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1.0 ABSTRACT (English) 

Multiple sclerosis (MS) is considered a prototypic autoimmune disease of the central nervous 

system. It is the leading cause of chronic neurological disability in young adults, and not only 

T and B cells, but also regulatory T cells (Tregs) have been suggested to play important roles 

in its pathogenesis. Several studies have shown Treg dysfunction in patients with MS, but 

underlying mechanisms remain poorly understood. By combining immunophenotyping, 

functional assays, high-throughput T cell receptor (TCR) Vβ-chain-, and RNA sequencing we 

examined the Treg compartments in 41 patients with relapsing-remitting MS (RRMS) and 17 

healthy donors (HDs). Patients with MS showed a reduced frequency of CD3+CD4+ cells and 

Foxp3+ Tregs and an increased frequency of CD39+ Tregs. The expression of CD127 was 

augmented, whereas the expression of CD49d was decreased in Tregs derived from patients. 

By using a novel staining strategy based on CD45RA and GPA33, we observed low t-Tregs in 

younger patients. When we determined Treg function, we found that this was reduced only in 

natalizumab-treated patients. Accordingly, only in this group we detected an altered gene 

expression in t-Tregs, but not in p-Tregs. Here we provide insights into the possible 

mechanisms underlying the functional Treg impairment in some patients with MS, such as an 

impaired proliferation and homeostasis of t-Tregs, leading to their depletion, and an increased 

Teff autoproliferation. In addition, we detected potential compensatory mechanisms, that 

might be beneficial or detrimental, such as CD39, CD127 and CD45RA upregulation. Our 

findings prompted us to investigate strategies to reestablish immune tolerance by adoptive 

transfer of Tregs. We provide the first description of suppressive, Foxp3 positive T cell clones 

specific for myelin basic protein (MBP) that could be used as source of TCRs for adoptive 

Treg therapy in selected patients.   
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1.1 ABSTRACT (Italian) 

La sclerosi multipla (MS) è considerata un modello di malattia autoimmune del sistema 

nervoso centrale. Costituisce la principale causa di disabilità neurologica cronica in giovani 

adulti e non solo linfociti T e B, ma anche linfociti T regolatori (Treg) giocano un ruolo 

importante nella sua patogenesi. Diversi studi hanno evidenziato un difetto funzionale dei 

Treg nei pazienti con MS, tuttavia i meccanismi sottostanti rimangono scarsamente compresi. 

Attraverso l’utilizzo combinato di immunofenotipo, saggi funzionali e sequenziamento di 

TCRβ e RNA ad alte prestazioni abbiamo esaminato i Treg in 41 pazienti con sclerosi 

multipla recidivante remittente e 17 donatori sani. I pazienti presentavano una ridotta 

frequenza di cellule CD3+CD4+ e Treg Foxp3+, oltre ad un’aumentata percentuale di Treg 

CD39+. L’espressione di CD127 era incrementata, mentre l’espressione di CD49d era 

diminuita nei Treg dei pazienti. Utilizzando una nuova strategia di staining, basata su 

CD45RA e GPA33, abbiamo osservato una ridotti t-Treg nei pazienti più giovani. 

Analizzando la capacità inibitoria dei Treg, ne abbiamo riscontrato una diminuzione solo nei 

pazienti trattati con natalizumab. Consistentemente, solo questo gruppo presentava un’alterata 

espressione genica a livello dei t-Treg. In definitiva, i nostri risultati suggeriscono possibili 

meccanismi patogenici alla base del difetto funzionale dei Treg riscontrato in alcuni pazienti: 

una ridotta proliferazione e omeostasi dei t-Treg, causa di deplezione a livello periferico, e 

una maggiore autoproliferazione dei linfociti T. In aggiunta, abbiamo identificato possibili 

meccanismi compensatori, come un’aumentata espressione di CD39, CD127 e CD45RA. I 

nostri dati ci hanno indotto a studiare strategie per ristabilire la tolleranza immunologica 

mediante trasferimento adottivo di Treg. In questo studio descriviamo per la prima volta cloni 

cellulari T funzionali, positivi per l’espressione di Foxp3 e specifici per la proteina basica 

della mielina che potrebbero essere utilizzati come fonte di recettori T per la terapia cellulare 

a base di Treg in pazienti selezionati.  
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2.0 INTRODUCTION 

2.1 Multiple sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 

(CNS), characterised by demyelination and neurodegeneration (1). It affects 2.8 million 

people worldwide with a rising prevalence over the last years (2). It is the most common 

cause of chronic neurological disability in young adults, with females being two to three times 

as likely to acquire MS as males, and with a mean age at diagnosis of 32 years (2). It was 

described in 1868 by Jean-Martin Charcot as ‘la sclerose en plaques’ based on the histological 

characteristics of the demyelinating lesions (3). Currently, the diagnosis of MS is based on  

McDonald criteria that have been revised in 2017 (4). The following criteria support the 

diagnosis: clinical signs and symptoms that are typical for MS can derive from all areas of the 

CNS, which have been affected and occurred in temporal and spatial separation, i.e. 

dissemination in time and space, that is at least two different areas of the CNS should have 

been affected and at two different time points (4). The most common symptoms at onset 

include lack of strength in one or more limbs, optic neuritis, paresthesias and dysesthesias, 

vision problems, dizziness, fatigue, and sexual, bowel and bladder dysfunction (5). 

Furthermore, lesions detected using magnetic resonance imaging (MRI) that are typical for 

MS (juxtacortical, callosal, periventricular, and infratentorial, spinal cord) markers of 

inflammation in the cerebrospinal fluid (CSF), such as oligoclonal bands (4), and abnormal 

visual evoked potentials are used for diagnosing MS. The majority of patients show a 

relapsing-remitting form of the disease (RRMS), characterised by phases of neurological 

symptoms alternating with recovery phases (6). Differential diagnosis include acute 

disseminated encephalomyelitis, neuromyelitis optica, CNS vasculitis, systemic lupus 

erythematosus, Sjögren syndrome, sarcoidosis, infectious diseases, metabolic disorders, and 

malignancies (5). Usually, within 15-25 years, RRMS can evolve into secondary progressive 

MS (SPMS) with progressive neurological disability, although today's use of highly effective 

treatments has protracted this time and less and less patients enter the SPMS stage. The 

minority of patients have a disease onset characterised by a progressive course from onset 

(primary progressive MS, PPMS) (6). The expanded disability status scale (EDSS) is 

routinely adopted during clinical examination to measure the disability status of patients. It 
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ranges from 0 to 10, with 0 corresponding to normal neurological exam, 6 to loss of autonomy 

and 10 to death due to MS (5).  

A complex genetic etiology underlies MS, and more than 200 risk alleles have been identified 

(7). The HLA (human leukocyte antigens)-DRB1*15:01 locus is the main genetic risk factor, 

and accounts for up to 60% of the genetic risk in MS patients (8). Additional genes within the 

HLA complex have been identified as conferring risk or protection for MS (8). Further 

susceptibility genes, which are involved in innate and adaptive immune pathways, in the 

peripheral immune system and brain resident microglia, have been discovered (7). An excerpt 

of susceptibility genes, identified by the International Multiple Sclerosis Genetics Consortium 

and selected for their involvement in immune pathways, is shown in Table 1. Besides the 

complex genetic trait, several environmental factors contribute to the etiology of MS. These 

include viruses and infectious agents, smoking, diet, gut microbiota, stress, sex hormones, and 

vitamin D deficiency (9). The strongest environmental risk factor for MS is considered to be 

Epstein-Barr virus (EBV) (9). Important to note, the main genetic risk factor, the HLA-DR15 

haplotype appears to act in concert with environmental risk factors such as smoking and EBV 

(10). 

Table 1. MS risk alleles involved in innate and adaptive immune pathways.

Gene Locus Function

NCAPH2 Chr. 22 T cell development
NCF4 Chr. 22 NADPH oxidase complex

CSF2RB Chr. 22 Crosstalk between DC and NK
GRAP2 Chr. 22 TCR signaling
IFNGR2 Chr. 21 Th differentiation

TMEM50B Chr. 21 IFN-γ signaling
CD40 Chr. 20 Th differentiation
CD37 Chr. 20 Humoral and cellular immune response
IFI30 Chr. 19 Antigen processing
TYK2 Chr. 19 Th1 and Th2 activation pathway

C3 Chr. 19 PI3K Signaling in B Lymphocytes
CD226 Chr. 18 Crosstalk between DC and NK
MALT1 Chr. 18 TCR signaling

HEATR6 Chr. 17 DC differentiation
STAT3 Chr. 17 Th differentiation
GRB2 Chr. 17 Th1 and Th2 activation pathway
IKZF3 Chr. 17 Lymphoid differentiation/T regulatory cell function

MAP3K14 Chr. 17 PKCθ signaling in T Lymphocytes
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IRF8 Chr. 16 DC maturation
NLRC5 Chr. 16 TLR and IL-1 receptor pathway
SEPT1 Chr. 16 Interaction with Foxp3

IQGAP1 Chr. 15 Rac and IL-8 signaling pathway
TRAF3 Chr. 14 CD40 signaling pathway
BATF Chr. 14 Lineage-specific T cell differentiation

ZFP36L1 Chr. 14 B cell development
TRAFD1 Chr. 12 Control of innate immune response
SH2B3 Chr. 12 Cytokine signaling pathway

PTPN11 Chr. 12 Cytokine signaling pathway
LTBR Chr. 12 Crosstalk between DC and NK

TNFRSF1A Chr. 12 Th differentiation
ETS1 Chr. 12 BCR signaling

CXCR5 Chr. 12 Th differentiation and migration
CLECL1 Chr. 12 Costimulatory molecule
PLCB3 Chr. 11 Chemokine signaling pathway

CD6 Chr. 11 T cell differentiation
FKBP2 Chr. 11 Calcineurin inhibitor-binding protein in T cells

CD5 Chr. 11 Proliferation and T cell differentiation
SPI1 Chr. 11 Th1 and Th2 activation pathway

NR1H3 Chr. 11 Macrophage function
MADD Chr. 11 TNFR1 signaling pathway
IFITM3 Chr. 11 Interferon signaling pathway

CAMK2G Chr. 10 PKCθ signaling in T Lymphocytes
IL2RA Chr. 10 Th differentiation
IL15RA Chr. 10 IL-15 signaling pathway
GATA3 Chr. 10 Th differentiation, regulator of Foxp3
IRF5 Chr. 6 Virus- and interferon- signaling pathway

IKZF1 Chr. 6 Th1 and Th2 activation pathway
HOXA1 Chr. 6 ROS production in macrophages
CARD11 Chr. 6 TCR signaling
TAGAP Chr. 6 T cell activation

IL22RA2 Chr. 6 IL-22 signaling pathway
AHI1 Chr. 6 Interaction with Foxp3

BACH2 Chr. 6 B- and T-lymphocyte differentiation
TNFAIP3 Chr. 5 CD40 signaling pathway

ETV7 Chr. 6 T cell development
JARID2 Chr. 6 Th17 cell function and T regulatory cell homeostasis
CD83 Chr. 6 Cytokine signaling pathway
IL12B Chr. 5 Th differentiation
TCF7 Chr. 5 T cell differentiation
IL6ST Chr. 5 Th differentiation
IL7R Chr. 4 γc cytokine signaling pathway

MARCHF1 Chr. 4 MHC class II downregulation

Gene Locus Function
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Abbreviations: NADPH= nicotinamide adenine dinucleotide phosphate; DC= dendritic cell; 

NK= natural killler; TCR= T cell receptor; Th= T helper; PI3K= phosphoinositide 3-kinase; 

PKCθ= protein kinase C-theta; TLR= Toll like receptor; BCR= B cell receptor; TNFR1= 

tumor necrosis factor receptor 1; ROS= reactive oxygen species; TNF= tumor necrosis 

factor; MHC= major histocompatibility complex. 

2.2 Immune response in multiple sclerosis 

The experimental autoimmune encephalomyelitis (EAE) is the animal model of MS and was 

developed to understand the pathogenesis of encephalomyelitis after rabies vaccination. In 

TNIP3 Chr. 4 TLR, IL-1 and TNF signaling pathway
LEF1 Chr. 4 Thymic T cell development
TET2 Chr. 4 DNA methylation in Tregs

NFKB1 Chr. 4 Th1 and Th2 activation pathway
TXK Chr. 4 TCR signaling
TEC Chr. 4 TCR signaling
BCL6 Chr. 4 Th differentiation
IL12A Chr. 3 Cytokine that acts on T and NK cells
CD80 Chr. 3 Th differentiation

FOXP1 Chr. 3 Repressor of monocytes and macrophages
CCR4 Chr. 3 Th1 and Th2 activation pathway

EOMES Chr. 3 Th1 differentiation
STAB1 Chr. 3 Defense against bacteria
CD28 Chr. 2 Th1 and Th2 activation pathway
STAT4 Chr. 2 Th differentiation
RND3 Chr. 2 ROS production in macrophages
REL Chr. 2 IL-12 signaling pathway

ADCY3 Chr. 2 IL-1 signaling pathway
BATF3 Chr. 1 T cell development
CD58 Chr. 1 Cytokine signaling pathway

TGFBR3 Chr. 1 Th1 and Th2 activation pathway
BCL10 Chr. 1 TCR signaling

SLAMF7 Chr. 1 T and B cell signaling
JAK1 Chr. 1 Th1 and Th2 activation pathway
LCK Chr. 1 TCR signaling

RUNX3 Chr. 1 Th1 and Th2 activation pathway- Treg function
TNFRSF14 Chr. 1 T cell activation
TNFRSF25 Chr. 1 Lymphocyte homeostasis

Gene Locus Function
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contrast to rabies, post-vaccinial encephalomyelitis was characterised by lymphoid infiltrated 

and demyelination in the CNS, suggesting an autoimmune etiology (11). The EAE model is 

induced by either active immunisation with myelin-derived proteins or peptides in adjuvant or 

by passive transfer of activated myelin-specific CD4+ T lymphocytes (12). Data obtained 

from this model suggested that autoreactive CD4+ T cells play a crucial role in the 

pathogenesis of MS. In this model the immunisation induces these cells in the lymph nodes 

and spleen. The origin of these autoreactive T cells in MS is not clear, but they probably 

develop in the thymus by recognition of HLA-DR self peptides (SP) presented by thymic 

epithelial cells, dendritic cells and thymic B cells (13). DR15 molecules might contribute to 

the positive selection of SP-reactive T cells with low avidity, whereas those with high avidity 

are probably negatively selected (13) (Figure 1). Autoreactive T cells are then released into 

the periphery where they are probably activated by high-avidity cross-recognition of peptides 

derived from foreign antigens, such as EBV and Akkermansia (1, 13) (Figure 1). It has been 

assumed that HLA-DR-SPs are also involved in homeostatic maintenance and proliferation (a 

process called autoproliferation) of memory CD4+ T cells. Furthermore, memory B cells 

present “pathogenic” CNS self-peptides that are recognised with high avidity and sustain the 

proliferation and brain homing of autoreactive T cells (14) (Figure 1). The specificity of 

autoreactive T cells has been mapped to immunodominat peptides of myelin proteins, such as 

myelin basic protein (MBP), proteolipid protein (PLP), and myelin oligodendrocyte 

glycoprotein (MOG) (15). In addition, novel autoantigens, such as RAS Guanyl Releasing 

Protein 2 (RASGRP2) and guanosine diphosphate (GDP)-l-fucose synthase, have recently 

been discovered (14, 16). The peripheral activation of autoreactive T cells by these peptides 

explains their specificity for antigens that are not expressed in the thymus.  

Brain inflammation in MS is supposed to start with the disruption of blood-brain barrier 

caused by lymphocytes migrating into the CNS (17). They recognise “pathogenic” CNS self-

peptides presented by antigen presenting cells (APCs), such as macrophages, microglia and 

perhaps astrocytes, in the context of HLA class II molecules (5). The secretion of 

proinflammatory cytokines, such as IFN-γ, TNF-α, IL-17 and GM-CSF, and chemokines 

leads to an increased permeability of the blood brain barrier due to the expression of adhesion 

molecules by endothelial cells (5). In mice, T cell response is directed towards an 

immunodominant peptide during the early stages of the disease. Subsequently, the tissue 

damage releases new molecules and the immune response spreads from dominant to 
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subdominant epitopes and to different antigens (epitope spreading) (5). T helper type 1 (Th1) 

cells, secreting IFN-γ and expressing the transcription factor T-bet and the chemokine 

receptor CXCR3, have been considered for a long time the main responsible for CNS 

inflammation (18). Later, it has been shown that Th17 cells, producing IL-17 and expressing 

the transcription factor RORC and the chemokine receptor CCR6, as well as Th1/Th17 cells, 

also play a role in the development of EAE (18). The relative role of Th1 and Th17 cells in 

MS is still not clear (18). Both IFN-γ and IL-17 are present in MS brain lesions and, together 

with Th1/Th17 cells, have been associated with disease activity (18). It has been shown that 

Th17 cells transmigrate more efficiently across the blood brain barrier than Th1 cells, highly 

express granzyme B, and kill neurons (19). In the animal model, it has been shown that Th17 

cells that migrate to the CNS originate in the intestine, thus linking diet and gut microbiota to 

MS (20). In humans, a correlation between microbiota alterations, intestinal Th17 cell 

expansion and MS activity has been confirmed (20). However, the relative contribution of 

Th1 and Th17 cells during different disease phases is not fully understood (18). Moreover, a 

Th2 phenotype, characterised by IL-4 secretion and the expression of the transcription factor 

GATA3, has been identified in brain infiltrating lymphocytes of a patient with MS (21). Not 

only autoreactive CD4+ T cells participate in the pathogenesis of MS, but also regulatory T 

cells (Tregs) have been suggested to play important roles in protecting against MS (22). This 

role will be discussed in details below. CD8+ have been found to be more frequent than CD4+ 

T cells in brain lesions. They may recognise antigen in the context of HLA class I molecules 

expressed by neurons and oligodendrocytes and cause tissue damage (15). However, in EAE 

model it has been shown that CD8+ T cell depletion or deficiency is associated with an 

increased disease severity, thus suggesting a protective or regulatory role (18). Similarly, γδ 

cells have been found to be expanded in MS brain lesions and in the cerebrospinal fluid and to 

produce IL-17, but they may have protective functions during disease resolution (18). As 

daclizumab therapy, used to treat MS, leads to the expansion of natural killer (NK) cells, their 

role has become of interest. It has been shown that NK cells have strong antibody-dependent 

cytotoxic effects and they might damage the myelin sheath (23, 24). However, certain subsets, 

such as CD56 bright NK cells, show immunoregulatory properties and kill activated T cells 

(23, 24).    

The role of B cells in the pathogenesis of MS is still unclear. The beneficial effect of B-cell 

depleting therapies supports their detrimental role that can be related to their antigen 
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presenting function, sustaining autoreactive T cell activation and proliferation, as mentioned 

above (14). Furthermore they produce proinflammatory cytokines and they are organised in 

tertiary lymphoid-like structures in the CNS which are the likely source of autoantibodies 

(25). Indeed, autoantibodies directed against myelin and IgG oligoclonal bands, are 

sometimes detectable in serum and/or CSF fluid from MS patients (15) although their 

contribution to the pathogenesis is currently less clear and controversially discussed. It has 

been hypothesised that EBV is involved in B cell overactivation that leads to CNS 

inflammation (25). By contrast, it has been shown that B cells protect mice from chronic EAE 

through the production of IL-10 and thus exert a regulatory function (26). Microglia has a 

distinct origin from monocyte-derived macrophages and plays a role in active CNS 

inflammation by myelin phagocytosis, antigen presentation and proinflammatory cytokines 

secretion (27). However, it has also anti-inflammatory functions by clearing myelin debris 

and promoting remyelination (27). Neutrophils share some proinflammatory functions with 

microglia and in addition they can release neutrophil extracellular traps and produce reactive 

oxygen species (28).  

Figure 1. Autoreactive T cell development, activation, proliferation and migration into 

the CNS. Adapted from Wang J (13). Created with Biorender.com. 
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2.3 Neuropathology of MS 

Typically, MS lesions are characterised by demyelination, multifocal inflammation, 

oligodendrocyte loss, reactive gliosis and axonal degeneration (6). An inflammatory 

perivascular infiltrate, with T and B cells, is observed in early active lesions which are more 

frequently observed in patients with RRMS (6). Later, myelin phagocytosis is mediated by 

perivascular macrophages which are the most frequent cells in brain lesions. Initially 

oligodendrocytes can proliferate leading to a partial remyelination. However, subsequently 

there is a loss of oligodendrocytes and myelin and hypertrophic astrocytes eventually form a 

central glial scar, surrounded by a hypercellular rim of astrocytes, macrophages and 

lymphocytes (5). Hence, a microglia and/or macrophage reaction is usually observed in 

inactive or chronic active MS lesions in patients with progressive MS (6). Chronic inactive 

lesions contain a hypocellular, gliotic core and do not show active inflammation (6). Axonal 

loss is a feature of either active and chronic MS lesions, but the latter are characterised by 

axonal swelling (6). 

In conclusion, the interplay between innate and adaptive immunity determines the 

histopathology of MS brain lesions during different disease phases. The shift from a 

predominant adaptive immune response to an innate immune response might influence the 

disease progression from an acute to a chronic form.  

