define nuclei (blue). Scale bar =50 µm. 
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Chapter 5 - Discussion  

The main objective of this project is to identify the implication of Treg in MS by 

investigating their migratory potential to cross the BBB and enter the CNS. Previous work by the 

Prat lab have demonstrated the importance of the adhesion molecule MCAM in the infiltration of 

pathogenic immune cells to the CNS. We determined that MCAM is also an essential adhesion 

molecule for Treg homing to the CNS. 

The study of human peripheral blood has revealed a major role for Treg in MS pathology. 

Although some studies have reported lower numbers of circulating CD4+CD25high Foxp3+ T cells , 

our data, along with others, demonstrate a normal frequency of CD4+CD25high Foxp3+ T cells in 

the blood of MS patients at different disease stages compared to HC or RRMS (251, 252). 

Furthermore, many studies have documented Treg enrichment in the CSF in relation to the 

peripheral blood by flow cytometry (359, 360). A recent study, using unbiased comparative single-

cell RNA-seq approach confirmed Treg abundance in the CSF of MS patients compared to the 

peripheral blood (361). We propose a possible migration mechanism for Treg involving the 

upregulation of MCAM, thereby enabling them to cross CNS barriers. Flow cytometry study of 

immune cells in the peripheral blood and CSF samples can provide essential data to understand 

the transfer of cells across CNS barriers in health and disease (362). We found significantly higher 

levels of MCAM+ Treg in the peripheral blood of untreated RRMS patients compared to HC, as well 

as an increased trend of MCAM+ Treg in the CSF of untreated RRMS patients compared to 

peripheral blood levels. It is worth noting that CSF samples are collected from patients who are 

suspected of RRMS to confirm their clinical diagnosis. Thus, this time point might be 

representative of a potential MS diagnosis or an early disease stage. Moreover, interpatient 

variability might be responsible for the decreased trend observed in some patients. Previous 

studies have shown an increased frequency of MCAM+ CD4+ T cells and MCAM+ CD8+ T cells in the 

blood and CSF during MS relapses, thus contributing to the pro-inflammatory environment of 

disease activity (311, 352). We suggest that MCAM+ Treg could potentially be intervening at this 

time point to help control disease activity which could be translated into a remission state. 
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 We verified that MCAM+ Treg, which might have an enhanced migratory potential, are 

functional cells by assessing the expression of functional markers CTLA-4, CCR6, and CCR5 on their 

surface. Human Treg cells are known to constitutively express elevated intracellular levels of 

CTLA-4, while surface expression of CTLA-4 is upregulated on all CD4+ T cells upon activation  (363, 

364). Although surface expression of CTLA-4 is not limited to Treg, it is used as a functional marker 

of activated Treg cells. From the homing signals known to drive Treg accumulation over Teff in 

disease are the chemokine receptors CCR6 and CCR5 (365). Studies have shown the importance 

of CCR6 in the recruitment of Th17 as well as Treg to inflammatory tissues (366). In addition, CCR6 

was found to define a suppressive-memory subset of Treg cells, as CCR6+ Treg exhibit markers of 

activation, memory, and expansion (367). Moreover, CCR6 expression on Treg was necessary for 

efficient suppression in the T cell-transfer model of colitis (368). CCR5 was demonstrated to be 

expressed on a subset of Treg that preferentially infiltrates extra-lymphoid sites and sites of 

inflammation (369). CCR5 expression was also shown important for Treg-mediated suppression 

mechanisms in models of transplantation (370, 371). We found a general increase in CTLA-4, CCR6 

and CCR5 expression in MCAM+ Treg compared to MCAM- Treg in the peripheral blood and CSF 

of untreated RRMS patients. Thus, we conclude that activated and functional Treg from MS 

patients might have an enhanced propensity to migrate to the CNS via MCAM.  