2.4 Regulatory T cell discovery 

In 1970 Gershon and Kondo discovered a population of thymus-derived lymphocytes that 

were able to induce tolerance (29). However, the “suppressor T cell hypothesis” collapsed in 

the mid 1980s, when the existence of the molecule I-J, which was supposed to mediate T cell 

suppressive function (30), had been disproved. Mostly because of the lack of identifying 

markers, the nature of suppressive cells remained undefined until 1995, when Sakaguchi et al. 

described regulatory T cells (Tregs), as a subset of CD4+ T cells highly expressing the IL-2 

receptor α-chain (CD25) (31). IL-2 and CD25-deficient mice have a reduced number of 

CD25+CD4+ T cells and spontaneously develop severe autoimmunity and inflammation, 

suggesting that CD25 is not only a Treg marker, but is also implicated in their function and 

homeostasis (30). In 1997 T regulatory cells 1 (Tr1), producing high levels of IL-10 and with 
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the ability to suppress antigen-specific immune responses have been defined (32). In 1998 an 

in vitro functional assay to evaluate Treg suppressive function has been established (30). In 

2001 Scurfy mice were shown to carry mutations of Foxp3 gene on X chromosome. They 

spontaneously develop lymphoproliferation and multiorgan infiltration leading to death 16-26 

days after birth (33). In 2003 Foxp3 has been discovered as the main transcription factor for 

Tregs (30). Foxp3 is a member of the forkhead family of transcriptional regulators, it 

represses NFAT (nuclear factor of activated T cells) and NFKB and inhibits the expression of 

genes involved in cytokine secretion and T effector cell function (34). When Foxp3 was 

retrovirally transduced into CD25-CD4+ cells they were converted into phenotypically and 

functionally Treg-like cells (30). The stability of Foxp3 depends on epigenetic modifications 

in the Foxp3 locus that is in the Treg-specific demethylated region (TSDR) (35). Next, 

mutations of the human ortholog of murine Foxp3 have been discovered as genetic cause of 

Immune dysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX) syndrome which 

is characterized by multiple autoimmune manifestations involving the endocrine glands, skin 

and intestine (36). In 2006 expression of CD127 was found to be inversely correlated with 

Foxp3 expression and low expression of CD127 was identified as an additional Treg marker 

(37). Recently, Treg heterogeneity has been studied in detail and, in addition to the 

physiological state, also in several diseases ranging from tumors to autoimmune diseases. The 

understanding of Treg heterogeneity with respect to phenotypic markers and functions has 

important implications for therapies that aim at exploiting Tregs for example by adoptively 

transferring Tregs in autoimmune diseases. 

2.5 Human Treg markers 

The lack of unique and specific Treg identifying markers complicates Treg characterisation. 

Expression of the transcription factor Foxp3 is considered the gold standard marker of Tregs 

(38). However, Foxp3 is not exclusively expressed by Tregs, but can also be expressed by T 

effector cells (Teffs) following activation (38). Furthermore, as Foxp3 is localized in the 

nucleus, assessment of its expression requires intracellular staining with fixation and 

permeabilisation of the cells, which compromises their viability and renders detection more 

complicated (38). High expression of CD25 and lack of CD127 are the most used identifying 

surface markers. Thus, Tregs are identified as CD3+ CD4+ CD25hi CD127lo cells. 

17



CD4+CD25+ cells can constitute up of 30% of total peripheral blood mononuclear cells 

(PBMCs), but only the cells that highly express CD25 are Tregs (39). Like Foxp3, CD25 and 

the lack of CD127 are not specific for Tregs, as they can also be expressed by Teffs after 

activation (39).  

Besides the above molecules, some markers are helpful to identify Treg origin, and in 

particular to distinguish thymus- and peripherally-derived Tregs (the nature of these subsets 

will be discussed in detail below). CD45RA is expressed by thymus-derived Tregs (t-Tregs, 

alternatively named naïve/resting/fraction I), and its expression is low in peripherally-derived 

Tregs (p-Tregs, alternatively named effector/activated/fraction II). A third subset of CD45RA- 

cells, characterised by intermediate levels of Foxp3 and CD25 expression and named fraction 

III, has been defined as a mixture of Treg and non-Treg cells (40). In addition, t-Tregs express 

CD31 (Platelet Endothelial Cell Adhesion Molecule-1, PECAM-1), an adhesion molecule that 

is highly expressed on recent thymic emigrants T cells (41). Helios, an Ikaros transcription 

factor family member, has first been described as specific for t-Tregs in mice (42). However, 

in humans, Helios positive and negative t-Tregs coexist, and the lack of Helios expression is 

associated with a more unstable phenotype (43). The expression of Helios is correlated with 

Table 2. Human Treg markers.

Essential Origin Activation Suppression Migration Stability

CD3 CD45RA 
(thymic)

CD137 CTLA4 CCR4 Helios

CD4 CD45RO 
(peripheral)

OX40 CD39 CCR6 TIGIT

CD25 CD31 
(thymic)

CD121a/b CD73 CCR9

CD127lo TNFR2 
(peripheral)

LAP HLA-DR CD49d-

Foxp3 GITR 
(peripheral)

GARP LAG-3 CD103

CD69 ICOS

CD103 PD-1

CCR4

CD154-
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TIGIT (immunoreceptor with Ig and ITIM domains) (44). Moreover, p-Tregs express higher 

levels of effector molecules, such as CTLA-4 (cytotoxic T lymphocyte antigen 4, CD152), 

and molecules involved in T cell activation, migration, and suppression, as shown in Table 2.  

Some Treg-specific activation markers have been identified, including CD137 (4-1BB), 

CD121a/b, LAP (latent-associated peptide), GARP (glycoprotein A repetitions predominant), 

CD103 (integrin subunit alpha E, ITGAE), and OX40 (39). The expression of low levels of 

CD49d, that is the α-chain of the integrin VLA-4, characterises Tregs. As integrins are 

involved in leukocyte adhesion, their expression is increased in activated Tregs. The 

expression of CD137, combined with the lack of CD154 expression, has been described as 

Treg activation signature (45). We used two TNF receptor super family (TNFRSF) members- 

CD137 and OX40 (CD134, or TNFRSF4) - to recognise activated Tregs. Additional Treg 

markers have been associated with increased suppressive Treg function. For instance, TIM-3, 

HLA-DR, LAG-3, CD39, and ICOS (inducible costimulator) positive Treg are more 

suppressive than their negative counterpart (46, 47). A list of Treg markers is shown in Table 

2. Lastly, the assessment of Foxp3 methylation status, that is a stable genetic modification, 

helps to distinguish between Tregs and activated Teffs transiently expressing Foxp3 (35). 

Whereas Tregs show Foxp3 demethylation and tend to remain demethylated even after in 

vitro expansion, activated Teffs display no Foxp3 demethylation (35). 

2.6 Treg subsets 

Based on their origin, Tregs can be classified as thymus-derived or peripherally-derived 

(Table 3). Both subsets are equally important to protect against autoimmunity. Thymus-

derived Tregs (t-Tregs) develop in the thymus, probably by diversion of self-reactive 

thymocytes (48). These cells escape the negative selection, which self-reactive double 

positive thymocytes usually undergo. The mechanisms that determine positive or negative 

selection are unclear, but the affinity and specificity of the interaction between self-peptide-

TCR might support Treg precursor differentiation into mature Foxp3+ cells (48). Since full 

Foxp3 expression requires Treg activation, t-Tregs have a reduced Foxp3 expression in 

comparison to p-Tregs. However, their Foxp3 expression is considered stable, due to the low 

TSDR methylation (49). Foxp3 inhibits the transcription factor STAT4 (signal transducer and 

activator of transcription 4), which stimulates IFN-γ production (40, 49). The frequency of t-
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Tregs decline with age reflecting reduced thymic output due to thymic involution. Although 

sometimes defined as naïve, they are not antigen unexperienced, as they have already 

recognised a self-antigen in the thymus in an antigen-specific manner (49). After t-Tregs have 

been released from the thymus they migrate to secondary lymphoid organs, using CCR7 and 

CXCR5, where they can be reactivated (49). At this stage, they express activation markers, 

such as LAP and CD103, and it is difficult to distinguish them from peripherally-derived 

Tregs (p-Tregs) (49). GPA33 has recently been discovered as marker of stable thymus-derived 

Tregs (50). It has been identified in naïve Tregs just before exit from the thymus, but its 

expression remained detectable after Treg activation, thus identifying Tregs with a low 

propensity of conversion into T effector cells (50). 

In contrast to t-Tregs, p-Tregs are probably generated via the conversion of peripheral T 

effector cells under the influence of locally produced cytokines (i.e. TGF-β, IL-2, and IL-33) 

(51). Thus, they are supposed to maintain tolerance to harmless foreign antigens, derived from 

food or commensal microbes and presented in mucosal tissues (51). Their main regulatory 

mechanism is the secretion of immunosuppressive cytokines. Although they express higher 

levels of Foxp3 in comparison to t-Tregs, they are considered to be less stable and can convert 

into Teffs under inflammatory conditions. A reduced Helios expression and a lower TSDR 

demethylation could account for this instability (49). Furthermore, recently generated p-Tregs 

might show an incomplete lineage commitment, which might require repeated antigen 

stimulation to become complete (49). Such cells that are not fully committed can be found in 

the above mentioned fraction III subset, which is characterized by intermediate expression of 

Foxp3 and CD25. This subset expresses many of the markers found in p-Tregs, has an unclear 

inhibitory capacity and is unstable, as it can produce inflammatory cytokines and shows 

incomplete TSDR demethylation (49). The frequency of p-Tregs increases with age.  

Type 1 regulatory cells (Tr1) can be considered a subset of peripheral regulatory cells that do 

not constitutively express Foxp3, but can up-regulate it under activation. They are identified 

by co-expression of LAG-3 and CD49b (32, 52). Even if they lack Foxp3 expression, they are 

fully suppressive not only via IL-10 secretion, but also through mechanisms adopted by 

Foxp3+ cells, such as the anti-inflammatory adenosine, cytotoxic molecules, and co-

inhibitory molecules (52). Th3 cells are another subset of cells with suppressive function, but 

lacking Foxp3 expression, and mainly characterised by TGF-β secretion (38). Although 
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described in mice, CD8+ Tregs remain to be defined in humans (53). Recently, they have been 

shown to suppress pathogenic CD4+ T cells in infections and autoimmune diseases (54). In 

addition to T cells, natural killer T cells (NKT) have regulatory functions, and regulatory B 

cells and plasma cells have also been described (55).  

Based on the expression of distinct chemokine receptors, Tregs have been classified as Th17-

like (CCR6+CXCR3-CCR4+), Th1-like (CCR4+CCR6-CXCR3+), and Th2-like 

(CCR4+CCR6-CXCR3-). These subsets display the master transcription factors RORγt, T-bet, 

and GATA3, respectively (56). Even if Th17-like and Th1-like Tregs can produce little 

amounts of IL-17 and IFN-γ, respectively, they mainly produce IL-10, express Foxp3, and  

are phenotypically and functionally stable (56). Interestingly, there is a developmental link 

between Th17 cells and Treg cells, as they both require TGF-β for initial differentiation (57). 

By next generation RNA sequencing, we found that p-Tregs express genes associated with 

Th17-lineage commitment, such as RORC, RORA, BATF, and IL17RB (see below). Tissue-

resident Tregs represent a heterogenous subset with a unique phenotype, and tissue-related 

functions (49, 58). Lastly, it is important to specify if Tregs that have been generated in vitro, 

for example through TGF-β stimulation. In this case, the term “in vitro-induced Treg cells” 

should be adopted (59).   
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Table 3.

Treg cell subsets 

Thymus-derived Tregs (t-Tregs)

Periperally-derived Tregs (p-Tregs)

Type I regulatory cells (Tr1)

Th3 cells

CD8+ Tregs

Natural killer T cells (NKT)

Th17-like Tregs

Th1-like Tregs

Th2-like Tregs

Tissue-resident Tregs

In vitro-induced Tregs



2.7 Treg cell frequency, function and plasticity 

The quantification of Treg frequency in peripheral blood is difficult due to the lack of unique 

and specific Treg-identifying markers, as discussed above.  

As Tregs can be defined as CD25hiCD127loFoxp3+, the staining and gating strategies might 

differ, hampering the comparison between studies. Buckner suggested that, based on the 

expression of high levels of CD25, approximately 4% of CD4+ T cells in human blood can be 

defined as regulatory (38). In our cohort of 16 HDs, Tregs, defined as CD25+CD127lo, 

represented 2.82% of CD4+ cells (range 1.06-4.58%, see below). IPEX elucidates the 

importance of Tregs in preventing autoimmunity (36). In this disease, Foxp3-expressing cells 

are usually low or absent, but they can also be present, although unstable and impaired (60). 

This example underscores the importance of Treg function over Treg cell number. 

Accordingly, patients with autoimmune diseases in most instances show only a modest 

reduction in Treg cell number (38). Furthermore, the number of Tregs is quantified in 

peripheral blood, but may not reflect Treg number in peripheral tissues which is more relevant 

for Treg function (38).  

Beyond IPEX, an impaired Treg function is observed in several primary immunodeficiencies 

(61). Mutations in the α-chain of the IL-2 receptor (IL-2Rα, CD25) lead to an IPEX-like 

syndrome associated with opportunistic infections related to T cell deficiency (61). Mutations 

in STAT5b compromise the transcription of genes downstream of IL-2Rα and decrease Foxp3 

expression (61). STAT5b deficiency is characterised by dwarfism, infections, diarrhea, 

eczema and lymphocytic interstitial pneumonitis, suggesting immune dysregulation (61). 

Autoimmune Polyendocrinopathy, Candidiasis and Ectodermal Dystrophy (APECED) 

syndrome is caused by autosomal recessive mutations in AIRE (autoimmune regulator) which 

plays a role in the generation of functional Tregs (61). It is characterised by reduced Treg 

frequency, Foxp3 expression and functionality (61). In Wiskott-Aldrich syndrome, caused by 

mutations in WAS (WASP Actin Nucleation Promoting Factor), Treg function is consistently 

impaired and patients develop thrombocytopenia, eczema, infection snd malignancies (61).  

Several mechanisms of suppression have been described, and their relative contribution to 

Treg function is unclear. Since Tregs express high levels of CD25, they can compete with 

effector T cells for IL-2, deplete it, and induce IL-2 deprivation-mediated apoptosis of effector 

T cells (62). CD39 and CD73 are endonucleases that hydrolyse ATP, reducing its availability 
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for T cell proliferation. The consequent generation of adenosine inhibits Teffs binding to the 

adenosine A2A receptor (63). Moreover, Tregs can induce cytolysis by the same mechanisms 

adopted by cytotoxic T cells and NK cells, such as granzyme A and perforin (63). In addition, 

Tregs can suppress CD8+ T cells, but not CD4+ T cells, by Fas-mediated apoptosis (64). 

Furthermore, Tregs can inhibit APCs by TIGIT-CD155 interaction, or by CTLA-4-CD80/

CD86 interaction (49, 63). CTLA-4 additionally increases the expression of IDO by dendritic 

cells, thus lowering the concentration of tryptophan for T effector cell proliferation (64). 

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) insufficiency due to heterozygous 

germline mutations leads to a complex immune dysregulation syndrome with multiple 

autoimmune manifestations (65). This syndrome is characterised by an increased frequency of 

Tregs, albeit dysfunctional (65). LAG-3 (lymphocyte-activation gene 3) can also block 

dendritic cell maturation and their immunostimulatory capacity (63). In a mouse model, it has 

been shown that Tregs can acquire CD80 and CD86 from dendritic cells via trogocytosis. In 

particular, the acquisition of CD86 enhanced Treg activation and suppressive function (66). 

Another mechanism mediating Treg function is the production of inhibitory cytokines, such as 

IL-10, TGF-β, and IL-35. As discussed above, these cytokines are crucial for Tr1 and Th3 cell 

function, but their role for t-Tregs function is still debated (63). Thus, Tregs exert a broad 

immunosuppressive effect beyond the antigens they specifically recognize (67). A summary 

of Treg suppressive mechanisms is provided in Table 4.  

Tregs show some degree of plasticity, for example they can suppress using the same 

transcriptional program of their target Teffs (68). During type-I immune responses, IFNγ is 

released by Teffs and induces TBET expression, leading to the polarisation of Th1-suppressive 

Tregs (68). However, IFNγ induces IL2RB2 expression, that makes Tregs susceptible to the 

effects of IL-12. IL-12 drives Treg polarisation into Th1-like Tregs with an impaired 

proliferative capacity (68). Thus, the balance between IFNγ and IL12 in the 

microenvironment is responsible for Treg differentiation either into Th1-suppressive Tregs, or 

into Th1-like non-suppressive Tregs. It has been suggested that in pathological conditions, 

such as in multiple sclerosis, this balance is shifted towards an increased frequency of Th1-

like defective Tregs (68). Accordingly, Th17-like Tregs have been shown to contribute to 

pathological conditions, such as colon cancer, inflammatory bowel disease, psoriasis and 

arthritis, and Th2-like Tregs have been observed in patients with food allergies (68). As 

discussed above Th1-, Th17-, and Th2-like cells are functionally and phenotypically stable 
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(56), but might become pathogenic in diseases characterised by type 1, -17, or -2 polarisation, 

respectively.  

2.8 Treg cell antigen specificity and repertoire 

As Tregs have an antigen-specific T cell receptor (TCR), one important question that has 

arisen concerns the specificity of their TCR. In particular, whether Tregs recognise self- or 

non self-antigens has been a matter of debate. According to the first hypothesis, medullary 

epithelial thymic cells (mTEC) present endogenous antigens under the control of AIRE and 

FEZF2 (FEZ family zinc finger 2), and positively select a t-Treg repertoire based on high 

affinity interactions (69). In addition, in mice, the Treg TCR repertoire was found to be 

enriched for TCR complementarity determining regions 3 (CDR), which contained strongly 

interacting amino acids in comparison to the Teff TCR repertoire (70). These TCRs might 

recognise self-antigens with high avidity, in contrast to Teffs. Therefore, t-Tregs specific for 

self-antigens have been found (67). MOG, one of the major auto-antigens of autoreactive 

Teffs in multiple sclerosis, has been discovered as self-antigen for t-Tregs (68). MOG-specific 

Treg TCRs had a higher functional avidity for MOG peptides in comparison to the T effector 

counterpart and Tregs, in contrast to Teffs, could not develop in the absence of MOG (48). 

This might suggest that self-peptides are the unique and best agonists for Tregs, while 

autoreactive Teffs are more degenerate (68). In contrast to this model, Pacholczyk et al. 
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Table 4.

Treg suppressive mechanisms 

IL-2 depletion and IL-2 deprivation-mediated apoptosis

CD39 and CD73-mediated adenosine production

Granzyme A and perforin-mediated cytolysis

Fas-mediated apoptosis

APCs inhibition through CTLA-4

APCs inhibition through TIGIT

LAG-3-mediated block of dendritic cell maturation

Trogocytosis of CD80 and CD86 from dendritic cells

Inhibitory cytokines, i.e. IL-10, TGF-β, and IL-35

Differentiation in Th1-suppressive Tregs



suggested that non self-antigens are the cognate specificities of Tregs (71). Supporting this 

hypothesis is the discovery of Tregs specific for bacteria, fungi, parasites, allergens and 

alloantigens (67). In addition, it has been reported that thymic Treg differentiation does not 

require the recognition of a self-agonist. However, CD4+CD25+ thymocytes are less sensitive 

to agonist-induced deletion than their CD+CD25- counterpart, thus they are apparently 

enriched (72). It could be argued that if Tregs are specific for self-antigens their TCR 

repertoire should be mostly distinct, with a limited overlap with Teff TCR repertoire. By 

contrast, a high overlap would suggest that Tregs recognise similar non self-antigens, like 

Teffs. However, the reports on this subject are often contradictory. Fazilleau et al. reported a 

24% of overlap between the two repertoires, and suggested that Tregs have a repertoire size 

and diversity similar to those of Teffs (73). As the current knowledge about this topic is 

limited, we tried to compare the diversity between Treg and Teff repertoire and to measure 

their overlap, by performing high-throughput TCR sequencing in patients with RRMS and 

HDs (see below).  

It is probably clear from the above summary that many aspects that are involved in thymic 

Treg development and their antigen-specificity are complex and remain incompletely 

understood. Whether Tregs suppress in an antigen-specific fashion is another open question. 

To exploit their suppressive function, Tregs require activation by an antigen-specific TCR-

MHC II interaction (48). Once Tregs are activated in an antigen-specific manner, they can 

suppress Teffs with different antigen specificities. However, it has been suggested that the 

suppression is more effective when Tregs and Teffs have the same antigen specificity (70). In 

conclusion, it is still unclear if Tregs are specific for self- or non self- antigens, but they 

require to be activated by their cognate antigen to become suppressive. Once they are 

activated, they can use specific and non-specific mechanisms to suppress Teffs. It might be 

possible that, whereas specific mechanisms require cell-cell interaction, non-specific 

mechanisms are mediated by cytokines that create a tolerogenic environment. Hence, the 

interaction of a Treg and a Teff sharing the same antigen-specificity might underlie an 

effective suppression.   