To further confirm the migratory potential of MCAM+ Treg, we needed to perform an in 

vitro migration assay that mimics human BBB properties. However, when isolating Treg from 

PBMCs using magnetic beads we obtained a low number of cells (less than 0.5 x106 cells). In fact, 

the low number of Treg cells in the peripheral blood, which constitute around 1% of PBMCs, is 

one of the main hurdles of studying Treg (372). Thus, we proceeded with the in vitro polarization 

of Treg from naïve CD4 cells and generated an iTreg population. Although Treg differentiation 

efficiency might seem low (around a 60% purity of Foxp3+CD4+ iTreg cells), it is in line with current 

iTreg protocols and is generally accepted for studying certain Treg features (206, 358). Like others, 

our protocol resulted in reproducible expression of Foxp3 and other Treg markers, which enable 

the study of Treg migration and suppressive mechanisms (373). While iTreg is accepted and used 

for Treg studies, differences between Treg and iTreg have been reported. One limitation of using 

iTreg is that they might be functionally unstable since they do not have the complete 
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demethylation that underlies Treg signature genes (374). With qPCR we verified gene expression 

of Foxp3, IL-10, TGF-ß, and IL-35 in iTreg cells thereby confirming their Treg-like phenotype. We 

also detected IL-10 producing iTreg cells by immunocytofluorescence, as well as IL-10 and TGF-ß 

levels in the culture supernatant of iTreg cells by ELISA, further confirming the anti-inflammatory 

properties of iTreg. Moreover, future use of an ELISPOT assay in addition to the ELISA data would 

give a more complete understanding of the cytokine secreted and a more reliable interpretation 

of the TGF-ß1 concentration in vitro. 

When we compared the expression of markers CTLA-4, CCR6, CCR5 and MCAM between 

ex-vivo Treg and iTreg, we observed an increase in CTLA-4, CCR6 and MCAM expression in HC 

iTreg compared to HC ex-vivo Treg, while CCR5 levels remained similar. We detected a 

significantly increased expression of MCAM in RRMS iTreg compared to RRMS ex-vivo Treg, while 

no significant changes in CTLA-4, CCR6 and CCR5 expression was detected between RRMS ex-vivo 

Treg and iTreg. The increased expression of certain markers in the iTreg population could be 

attributed to the activation of cells in culture conditions for a week without a specific antigen. 

This polarization could enhance the expression of markers on the surface of cells rendering the 

iTreg population in a more activated state than ex-vivo Treg. Using a non-specific antigen 

activation could resemble the polyclonal activation associated with inflammation (7). Moreover, 

other studies have reported changes in the suppressive capacity of iTreg compared to PBMC 

derived HC Treg isolated by magnetic beads, where iTreg displayed a superior suppressive activity 

(373). Although minor changes were noted between ex-vivo Treg and iTreg populations, we 

demonstrate that iTreg phenotype is a reliable alternative to further investigate Treg functional 

mechanisms in MS.  

Furthermore, in comparing CTLA-4, CCR6 and CCR5 levels between HC and RRMS ex-vivo 

Treg, we observed similar expression, hinting to the maintained functionality of Treg in RRMS. 

When comparing these same functional markers between HC and RRMS iTreg, we did not detect 

significant changes in CTLA-4 and CCR5 expression, however significantly higher levels of CCR6 

were detected in HC iTreg, thereby further confirming the increased activated state of HC iTreg 

due to induction. Since iTreg cells are derived from naïve CD4+ CD45RA+ cells, we suspect that 

differences in naïve CD4 T cell biology between HC and RRMS patients also could account for the 
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results observed. In fact, differences in TCR and TLR signaling pathways in naive CD4 T cells were 

able to characterize a subsets of RRMS patients with a more rapid conversion to SPMS (375). 

Moreover, our ELISA data revealed an increased trend of IL-10 and TGF-ß1 in RRMS samples 

compared to HC. Therefore, although iTreg from RRMS may have biological differences in their 

naïve CD4 T cells, they still generated a functional population of Treg cells. We confirm that iTreg 

cells maintain Treg-like phenotype by being functionally activated and producing anti-

inflammatory cytokines, which allowed us to investigate the role of MCAM+ Treg in MS.  

We evaluated the expression of Treg functional markers, chemokine receptors, and 

cytokine secretion on MCAM+ versus MCAM- iTreg by flow cytometry. We found that MCAM+ HC 

and RRMS iTreg significantly upregulate CTLA-4 and CCR5, and slightly increase CCR6 expression 

compared to their respective MCAM- counterparts. These results imply that MCAM+ Treg may be 

more apt at exerting their suppressive functions. To better characterize the role of MCAM+ iTreg 

we looked at their cytokine signature by FACS. We did not detect significant differences in 

cytokine secretion between HC iTreg and RRMS iTreg, further supporting Treg unchanged 

functional abilities in MS. Contrary to initial studies that reported defects in the suppressive 

capacity of CD4+ CD25+ Treg in MS, more recent studies that characterize Treg as CD4+ CD25+ 

CD127low T lymphocytes, reported Treg unchanged functional abilities in MS, in line with our 

data(376, 377). In fact, many controversies about the contribution of Treg in MS are found 

because Treg were not well characterized.  