2.9 Tregs in MS 
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Data obtained from the EAE model suggested that Tregs may also have protective roles in 

MS. When a disease-inducing trigger was applied, the adoptive transfer of CD4+CD25+ T 

cells prevented EAE or reduced its severity (31), while targeted deletion of Treg resulted in 

increased susceptibility to the disease and prevented secondary EAE remission (74). 

Protective Treg-mediated mechanisms include the inhibition of the capacity of dendritic cells 

to prime naïve autoreactive T cells (49, 63), the suppression of proliferation and migration of 

autoreactive T cells (63), and remyelination in the CNS. The latter is obtained not only by 

anti-inflammatory mechanisms, but also by induction of oligodendrocyte differentiation (75 

(Figure 2).    

Figure 2. Mechanisms of Treg-mediated suppression of autoreactive T cells in MS. 

Adapted from Wang J (13). Created with Biorender.com. 

A failure of Treg-dependent immune tolerance has been supposed to contribute to several 

autoimmune diseases and in particular to MS. Numerous studies have assessed various Treg-

related aspects in patients with MS (22, 76-78), however, with sometimes controversial 

results, which is due to the lack of unique identifying markers for Tregs, the heterogeneity of  

cohorts and discrepancies in laboratory methods. For instance, a meta-analysis of 16 studies 
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found no evidence for reduced numbers of Tregs defined as CD4+CD25+ cells in peripheral 

blood of patients with MS (79). However, when Tregs were defined as CD4+CD25+Foxp3+ 

cells, they were lower in patients with MS as compared to HDs (79). Moreover, an 

accumulation of Tregs in the CSF, together with an increased expression of CD103 and 

CD49d, adhesion molecules involved in T cell homing, has been observed in RRMS patients 

(77, 78). However, accumulating Tregs in the CSF might be more susceptible to apoptosis, 

resulting in a low frequency of Tregs in MS brain lesions (80). In addition, Tregs derived from 

patients with MS show a functional impairment, when tested for their suppressive capacity 

against autologous lymphocytes stimulated polyclonally or antigen-specifically (78, 81). In 

these experiments, the compromised Treg suppressive capacity was not related to an increased 

resistance of Teffs. In contrast, secondary progressive MS patients display a normal Treg 

function, and no correlation between Treg function and disease activity has been found (82). 

Nevertheless, the mechanisms underlying the functional defect are still unknown. Overall, 

existing data hints at an impaired thymic function and a proinflammatory environment (Figure 

3). Genetic susceptibility and environmental factors might influence both pathogenic 

mechanisms (7, 9). The hypothesis of a reduced thymic output is supported by the reduced 

frequency of CD31+ recent thymic emigrant (RTE) Tregs and reduced TCR repertoire 

diversity based on a lower CDR3 (complementarity-determining region 3) complexity score 

of patients with MS (83). A positive correlation between RTE-Tregs prevalence and Treg-

mediated suppression has been found (83). The frequency of RTE-Tregs physiologically 

declines with age, but a premature reduction has been observed in pediatric patients with MS 

(84). The hypothesis of a proinflammatory environment that may reduce Treg stability and 

downregulate Foxp3 is supported by the higher frequency of Th1-like Tregs secreting 

interferon-γ (IFN-γ) and with reduced suppressive function in untreated patients with RRMS 

(68, 85). This phenotype could be induced in vitro by IL-12, suggesting that proinflammatory 

cytokines can influence Treg plasticity. Similarly, IL-6 can induce a Th17-like non-

suppressive phenotype (86). Proinflammatory signals, as the ones found during a relapse in 

patients with MS, can increase CD39 and CD45RA expression in Tregs (87, 88). Activated 

Tregs up-regulate could be mobilised to the CNS to exploit their anti-inflammatory effect 

(87). However, an increased activation could lead to exhaustion, and finally reduce the 

concentration of CD39+ Tregs, as reported in some MS patients (89). Lastly, inflammation 

drives post-translational modifications in Foxp3 causing its degradation (87). A compromised 
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Tr1 function might additionally contribute to MS pathogenesis. Defects in the induction of 

Tr1 cells with CD46 co-stimulation have been observed in MS patients as reduced IL-10 

secretion (90). 

Figure 3. Possible pathogenic mechanisms underlying functional Treg defect in some 

patients with MS. Created with Biorender.com. 

2.10 Current and future treatments for MS 

Although there is no cure for MS yet, treatments include steroids during acute exacerbations 

and disease-modifying drugs to modify the course of the disease through immunomodulation 

or suppression (15). Interferon-β (IFN-β) has a low/moderate efficacy in reducing relapse 

rates, is well tolerated, and has numerous immunomodulatory effects, including stabilisation 

of the brain-blood barrier, down-regulation of MHC class II molecules on APCs, and 

inhibition of proinflammatory cytokines (15). Glatiramer acetate (GA) has a similar efficacy 

and tolerability profile, inhibits antigen presentation and proinflammatory cytokines, and 

induces the production of neurotrophic factors (15). Natalizumab is a humanized monoclonal 
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IgG4κ antibody against α4-integrin, an adhesion molecule expressed by lymphocytes and 

monocytes that mediates their adhesion to the endothelium and extravasation across the 

blood-brain barrier into the CNS. It was designed following the observation of the importance 

of VCAM-1 in EAE model. The reduced CD49d expression on circulating lymphocytes is 

mediated by internalisation and degradation of CD49d (91). Furthermore, the interaction 

between α4 integrins and VCAM-1 (vascular cell adhesion molecule 1) is important for 

lymphocyte activation and proliferation (92), and natalizumab exerts a costimulatory effect 

via integrin α4 (91). It has a high efficacy and good tolerability, except for one adverse effect: 

i.e. progressive multifocal leukoencephalopathy (PML), associated to JC polyoma virus 

infection (PML) (15). This effect might be related to the low lymphocyte counts in the CSF 

and to the release of B cells from the bone marrow and the spleen, where JC virus is latent 

(93, 94). Furthermore, drug cessation sometimes induces rebound disease activity, an effect 

that has been related to the accumulation of autoreactive lymphocytes T cells in the periphery 

that may enter the CNS (91). It has been shown that natalizumab supports a proinflammatory 

gene expression profile and the retention of inflammatory activated lymphocytes is associated 

with increased IL-2, IFN-γ and IL-17 in some patients with MS (14, 91). Fingolimod 

(FTY720) is an inhibitor of the sphingosin-1 phosphate receptor (S1PR) that is necessary for 

egress of CCR7 positive lymphocytes from the lymph nodes (15). Thus, it prevents their 

migration to the CNS, without affecting CCR7 negative memory lymphocytes (15). It is less 

effective than Natalizumab in reducing relapse rates, and it is associated with the risk of 

reactivation of latent infections, particularly of HSV-1 and VZV infection (15). Dimethyl 

fumarate has an efficacy comparable to fingolimod and has immunomodulatory effects, such 

as dendritic cells and proinflammatory cytokines inhibition, and neurotrophic factors, and 

regulatory B cell induction (15). Alemtuzumab is a monoclonal antibody against CD52, that is 

expressed by B and T cells. It blocks the inflammation by lymphocyte depletion, and, in some 

patients, is associated with secondary autoimmune diseases (15). Anti-CD20 antibodies 

(rituximab, ocrelizumab, ofatumumab) efficiently reduce the inflammatory activity in MS by 

B cell depletion (15). Their main mechanism is binding to CD20, expressed on the surface of 

all B cells, except early pro-B cells, plasma blasts and plasma cells, and inducing lysis by 

antibody-dependent complement- or cell-mediated cytotoxicity (95). Whereas a small fraction 

of CD20-expressing T cells is depleted (96), T cells are mostly diminished because in absence 

of B cells, they are not supported by antigen presentation, and are thus deprived of a stimulus 
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necessary for their activation and proliferation (96). Daclizumab is a humanised monoclonal 

antibody against CD25 and its anti-inflammatory activity is mediated by the expansion of 

CD56 bright NK cells (15, 23). Autologous hematopoietic stem cell transplantation (aHSCT) 

is a highly effective treatment of MS and can entirely suppress MS disease activity for long 

periods of time with 70–80% of patients remaining disease-free (97). Autologous CD34+ 

stem cells are collected prior to the high-dose chemotherapy and are subsequently infused to 

the patient to reconstitute a functional immune system (24, 97). Thus, the main mechanisms 

of action are eliminating autoreactive T cells, and establishing a new T cell repertoire (24, 97).  

The induction of specific tolerance against target antigens represents a strategy to re-establish 

immune tolerance in MS patients. One approach, which our group pursues, uses an infusion 

of autologous red blood cells chemically coupled with myelin peptides. The phase Ib study 

confirmed the tolerability and safety of the treatment and provided mechanistic indication of 

antigen-specific tolerization, such as a decrease of antigen-specific T cell response (98). In 

table 5, the effects of MS treatments on Tregs are reported.  

Table 5. Effects of MS treatments on Tregs

Treatment Effect on Tregs

IFN-β Increased frequency of t-Tregs and improved suppressive capacity 
(99), higher number of Tregs and Tr1 cells (100)

Glatiramer acetate Increased frequency of t-Tregs and improved suppressive capacity 
(101), increased IL-10 production (102)

Natalizumab Reduction of CD49d expression on Tregs, block of Treg 
transmigration, Treg frequency and suppressive capacity unchanged 

after treatment (103)
Fingolimod Reduced Treg frequency, but increased Foxp3 and CD39 expression 

in the remaining CD4+ T cells (104)
Dimethyl fumarate Increased responsiveness of Teffs for immunoregulation by Tregs 

(105) 
Alemtuzumab Tregs are not spared from depletion, expansion of CD45RA- Tregs 

after treatment due to homeostatic proliferation or T effector cell 
conversion, enhanced Treg inhibitory effect related to altered Teffs 

(106)
Anti-CD20 therapy Slightly decreased CD4+ Treg frequency, increased frequency of 

CD8+ Treg (95)
Daclizumab Reduced Treg frequency, impaired proliferation and suppressive 

capacity (107), expansion of CD56+ NK cells (108)
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2.11 Adoptive transfer of Tregs as treatment for MS 

As discussed above, during the last 30 years, several disease-modifying drugs with 

immunomodulatory effects have been approved for MS. These treatments reduce relapse rates 

and slow the progression of RRMS (15). However, they are ineffective in halting or reversing 

the disease that is dependent from neurodegenerative processes, especially in progressive 

forms of MS, and have side effects related to immunosuppression (109). As already 

mentioned, Tregs have neuroregenerative properties that would help to treat patients with 

later-stage progressive disease (75, 109). Thus, the reconstitution of regulatory T cell 

function, by means of adoptive cellular therapy (ACT), has been proposed as promising 

treatment for MS (110). Successfully used to treat certain types of cancer, this therapy has 

already been applied to other diseases, such as graft-versus-host-disease, type I diabetes, 

systemic lupus erythematosus, and amyotrophic lateral sclerosis (49). Currently, autologous 

polyclonal CD4+CD25+CD127lo Tregs are the most commonly used source for ACT (49). 

By this therapy, Tregs are isolated, expanded in vitro and infused back to the patient (111). 

They have been shown to be effective in reducing insulin resistance in paediatric patients with 

type I diabetes, but the results were less impressive in adults (49). Furthermore, a phase Ia/II 

clinical trial has demonstrated the safety and tolerability of autologous polyclonal Tregs, 

either administered intravenously or intrathecally, in patients with MS (112). However, 

clinical benefits have not been established yet (49). As Tregs rely on antigen-specific 

recognition through TCR to be activated, the efficacy of polyclonal Tregs might be limited by 

the low number of antigen-specific cells, the short term lifespan, and the hurdles in reaching 

their target tissues (49). Moreover, polyclonal Tregs might cause broad immunosuppression, 

for instance suppressing immunity against infections and tumors, and off-targets effects (48). 

An highly specific TCR-antigen-MHC II interaction is necessary to activate Tregs (69). Upon 

this activation, Tregs can suppress T effector cells (Teffs) with different antigen specificities, 

aHSCT Unknown

Antigen-specific 
toleration therapy

Unknown

Treatment Effect on Tregs
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but the suppression might be more efficient when Tregs and Teffs share the same antigen 

specificity (67). This might be related to the multiple suppressive mechanisms adopted by 

Tregs, some requiring a direct cell-cell interaction, such as granzyme A and perforin-mediated 

cytolysis, and Fas-mediated apoptosis, some mediated by IL-2 depletion, anti-inflammatory 

cytokines, or inhibition of APCs (63). These factors strongly support the use of antigen-

specific Tregs, which are more potent, should carry a lower risk of general 

immunosuppression and target specific tissues (49). 

Figure 4. Overview of adoptive T cell therapy. Polyclonal T cells are isolated from 

patients and edited to express TCRs specific for MS autoantigens. Engineered MS-

specific Tregs are then expanded and re infused. Created with Biorender.com. 

Nevertheless, purification and expansion of self-antigen-specific Treg cells is hindered by the 

low precursor frequency (111). An alternative approach is to edit polyclonal Tregs to express 

antigen-specific TCRs (111). By this approach T cells are isolated from patients and 

stimulated with autologous monocytes pulsed with pools of overlapping peptides derived 

from MS autoantigens (Figure 4). Autoreactive Teffs which recognize MBP and MOG can 
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been found in peripheral blood of MS patients as well as in healthy individuals (113). These 

cells can be selected and used as source of TCRs that are expressed into autologous Tregs by 

retroviral or lentiviral transduction. In this way, engineered autoantigen-specific Tregs are 

obtained and can be expanded to be infused back to the patient (110). In this context, antigen 

recognition is HLA-restricted. Indeed, a TCR derived from an MBP-specific clone of a 

patient with MS has been isolated and expressed in human Tregs (114). These Tregs could be 

activated in response to stimulation with MBP, and suppress MBP-stimulated Teffs (114). In 

addition, they ameliorated EAE in MOG-immunized DR15 transgenic mice (114). Fransson et 

al. modified Treg cells with a lentivirus vector system to express a chimeric antigen receptor 

(CAR) targeting MOG in trans with the Foxp3 gene (115). These cells were able to migrate to 

the CNS and to reduce the severity of EAE in the chronic phase (115). In another study from 

Malviya et al., transgenic T cells expressing a TCR specific for MOG (35-55) were equally 

efficient in EAE induced by MOG (35-55), and induced by an unrelated antigen, PLP 

(178-191) (116).  

However, it has been shown that engineered Tregs are less effective in preventing EAE when 

they express an autoreactive Teff-derived TCR in comparison to a self-reactive Treg-derived 

TCR (48). Namely, the suppressive capacity is influenced by the avidity and Tregs have a 

higher functional avidity for self-peptides, which are their unique and best agonists, in 

comparison to Teffs, which are more degenerate (48, 69).  

Therefore, Treg-derived TCRs might be the best choice for ACT (49). However, to our 

knowledge, self-antigen-specific Tregs have never been isolated from patients with MS. With 

our study, we aimed to isolate and characterize myelin-specific Tregs from patients with MS, 

and to investigate their potential use for ACT. Moreover, it is not clear which Treg cell subsets 

are more suited to engineer for Treg therapy (111). One concern is the eventual presence of 

Teffs in the product infused, due to a contamination or due to a Treg conversion into Teff (49). 

As t-Tregs are supposed to be more stably committed to Treg lineage, they might be the safest 

source for ACT (49). Additional Treg properties, such as the expression of migratory or 

suppressive molecules, might influence Treg selection. Another issue is that any defect in 

Treg cells derived from MS patients should be corrected before autologous transfer of these 

cells (49). However, Treg suppressive capacity should be studied not only at bulk level, but 

also at clonal level, as functional Treg clones might be present in MS patients. New 
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technologies, such as chimeric antigen receptors and genome editing, are currently under 

development to increase Treg specificity and functionality (85). Furthermore, Tr1 cells have 

been generated from Teffs by lentiviral vector-mediated IL-10 gene transfer and expanded for 

clinical application. Clinical trials have shown the safety and feasibility of this approach 

(117).  

2.12 TCR repertoire in MS 

The adaptive immune system can recognize almost any antigen through a repertoire of 

theoretically billions of TCRs (118). A diverse TCR repertoire is crucial to ensure an adequate 

immune response to foreign antigens and it is influenced by genetic and environmental 

factors, such as thymic selection, age, HLA haplotype, and infections (119). Such diversity is 

mostly contained in the hypervariable CDR3 region of the TCR. The CDR3 stems from 

rearrangements of V, D, and J gene segments (Vβ chain) and V, J segments (Vα chain), with 

random insertions and deletions, that contribute to the large diversity of the TCR repertoire 

(118). Following antigen stimulation, specific TCCs are selectively expanded and the 

repertoire becomes less diverse. Molecular methods such as Sanger sequencing and CDR3 

spectratyping have been used to characterise the immune repertoire in past (120). However, 

the limited resolution and the low throughput have given rise to conflicting results. High-

throughput sequencing technologies are currently used to assess the TCR repertoire and 

enable to capture the full immune repertoire including individual clones (118). Up to 10% of 

T cells may express two functional α chains, whereas less then 1% express two functional β 

chains (120). Thus, sequencing of TCR β genes is usually preferred to estimate the number of 

single clones in the total repertoire. Despite previous data suggested a reduced TCR repertoire 

diversity in patients with MS in comparison to HDs, recent evidences support a higher 

diversity in patients (120, 121, 122). Furthermore TCR repertoire has been analysed both in 

CSF and blood. Highly diverse repertoire and increased clonal expansion have been found in 

both compartments (120, 121). Whereas Lossius et al. detected a significant overlap 

indicating that most CSF cells have entered from blood (120), de Paula Alves Sousa et al. 

found only few shared clones between the compartments (121). In addition, it has been shown 

that CD8+, more than CD4+ clonotypes, are shared between peripheral blood and brain 

lesions in patients with MS (21). Planas et al. suggested that clonally expanded CD8+ 
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clonotypes in brain lesions most likely derive from TCCs that are clonally expanded outside 

the CNS (21). By contrast, the most frequent CD4+ clonotypes identified within the CSF and 

the brain were infrequent in blood, indicating a local expansion that was stable for at least one 

year or specific recruitment of CD4+ clonotypes into the brain (21, 120). The observation of 

identical TCR sequences encoded by different nucleotide combinations has been interpreted 

in support of an antigen-driven T cell response (120). Some studied have investigated the 

specificity of the TCR repertoire against microbial antigens. Public EBV-reactive CD8+ T 

cells shared across individuals were found to be enriched in the CSF of patients with MS, but 

not of HDs (120). CMV-specific TCRs have been recognised in patients with MS and 

positively correlated with HLA-DRB1*04:05 haplotype and mild disability (121). The studies 

cited above refer to T cell TCR repertoire without distinction between Teffs and Tregs. 

Evidences available on Treg TCR repertoire suggest that it displays a high level of diversity, 

similar to that of Teffs, shows a preference for high-affinity self-antigens, and is mostly, but 

not totally distinct, in comparison to Teff repertoire (123). In addition, it has been shown that 

the thymic and peripheral Treg TCR repertoires are similar, but not identical, suggesting a 

peripheral reshaping of TCR diversity based on the availability of local antigens (123). Föhse 

et al. demonstrated that high TCR repertoire diversity is crucial for Treg expansion, peripheral 

reshaping of Treg TCR repertoire and in vivo suppressive capacity (124). As Tregs are more 

suppressive when they share the same antigen-specificity of Teffs, a high TCR diversity 

would positively influence Treg inhibitory capacity by increasing the frequency of antigen-

specific Tregs (123). Thus, a limited TCR diversity may be a risk factor in autoimmune 

disease (123).  

The hypothesis of public TRCs shared across patients supported the use of databases of CDR3 

sequences (120, 125). A TCR is defined as public on the basis of identical amino acid 

sequences shared across multiple individuals (126). In response to a dominant antigen, 

selective pressure might drive convergent recombination towards the generation of the same 

public amino acid CDR3 (126). Thus, the identification of a public TCR repertoire in 

individuals exposed to the same antigen might lead to the detection of antigen-specific TCRs. 

Whereas McPAS-TCR database is a catalogue of TCRs that have been found in T cells 

associated with various pathological conditions in humans and in mice (127), VDJdb database 

lists TCR sequences with known antigen specificities (128).  
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The detection of antigen-specific TCRs is of interest for adoptive Treg therapy that, as 

mentioned above, is based on editing polyclonal Tregs to express autoantigen-specific TCRs. 

MHC tetramers have been developed to identify T cells specific for known antigens (129). 

Originally designed as class I MHC tetramers for CD8+ T cells, they have been adapted as 

class II MHC tetramers for CD4+ T cells. However, broad application of this technology has 

encountered several limitations, including the low frequency of CD4+ T cells of interest, that 

require expansion or enrichment, the low TCR-MHC avidity, and the HLA class II restriction 

(129). Due to the low frequency of autoantigen-specific T cells, tetramer staining has still not 

be used in the context of adoptive Treg therapy.   

3.0 MATERIALS AND METHODS 

3.1 Patient samples 

EDTA-anticoagulated blood samples were collected from 19 untreated, 12 natalizumab-

treated, 10 anti-CD20-treated patients with RRMS, and 17 healthy controls. MS was 

diagnosed according to the revised McDonald criteria (121). Patients and controls were 

recruited from the NIMS-Neuroimmunology and MS Research Section, Department of 

Neurology, University Hospital Zurich. Samples were collected in the context of previous 

research projects which had been approved by the Cantonal Ethical Committee of Zurich, 

Switzerland (EC-No. 2013-0001 and EC-No. ERC 2014-0699). All study participants had 

given their written informed consent to use their samples for research. PBMCs were isolated 

from blood samples using Ficoll-Paque™ density gradient-centrifugation. They were 

cryopreserved in 90% heat-inactivated fetal calf serum (Eurobio, Courtaboeuf, France) and 

10% Dimethyl sulfoxide (Sigma-Aldrich) for 24-48 hours at -80°C prior to long-term storage 

in liquid nitrogen. 36 individuals were typed for HLA class I and II molecules at 

Histogenetics LLC, NY, USA. DNA was isolated from whole blood using a standard DNA 

isolation protocol using a Triton-X100 (Sigma Aldrich, St Louis, MO, USA) lysis buffer and 

Proteinase K (Roche) treatment. Samples containing a final DNA concentration of 15 ng/ml 

were typed for HLA-class I (A* and B*) and HLA-class II (DRB1*, DRB3*, DRB4*, 

DRB5*, DQA1* and DQB1*) using high-resolution HLA sequence-based typing (SBT). 
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3.2 Treg isolation and culture  

Tregs were purified from previously frozen PBMCs by using EasySep™ Human 

CD4+CD127loCD25+ Regulatory T cell Isolation kit (STEMCELL™ Technologies). First, 

CD25+ cells were positively selected and CD4+ cells were enriched. Then, CD127hi cells 

were targeted for depletion. EasySep™ Human CD4+ Isolation kit (STEMCELL™ 

Technologies) was used in parallel to isolate CD4+CD25- Teffs. After isolation, Tregs were 

immediately analysed or kept in T cell medium. T cell medium had the following 

composition: Iscove's modified Dulbecco's medium (Gibco™), 5% human serum (Blood 

Bank Basel, Switzerland), 2 mM L-glutamine (Gibco™), 100 U/ml penicillin (Corning), 

100 µg/ml streptomycin (Corning), and 50 µg/mL gentamicin (Sigma-Aldrich). Except when 

used to perform functional assays, Tregs were kept in short-term culture with high 

concentrations of IL-2 (500 U/mL). hIL-2 containing supernatant were produced by T6 cell 

line that was kindly provided by F. Sallusto, IRB, Bellinzona- ETH, Zurich, Switzerland. To 

expand Tregs, we used 1 µg/mL phytohemagglutinin (PHA, Sigma-Aldrich), IL-2 (500 U/

mL), and irradiated allogenic feeders (45 Gy). To prevent Foxp3 downregulation due to Teff 

expansion, we tested rapamycin and IL-7. However, the results obtained and shown below 

induced us to avoid long-term Treg culture. To generate TCCs, we used SH800S Cell Sorter 

(Sony) to sort and plate one single Treg/well in T cell medium. Then, we added 1 µg/mL PHA 

(Sigma-Aldrich), allogenic irradiated feeders (45 Gy) and IL-2 (500 U/mL). At day 10 after 

cloning, growing wells were identified by eye and transferred to a new plate with fresh 

medium with IL-2. Clones were splitted when necessary, and eventually restimulated after 14 

days. To confirm their monoclonality, we performed a staining for the expression of Vβ-chain 

of TCR. Table 6 shows the fluorophore-conjugated anti-human antibodies used for staining. 

Table 6. Fluorophore-conjugated anti-human antibodies used for staining of TCR Vβ-

chain. 

Antibody Fluorochrome Company
anti-human TCR Vb 1 PE Beckman Coulter
anti-human TCR Vb 2 PE Beckman Coulter
anti-human TCR Vb3 FITC Beckman Coulter
anti-human TCR Vb4 PE Beckman Coulter
anti-human TCR Vb5.1 FITC Beckman Coulter
anti-human TCR Vb5.2 FITC Beckman Coulter
anti-human TCR Vb5.3 PE Beckman Coulter
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3.3 Immunophenotyping 

We used three flow cytometry panels to stain previously frozen PBMCs derived from 41 

patients  with RRMS and 16 HDs. In addition to the fundamental Treg markers (CD3, CD4, 

CD25, CD127, Foxp3), we analysed origin and memory markers (GPA33 and CD45RA), 

functional markers (CD39), and migratory markers (CD103 and CD49d). PBMCs were 

thawed, washed, stained with the LIVE/DEAD fixable dye Aqua (Invitrogen™) and the 

unspecific antibody binding to Fc-receptors was blocked with purified human IgG (Sigma-

Aldrich). Surface staining was performed using the following fluorophore-conjugated anti-

human antibodies: anti-CD3 BV786, anti-CD25 BV421, anti-CD127 APC/Cyanine7, anti-

CD39 PE, anti-CD45RA BV711, anti-CD103 BV605, anti-CD49d PerCP/Cyanine5.5 

(BioLegend), anti-CD4 PE-Texas Red (Invitrogen™), anti-GPA33 PE (R&D Systems®). 

Then, cells were fixed and permeabilised with Foxp3 Transcription Factor Fixation/

Permeabilization buffers (eBioscience™). Intracellular staining was performed using Alexa 

Fluor 647 anti-FOXP3 antibody (BioLegend). Samples were acquired using the flow 

cytometer BD LSR Fortessa and analysed using the software FlowJo (FlowJo LLC). Table 7 

shows the fluorophore-conjugated anti-human antibodies used for staining. 

Table 7. Fluorophore-conjugated anti-human antibodies for Treg immunophenotyping. 

anti-human TCR Vb6.7 FITC Endogen, Pierce
anti-human TCR Vb7 PE Beckman Coulter
anti-human TCR Vb8 FITC Beckman Coulter
anti-human TCR Vb9 PE Beckman Coulter
anti-human TCR Vb11 FITC Beckman Coulter
anti-human TCR Vb12 PE Beckman Coulter
anti-human TCR Vb13.1 PE Beckman Coulter
anti-human TCR Vb13.6 FITC Beckman Coulter
anti-human TCR Vb14 PE Beckman Coulter
anti-human TCR Vb16 FITC Beckman Coulter
anti-human TCR Vb17 FITC Beckman Coulter
anti-human TCR Vb18 PE Beckman Coulter
anti-human TCR Vb20 PE Beckman Coulter
anti-human TCR Vb21.3 FITC Beckman Coulter
anti-human TCR Vb22 FITC Beckman Coulter
anti-human TCR Vb23 PE Beckman Coulter
anti-human TCR Vb12 FITC Beckman Coulter

Marker Fluorophore Clone Isotype Catalog Nr. Lot.

CD3 BV785 37895 Mouse IgG2a, κ 317330 B239283
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3.4 Antigen-specific activation, expansion and cloning of Teffs and Tregs 

Following CD45RA+ naïve T cell depletion by using CD45RA MicroBeads human (Miltenyi 

Biotec), CD45RA− PBMCs were seeded at 2 ×105 cells/well in 200 µl X-VIVO 15™ medium 

(Lonza) in 96-well U-bottom plates (Greiner Bio-One). Cells were either untreated or ex vivo 

stimulated with pools of overlapping peptides derived from foreign or self antigens at a final 

concentration of 10 µM. The following autoantigens have been used: MBP, MOG, 

RASGRP2, TSTA3 (GDP-l-fucose synthase), HLA and PLP. In addition, we investigated the 

response to EBNA 1 (EBV nuclear antigen 1), BLLF1 (EBV major glycoprotein), and CEF II 

(from Cytomegalovirus, EBV and Influenza virus). Peptides were provided by Peptides & 

Elephants, Hennigsdorf, Germany. As positive control, CD45RA- PBMCs were stimulated 

with anti-biotin MACSiBead particles loaded with biotinylated antibodies against human 

CD2, CD3, and CD28 at a bead-to-cell ratio of 1:2 (Miltenyi Biotec). To evaluate antigen-

specific T cell response, proliferation as compared to unstimulated condition and positive 

control, was used as readout. To quantify T cell proliferation, wells were pulsed with 1 µCi/

well [3H] thymidine for 7 days. After 16 hours, cells were harvested on a membrane 

(Filtermat A, GF/C, Perkin-Elmer) using a harvester machine (Tomtec) and [3H] thymidine 

uptake was detected using Wallac 1450 Microbeta TriLux scintillation counter (Perkin 

Elmer). Cell proliferation was measured as counts per minute (cpm) or stimulatory index (SI). 

The SI indicates the ratio of cpm in the presence of the peptide versus cpm in the 

unstimulated control. Only if T cells showed a stimulatory index above 2, i.e. two times above 

background, they were considered antigen-specific.  

CD4 PE-Texas Red S3.5 Mouse / IgG2a MHCD0417 

CD25 BV421 BC96 Mouse IgG1, κ 302630 B228942

CD127 APC-E780 eBioRDR5 Mouse / IgG1, 
kappa

47-1278-42 4309179

GPA33a PE 402104 Monoclonal Rat 
IgG2a

FAB3080P

FOXP3 Alexa Fluor-647 206D Mouse IgG1, κ 320114 B241845

CD45RA BV711 HI100 Mouse IgG2b, κ 304138 B235784

CD39 PE A1 Mouse IgG1, κ 328208 B199643

CD103 BV605 Ber-ACT8 Mouse IgG1, κ 350218 B215929

CD49d PerCp-Cy5.5 9F10 Mouse IgG1, κ 304306
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This method is sensitive but doesn’t allow further analysis of the proliferative compartment. 

An alternative method was labelling CD45RA- PBMCs at a final concentration of 0.5 µM 

carboxyfluorescein diacetate N-succinimidyl ester (CFSE, Sigma-Aldrich) before stimulation. 

After 7 days cells were collected, stained for Live/Dead® Aqua (Invitrogen) and surface 

markers, analysed by flow cytometry and responding T cells were identified as CFSE diluting 

cells. Alternatively, after staining responding T cells can be recognised by flow cytometry by 

expression of activation markers around 5-7 days after stimulation. Antigen-responding T 

cells have been isolated as bulk population or single clones, as described above. As the 

fraction of CFSElo T cells might contain bystander cells, expanded TCCs were co-cultured 

with APCs and stimulated a second time to confirm their reactivity by [3H] thymidine 

proliferation assay. Antigen specificity is defined by a stimulatory index above 2, i.e. two 

times above background.  

In order to isolate antigen-responding Tregs, CD14+ and CD4+CD25+ T cells were isolated, 

by using EasySep™ Human CD14 Positive Selection Kit II, and EasySep™ Human 

CD4+CD127loCD25+ Regulatory T Cell Isolation Kit, respectively. Tregs were ex vivo 

stimulated using autologous irradiated (45 Gy) CD14+ cells that were either untreated or 

pulsed with specific peptides. As Tregs have been shown to be hyporesponsive and 

hypoproliferative in vitro (130), it might be challenging to evaluate their response to antigens, 

thus we selected activation markers as readout. After 5 days, cells were collected and stained 

for Live/Dead® Aqua (Invitrogen) and surface markers. The following antibodies were used 

for staining: anti-CD4 APC/Cyanine7, anti-CD3 PerCP/Cyanine5.5, anti-CD137 BV421 and 

anti-OX40 APC (Biolegend) (Table 8). We sorted and cloned CD137+OX40+ cells after 

stimulation with autoantigens. Cloning methods are described above. Expanded TCCs were 

co-culterd with irradiated monocytes as APCs and restimulated with autoantigens. The next 

day following secondary stimulation, cells from clones were incubated with human IgG 

(Sigma-Aldrich), labeled with Live/Dead® Aqua (Invitrogen), and stained using the following 

fluorophore-conjugated anti-human antibodies: anti-CD3 BV786, anti-CD137 BV421, anti-

CD69 APC/Cyanine7 (BioLegend), and anti-CD4 PE-Texas Red (Invitrogen™) (Table 8). 

The antigen specificity was confirmed by upregulation of the activation markers CD69 and 

CD137 and downregulation of CD3. The stimulatory index is defined as the ratio between 

mean fluorescence intensity (MFI) of activation markers observed in stimulated and 

unstimulated conditions, respectively. Antigen specificity is defined by a stimulatory index 
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above 2, i.e. two times above background. Supernatants were harvested at day 1 after 

stimulation. Cytokines in the supernatants were measured with a bead-based immunoassay 

using the Human T Helper Cytokine Panel (13-plex) kit (LEGENDplex, BioLegend) 

according to the manufacturer’s instructions. The following cytokines were measured: IL-5, 

IL-13, IL-2, IL-6, IL-9, IL-10, IFN-γ, TNF-α (tumor necrosis factor–α), IL-17A, IL-17F, IL-4, 

and IL-22. IL-17F and IL-4 had low concentrations and therefore are not shown. Myelin-

specific TCCs were obtained from a HLA-DR15+ patient. In the resting phase, cells from 

clones were fixed and permeabilised with Foxp3 Transcription Factor Fixation/

Permeabilization buffers (eBioeBioscience™). Intracellular staining was performed using 

Alexa Fluor 647 anti-FOXP3 antibody (BioLegend). The suppressive capacity was tested as 

ability to inhibit the proliferation of polyclonal stimulated CD25-CD4+ cells from the same 

donor as discussed below. 

To understand if generated clones recognised their antigen in the context of one of the HLA-

DR15 haplotype expressing HLA class II alleles, we used B cell lines isolated from a bare 

lymphocyte syndrome (BLS) patient as APCs. These cells were transfected to stably express 

DR2a (DRB5*01:01) or DR2b (DRB1*15:01) (14) and were kindly provided by B. Kwok 

(Benaroya Research Institute, Seattle). When a clone responded to the stimulation with BLS 

cells it was confirmed to be restricted for the respective HLA class II allele. 

Table 8. Fluorophore-conjugated anti-human antibodies for Treg sorting and screening 

of TCC activation. 

3.5 Suppression assay 

Marker Fluorophore Clone Isotype Catalog Nr. Lot

CD3 BV785 37895 Mouse IgG2a, κ 317330 B239283

CD3 PerCP/
Cyanine5.5

SK7 Mouse IgG1, κ 344807

CD4 PE-Texas Red S3.5 Mouse / IgG2a MHCD0417 

CD4 APC/Cyanine7 SK3 Mouse IgG1, κ 344615

CD137 BV421 4B4-1 Mouse IgG1, κ 309819 B325666

CD134 (OX40) APC Ber-ACT35 Mouse IgG1, κ 350007 B326766

CD69 APC/Cyanine7 FN50 Mouse IgG1, κ 310913
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The protocol for Treg suppressive activity characterisation was adapted from Gregori et al. 

(130). Tregs and Teffs were purified from previously frozen PBMCs by using EasySep™ 

Human CD4+CD127loCD25+ Regulatory T cell Isolation kit (STEMCELL™ Technologies) 

and EasySep™ Human CD4+ Isolation kit (STEMCELL™ Technologies), respectively. 

CD4+CD25- Teffs were stimulated with anti-biotin MACSiBead particles loaded with 

biotinylated antibodies against human CD2, CD3, and CD28 at a bead-to-cell ratio of 1:2 

(Miltenyi Biotec). Then, 5 x 104 Teffs/well were plated alone or in presence of Tregs at 

different ratios in T cell medium in a 96-well U-bottom plate (Greiner Bio-One). The ratio 

Treg:Teff ranged from 1:8 to 2:1. In addition, Tregs were cultured alone to monitor an 

intrinsic proliferative capacity. In parallel, Teff cells were plated in presence of the respective 

ratio of CD4+CD25-. This control condition ensured that the suppression was not due to the 

increasing number of cells/well with higher ratios Treg:Teff, with subsequent IL-2 

consumption in the medium. At day 5, wells were pulsed with 1 µCi/well [3H] thymidine. In 

parallel, supernatants were harvested and stored at -20°C for subsequent cytokine analysis. 

After 16 hours, cells were harvested and [3H] thymidine uptake was detected. Cell 

proliferation was measured as counts per minute (cpm). Percent suppression was calculated 

using the following formula: [1-(cpm Teffs co-cultured with Tregs/cpm Teffs co-cultured with 

CD4+CD25- cells)] x 100. The mean suppressive capacity was calculated as the mean of five 

percent suppression values calculated at different Treg:Teff ratios.  

As the suppression calculated at the ratio Treg:Teff 1:1 was the closest to the mean 

suppressive capacity, we used the supernatants harvested from that condition to quantify 

cytokines. Cytokine concentration were quantified using the Human T Helper Cytokine Panel 

(13-plex) kit (LEGENDplex, BioLegend) according to the manufacturer’s instructions. The 

following cytokines were measured: IL-5, IL-13, IL-2, IL-6, IL-9, IL-10, IFN-γ, TNF-α 

(tumor necrosis factor–α), IL-17A, IL-17F, IL-4, and IL-22. IL-17F and IL-4 had low 

concentrations and therefore are not shown.  

3.6 Next generation TCR Vβ-chain sequencing 

Tregs (CD4+CD25+CD127lo) and Teffs (CD4+CD25-) were isolated from 9 patients with  

RRMS and 3 HDs as described above and cryopreserved. We extracted DNA from 50,000 to 

100,000 cells with QIAamp® DNA Mini kit (QIAGEN) according to the manufacturer’s 
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instructions. NanoDrop ND-1000 spectrophotometer was used to measure DNA quantity and 

purity. TCR Vβ library preparation and sequencing were performed at Adaptive 

Biotechnologies (Seattle, WA, USA) using the immunoSEQ platform. This assay employs a 

bias-controlled multiplex PCR to amplify genomic DNA extracted from immune cells and 

generate sequences of TCR genes (118). We used TCRB assay at survey level. Diversity 

metrics and number of overlapping nucleotide sequences were estimated using 

immunoSEQ™ ANALYZER 3.0.  The following applications were used: 

- rearrangement details and top rearrangements: give information for each rearrangement 

present in a sample and identifies the most abundant clones; 

- track rearrangements, combined rearrangements, pair-wise scatter plot, sample overlap, and 

Venn diagram: display the frequency of selected rearrangements across multiple samples, 

allows to find individual clones shared between samples or exclusive to one sample;  

- gene usage: shows the V or J usage among the rearrangements present in a sample, can be 

compared between two samples; 

- CDR3 length: it is Gaussian-like in a polyclonal sample. If a clone is expanded the 

corresponding CDR3 sequence shows a higher frequency; 

- differential abundance: identifies rearrangements significantly increased or decreased in 

frequency between two samples; 

- diversity metrics: diversity is considered as number of unique receptors (richness) and their 

relative abundance (evenness). Whereas a monoclonal sample has a very skewed 

distribution of frequencies, with more variation in abundance, a polyclonal sample is more 

even, as every rearrangement is present nearly at the same frequency. Several metrics are 

available, such as Pielou evenness, Simpson clonality, and clone distribution slope. 

The diversity of Treg TCRs overlapping with Teffs as compared to the non-overlapping ones 

was calculated using the Simpson function in the vegan package in R (R Core Team, 2022). 

RNA was purified from T cells clones (TCCs) using QIAzol Lysis Reagent (QIAGEN) and 

isolated using the PicoPure RNA Isolation Kit (Life Technologies) according to the 

manufacturer's instructions. TCR Vαβ library preparation, sequencing and data analysis were 

performed at CD Genomics (Shirley, NY, USA). The 5' Rapid Amplification of cDNA Ends 

(5' RACE) approach was used for library construction. MiXCR software was employed to 
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obtained quantitated clonotypes from raw sequences. TCRs defined on the basis of amino acid 

sequences were searched in the publicly available databases mentioned above. 

3.7 RNA extraction, sequencing and analysis 

Whereas the genome is static, the transcriptome, which is the set of all RNA molecules 

transcribed in a cell population, is dynamic, can be influenced by experimental conditions, 

and is quantitative (131). RNA sequencing (RNA-seq) is a revolutionary tool for 

transcriptomics, as it allows to generate millions of sequences in short time at low costs. In 

particular, third-generation technologies do not require amplification, and allow sequencing 

on single molecules, with long reads and low number of reads (131). The basic work-flow of 

RNA-seq includes the following steps: RNA extraction, mRNA enrichment, conversion of 

mRNA to cDNA, preparation of a library with adapters, library denaturation, generation of 

reads, and analysis (131). Purified Tregs (CD4+CD25+CD127lo) were separated by 

fluorescence-activated cell sorting (FACS) into t-Tregs (CD45RA+GPA33+) and p-Tregs 

(CD45RA-GPA33-) using SH800S Cell Sorter (Sony). RNA was purified using QIAzol Lysis 

Reagent (QIAGEN) and isolated using the PicoPure RNA Isolation Kit (Life Technologies) 

according to the manufacturer's instructions. It is known that the sorting process induces 

cellular stress and reduces T cell viability, leading to RNA degradation (132). Despite 

immediate cell lysis and protein denaturation, final RNA concentrations were found to be less 

than expected. Thus, the libraries were prepared with the kit SMARTer Stranded Total RNA-

Seq Kit v2 (Takara). RNA sequencing (RNAseq) was performed using Illumina’s NovaSeq 

6000 at the Functional Genomics Center Zurich. The raw reads were first cleaned by 

removing adapter sequences, trimming low quality ends, and filtering reads with low quality 

(phred quality <20) using Fastp. Sequence pseudo alignment of the resulting high-quality 

reads to the human reference genome (build GRCh38.p13) and quantification of gene level 

expression were carried out using Kallisto (133). The differential expression analysis was 

performed using DESeq2 (134). By differential expression analysis, the difference in read 

counts between experimental conditions was assessed. Log2 ratio indicates the fold-change in 

gene expression. Differentially expressed genes (DEGs) between two samples were 

represented as comparison of average expression, Volcano-plot, or Heatmap of top DEGs. 