 We detected a significantly increased expression of IL-10 and GrzmB in MCAM+ iTreg 

compared to MCAM- iTreg in both HC and RRMS. It is well documented that IL-10 and GrzmB 

expression are associated with Treg, conferring their role in immune suppression. At first sight 

these results suggest that MCAM+ Treg might have a more favorable anti-inflammatory 

phenotype than MCAM- Treg. However, the role of immunosuppressive cytokines in Treg 

mediated suppression is not well understood. Anti-inflammatory cytokine IL-10 was found crucial 

for mediating Treg suppression in EAE, whereas it appeared dispensable in other autoimmune 

models such as gastritis (378, 379). GrzmB is known as a cytotoxic mediator normally associated 

with CD8+ T cells and NK cells that induces programmed cell death in targeted cells. Similarly, 

human Treg are known to express GrzmB that aim to kill Teff cells. However, recent studies in 
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transplant recipients suggest that Treg expressing GrzmB have an activated phenotype that is 

more apoptotic than Treg that do not express GrzmB (380). Thus, although GrzmB has been 

shown to be important in controlling self-reactive cells, it may be responsible for the self-induced 

apoptosis of Treg. Therefore, conclusions about Treg suppressive function in our study requires 

deeper investigation based on suppression and proliferation assays.  

Moreover, we also detected different levels of pro-inflammatory cytokines TNF α, IFN-γ, 

GM-CSF and IL-17a in MCAM+ iTreg and MCAM- iTreg. These results could point to Treg’s plasticity 

in acquiring Th-like phenotypes to more effectively regulate Teff cells. Treg are known to adept 

their phenotype and function to the type of immune response they control. As a result, Treg can 

co-express Th lineage transcription factors which influence Treg expression patterns in various 

infectious and inflammatory conditions (e.g. Treg acquire expression of T-bet to restrain 

inflammation)(381). However, aberrant Treg plasticity was suggested in autoimmune diseases, 

whereby Treg acquired Th-like phenotype, expressed pro-inflammatory cytokines, and displayed 

diminished suppressive function (382). For instance, in patients with autoimmune diseases, such 

as type 1 diabetes, autoimmune hepatitis, and MS, increased frequency of IFN-γ+ Foxp3+ T cells 

were reported and correlated with their decreased suppressive ability (383-385). Additionally, 

considering the well-established developmental relationship between Treg and Th17, whether 

Th17-like Treg are a transient step in the de-differentiation of Treg into Th17 is yet to be 

established (386). Th17-like Treg identified in the gastrointestinal tract appear to have a beneficial 

role as their depletion has been shown to exacerbate disease in models of mucosal autoimmunity 

(387). Thus, future research focusing on Treg plasticity would provide insight into the function of 

Treg in MS.  

To study iTreg transmigratory potential, we used the in vitro 2D model of the human BBB 

well-established in the Prat lab (311).  We detected a significantly increased HC iTreg 

transmigration in inflammatory conditions versus resting conditions, suggesting that in an 

inflammatory context iTreg can migrate across the BBB. A similar increased motility was observed 

in Th17 cells under inflammatory conditions (311). Schneider-Hohendorf et al. have 

demonstrated that CD4+Foxp3+ Treg from HC had enhanced migratory abilities compared to non-

Treg cells, confirming Treg innate migratory advantage to maintain immune homeostasis and CNS 
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surveillance. In contrast with our data, their in vitro simulation with IFN-γ and TNF-α did not 

significantly alter the migratory superiority of Treg compared to resting conditions (388). 

Differences between BBB models and Treg characterization could explain the observed 

discrepancies. In addition, Schneider-Hohendorf et al. found that RRMS derived CD4+ Foxp3+ T 

cells had an impaired migratory capacity compared to HC under resting conditions, but had an 

increased migratory capacity reaching similar levels to HC under inflammatory conditions. They 

speculated that Treg in MS patients had a migratory dysfunction in early phases of MS (388). Our 

FACS data revealed an increased expression of CAMs on RRMS ex-vivo Treg (MCAM, CD6, ALCAM, 

CD49d) suggesting an enhanced Treg migratory potential in RRMS. An early event in the 

development of CNS inflammation is the upregulation of CAMs by BBB-EC and leukocytes leading 

to leukocyte transmigration into the CNS parenchyma (303, 389). Future work with iTreg RRMS 

transmigration assay should attest to Treg’s migratory potential.  