Whereas the first two combine threshold of p-values and fold-change to define set of DEGs, 
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the third one is a rank-based method (131). Genes were considered differentially expressed 

when the false discovery rate (FDR) was <0.05. The FDR was calculated adjusting the p-

value for multiple hypothesis testing. Gene Ontology (GO) functional database was consulted 

to explore DEGs. There were three GO domains: molecular function (MF), biological process 

(BP), and cellular component (CC). Genes can have multiple annotations. If more DEGs than 

expected belong to the same pathway, probably that pathway plays a role in the tested 

condition. The overrepresentation analysis identified these pathways. Gene set enrichment 

analysis (GSEA) determined whether a set of genes was randomly distributed or was 

overrepresented at the extremes, in a list of genes ranked according to their differential 

expression (131). In contrast to bulk RNA-seq, which cannot capture the differences at the 

cellular level, single-cell RNA-seq reveals the molecular identity of each cell, resolves 

heterogeneous cell populations, and allows trajectory analysis and spatial transcriptomics 

(131). The basic work-flow of RNA-seq includes the following steps: cell isolation from 

tissues with microfluidics or nanodroplets systems, barcoding of individual cells and 

transcripts with unique cell and molecule identifiers, cell lysis for RNA extraction, generation 

and amplification of cDNA, sequencing and data analysis (131). Clustering are obtained by 

grouping cells with similar gene expression profiles. Using trajectory analysis it is possible to 

order the cells along a developmental path. However, sc-RNA-seq is still ten times more 

expensive than bulk RNA-seq, and allows to analyse a limited number of cells (around 

10,000). Thus, we preferred bulk RNA-seq to analyze t-Tregs and p-Tregs in MS patients as 

compared to healthy controls (see below). 

3.8 Tetramer constructs and assembly 

Tetramer constructs were provided by from F. Momburg, DKFZ. Monomeric MHC-II 

molecules (HLA-DRB1*15:01 tethered with MBP 83-99) were coupled to streptavidin 

Alexa-647 (SA-647) in 100 µl of phosphate-buffered saline (PBS). Coupling was performed 

by stepwise incubation of monomers with 0.2 ug/µl SA-647 in PBS five times x 10 minutes, 

protected from light. The final solution was applied on T cells. Around 3-5 x 104 cells/well 

were incubated in a 96 well flat-bottom plate with Dasatinib (50nM) for 30min prior to and 

during labelling with tetramers. After 30 minutes, an aliquot of assembled tetramers, typically 

0.3-0.6 µg were added to cells and incubated for 30 minutes at 37°C. Then, 0.5 µl magnetic 
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beads/well were added and incubated for 30 more minutes. After that the plate was transferred 

on ice for 30 minutes prior to staining and FACS analysis. As negative controls we used a 

tetramer composed of a HLA-DRB1*15:01 molecule tethered with the CLIP peptide and 

coupled to SA-647 and beads couples to anti-mouse IgG, respectively.  

3.9 Statistics 

Statistical analysis was performed by using GraphPad Prism 9.0 (GraphPad Software, La 

Jolla, CA). To test whether the data followed a Gaussian distribution we performed the 

D’Agostino-Pearson omnibus normality test. We employed unpaired t test to analyse two sets 

of data with a normal distribution and Mann-Whitney U test to analyse two sets of data with a 

non-normal distribution. We used one-way ANOVA test to compare more than two sets of 

data with a normal distribution and Kruskal-Wallis test to compare more than two sets of data 

with a non-normal distribution. Following the global test, we corrected for multiple 

comparisons using Tukey and Dunn’s statistical hypothesis testing, respectively. To test 

whether two categorial variables were related we adopted the Chi-square test of 

independence. Correlations were assessed with Spearman correlation analysis. One-tailed P 

values were significant if the slope was significantly non-zero and, together with the goodness 

of fit (r2), were used to define the correlation. Overall, p values were considered significant 

when equal or less than 0.05. Only statistically significant p values are reported.  

3.10 Study approval  

Samples were collected in the context of previous research projects which had been approved 

by the Cantonal Ethical Committee of Zurich, Switzerland (EC-No. 2013-0001 and EC-No. 

ERC 2014-0699). All study participants had given their written informed consent to use their 

samples for research prior to inclusion in the study. The study was conducted according to 

Declaration of Helsinki principles. 
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4.0 RESULTS 

4.1 Treg isolation and culture 

When Tregs are selected, the isolation method and the stringency of selection influence the 

purity of the population (38). By using EasySep™ Human CD4+CD127loCD25+ Regulatory 

T cell Isolation kit, we obtained reproducible results and the purity of the final isolated 

fraction, calculated as Treg content (CD3+CD4+CD25+CD127loFOXP3+), was around 80% 

(Figure 5). The percentage of Tregs isolated from the initial number of PBMCs was around 

0.5-1% (data not shown). 

Figure 5. Representative experiment  showing CD25+CD127loFoxp3+ enrichment after 

isolation using EasySep™ Human CD4+CD127loCD25+ Regulatory T cell Isolation kit.  

As Tregs grow slowly and culture conditions favour the expansion of Teffs (130), we found 

that the expression of Foxp3 in the isolated population tended to decrease in long-term 

cultures. When Tregs were expanded with PHA and IL-2, the frequency of Foxp3+ cells in 

CD25+CD127lo fraction was around 95% at day 7 and 10% at day 14 (Figure 6 and 7). For 
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this reason, it is preferable to keep Tregs in short-term culture, unless they are periodically 

enriched by sorting (130). It has been shown that rapamycin inhibits the mammalian target of 

rapamycin (mTOR). Therefore, it blocks T cell cycle progression after activation, promotes 

TCR-induced T cell anergy even in the presence of costimulation, and allows induction of 

tolerance (130, 135). This tolerance is induced by selective expansion of Tregs which 

suppress proliferation of Teffs (135). For this reason, it is used to expand Tregs for ex vivo 

cellular therapy (135). By adding rapamycin to T cell medium with IL-2 we observed an 

increased Foxp3 expression in expanded Tregs. At day 11 after stimulation, the frequency of 

Foxp3+ cells in CFSElo fraction was 34.6% without and 55.7% with rapamycin (Figure 6). 

However, we observed that rapamycin slightly decreased Treg viability, as shown by a 

reduced percentage of total and CFSElo lymphocytes, respectively (Figure 6).  

Figure 6. Generation of Treg cell lines. The loss of Foxp3 expression after 11 days of 

expansion is partially prevented by Rapamycin. 

As an alternative approach, we added IL-7 to Treg culture. It has been shown that IL-7 

enhances Treg survival, stabilises Treg molecular signature, increases surface expression of 
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CD25, and improves IL-2 binding of Tregs, thus reducing Teff proliferation (136). However, 

we observed that, after 14 days of expansion, like rapamycin, it enhanced Foxp3 expression 

while diminishing Treg viability, as shown by reduced frequency of Tregs within CD3+CD4+ 

fraction (Figure 7). We found that at day 14 the percentage of Foxp3+ cells in Tregs was 

10.1% with IL-2 and 70% with IL-7. Interestingly, with the combination of IL-2 and IL-7 the 

frequency of Foxp3+ cells in Tregs was 16% (Figure 7). 

Figure 7. Generation of Treg cell lines. The loss of Foxp3 expression after 14 days of 

expansion is partially prevented by IL-7.  

4.2 Tregs and Teffs differ for their activation profile under polyclonal or antigen-specific 

stimulation 

CD45RA-depleted PBMCs include monocytes and memory T cells, but not naïve T cells and 

B cells. When an antigen is provided monocytes exploit their antigen presenting cell function. 
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In the memory repertoire, T cells specific for recall antigens are clonally expanded and 

frequent, while T cells specific for primary antigens are absent (137). By contrast, in the naïve 

repertoire T cells specific for primary and recall antigens have been estimated to have a 

frequency ranging from 5 to 170 cells per 106 naïve T cells (137). Thus, the depletion of 

CD45RA+ cells is supposed to enrich the population of potentially antigen specific T cells. 

Furthermore, in patients with MS, the depletion of B cells reduces T cell autoproliferation 

(13). CD45RA-depleted PBMCs from three patients with MS were stimulated with MBP at a 

final concentration of 10 µM. At day 7 cells were analysed by flow cytometry. Whereas 

memory CD4+ T cells from patient 1 showed no reactivity to MBP,  memory CD4+ T cells 

from patient 2 showed a proliferative response that appeared as CFSE dilution (Figure 8). As 

Tregs are hypoproliferative in vitro (130), we used a readout alternative to proliferation to 

evaluate their response to autoantigens. Furthermore, under activation Teffs express Treg 

markers, such as CD25 and CD127lo, and are difficult to distinguish from Tregs (Figure 8). 

Figure 8. Teff proliferation and activation following stimulation with MBP in three 

patients with MS. 
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Thus, we evaluated Treg response based on upregulation of activation markers. The most 

commonly used activation markers for CD4+ T cells are ICOS, HLA-DR, CD25 (not shown), 

CD69, CCR4, CD80, and CD86 (Figure 9). Each marker has a different expression kinetics, 

for instance CD69 is considered an early activation marker, as its expression is maximal 

12-24 hours after stimulation (Figure 9). In order to select activation markers specific for 

Tregs, we analysed the expression of several surface markers after polyclonal stimulation. We 

found that CD137 was specific for activated Tregs, as it was upregulated by Tregs, but weakly 

expressed by Teff, under stimulation (Figure 9).  

Figure 9. Following polyclonal stimulation (with anti-CD3 and anti-CD28 beads), Tregs 

and Teffs differ in their activation kinetics. 

Isolated CD25+CD127lo T cells from three patients with MS were stimulated with autologous 

monocytes pulsed with MBP at a final concentration of 10 µM. At day 7 cells were analysed 

by flow cytometry. Whereas around 5% of Tregs from patient 2 reacted to MBP, as 

demonstrated by upregulation of CD137 and ICOS, in patient 1 and 3 Treg response to MBP 

was barely detectable (Figure 10). This finding demonstrates the high interindividual 

variability in both Treg and Teff in response to MBP. Despite not tested in this experiment, we 

then used the expression OX40, together with CD137, to identify activated Tregs (see below).  

51



Figure 10. Treg activation following stimulation with MBP in three patients with MS. 

Having obtained TCCs from CFSElo T effector cells after stimulation of CD45RA-PBMCs 

from patient 2 (Figure 8), we tested whether they reacted to MBP. TCC1 was confirmed to be 

specific for MBP, as demonstrated by [3H] thymidine incorporation assay (Figure 11). By 

contrast, TCC2 did not react to the stimulation with MBP and might have been obtained from 

bystander Teff  activation (Figure 11).  
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                                                   TCC1         TCC2 

Figure 11. Thymidine incorporation assay following antigen-specific stimulation. In 

contrast to TCC2, TCC1 is specific for MBP (Ag 2), but not for MOG (Ag 1). SI 

indicates the ratio of cpm in the presence of the antigen versus cpm in the unstimulated 

control.  

4.3 Evaluation of Treg suppressive capacity 

Besides the classical in vitro suppression assay based on [3H] thymidine incorporation, an 

approach that is considered more precise is based on the labelling of Teffs with CFSE. 

CD4+CD25- Teffs isolated from a healthy donor were stimulated polyclonally in absence or 

presence of autologous Tregs at ratio 1:1. After 5 days cells were analysed by flow cytometry. 

Only one division cycle could be visualised when Teffs were stimulated in absence of Tregs 

(Figure 12). In Treg:Teff co-culture the frequency of dividing Teffs was lower and an 

increased proportion of cells was CFSEhi (Figure 12). However, we could not clearly 

distinguish between dividing Teffs and Tregs, both CFSElow (Figure 12). It has been 

described that Tregs derived from patients with MS have a reduced capacity to suppress Teffs 

stimulated with MOG (81). However, due to the low frequency of circulating myelin-specific 

Teffs, it has been suggested that a high number of Teffs and Tregs would be needed to detect 

antigen specific responses in a co-culture approach (138). 
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Figure 12. Teff proliferation after stimulation in absence or presence of Tregs (ratio 1:1) 

quantified by CFSE dilution in a healthy donor.  

4.4 Phenotypic Treg alterations in patients with MS 

We used flow cytometry to assess Treg frequency and phenotype in a cohort of 57 individuals.   

Patients with RRMS included untreated (UNT, n=19), natalizumab-treated (NAT, n=12), and 

anti-CD20-treated (a-CD20, n=10) patients. The control group was composed of 16 HDs. 

Untreated patients had either never been treated with immunomodulatory drugs, but were 

shortly after blood collection started on treatment, or were clinically stable after receiving the 

base therapy, but had not been treated in the last three months. Natalizumab-treated and a-

CD20-treated patients had been on treatment since 18.6 and 14.4 months on average, 

respectively. The sex ratio was not significantly different between patients and HDs (chi-

square test of independence). The mean age at the time of blood collection ranged from 35.3 

in HDs to 40.7 years in a-CD20-treated patients and did not differ significantly among groups 

(one-way ANOVA). The percentage of HLA-DRB1*15:01 positive individuals was 9.1% 

among HDs, while it was 76% among patients, confirming the known positive association 

between MS and HLA-DRB1*15:01 (p=0.002, Chi-square t test of independence). Additional 

clinical and laboratory information is provided in Table 9 and 10. The gating strategy is 
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described in Figure 13A. Generally, the term Tregs was used to refer to CD25+CD127lo T 

cells. 

We initially compared patients and HDs. Patients with MS displayed a reduced frequency of 

CD3+CD4+ cells (p=0.03. Figure 13B). The proportion of Tregs within this subset was 

comparable to the percentage observed in HDs, but the variation was greater in patients  

(Figure 13C). Nevertheless, the frequency of Foxp3+ cells in Tregs was significantly lower in 

patients (p=0.001. Figure 13D). We evaluated CD127 expression on Tregs gating on 

CD25+Foxp3+ T cells. Hence, we found an increased expression of CD127 in this fraction in 

patients (p=0.032. Figure 13E). Furthermore, the frequency of CD39+ cells in Tregs was 

increased in patients (p=0.038. Figure 13F). The expression of the adhesion molecules CD103 

and CD49d was measured as MFI. Whereas the MFI of CD103 was not significantly different 

(Figure 13G), we detected a lower MFI of CD49d on Tregs in patients (p=0.045. Figure 13H). 

Next, to understand whether patients displayed differences in Treg phenotype related to the 

treatment, we performed a multiple comparison between untreated, natalizumab-treated ad a-

CD20-treated patients. Only parameters showing a significant difference between patients and 

HDs were considered. We found that a-CD20-treated patients had a decreased percentage of 

Foxp3+ Tregs (p=0.001. Figure 13I) and an increased expression of CD127 on CD25+Foxp3+ 

T cells (p=0.02. Figure 13L) as compared to untreated patients. It has been shown that 

natalizumab induces internalization and degradation of CD49d on circulating lymphocytes 

and does not bind in a competitive manner with the anti-CD49d antibody used for staining 

(91). Accordingly, we observed a lower MFI of CD49d on Tregs in natalizumab-treated 

patients than in untreated and a-CD20-treated patients (p=0.011 and p=0.03, respectively. 

Figure 13H). We did not find any difference in frequency of CD3+CD4+ and CD39+ Tregs 

within groups of MS patients (Figure 14).  

Thus, an altered Treg immunophenotype is observed in patients with MS. 
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Figure 13. Treg phenotype in patients with RRMS and HDs. (A) Gating strategy for Treg 

immunophenotyping. Tregs were defined as CD25+CD127lo gated on CD3+CD4+ cells. The 

expression of Foxp3, CD39, CD49d, CD103 was evaluated on this subset as percentage of 

positive cells or MFI (only Foxp3 expression is shown). (B-H) Patients with MS (MS) were 
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compared to HDs (HD). Patients included untreated (green), natalizumab- (red), and a-CD20-

treated (blue). (B-C) Frequency of CD3+CD4+ cells and Tregs. (D) Frequency of Foxp3+ 

cells in Tregs. (E) The expression of CD127 was analyzed on CD25+Foxp3+ cells and is 

reported as MFI. (F) Percentage of Tregs expressing CD39. (G-H) MFI of CD103 and CD49d 

on Tregs. (I-M) Multiple comparison between untreated (UNT), natalizumab-treated  (NAT) 

and a-CD20-treated patients (a-CD20). Frequency of Foxp3+ cells in Tregs and MFI of 

CD127 and CD49d on Tregs are shown, respectively. (B-M) Dots represent frequency of each 

donor, boxes extend from the 25th to 75th percentiles, and whiskers from min to max. The 

line in the middle of the box is the median. Unpaired t test or Mann-Whitney test were used to 

compare two sets of data. One-way ANOVA or Kruskal-Wallis test followed by Tukey or 

Dunn’s statistical hypothesis testing, respectively, were adopted to compare more than two 

sets of data. * p<0.05;  ** p<0.01. 

Figure 14. Multiple comparison between untreated (UNT), natalizumab-treated (NAT) 

and a-CD20-treated patients (a-CD20). Frequency of CD3+CD4+ cells and CD39+ Tregs 

are shown, respectively. Kruskal-Wallis test and one-way ANOVA were performed 

respectively and were not significant. 
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Table 9. Clinical and demographic characteristics of 41 patients with RRMS and 17 

healthy donors. 

Donor Age 
(at 

blood 
collect

ion)

Diagn
ose

Sex Treat
ment 

durati
on 

(mont
hs)

HLA-
typing

Immu
nophe
notypi

ng

Suppr
ession 
assay

Multip
lex 

cytoki
ne 

profili
ng

High-
throug
hput 
TCR 
Vβ-

chain 
sequen

cing

Bulk 
RNA 

sequen
cing

UNT_
01

40 RRMS F NA DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

UNT_
02

26 RRMS F NA DRB1
*15:01 
POS

✓ ✗ ✗ ✗ ✗

UNT_
03

21 RRMS F NA NA ✓ ✗ ✗ ✗ ✗

UNT_
04

27 RRMS M NA DRB1
*15:01 
POS

✓ ✓ ✗ ✓ ✓

UNT_
05

25 RRMS F NA DRB1
*15:01 
POS

✓ ✓ ✗ ✗ ✗

UNT_
06

50 RRMS F NA DRB1
*15:01 
NEG

✓ ✓ ✗ ✓ ✓

UNT_
07

32 RRMS F NA NA ✓ ✓ ✓ ✗ ✗

UNT_
08

28 RRMS F NA NA ✓ ✓ ✓ ✗ ✗

UNT_
09

35 RRMS F NA NA ✓ ✓ ✓ ✗ ✗

UNT_
10

48 RRMS M NA DRB1
*15:01 
POS

✓ ✓ ✗ ✓ ✓

UNT_
11

53 RRMS F NA NA ✓ ✗ ✗ ✗ ✗

UNT_
12

47 RRMS M NA DRB1
*15:01 
POS

✓ ✗ ✗ ✗ ✗
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UNT_
13

48 RRMS F NA NA ✓ ✗ ✗ ✗ ✗

UNT_
14

40 RRMS F NA DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

UNT_
15

26 RRMS F NA DRB1
*15:01 
NEG

✓ ✓ ✓ ✗ ✗

UNT_
16

48 RRMS M NA DRB1
*15:01 
NEG

✓ ✓ ✗ ✗ ✗

UNT_
17

37 RRMS F NA DRB1
*15:01 
NEG

✓ ✗ ✗ ✗ ✗

UNT_
18

38 RRMS F NA DRB1
*15:01 
POS

✓ ✗ ✗ ✗ ✗

UNT_
19

33 RRMS M NA DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

19 37 RRMS 14 F/ 5 
M

NA 9 
DRB1
*15:01 
POS/ 4 
NEG

19 12 7 3 3

NAT_
01

30 RRMS F 7 NA ✓ ✗ ✗ ✗ ✗

NAT_
02

32 RRMS F 12 DRB1
*15:01 
POS

✓ ✓ ✓ ✓ ✓

NAT_
03

46 RRMS F 23 NA ✓ ✓ ✓ ✗ ✗

NAT_
04

25 RRMS M 10 DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

NAT_
05

33 RRMS M 9 DRB1
*15:01 
POS

✓ ✓ ✓ ✓ ✓

NAT_
06

43 RRMS M 31 DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

NAT_
07

38 RRMS M 7 DRB1
*15:01 
POS

✓ ✓ ✗ ✗ ✗
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NAT_
08

29 RRMS M 19 DRB1
*15:01 
POS

✓ ✓ ✗ ✓ ✓

NAT_
9

36 RRMS F 51 DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

NAT_
10

42 RRMS F 10 NA ✓ ✓ ✓ ✗ ✗

NAT_
11

47 RRMS M 25 DRB1
*15:01 
NEG

✓ ✓ ✓ ✗ ✗

NAT_
12

40 RRMS F NA DRB1
*15:01 
POS

✓ ✗ ✗ ✗ ✗

12 37 RRMS 6 F/ 6 
M

12 8 
DRB1
*15:01 
POS/ 1 
NEG

12 10 8 3 3

aCD20
_01

29 RRMS M 4 NA ✓ ✓ ✓ ✗ ✗

aCD20
_02

49 RRMS F 1 DRB1
*15:01 
POS

✓ ✓ ✓ ✗ ✗

aCD20
_03

49 RRMS M NA NA ✓ ✓ ✓ ✗ ✓

aCD20
_04

46 RRMS F 11 NA ✓ ✓ ✓ ✓ ✗

aCD20
_05

35 RRMS F 24 DRB1
*15:01 
NEG

✓ ✓ ✓ ✓ ✓

aCD20
_06

33 RRMS M 6 NA ✓ ✓ ✓ ✗ ✗

aCD20
_07

25 RRMS M 3 NA ✓ ✓ ✓ ✗ ✗

aCD20
_08

35 RRMS F 52 NA ✓ ✓ ✓ ✓ ✓

aCD20
_09

62 RRMS M NA NA ✓ ✗ ✗ ✗ ✗
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aCD20
_10

44 RRMS F NA DRB1
*15:01 
POS

✓ ✗ ✗ ✗ ✗

10 39.5 RRMS 5 F/ 5 
M

6 2 
DRB1
*15:01 
POS/ 1 
NEG

12 8 8 3 3

HD_0
1

46 None F NA NA ✓ ✓ ✓ ✗ ✗

HD_0
2

33 None F NA NA ✓ ✗ ✗ ✗ ✗

HD_0
3

45 None F NA NA ✓ ✓ ✓ ✗ ✗

HD_0
4

49 None M NA DRB1
*15:01 
NEG

✓ ✗ ✗ ✗ ✗

HD_0
5

28 None F NA DRB1
*15:01 
NEG

✓ ✗ ✗ ✗ ✗

HD_0
6

35 None F NA DRB1
*15:01 
NEG

✓ ✗ ✗ ✗ ✗

HD_0
7

25 None M NA DRB1
*15:01 
NEG

✓ ✗ ✗ ✗ ✗

HD_0
8

27 None M NA DRB1
*15:01 
NEG

✓ ✓ ✗ ✗ ✗

HD_0
9

25 None F NA NA ✓ ✓ ✓ ✗ ✗

HD_1
0

47 None F NA NA ✓ ✓ ✗ ✗ ✗

HD_11 37 None M NA DRB1
*15:01 
NEG

✓ ✗ ✗ ✗ ✗

HD_1
2

36 None F NA DRB1
*15:01 
NEG

✓ ✓ ✓ ✗ ✗

HD_1
3

53 None M NA NA ✓ ✓ ✓ ✗ ✗

HD_1
4

26 None F NA DRB1
*15:01 
NEG

✓ ✓ ✗ ✗ ✗
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Table 9: rows highlighted in bold show the summary of the characteristics of the respective 

group of patients or HDs.  

HD_1
5

31 None M NA DRB1
*15:01 
NEG

✓ ✓ ✓ ✓ ✓

HD_1
6

22 None M NA DRB1
*15:01 
POS

✓ ✓ ✗ ✓ ✓

HD_1
7

35 None M NA DRB1
*15:01 
NEG

✗ ✓ ✓ ✓ ✓

17 35 None 9 F/ 8 
M

NA 1 
DRB1
*15:01 
POS/ 

10 
NEG

16 11 7 3 3
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Table 10. Immunophenotyping of 41 patients with RRMS and 16 healthy donors. 

Donor CD3+CD
4+ (% of 
live cells)

CD25+C
D127lo 
(% of 

CD3+CD
4+)

Foxp3+ 
(% of 

CD25+C
D127lo)

MFI 
CD127 

(CD25+F
oxp3+)

CD39+ 
(% of 

CD25+C
D127lo)

MFI 
CD49d 

(CD25+C
D127lo)

MFI 
CD103 

(CD25+C
D127lo)

UNT_01 46.1 3.13 66.9 1959 39.3 3120 1326

UNT_02 46.6 2.1 61 2106 57.5 3823 2870

UNT_03 41.1 1.9 66.2 2397 40.7 2879 1748

UNT_04 31.8 2.07 66.8 1286 75.9 2429 1050

UNT_05 45.2 2.23 56.9 1832 48.1 1827 790

UNT_06 49.3 2.78 58.6 987 47.3 2956 1366

UNT_07 31.2 3.72 47.9 1636 49.7 2932 1181

UNT_08 83.6 3.94 65.5 1794 37.3 1685 831

UNT_09 52.5 2.15 89.4 2056 43.1 1722 850

UNT_10 41.3 4.15 28.5 1066 32.5 2697 1220

UNT_11 48.7 2.39 33.2 1390 53.8 2717 1265

UNT_12 41 5.13 57.1 1300 30.6 2083 1092

UNT_13 45.2 3.31 83 2517 61.3 2535 935

UNT_14 35.7 4.64 19.7 1808 70.9 3065 1172

UNT_15 47.4 4.66 50 3258 43.9 2611 1360

UNT_16 44.6 1.68 69.1 1267 62 2349 1099

UNT_17 39 2.13 56.5 1515 48.6 2474 970

UNT_18 60.6 2.95 64.3 1185 43.3 2671 1084
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UNT_19 28.6 2.4 33.5 1814 6.69 1939 941

NAT_01 22.5 0.16 8.5 5207 53.1 1453 757

NAT_02 44.2 1.66 17.4 2750 44.5 1801 970

NAT_03 48.5 3.3 38.6 1660 76.1 2556 1154

NAT_04 22.1 5.48 53.1 2525 5.76 2466 1219

NAT_05 32.8 3.95 61 1954 56.5 1757 924

NAT_06 43.5 5.66 54.9 1948 46.3 2150 1384

NAT_07 35.4 2.91 26.4 1842 53.7 2193 1092

NAT_08 23.5 0.91 45 1969 50 2164 1122

NAT_9 85.4 0.99 42 3017 6.1 2370 1128

NAT_10 28.2 3.02 18.6 1758 27.7 1714 1116

NAT_11 38.5 2.28 29.8 1648 56.4 2551 1154

NAT_12 29.9 3.27 35.5 1616 53.1 1453 757

aCD20_0
1

33.1 2.9 29.2 1865 52.2 2087 1229

aCD20_0
2

31.1 1 24.5 2839 71.7 2311 1194

aCD20_0
3

30.5 1.64 31.4 2158 69.8 2568 992

aCD20_0
4

33.2 3.05 3.4 5284 44.1 2505 1172

aCD20_0
5

31.9 1.65 32.5 1649 55.6 2841 1675

aCD20_0
6

40.9 0.93 26.8 2821 54.3 2710 1042

aCD20_0
7

28.1 2.12 22.1 2552 65.1 2508 1272

aCD20_0
8

44.7 1.37 12.9 4424 78.3 2828 1257
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aCD20_0
9

43.4 1.84 9.8 1315 7.3 2594 1234

aCD20_1
0

29 3.97 26.5 2297 15.3 2657 1142

HD_01 50.9 1.49 17.2 2225 49.6 2546 928

HD_02 26.6 4.06 36.0 1376 4.98 1781 882

HD_03 47.1 1.06 29.4 1585 55.6 2981 1161

HD_04 25.8 2.57 51.7 1106 74.3 2867 1051

HD_05 40.9 2.67 75.2 1777 50.4 2578 1052

HD_06 52.2 3.23 56.1 1331 10.9 1823 1106

HD_07 49 4.58 89.1 1372 41.2 2640 1049

HD_08 37.6 3.68 72.1 1716 25.8 3029 2564

HD_09 52.5 3.88 81.4 2277 40.3 3845 1617

HD_10 53.4 2.86 78.5 1275 45.2 2774 1038

HD_11 54.3 3.03 69.7 1095 40 2569 996

HD_12 54.9 1.78 79.6 2058 35.3 2470 1319

HD_13 33 3.86 54.4 1269 64.3 3012 1164

HD_14 59.4 2.46 74.6 1541 39.6 2852 1246

HD_15 41.4 1.67 28.3 2995 27.6 2161 902

HD_16 23.8 2.23 60.8 2030 9.32 2636 1023
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4.5 Distinct transcriptional profiles of thymus- versus peripherally-derived Tregs  

Opstelten et al. previously discovered GPA33 as a cell surface marker predominantly 

expressed in CD4+CD25+CD45RA+ T cells as compared to their CD45RA- counterpart and 

CD4+CD25- T cells (50). In an exemplary experiment, Tregs were isolated from a healthy 

donor and analysed by flow cytometry. We confirmed the previous observation, but we noted 

that histograms of GPA33 expression in CD45RA+ and CD45RA- Tregs partly overlapped 

(Figure 15A). Next, we designed a gating strategy to identify two Treg subsets. We 

distinguished t-Tregs, which expressed both CD45RA and GPA33 (CD45RA+GPA33+), and 

p-Tregs, which did not express CD45RA nor GPA33 (CD45RA-GPA33-) (Figure 15A). 

Aiming to apply this panel to compare the immunophenotype of patients with MS and healthy 

individuals, we selected 12 subjects of the cohort, including 9 patients with RRMS (3 

untreated, 3 natalizumab-treated and 3 anti-CD20-treated) and 3 HDs. From these subjects we 

isolated t-Tregs and p-Tregs defined as above by fluorescence activated cell sorting. From 

these cell subsets we extracted RNA for bulk RNA sequencing. A total of 802 genes were 

differentially expressed between these t-Tregs and p-Tregs (False Discovery Rate<0.05). The 

50 most differentially expressed genes are shown in Figure 15B. Differentially upregulated 

genes in t-Tregs were enriched for genes involved in transcription and translation, while in p-

Tregs for genes playing a role in chemotaxis, chemokine- and cytokine-mediated signaling 

pathway, and immune response (Figure 15C). Whereas t-Tregs expressed higher levels of 

genes identifying naïve Tregs (TCF7, BACH2, LEF1, AFF3, SATB1) and implicated in 

recirculation through lymphoid tissues (CCR7 and CXCR5), p-Tregs upregulated migration 

and tissue homing genes (CCR3, CCR4, CCR6, CCR8, CCR10, ITGB1, and CXCR6). In 

addition, p-Tregs expressed higher levels of MHC class II genes (HLA-DRA, HLA-DPB1, 

HLA-DQB1), T cell activation genes (CD80 and TNFRSF9), and negative regulators of T cell 

response (CTLA-4, LGALS1, LGALS3, GZMA). By contrast, t-Tregs highly expressed 

AREG, encoding for amphiregulin, an autocrine growth factor essential for Treg function. 

Interestingly, p-Tregs up-regulated genes associated with Th17 lineage commitment (RORC, 

RORA, BATF, and IL17RB) (Figure 15D). 

GPA33 is supposed to be stably expressed on t-Tregs, but was also expressed on a subset of 

cells among CD45RA- Treg cells (Figure 15A). It has been argued that the CD45RA-GPA33+ 

Treg subset might contain activated t-Tregs (50). Thus, we speculated that they might be t-
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Tregs that, after having migrated from the thymus to the secondary lymphoid organs, are 

reactivated by self-antigens. Due to the loss of cell viability after sorting, leading to RNA 

degradation (132), we could not further investigate this hypothesis by transcriptome analysis. 

Collectively, these findings confirm that CD45RA and GPA33 can be used to identify two 

distinct subsets of Tregs, which differentially express genes related to their thymic or 

peripheral origin. 
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viral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcriptionviral transcription
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immune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune responseimmune response

chemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxischemotaxis
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RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20RPS20

RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31RPL31

RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5RPS5

RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6RPL6

RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3RPL3

RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19RPL19

RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34RPL34

RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13RPS13

RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12RPS12

RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22RPL22

RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25RPS25

RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21RPL21

RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5RPL5

RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10RPS10

RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36RPL36

RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27RPL27

RPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15ARPS15A

RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6RPS6
RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24RPS24

RPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13ARPL13A

RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11RPL11

RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8RPS8

RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32RPL32

RPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3ARPS3A

RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37RPL37

RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7RPL7

RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30RPL30

RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9RPL9

RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14RPS14

RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13RPL13

RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38RPL38

RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4RPL4

RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27RPS27

RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17RPS17

RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23RPS23

RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14RPL14

RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12RPL12

RPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4XRPS4X

RPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10ARPL10A

RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18RPS18

RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28RPS28

NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88NUP88
RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2RPLP2

HIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1AHIF1A

PIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CAPIK3CA

IL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6STIL6ST

MYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYCMYC

STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6STAT6

BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2BCL2

IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32IL32

ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5ALOX5

VIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIMVIM

TNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1BTNFRSF1B

GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2GAB2

IL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RBIL17RB

RORARORARORARORARORARORARORARORARORARORARORARORARORARORARORARORARORA

PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2PTGS2

CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2CXCL2

ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1ICAM1

IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3IRAK3

OSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSMOSM

CSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RBCSF2RB

HCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCKHCK

PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2PLP2

TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1TIMP1

IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7IL7

STX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1ASTX1A

RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1RAPGEF1

GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3GATA3

IL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RAIL10RA

CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20CCL20
IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1IL1R1 TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11TNFSF11
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Figure 15. Transcriptome analysis of thymic- and peripherally-derived Tregs in 9 MS 

patients and 3 HDs. (A) Exemplary dot plots and histogram of Foxp3, CD45RA and GPA33 

expression in Tregs isolated from a HD showing the gating strategy designed to define two 

subsets: p-Tregs (CD45RA-GPA33-) and t-Tregs (CD45RA+GPA33+). A minor cell subset 

was CD45RA-GPA33+. The first two subsets (red squares) were analysed by RNA 

sequencing. The third subset was speculated to contain activated (Act.) t-Tregs but was not 

further investigated by transcriptome analysis. (B) Heatmap showing the expression counts of 

the top 50 differentially expressed genes across t-Tregs and p-Tregs. Both positive and 

negative log fold changes are displayed. (C) Genes belonging to different Gene Ontology 

(GO) Biological Process (BP) terms were up-regulated in p-Tregs and t-Tregs, respectively. 

(D) Volcano plot showing genes involved in Treg homeostasis, homing, activation, and 

function differentially expressed between t-Tregs and p-Tregs (log2 fold change threshold > 

1.5; false discovery rate <0.05). 

4.6 Age-dependent altered distribution of t-Tregs in patients with MS 

Previous studies have employed the expression of CD45RA, CD31 or Helios to discriminate 

between t-Tregs and p-Tregs (83, 87, 50). To examine the relative proportion of t-Tregs and p-

Tregs in patients with MS as compared to HDs, we used the gating strategy defined above 

(Figure 15A), based on the combination of CD45RA and GPA33. In addition, even though 

CD45RA-GPA33+ subset was not completely characterised, we were interested to analyse its 

frequency in patients and HDs.  

In agreement with previous data (83, 84), we found that the production of t-Tregs decreases 

during ageing in HDs, reflecting a progressive thymic involution (r2=0.25, p=0.048. Figure 

16A). Accordingly, p-Tregs increase (r2=0.42, p=0.007), and CD45RA-GPA33+ t-Tregs 

decline with age (r2=0.45, p=0.004. Figure 16A). In patients with MS, we observed the same 

trend for t-Tregs (r2=0.1, p=0.037), and p-Tregs (r2=0.18, p=0.005), despite the change was 

less evident in comparison to HDs (Figure 16A). Furthermore, we did not find a significant 

decline of CD45RA-GPA33+ t-Tregs with ageing in patients (Figure 16A). 

Given the influence of age on Treg subset distribution, we used the median age of the cohort 

(37 years) as cut-off to define two age-groups. Next, we compared matched age groups of 

patients and HDs. We detected a decreased frequency of t-Tregs in younger (p=0.047), but not 
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in older patients with MS (Figures 16B and C). The percentage of p-Tregs was not 

significantly altered both in younger and older patients (Figures 16D and E). Moreover, in 

contrast to younger patients, older patients displayed an increased frequency of CD45RA-

GPA33+ t-Tregs in comparison to HDs (p=0.008. Figures 16F and G). The frequency of t-

Tregs in younger patients and of CD45RA-GPA33+ t-Tregs in older patients was compared 

between untreated, natalizumab-treated ad a-CD20-treated patients by multiple comparison 

analysis. However, no significant differences between treatment-groups were apparent (Figure 

17). Further we wondered whether Foxp3 expression in patients with MS was equally or 

unevenly decreased in Treg subsets when compared to HDs. We observed that the reduction 

of Foxp3 expression equally affected t-Tregs, CD45RA-GPA33+ t-Tregs and p-Tregs 

(p=0.046, 0.011 and 0.010, respectively. Figure 16H). When we compared treatment-groups, 

we found that the expression of Foxp3 was especially reduced in CD45RA-GPA33+ t-Tregs 

and p-Tregs derived from a-CD20-treated as compared to untreated patients (p=0.007, 

respectively. Figure 16I).  

Hence, whereas younger patients show a reduced frequency of t-Tregs, older patients display 

an increased frequency of CD45RA-GPA33+ t-Tregs and Foxp3 expression is consistently 

reduced in each subset. 
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Figure 16. Balance between t-Tregs, p-Tregs, and CD45RA-GPA33+ t-Tregs in patients 

with RRMS. (A-H) Patients with MS (MS) were compared to HDs (HD). Patients included 

untreated (green), natalizumab- (red), and a-CD20-treated (blue). (A) Age-dependent course 

of t-Tregs, p-Tregs and CD45RA-GPA33+ Tregs in patients with MS (dark grey line) and 
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HDs  (black line) (XY correlation). (B-C) Frequency of t-Tregs in younger and older patients, 

respectively. (D-E) Frequency of CD45RA-GPA33+ t-Tregs in younger and older patients, 

respectively. (F-G) Frequency of t-Tregs in younger and older patients, respectively. (B-G) 

Dots represent frequency of each donor, boxes extend from the 25th to 75th percentiles, and 

whiskers from min to max. The line in the middle of the box is the median. Unpaired t test or 

Mann-Whitney U test. * p<0.05;  ** p<0.01. (H) Multiple comparison of the median MFI of 

Foxp3 in t-Tregs, p-Tregs, and CD45RA-GPA33+ t-Tregs between patients and HDs. (I) 

Multiple comparison of the median MFI of Foxp3 in t-Tregs, p-Tregs, and CD45RA-GPA33+ 

t-Tregs between treatment-groups. UNT: untreated. NAT: natalizumab-treated. a-CD20: anti-

CD20-treated. (H-I) Scatter plot with bar graph. Kruskal-Wallis test. * p<0.05;  ** p<0.01. 

Figure 17. Multiple comparison between untreated (UNT), natalizumab-treated (NAT) 

and a-CD20-treated patients (a-CD20). Frequency of t-Tregs and of CD45RA-GPA33+ t-

Tregs are shown, respectively. One-way ANOVA and Kruskal-Wallis test were performed 

respectively and were not significant. 

4.7 Treg function is impaired in natalizumab-treated patients and correlates with a 

reduced frequency of t-Tregs 

Towards the functional characterization of Tregs we performed suppression assays with Tregs 

(CD4+CD25+CD127lo) and T effector cells (Teffs, CD4+CD25-) isolated from 30 patients 

with RRMS and 11 HDs (Table 9). Suppression values were calculated at five Treg:Teff ratios 

(from 1:8 to 2:1) (Figure 18A). Additional details are provided in the Materials and Methods 

section. The mean Treg inhibitory capacity of natalizumab-treated patients was consistently 
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lower than in HDs and untreated and a-CD20-treated patients at several Treg:Teff ratios 

(Figure 18A). At ratio 1:2, the mean Treg suppressive capacity was 11.2% in natalizumab-

treated patients and 34.2% in HDs. At ratio 2:1, the mean Treg suppressive capacity was 

27.5% in natalizumab-treated patients and 48.1% in HDs (Figure 18A). 

We further quantified cytokines in cell culture supernatants harvested from suppression assays 

in 24 patients with RRMS and 7 HDs (Table 9 and 11). Th1/Th2 cytokines were detected in 

the supernatants (Figure 18B). The mean concentration of IL-5 was 295.8 pg/mL in 

natalizumab-treated patients and 82.4 pg/mL in HDs. The mean concentration of IL-2 was 

348.3 pg/mL in natalizumab-treated patients and 118.9 pg/mL in HDs. IFN-γ had a mean 

concentration of 634.8 pg/mL in natalizumab-treated patients and 281.4 pg/mL in HDs 

(Figure 18B). 

To understand the main functional mechanisms of Tregs, we plotted the mean suppressive 

capacity, calculated at five Treg:Teff ratios, against the flow cytometry and cytokine secretion 

data using a correlation analysis (Table 12). We found a significant correlation between Treg 

inhibitory function and percentage of t-Tregs (r2=0.11, p=0.038. Figure 18C). In addition, 

there was an inverse correlation between Treg suppressive capacity and IFN-γ concentration 

in supernatants (r2=0.14, p=0.041. Figure 18D). By contrast, the correlation between Treg 

function and frequency of Foxp3+ cells within CD25+CD127lo fraction was not significant 

(Figure 18E). Moreover, the frequency of CD39+ cells within CD25+CD127lo subset was not 

positively correlated to Treg suppressive capacity (Table 12), but inversely correlated to the 

frequency of t-Tregs (r2=0.22, p=0.003. Figure 18F).  