As demonstrated by the clinical efficacy of Natalizumab, interactions between BBB-EC and 

leukocytes are important (154). However, the lack of specificity in restricting immune cell entry 

to the CNS could inhibit immune patrolling and possibly anti-inflammatory Treg migration to the 

site of inflammation, resulting in detrimental effects. Hence, the need to characterize CAMs 

expression on leukocytes.  The expression of MCAM on human BBB-EC, effector memory CD4+ T 

cells, and CD8+ T cells, has been previously well established (311, 352). Our goal is to investigate 

the role of MCAM in Treg transmigration by comparing the migratory potential of MCAM+ iTreg 

and MCAM-  iTreg across the in vitro 2D model of the human BBB. After 2 individual experiments, 

we observed a higher cell number of MCAM-  iTreg transmigration compared to MCAM+ iTreg in 

both resting and inflamed conditions, contradicting our previous suggested FACS data. We 

suspected a flawed experimental approach as the use of magnetic beads in selecting the MCAM+ 

iTreg fraction, in contrast with a bead free MCAM-  iTreg fraction, could have obstructed the 

porous membrane of our in vitro BBB model. Thus, we need to first optimize our MCAM selection 

approach. To circumvent this problem, future work should focus on redefining MCAM+ and 

MCAM-  fractions as follows: iTreg put through a magnetic column in the absence of magnetic 

beads would constitute the MCAM+ fraction, while iTreg depleted from MCAM using anti-CD146 

magnetic beads would constitute the MCAM-  fraction. Moreover, further studies using dynamic 
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migration assays (Ibidi flow system) could be performed to better evaluate the role of MCAM in 

the various stages of Treg vascular extravasation (112, 352).  

To attest to the migration of Treg across CNS barriers, our next goal was to determine the 

presence of MCAM+ Treg within the CNS parenchyma. EAE studies have long supported the role 

and possible protective implication of Treg in MS (257, 378). Importantly, depletion of Treg before 

disease onset exacerbated EAE severity and inhibited the remission phase of the disease (257). 

We sought to determine the presence of MCAM+ Treg by immunofluorescence and confocal 

microscopy. We first optimized and validated antibodies for immunofluorescence staining of CD4+ 

Foxp3+ Treg in the spleen of C57BL/6 mice. Since Foxp3 and CD25 Treg markers are also known 

be transiently expressed upon activation of T lymphocytes, we verified the proper detection of 

Treg by assessing the colocalization of CD4, Foxp3, and CD25 in the CNS of TCR1640 mouse model 

known for the frequent presence of Treg within CNS infiltrates (164). Almost all CD4+ Foxp3+ cells 

were positively stained for CD25; thus, we confirm that colocalization of CD4 and Foxp3 markers 

suffice to characterize in situ Treg cells by IF.  

Treg have been found to accumulate in the CNS of EAE during the course of disease (257). 

To determine whether MCAM+ Treg accumulate within CNS inflammatory lesions, we evaluated 

the expression of MCAM and Treg in MOG35-55 induced active EAE mice at different disease time 

points. MOG35-55 induced active EAE in C57BL/6 mice are known to display immune infiltrates in 

the spinal cord and cerebellum rather than in the brain (390, 391). We therefore studied the 

distribution of immune infiltrates by LHE in EAE spinal cord sections at different disease phases. 

We found increased number of CNS infiltrates with increased disease severity, in line with 

previous reports (391). LHE staining revealed the localization of immune infiltrates in the CNS 

whereby their composition was studied by IF. We found high MCAM expression on CNS blood 

vessels highlighting the important role of MCAM in the diapedesis of leukocytes to the CNS, as 

previously demonstrated (311). Additionally, we detected various levels of MCAM+ Treg in all 

disease phases. At early disease phases (onset and peak), LHE revealed more immune infiltrates 

than any other time point, however we only detected very few Treg, as well as MCAM+ Treg, 

suggesting a deficiency of Treg involvement in the CNS at these time points. Although later 

disease phases are associated with long term axonal damage and reduced CNS inflammation, we 



108 

detected the persistence presence of immune cells (392). We found increasing numbers of 

MCAM+ Treg in later disease phases (remission and chronic), which are associated with disease 

amelioration and declined inflammation. Others have consistently reported that Treg isolated 

from EAE CNS are a major source of IL-10 (257, 378, 393). The direct correlation between Treg 

numbers and disease amelioration is yet to be established.  We speculate that MCAM+ Treg enter 

the CNS at later disease time points, in contrast with pathogenic immune cells, thereby 

contributing to dampening inflammation and disease resolution.   