Thus, the frequency of t-Tregs appears to be the main determinant of Treg function.  
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Figure 18. Determinants of Treg function in RRMS. (A) Schematic representation of 

suppression assay: polyclonally stimulated Teffs were co-cultured with different ratio of Tregs 

and the proliferation was measured at day 5. The mean Treg inhibitory capacity was 

calculated at five Treg:Teff ratios. UNT: untreated (green). NAT: natalizumab-treated (red). a-
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CD20: anti-CD20-treated (blue). HD: healthy donor (yellow). (B) Concentrations of cytokines 

were detected in the supernatants harvested from the suppression assay at ratio Treg:Teff 1:1 

by a bead-based immunoassay. Cytokine concentrations ranged from 0 (dark blue) to 2500 

(dark red) pg/mL. (C) XY correlation between Treg suppressive capacity and frequency of t-

Tregs within CD25+CD127lo subset. (D) XY correlation between Treg suppressive function 

and IFN-γ concentration in the supernatants. (E) XY correlation between Treg function and 

frequency of FOXP3+ cells within CD25+CD127lo fraction. (F) XY correlation between 

frequency of t-Tregs and CD39+ cells within CD25+CD127lo subset. 
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Table 11. Cytokine concentrations (pg/mL) in cell culture supernatants harvested from 

suppression assays. 

Donor IL-5 IL-13 IL-2 IL-6 IL-9 IL-10 IFN-γ TNF-α IL-17
A

IL-22

UNT_0
1

15.5 8.74 730.97 16.02 23.37 2.26 30.34 99.9 6.71 6.6

UNT_0
7

15.5 8.74 35.06 16.02 23.37 2.36 109.06 99.9 16.11 10.48

UNT_0
8

173.88 77.34 103.26 16.02 163.34 6.52 632.82 99.9 35.76 53.36

UNT_0
9

44.2 8.74 142.02 16.02 23.37 5.28 137.71 99.9 10.49 10.41

UNT_1
4

15.5 8.74 755.37 16.02 23.37 2.26 81.32 99.9 6.74 20.34

UNT_1
5

275.88 91.19 383.3 16.02 93.98 33.1 555.82 130.12 26.47 54.85

UNT_1
9

15.5 8.74 147.06 16.02 23.37 2.26 410.01 99.9 8.59 4.81

UNT_0
1

402.47 58.76 697.8 30.78 72.38 28.3 1218.63 170.14 106.8 171.47

NAT_0
2

15.5 8.74 132.79 16.02 23.37 2.26 16.49 99.9 2.8 3.06

NAT_0
3

1173.61 439.48 610.58 52.84 209.26 13.26 2159.47 99.9 178.8 111.42

NAT_0
4

54.83 8.74 559.15 16.02 23.37 14.08 322.36 99.9 21.23 48.12

NAT_0
5

360.48 105.34 379.32 18.59 275.22 76.2 480.43 160 94.52 212.23

NAT_0
6

15.5 8.74 98.92 16.02 23.37 2.26 55.49 99.9 7.76 4.26

NAT_0
9

15.5 10.66 133.48 16.02 23.37 2.26 96.41 99.9 19.69 36.51

NAT_1
0

328.32 50.66 174.77 27.8 127.25 17.4 729.31 127.33 53.36 45.18

NAT_1
1

15.5 8.88 79.82 16.02 23.37 28.43 343.8 99.9 15.18 14.92

aCD20
_01

38.66 11.95 140.06 16.02 25.95 16.46 345.4 99.9 6.81 20.59

aCD20
_02

24.94 8.74 223.2 16.02 23.37 3.53 91.59 99.9 12.1 9.02
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aCD20
_03

49.97 10.45 144.67 16.02 23.37 5.24 118.16 99.9 30.13 15.4

aCD20
_04

129.21 48.67 173.6 16.02 23.37 6.59 77.39 99.9 7.41 4.71

aCD20
_05

49.14 15.94 91.75 16.02 23.37 2.29 52.38 99.9 7.91 5.63

aCD20
_06

54.28 12.83 50.87 16.02 23.37 4.79 61.83 99.9 5.24 12.04

aCD20
_07

15.5 8.74 38.46 16.02 23.37 2.26 23.41 99.9 6.2 4.07

aCD20
_08

110.97 43.69 154.2 16.02 23.37 2.26 91.95 99.9 15.86 8.09

HD_01 163.42 66.1 165.09 16.02 33.6 5.96 909.33 99.9 37.44 11.28

HD_03 50.65 13.53 104.81 16.02 23.37 16.02 390.18 99.9 39.05 8.1

HD_09 23.88 12.72 61.56 16.02 23.37 2.26 13.54 99.9 7.86 6.56

HD_12 15.5 8.74 114.98 16.02 23.37 3.53 152.28 99.9 6.68 14.33

HD_13 15.5 8.74 100.22 16.02 23.37 5.84 239.42 99.9 8.33 14.93

HD_15 197.07 29.53 131.74 16.02 23.37 2.8 172.79 99.9 12.23 5.6

HD_17 15.5 8.74 730.97 16.02 23.37 2.26 30.34 99.9 6.71 6.6

HD_01 15.5 8.74 35.06 16.02 23.37 2.36 109.06 99.9 16.11 10.48

HD_03 173.88 77.34 103.26 16.02 163.34 6.52 632.82 99.9 35.76 53.36
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Table 12. Determinants of Treg function. 

Slope r² P value N of X values

Treatment duration 0.05208 ± 0.2068 0.004212 0.8046 17

Age 0.03718 ± 0.06861 0.007666 0.5911 40

CD3+CD4+ (% of live 
PBMCs)

0.05600 ± 0.1008 0.008053 0.5819 40

CD25+CD127lo (% of 
CD3+CD4+)

0.006588 ± 0.01015 0.01068 0.5202 40

Foxp3+ (% of 
CD25+CD127lo)

-0.09565 ± 0.1791 0.007451 0.5964 40

CD39+ (% of 
CD25+CD127lo)

0.1274 ± 0.1694 0.01467 0.4566 40

t-Treg (% of 
CD25+CD127lo)

0.2316 ± 0.1076 0.1087 0.0378 40

p-Treg (% of 
CD25+CD127lo)

-0.1758 ± 0.1370 0.04154 0.2072 40

Act. t-Treg (% of 
CD25+CD127lo)

-0.07719 ± 0.1053 0.01393 0.4682 40

MFI FOXP3 t-Treg -0.3612 ± 1.900 0.0009503 0.8502 40

MFI FOXP3 p-Treg 0.5025 ± 2.496 0.001065 0.8415 40

MFI FOXP3 Act. t-
Treg

-0.7429 ± 2.746 0.001922 0.7882 40

MFI CD127 
(CD25+Foxp3+)

-0.09565 ± 0.1791 0.007451 0.5964 40

MFI CD103 
(CD25+CD127lo)

-1.841 ± 2.571 0.01332 0.4783 40

MFI CD49d 
(CD25+CD127lo)

2.575 ± 3.571 0.01350 0.4753 40

t-Treg/p-Treg 0.008353 ± 0.01091 0.01520 0.4485 40

t-Treg/Act. t-Treg 0.03177 ± 0.02299 0.04786 0.1750 40

IL-5 conc. (pg/mL) -4.203 ± 2.077 0.1275 0.0527 30

IL-13 conc. (pg/mL) -0.8753 ± 0.4386 0.1245 0.0558 30

IL-2 conc. (pg/mL) 1.529 ± 1.652 0.02968 0.3626 30

IL-6 conc. (pg/mL) -0.09708 ± 0.05781 0.09148 0.1043 30

IL-9 conc. (pg/mL) 0.6896 ± 0.5955 0.04570 0.2567 30

IL-10 conc. (pg/mL) -0.08674 ± 0.1139 0.02028 0.4528 30

IFN-γ conc. (pg/mL) -10.65 ± 4.968 0.1410 0.0409 30

TNF-α conc. (pg/mL) -0.4253 ± 0.3151 0.06109 0.1879 30

IL-17A conc. (pg/mL) -0.4255 ± 0.2430 0.09873 0.0908 30
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IL-22 conc. (pg/mL) -0.3136 ± 0.2382 0.05832 0.1986 30

Unique TCR Vβ 
clonotypes/Total

0.0002515 ± 
0.002040

0.001517 0.9043 12

Clonal expansion -0.0004915 ± 
0.001760

0.007739 0.7857 12

Shannon clonality -0.0001969 ± 
0.0003166

0.03723 0.5480 12

Clone distribution 
slope

-0.001937 ± 
0.005718

0.01135 0.7418 12

Shared TCRs/Total -0.01214 ± 0.01689 0.04911 0.4888 12
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4.8 No major alterations of Treg TCR repertoire are found in patients with MS 

The TCR repertoire of effector T cells in patients with MS has been studied in considerable 

detail (21, 120, 125), but much less is known about the TCR repertoire of Tregs. It has been 

shown that a highly diverse Treg repertoire increases the frequency of antigen-specific Tregs 

and probability of antigen-specific Treg-Teff interactions, thus enhancing Treg inhibitory 

capacity (123, 124). By contrast, a limited TCR diversity may be a risk factor in autoimmune 

disease (123). Therefore, we aimed to analyse the diversity of Treg TCR repertoire in patients 

with MS and to investigate how it correlates with Treg function. We initially compared the 

characteristics of Treg and Teff TCR repertoires in 9 patients with RRMS and 3 HDs by high-

throughput TCR Vβ-chain sequencing (Table 9). We obtained a median of 27,860 productive 

TCR templates from all the samples (Table 12). Interestingly, Tregs show a reduced repertoire 

diversity in comparison to Teff based on a reduced percentage of unique/total TCR Vβ 

clonotypes (p=0.01. Figure 19A), and, conversely, an increased clonal expansion (p=0.03; 

Figure 19B). The clone distribution slope quantifies the diversity of the TCR repertoire based 

on the distribution of low frequency clones, and this diversity measure was also decreased in 

Tregs as compared to Teff (p=0.002. Figure 19C). Furthermore, Tregs and Teffs show a 

largely distinct repertoire, as the mean overlap between Tregs and Teffs was 7.2%, and Treg 

TCRs that overlapped with Teff were more diverse than the non-overlapping ones (Figure 

19D).  

 When we compared patients with MS and HDs, we found that Treg TCR repertoire 

was reduced, but not significantly, in patients and Treg-Teff overlap based on nucleotide 

sequences was comparable (Figure 19E-G). We found no correlation between Treg 

suppressive capacity and Treg TCR diversity metrics (Table 14). However, there was a 

positive correlation between the frequency of thymus-derived Tregs and fraction of unique 

TCR Vβ unique clonotypes (r2=0.38, p=0.043. Figure 19H), and clone distribution slope 

(r2=0.45, p=0.023. Figure 19I). 

Our findings indicate that Treg TCR repertoire diversity, being not significantly reduced, does 

not play a major role in determining Treg function in our cohort. 
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Figure 19. Treg TCR repertoire in patients with RRMS. (A) Comparison of the ratio 

unique TCR Vβ clonotypes/total TCR Vβ clonotypes between Tregs and Teffs. (B-C) Clonal 

expansion and clone distribution slope in Tregs in comparison to Teffs. (A-C) Box and 
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whiskers min to max; Mann-Whitney U test. * p<0.05; ** p<0.01. (D) Overlap between Tregs 

and Teffs. Diversity of Treg TCRs overlapping with Teffs as compared to the non-overlapping 

ones calculated as Simpson clonality. Box and whiskers min to max; Mann-Whitney U test. * 

p<0.05. (E-G) Patients with MS (MS) were compared to HDs (HD). Patients included 

untreated (green), natalizumab- (red), and a-CD20-treated (blue). (E) Ratio unique TCR Vβ 

clonotypes/total TCR Vβ clonotypes. (F) Clonal expansion. (G) Treg-Teff overlap based on 

nucleotide sequences. (E-G) Scatter plot graph. Mean with SEM. Unpaired t test or Mann-

Whitney U test. (H-I) XY correlation between frequency of t-Tregs and ratio unique TCR Vβ 

clonotypes/total TCR Vβ clonotypes, and clone distribution slope. !
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Table 13. Immune repertoire analysis of T effector and T regulatory cell compartment in 

12 patients with RRMS and 3 healthy donors.  

Sample Unique 
Rearran
gements

Total 
Producti

ve 
Templat

es

Unique 
TCR Vβ 
clonotyp
es/Total

Clonal 
expansio

n

Pielou 
Evennes

s

Shannon 
clonality

Simpson 
Clonalit

y

Simpson
's D

UNT_04
_Teff 34237 57256 0.5979 0.2879 0.8125 0.1874 0.2092 0.0437

UNT_04
_Tregs 5437 8580 0.6336 0.1600 0.9589 0.0410 0.0219 0.0004

UNT_06
_Teff 28165 37178 0.7575 0.1168 0.9575 0.0424 0.02575 0.0006

UNT_06
_Tregs 29599 43834 0.6752 0.1564 0.9636 0.0363 0.0111 0.0001

UNT_10
_Teff 19305 25422 0.7593 0.0590 0.9789 0.0210 0.01102 0.0001

UNT_10
_Tregs 15252 30706 0.4967 0.3162 0.9353 0.0646 0.0179 0.0003

NAT_02
_Teff 11280 12229 0.9224 0.0057 0.9956 0.0044 0.0101 0.0001

NAT_02
_Tregs 26357 31312 0.8418 0.0417 0.9855 0.0145 0.0093 0.0001

NAT_05
_Teff 32914 37156 0.8858 0.0181 0.9919 0.0081 0.0067 0.0000

NAT_05
_Tregs 11645 15879 0.7334 0.1321 0.9497 0.0503 0.0398 0.0016

NAT_08
_Teff 13963 16906 0.8259 0.0699 0.9764 0.0236 0.0175 0.0003

NAT_08
_Tregs 25474 44934 0.5669 0.2858 0.9422 0.0578 0.0142 0.0002

aCD20_
04_Teff 42802 49719 0.8609 0.0356 0.9884 0.0116 0.0065 0.0000
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aCD20_
04_Treg

s
9734 12907 0.7542 0.0849 0.9749 0.0251 0.0153 0.0002

aCD20_
05_Teff 46938 50942 0.9214 0.0026 0.9969 0.0031 0.0049 0.0000

aCD20_
05_Treg

s
3939 4848 0.8125 0.0272 0.9851 0.0149 0.0191 0.0004

aCD20_
08_Teff 28424 30902 0.9198 0.0028 0.9963 0.0037 0.0063 0.0000

aCD20_
08_Treg

s
15351 18724 0.8199 0.0448 0.9844 0.0156 0.0110 0.0001

HD_15_
Teff 38211 44613 0.8565 0.0176 0.9912 0.0088 0.0061 0.0000

HD_15_
Tregs 14615 18884 0.7739 0.0700 0.9792 0.0208 0.0117 0.0001

HD_16_
Teff 26012 29103 0.8938 0.0338 0.9833 0.0167 0.0195 0.0004

HD_16_
Tregs 2520 3058 0.8241 0.0150 0.9855 0.0145 0.0237 0.0006

HD_17_
Teff 7695 9139 0.8420 0.0723 0.9732 0.0268 0.0240 0.0006

HD_17_
Tregs 22120 26617 0.8310 0.0715 0.9740 0.0260 0.0173 0.0003

Sample Simpson
's 

Evennes
s

iChao1 Efron 
Thisted 
Estimat

or

Clone 
Distribu

tion 
Slope

Daley 
Smith 

Estimat
or

Maxima
l 

producti
ve 

frequenc
y

Overlap 
by 

nucleoti
de

UNT_04
_Teff 0.0007 186716 85069 2.95 63979 0.2087

0.0058
UNT_04
_Tregs 0.3811 22988 25190 2.55 29333 0.0038

UNT_06
_Teff 0.0535 159469 86492 2.95 74395 0.0168

0.0175
UNT_06
_Tregs 0.2699 133486 78447 2.61 64675 0.0026
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UNT_10
_Teff 0.8687 102802 60219 4.33 71452 0.0016

0.0215

UNT_10
_Tregs 0.4389 164760 89538 3.23 79564 0.0028

NAT_02
_Teff 0.6674 249422 108096 3.74 90613 0.0014

0.0230
NAT_02
_Tregs 0.0543 58445 46681 3.12 49961 0.0309

NAT_05
_Teff 0.2337 91763 61185 2.89 63569 0.0097

0.0143
NAT_05
_Tregs 0.1946 122238 68554 2.31 54818 0.0037

NAT_08
_Teff 0.5461 322139 121229 3.17 92825 0.0015

0.0112
NAT_08
_Tregs 0.4381 55560 46252 2.80 51537 0.0057

aCD20_
04_Teff 0.9011 342637 128860 4.19 100174 0.0006

0.0008
aCD20_
04_Treg

s
0.6940 21697 22754 3.08 30616 0.0031

aCD20_
05_Teff 0.8897 227703 102376 5.01 91043 0.0008

0.0112
aCD20_
05_Treg

s
0.5337 90336 63207 3.17 64692 0.0033

aCD20_
08_Teff 0.8687 102802 60219 4.33 71452 0.0016

0.0215
aCD20_
08_Treg

s
0.4389 164760 89538 3.23 79564 0.0028

HD_15_
Teff 0.7140 236291 110076 3.35 88054 0.0011

0.0083
HD_15_

Tregs 0.4962 84231 60721 2.89 61043 0.0033
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HD_16_
Teff 0.1014 206913 93752 4.39 84715 0.0161 0.0009

HD_16_
Tregs 0.7068 14786 15351 2.71 24023 0.0062

HD_17_
Teff 0.2255 66144 44675 3.06 58776 0.0111 0.0324

HD_17_
Tregs 0.1514 165929 85050 3.10 79202 0.0086
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4.9 Thymus-derived Tregs from natalizumab-treated patients show profound gene 

expression alterations in comparison to HDs 

Next we investigated factors, other than the frequency of t-Tregs, that could explain the fact 

that an impaired Treg function was observed exclusively in natalizumab-treated patients. 

Towards this end, we compared the gene expression profile between 9 patients (3 untreated, 3 

natalizumab-treated and 3 a-CD20-treated) and 3 HDs. We isolated both t-Tregs and p-Tregs 

and we performed bulk RNA sequencing as previously discussed. A total of 512 genes were 

differentially expressed between t-Tregs derived from natalizumab-treated patients and HDs 

(false discovery rate <0.05. Figure 20A). Most of the differentially expressed genes (DEGs) 

were downregulated in t-Tregs derived from natalizumab-treated patients in comparison to 

HDs (Figure 20A and B). In stark contrast, no DEGs were observed between t-Tregs from 

untreated and a-CD20-treated patients respectively in comparison to HDs (Figure 21A and C). 

The DEGs between patients and HDs in p-Tregs were 0 in untreated, 6 in a-CD20-treated 

patients and 1 in natalizumab-treated, respectively (Figure 21B, D, and E). As many DEGs 

were found between t-Tregs from natalizumab-treated patients and HDs, we explored their 

function using biological process (BP) domain of the Gene Ontology (GO) functional 

database. We observed that 26 out of 512 DEGs showed a significant correlation with Treg 

function (Table 14). Genes implicated in RNA splicing and mRNA processing were up-

regulated in natalizumab-treated patients-derived Tregs in comparison to HDs (Figure 20C). 

By contrast, genes involved in ion transmembrane transport, signaling pathway, positive 

regulation of cell proliferation, chemotaxis, and cell adhesion were downregulated in t-Tregs 

derived from natalizumab-treated patients as compared to HDs (Figure 20C). Among the 

genes that were negatively correlated to Treg suppressive capacity, and were over-expressed 

in natalizumab-treated patients, we found IL7R (CD127), genes playing a role in RNA 

processing, and TXNIP (Figure 20D). Interestingly, the latter represses glucose uptake and 

inhibits Thioredoxin-1 that promotes the synthesis of deoxyribonucleotides to allow rapid cell 

proliferation (139). T cell activation results in rapid downregulation of TXNIP and induction 

of glycolysis to sustain T cell proliferation (139). By contrast, the increased expression of 

TXNIP restrains lymphocyte proliferation (140). Genes positively correlated to Treg response, 

and downregulated in natalizumab-treated patients were related to signal transduction, 

metabolic processes, and positive regulation of T cell activation and proliferation, that might 
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explain the functional Treg impairment observed in natalizumab-treated patients (Figure 

20D).  

Figure 20. Transcriptomic analysis of t-Tregs derived from natalizumab-treated patients 

and HDs. (A) Comparison of average gene expression showing significantly differentially 

expressed genes between t-Tregs derived from natalizumab-treated patients and HDs. Present 
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(black) indicates genes with read counts > = 10 in more than one sample, absent (grey) 

indicates all genes that are not flagged as present, and significant (blue) indicates genes with 

log2 ratio > 0.5 and p value < 0.01. Log2 ratio indicates the fold-change in gene expression. 

(B) Heatmap showing the expression counts of the top 50 differentially expressed genes 

across t-Tregs derived from Natalizumab-treated patients and HDs. Both positive and 

negative log fold changes are displayed. (C) Genes belonging to different Gene Ontology 

(GO) Biological Process (BP) terms were up-regulated in t-Tregs derived from natalizumab-

treated patients and HDs, respectively. (D) Volcano plot showing genes involved in T cell 

activation, proliferation, metabolism, and RNA processing differentially expressed between t-

Tregs derived from natalizumab-treated patients and HDs (log2 fold change threshold > 1.5; 

False Discovery Rate <0.05). 
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Figure 21. Transcriptomic analysis of t-Tregs and p-Tregs derived from patients with 

MS and HDs. (A-B) Volcano plot showing DEGs between t-Tregs and p-Tregs derived from 

untreated patients and HDs. (C-D) Volcano plot showing DEGs between t-Tregs and p-Tregs 

derived from anti-CD20-treated patients and HDs. (E) Volcano plot showing genes 

differentially expressed between p-Tregs derived from natalizumab-treated patients and HDs. 