We were interested in locating the different entry points of MCAM+ Treg into the CNS. 

Since laminin is a blood vessel marker, we optimized the laminin antibody in order to assess 

whether Treg enter the CNS through vessels in the meninges or through vessels in the 

parenchyma, and whether they upregulate MCAM specifically at distinctive locations. Our goal 

was to stain for a combination of 5 markers CD4, Foxp3, MCAM, laminin, and nuclei in EAE CNS. 

We successfully optimized a staining protocol using spectral unmixing to separate fluorochromes 

and reduce crosstalk (Annex 2). We used markers widely expressed in the CNS perivascular 

infiltrates and confirmed their interchangeable use with other primary antibodies. Future work 

using this image acquisition technique will allow a better evaluation of the expression and 

location of MCAM+ Treg in the CNS.  

Though the results from this study are promising, there are a few identifiable limitations.  

Since a small CSF sample size was obtained from RRMS patients, future work including a larger 

sample size would better determine whether a general trend of increasing MCAM+ Treg is 

detected in the CSF of MS patients. Another limitation is the lack of defining Treg markers 

specifically under inflammatory conditions. Since upon activation CD4 cells may transiently 

upregulate CD25 and downregulate CD127, additional markers should also be used in 

combination with CD25, CD127 and Foxp3 to better discriminate between Treg and non-Treg 

populations (208, 211). To this end, new Treg panels have been optimized for future FACS 

experiments to include a wide array of Treg-related markers recently reported in the literature 

(e.g. Helios, GARP) and study their expression in MS (Annex 3) (394, 395). Moreover, in order to 

better understand the balance between autoimmunity and tolerance, a Th17/Treg ratio needs to 

be calculated and account for disease progression. Thus, future work should consider both Th17 
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and Treg frequencies from PBMCs of the same HC and RRMS individuals. Although the low 

number of Treg was worked around with the iTreg culture, a limiting population was still obtained 

and only 1x106 iTreg cells were set aside for qPCR analysis. This number has not always been 

sufficient to isolate an adequate concentration of RNA, and a larger sample size should be 

allocated to the qPCR study. Another limiting factor was the detection of Foxp3 in human CNS by 

immunofluorescence and confocal microscopy. Due to the complex and highly lipidic 

environment of the human CNS, detection of a faint signal such as Foxp3 proves to be challenging. 

Many optimization protocols including varying antibody concentrations, antibody incubation 

time, permeabilization and fixing solutions were attempted but require further development. 

Investigations concerning the role of Treg in a variety of diseases has been recently 

resurfacing. With the growing interest in utilizing their suppressor function to restore immune 

balance, the translation of Treg biology to therapeutic applications proves to be exciting yet 

challenging with many unanswered questions involving Treg number, function, dosage, in vivo 

stability, etc. One approach relies on the development of a highly personalized therapy, adoptive 

Treg cell-based immunotherapy, in which patients’ own cells are subject to ex-vivo expansion 

followed by their re-infusion. One important advantage account for the capacity of these cells for 

self-regulation based on therapeutic demand. Such an approach was recently used in an ALS 

clinical trial in which intravenous administration of in vitro expanded Treg and IL-2, contributed 

to slowing disease progression while being well-tolerated by patients (396). These results show 

promise for developing similar strategies for treating MS. Though it is important to consider that 

the use of polyclonal Treg of undefined antigenic specificity may lead to a systemic 

immunosuppression. A way to prevent this is to use antigen specific Treg engineered, for 

example, through chimeric antigen receptor T cell (CAR-T) (397). Cellular modifications to Treg 

before their transfer may enable and allow for a more localized suppression. In a study performed 

by Kim et al. in 2018, MBP-specific transgenic T cell receptors expressed by programmed human 

CAR-Treg were able to improve the pathogenesis of the disease in EAE, which is promising for 

human Treg manipulations in the context of MS (398). By investigating and defining the specific 

CAM signature that promote Treg migration to the CNS, one can imagine the use of similar 

technological advances to expand a specific sub-population of Treg or induce the upregulation of 
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CAMs in vitro to boost the migratory potential of the cells, before administration to patients. 

Being a multi-faceted disease, combining Treg cell-based therapy with traditional treatments 

could be envisioned to treat MS.  
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Chapter 6 - Conclusion  

Our data depicts MCAM as an essential CAM for Treg homing to the CNS. In untreated 

RRMS patients, we found an increased expression of MCAM+ Treg in the peripheral blood and a 

prospective increased trend of MCAM+ Treg in the CSF. These MCAM+ Treg seem to seem to have 

a more functional and anti-inflammatory phenotype than their MCAM- counterparts. Moreover, 

we found higher levels of Treg in periods of remission in EAE, underlining their involvement during 

this disease phase. Although further investigation is needed, MCAM+ Treg seem to maintain anti-

inflammatory properties important for dampening inflammation in MS and resolution of 

symptoms. By exploring the migration mechanisms of Treg, we would not only be advancing 

knowledge on the pathophysiology of MS but would also be painting a target on a potential 

therapeutic novelty. 
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Annex  

 

Annex 1- CAMs expression on Treg from the peripheral blood of HC and RRMS patients. Graphs show the 
percentage of Treg positive for MCAM, CD6, ALCAM, CD49d in HC and RRMS. Combined data in 
collaboration with Dr. Stephanie Zandee. All plots are presented as mean ± standard error of the mean. * 
p < 0.05. 
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To better assess the expression of MCAM on Treg and their localization within the CNS, 

we aimed to stain for a combination of CD4, Foxp3, MCAM, laminin, and nuclei. Since detecting 5 

markers simultaneously is a rather challenging task, we first sought to optimize the staining 

settings using markers widely expressed in the CNS. We selected the following primary antibodies 

pre-validated by our lab for IF: MHC II, GFAP, CD6, Laminin and DAPI. The 5 fluorochromes 

associated with these markers have significant overlap in their spectral emission (Annex 2). Thus, 

to allow efficient discrimination between these fluorochromes, we optimized image acquisition 

technique to attain maximum signal with minimum fluorescence crosstalk. We performed 

spectral unmixing, which consist of subtracting a fluorochrome’s spill over from another one’s 

channel by first recording single stain fluorochromes as reference controls while maintaining 

similar parameters between dyes. The system then computed the distribution coefficient of all 

the recorded dyes in the different channels and generated a successful image without crosstalk 

(Annex 2 B-C). After spectral unmixing, we observed a reduced background and specific signal 

detection in processed images (without crosstalk) compared to initial acquired images (with 

crosstalk). Thus, we have proof of principle that it is possible to image up to five different 

fluorochromes in the CNS simultaneously. 
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Annex 2- Five-color proof of concept immunofluorescence staining and confocal microscopy acquisition. 

 (A) Emission spectra of 5 chosen fluorochromes (DAPI, AF488, cy3, AF594 and AF647) revealing spectral 
spill over. Excitation of different fluorochromes by confocal lasers: 405 laser – DAPI; 488 laser-AF488; 561 
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laser- Cy3 and AF594; 633 laser - AF647. (B) EAE spinal cord sections stained with CD6 – donkey anti goat 
AF488 (green), MHCII – donkey anti rat AF647 (red), GFAP directly conjugated to Cy3 (magenta), nuclei – 
DAPI (cyan), and Laminin – goat anti rabbit AF594 (grey). First column images were acquired before 
spectral unmixing. Second column images reveal reduced crosstalk after spectral unmixing processing. (C) 
Merged 5 staining markers revealing perivascular infiltrate in EAE CNS. Left image acquired before spectral 
unmixing, with presence of emission crosstalk. Right image acquired after spectral unmixing, 
reduced/without presence of emission crosstalk. Technique initially developed by Dr. Stephanie Zandee 
and further optimized with her collaboration. Scale bar = 25µm. 

 

 

Antibodies Fluorochromes 
CD39 PerCP Cy5.5 
Tigit BV605 
KLRG1 BV605 
GiTR PerCP Cy5.5 
TNFRII APC 
ST2 FITC 
OX40 BV605 
Nrp1 APC 
Helios FITC 
GARP PerCP Cy5.5 
CD28 APC 
LAG3 PerCP Cy5.5 
PD1 BV786 
ICOS  BV650 

 

Annex 3- Additional markers optimized for Treg phenotyping by FACS. All antibodies are from BD 

Biosciences. 