(A-E) UNT: Untreated. NAT: natalizumab-treated. a-CD20: anti-CD20-treated. Log2 fold 

change threshold > 1.5; False Discovery Rate <0.05. 
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Table 14. DEGs between t-Tregs from natalizumab-treated patients and HDs show a 

linear correlation with Treg function. 

Gene GO BP Slope r² P value

AC008397.2 Signal transduction 2.059 ± 0.6493 0.5013 0.01

TXNIP Response to glucose, negative 
regulation of cell proliferation, 

negative regulation of transcription, 
apoptosis

-145.2 ± 44.32 0.5177 0.0083

GOLM1 Metabolic process, post-translational 
protein modification

2.103 ± 0.7867 0.4169 0.0233

MRPL16 Translation, mitochondrial 
translation

-3.914 ± 1.747 0.3342 0.049

IL7R Positive regulation of T cell 
differentiation in thymus, IL7-

mediated signaling pathway, lymph 
node development

-78.71 ± 35.01 0.3357 0.0484

MAP3K19 Protein phosphorylation 2.248 ± 0.7581 0.4678 0.0142

IFI27 Type I interferon signaling pathway, 
apoptosis, negative regulation of 

transcription, innate immune 
response

2.978 ± 1.127 0.4113 0.0246

NLRP7 Negative regulation of IL-1β 
production, negative regulation of 

protein processing, negative 
regulation of inflammatory cytokine 

production

2.181 ± 0.6539 0.5266 0.0076

C13orf46 Unknown -17.64 ± 5.564 0.5013 0.01

LUC7L3 mRNA processing, RNA splicing -84.94 ± 28.20 0.4758 0.0131

PPP1R3A Metabolic process 1.934 ± 0.8382 0.3474 0.0437

CNGA3 Signal transduction 1.514 ± 0.6026 0.3869 0.0308

CLIC2 Signal transduction 1.382 ± 0.5411 0.395 0.0286

DDX17 rRNA processing, mRNA splicing -108.5 ± 42.28 0.397 0.0281

KLF3 Negative regulation of transcription -54.02 ± 18.95 0.4484 0.0172

MTARC2 Oxidation-reduction process 0.9015 ± 0.3806 0.3594 0.0394

MS4A5 Signal transduction 1.811 ± 0.5739 0.4988 0.0102

SPCS1 Signal peptide processing, protein 
targeting to ER, proteolysis

9.296 ± 4.150 0.3341 0.049

SLC38A4 Amino acid and ion transport 0.8221 ± 0.3359 0.3745 0.0344

TENT4A mRNA processing -16.69 ± 6.199 0.4201 0.0226

E2F1 Positive regulation of cell 
proliferation

2.263 ± 0.8079 0.4397 0.0188
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RNF126 Protein catabolic process, negative 
regulation of EGF-R signaling 

pathway, regulation of cell 
population proliferation

-7.795 ± 2.271 0.5408 0.0064

GALNTL6 Protein glycosylation, protein 
phosphopantetheinylation

1.899 ± 0.6304 0.4758 0.0131

IL13RA1 Positive regulation of cell population 
proliferation, cytokine mediated 

signaling pathway

0.9352 ± 0.3103 0.4759 0.013

TP63 Positive regulation of cell 
proliferation, negative regulation of 

transcription

1.543 ± 0.4636 0.5255 0.0076

TXK Positive regulation of IFN-γ-
mediated signaling pathway, 
integrin-mediated signaling 

pathway, positive regulation of gene 
expression

-22.37 ± 8.826 0.3911 0.0296
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4.10 Myelin-specific TCR discovery based on a bioinformatic approach 

Recently, the investigation of the TCR repertoire, by means of high throughput TCR 

sequencing (HTS), has boosted the research of antigen-specific T cells in several disease 

contexts. It has been shown that patients with MS share some T cell clones (TCCs) that are 

not present in the repertoire of patients with other neurological diseases (121). These clones 

are defined “public” based on the identical amino acid sequence, and they might be expanded 

in response to a dominant pathogenic epitope (126). Using HTS, we analyzed the Teff and 

Treg TCR repertoire of 9 patients with RRMS (3 untreated, 3 natalizumab-treated, 3 anti-

CD20-treated) as compared to HDs (Table 9). We defined as public TCR an amino acid CDR3 

sequence shared across at least 5/9 patients and not present in HDs. We found 157 public 

TCRs across patients with MS, most of them (147) were shared across Teff and Treg 

compartments while 10 were exclusively present in Teff compartment (Figure 22A). The 

mean productive frequency of public TCRs was similar between Tregs and Teffs (Figure 

22B). We took advantage of available datasets where TCRs with known antigen specificities 

are listed. We used the McPAS-TCR and the VDJdb databases which couple TCR sequences 

and antigen specificities (127, 128). In addition, as it has been shown that some TCCs are 

shared between peripheral blood and brain lesions in patients with MS, we employed the TCR 

Vβ sequencing data of MS brain lesions (21). When we searched the top 18 public TCRs 

detected in patients with MS, we observed that they were mostly predicted to recognize 

viruses, especially cytomegalovirus (CMV), and autoantigens, but only one clone was found 

to be associated with MS (Figure 22C). As alternative approach, we explored the entire 

repertoire in order to find known antigen-specific TCRs. Using the VDJdb database, we 

initially investigated TCRs specific for foreign antigens, such as Influenza, CMV, and SARS-

CoV2, and we found that their mean productive frequency was similar in Teffs and Tregs 

(Figure 22D). Employing the three databases above mentioned, we then identified 29 putative 

MS-specific TCRs in the repertoires analyzed. Their productive frequency did not 

significantly differ between Teffs and Tregs (Figure 22E), but it was significantly higher in 

natalizumab-treated patients as compared to a-CD20-treated patients (p=0.0096. Figure 22F). 

This might be related to the mechanism of action of natalizumab which, by preventing their 

migration to the CNS, sequesters lymphocytes, including autoreactive T cells, in the 

peripheral blood. Hence, we attempted to isolate myelin-specific Treg clones from peripheral 

blood of a natalizumab-treated patient with MS. The patient carried the HLA-DR15 haplotype 
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(DRB1*15:01 which is in linkage disequilibrium with HLA-DRB5*01:01) that has been 

identified as the main genetic risk factor for MS (8). 

Figure 22. Bioinformatic approach to identify Ag-specific TCRs. (A) Pie chart of public 

TCRs present in Teff compartment (red) or shared between Teff and Treg compartments 
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(yellow). (B) Productive frequency of public TCRs in Teffs and Tregs. (C) Specificity 

prediction of top 18 public TCRs based on available databases. MTB: Mycobacterium 

tuberculosis, CMV: cytomegalovirus. (D) Productive frequency of TCRs specific for foreign 

antigens in Teffs and Tregs. (E-F) Productive frequency of 29 putative MS-specific TCRs in 

Teffs (red dots) and Tregs (green dots) and in patients and HDs (HD). UNT: Untreated. NAT: 

natalizumab-treated. a-CD20: anti-CD20-treated. (B-D-E-F) Scatter plot graph. Mann-

Whitney test or one-way ANOVA followed by Kruskal-Wallis test. ** p< 0.01. 

4.11 Identification of MBP-reactive Tregs 

We conducted preliminary experiments to analyse the reactivity of peripheral CD45RA- T 

cells isolated from 20 natalizumab-treated patients with MS to known autoantigens, such as 

MOG, MBP, RASGRP2, TSTA3, HLA and PLP. In addition, we investigated the proliferative 

response to EBNA 1, BLLF1, and CEF II. We observed that 40% of patients showed 

reactivity to MBP pool 3 (data not shown), a pool of peptides that span the MBP sequence 

78-170 (Figure 23A). Thus, we selected one of these patients (Figure 23B) to trace this 

reactivity in Treg compartment. For this purpose, we isolated CD25+CD127lo T cells by 

magnetic sorting and stimulated them in vitro using autologous irradiated monocytes either 

untreated or pulsed with MBP pool 3. At day 5, Tregs showed a positive response to MBP, as 

demonstrated by upregulation of the activation markers OX40 and CD137 (Figure 23C). 

Next, we compared responding (OX40+CD137+) and non-responding (OX40-CD137-) Tregs 

by HTS. We found that responding Tregs had a higher clonality than non-responding Tregs 

(Simpson clonality 0.052 as compared to 0.023), and the productive frequency of the top 50 

clones was increased in responding Tregs in comparison to the non-responding ones 

(p<0.0001. Figure 23D). By contrast, CD25- T cells showed low response to MBP, as 

demonstrated by upregulation of OX40 and CD137, probably because these markers are not 

specific for Teffs (Figure 23E). Nevertheless, responding Teffs (OX40+CD137+) had a higher 

clonality than non-responding Teffs (Simpson clonality 0.105 as compared to 0.020) and 

productive frequency of the top 50 clones (p<0.0001. Figure 23F). Interestingly, shared 

clonotypes between responding Tregs and Teffs (0.8%) were enriched in comparison to the 

shared clonotypes between non-responding Tregs and Teffs (0.2%) (Figure 23G). Hence, our 

approach led us to identify MBP-responding Tregs, whose repertoire was made up of 

expanded clones under antigen-specific stimulation, in peripheral blood from a patient with 
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MS. 

Figure 23. Identification of MBP reactive Tregs. (A) List of peptides of MBP pool 3. (B) 

Reactivity of CD45RA-PBMCs isolated from a patient with MS to known MS-associated 

autoantigens (MBP, MOG, RASGRP2, TSTA3, HLA, PLP) and foreign antigens (EBNA1, 
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BLLF, CEF II). As positive control, we used anti-CD3 and anti-CD28 beads. Response was 

measured as proliferation by thymidine assay. The stimulatory index is shown  and indicates 

the ratio of cpm in the presence of the peptide versus cpm in the unstimulated control. (C-E) 

Treg and Teff activation in response to MBP stimulation in comparison to the unstimulated 

control. (D-F) Productive frequency of TCRs in OX40-CD137- and OX40+CD137+ Tregs 

and Teffs. Scatter plot graph. Mann-Whitney test. **** p< 0.0001. (G) Schematic 

representation of the frequency of shared clonotypes (violet dots) between non-responding 

Tregs (light blue dots) and Teffs (orange dots) and responding Tregs and Teffs, respectively. 

4.12 Generation of MBP-specific TCCs 

To generate autoreactive Treg clones, we performed a single-cell FACS sorting and cloning of 

OX40+CD137+ Tregs after stimulation with MBP pool 3. As the MBP responding fraction 

might contain bystander cells, we tested the 35 clones obtained with autologous irradiated 

monocytes either untreated or pulsed with MBP pool 3 to confirm their specificity. After 24 

hours, 9 clones (25.7%) upregulated the activation marker CD69, and downregulated CD3, 

under stimulation with MBP pool 3, and therefore were confirmed to be specific for MBP; 7 

out of 9 clones also upregulated CD137 (Figure 24A). In contrast to non-specific TCCs, 

specific TCCs rapidly formed clusters under antigen-specific stimulation (Figure 24B). The 

specificity of 7 clones was mapped to distinct peptides that spanned the MBP sequence 

78-170. In particular, 3 clones recognized immunodominant sequences (amino acids 78-90 

and 83-102, respectively), and 4 clones recognized sequences located at the the C-terminal 

region (amino acids 106-130, 121-140, and 146-170, respectively) (Figure 24C). We 

performed HTS of the clonotypes identified and we found a predominance of the TCR β-

chain variable region (TRBV) 2 (Figure 24D). By contrast, after stimulation with MBP pool 

3, OX40+CD137+ Tregs were composed of multiple clonotypes with no predominance of a 

Vβ family (Figure 24E). We next analyzed TCCs for cytokines production under MBP 

stimulation. Most of the clones mainly secreted IL-5, IL-13, IL-4 and IL-10. The cytokine 

profile was compatible with a Th2-like phenotype (Figure 24F). Thus, autoreactive TCCs 

target several MBP sequences, spreading from dominant to subdominant epitopes. 
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Figure 24. Generation of MBP specific TCCs. (A) Screening of 35 TCCs for activation in 

response to stimulation with MBP pool 3. On the Y axis the absolute value of the difference 

between MFI of CD69, CD137 and CD3 in stimulated and unstimulated conditions is shown. 

The ΔMFI was considered positive when above 1000, 500 and 2500 for CD69, CD137 and 

CD3, respectively. (B) Visual pattern of specific (above) and non-specific (below) TCCs 
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under stimulation with MBP. Images were captured by light microscopy. (C) Specificity of 7 

TCCs. On the Y axis the absolute value of the difference between MFI of CD69 in stimulated 

and unstimulated conditions is shown. (D) TCRBV predominance in specific TCCs in 

comparison to responding Tregs. Frequency of each TCRBV is shown as part of whole in a 

pie chart. (E) Cytokines in supernatants of TCCs after co-culture with irradiated monocytes 

pulsed with MBP pool 3. Cytokine concentration, detected by by a bead-based immunoassay 

ranged from 0 (white) to 4000 (blue) pg/mL with the exception of two outliers that were 

above 400 pg/mL and appear as dark blue.  

4.13 Some MBP-specific TCCs express Foxp3 and are fully suppressive 

High expression of CD25 and lack of CD127 are the most used surface markers to identify 

Tregs, but they are not specific, as they can also be expressed by Teffs, especially under 

activation (27). Thus, TCCs might have been originated either from the purified Treg fraction 

or from contaminating Teffs that were not targeted for depletion. To determine the origin of 

generated TCCs, we analyzed them by flow cytometry and we observed a variable Foxp3 

expression. MFI of Foxp3 ranged from 184 to 2102 (Figure 25A). Towards the functional 

characterization of TCCs we co-cultured them with autologous policlonally stimulated Teffs 

(CD4+CD25-) at different ratios. We found that TCCs had a variable mean inhibitory 

capacity, ranging from 0% to 81.4% (Figure 25B and 25C). Interestingly, when polyclonal 

Tregs isolated from the same patient were tested for their capacity to suppress Teffs, their 

mean inhibitory function was 2.8% (the patient belongs to the natalizumb-treated cohort 

collectively analysed in Figure 18A). Moreover, TCCs that displayed the brightest Foxp3 

expression held the best functionality.  

We were then interested to know whether the autoreactive TCCs recognised MBP in 

association with HLA-DRB1*15:01 molecule. We used a fluorescent tetramer composed of a 

HLA-DRB1*15:01 molecule bound to the MBP(83-99) peptide. By means of this complex 

we could stain the TCC that was specific for MBP(83-99), thus confirming its HLA class II 

restriction (Figure 18D). By contrast, when we used a fluorescent tetramer composed of a 

HLA-DRB1*15:01 molecule bound to the CLIP peptide, the MFI was weaker, confirming the 

specificity of the interaction TCR-MBP(83-99). A second clonotype showed a positive 

response to MBP pool presented either by HLA-DRB5*01:01 (DR2a) and HLA-DRB1*15:01 
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(DR2b) B cell lines, thus confirming its HLA-DR15 restriction (Figure 26). Hence, we 

demonstrated that some of the MBP-specific TCCs have Treg properties, such as Foxp3 

expression, and the ability to inhibit T effector cell proliferation. 

Figure 25. Identification of functional Foxp3+ Ag-specific TCCs. (A) Foxp3 expression is 

shown as MFI in different Ag-specific TCCs. (B) Suppressive capacity of Ag-specific TCCs 

calculated as mean of four values at different putative Treg:Teff ratios. (C) Individual values 
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of Treg inhibitory capacity are shown. (D) Schematic representation of tetramer staining 

procedure. We used a fluorescent tetramer composed of a HLA-DRB1*15:01 molecule bound 

to the MBP(83-99) peptide. As negative controls we used a fluorescent tetramer composed of 

a HLA-DRB1*15:01 molecule bound to the CLIP peptide and beads with anti-mouse IgG 

respectively. The MFI of the MBP (83-102)-specific TCC incubated with different constructs 

is shown. 

                                              TCC_Gate on CD3+CD4+ 

                

                                              CD69 MFI 

Figure 26. HLA-DR15 restriction of an antigen-specific TCC. CD69 expression, shown as 

MFI, of a TCC stimulated with autologous monocytes that were either untreated (No 

Ag+mono) or pulsed with MBP (MBP+mono). When MBP was presented either by HLA-

DRB5*01:01 (DR2a) and HLA-DRB1*15:01 (DR2b) B cell lines, the clone upregulated 

CD69 similarly to what observed when monocytes were used as APC.  
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4.14 Detection of autoreactive clonotypes in TCR repertoires  

By TCR sequencing, we obtained the alpha and beta chain CDR3 nucleotide sequences of 

MBP-specific TCCs (Figure 27A). We next examined whether the same clonotypes could be 

traced in the TCR repertoire of the same donor, or in different patients and healthy controls. 

One clonotype (CASRATVATNEKLFF) was among the top 10 expanded clones Teff fraction 

isolated from the same donor after stimulation with MBP pool 3 in an independent replicate 

(productive frequency 1.87%). The same clonotype was detected with a lower frequency 

(0.3%) in stimulated Treg compartment (Figure 27B). Accordingly, it has been suggested that 

any overlap that is present between Treg and Teff compartment occurs between Tregs and 

self-reactive Teffs (123). A second clonotype (CASSLTGYSNQPQHF) was detected at low 

frequency (8 in 100,000) in the unstimulated Teff repertoire of an untreated patient with MS 

(Figure 5D). By contrast, none of the clonotypes was recognised either in Treg and in Teff 

cells isolated from three healthy donors. We next searched identified clonotypes into available 

datasets of TCRs with known antigen specificity and TCR Vβ sequencing data of MS brain 

lesions. However, no clonotypes were discovered using this method. These findings indicate 

that autoreactive Treg and Teff cell clones are rare and might share a public TCR Vβ 

clonotype. 
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Figure 27. Detection of autoreactive clonotypes in TCR repertoires. (A) Alpha and beta 

chain CDR3 nucleotide sequences of MBP-specific TCCs. (B) One clonotype identified in 

TCR repertoire of the same donor either in Teff and Treg compartment after stimulation with 

MBP.  n= number of productive TCR templates. (C) One clonotype found in unstimulated 
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Teff TCR repertoire of an untreated patient with MS. No clonotypes detected in databases of 

TCRs with known antigen specificity. 

 

5.0 CONCLUSIONS 

Since the discovery of Tregs, almost 30 years ago, the field of Treg research has rapidly 

expanded. A detailed characterisation of Tregs has been provided at the molecular, 

phenotypical and functional level. Novel Treg subsets have been described, including CD8+ 

Tregs and tissue-resident Tregs (49, 53, 54, 58). Unexpected functions, such as regulation of 

metabolism and tissue repair and regeneration, have been discovered (75). Tregs have been 

shown to be deleterious in some pathological settings, such as inducing immunosuppression 

in tumors or infections, or secreting Th-like cytokines under inflammatory conditions. By 

contrast, they have been found to be protective against autoimmunity, and their function has 

been supposed to be impaired in autoimmune diseases. The clearest example of Treg defect is 

represented by IPEX, a primary immunodeficiency caused by mutations in Foxp3 (36). Due 

to the heterogeneous genotype, affected patients have low/absent or present, but unstable and 

impaired, Tregs (60). The phenotype is characterised by autoimmune manifestations involving 

endocrine glands, skin and gut (36). The importance of Tregs in preventing autoimmunity is 

evident, however their role is less intuitive in complex multifactorial autoimmune diseases, 

such as MS. In fact, several genetic and environmental factors have been hypothesised to 

predispose to MS, but their respective contribution and the way they interact are poorly 

understood. Previously, our group found that the HLA-DR15 haplotype, the main genetic risk 

factor, shapes an autoreactive T cell repertoire by presenting foreign peptides and 

autoantigens to autoreactive CD4+ T cells (13). Additional susceptibility genes play a role in 

innate and adaptive immunity. Moreover, infections shape the immune system. Furthermore, 

several studies have reported a Treg dysfunction in some but not all the patients with MS, 

being Treg functionality influenced by disease stage and duration. Nevertheless, the 

underlying mechanisms have not been elucidated yet. We aim at providing a comprehensive 

analysis of the mechanisms underlying the presumed functional Treg defect in patients with 

MS. Towards this end, we selected a cohort of 41 individuals that recapitulated the 

demographical features of MS. The age of the patients ranged between 21 and 62 years (Table 

9), reflecting the age distribution of the disease (2). The female:male ratio was 3:2 and was 
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not significantly different between patients and HDs, whereas it is generally reported to range 

from 2:1 to 3:1 (2). In contrast to HDs, the majority of patients carried the HLA-DR15 allele. 

Thus, we cannot exclude an effect of HLA-DR15 haplotype on T cell immunophenotype. 

Furthermore, our cohort included untreated individuals and patients treated with natalizumab 

and anti-CD20 therapy. It is important to note that all the patients are recommended to start a 

disease-modifying treatment (DMT) soon after diagnosis to reduce the risk of new brain 

lesions and relapses and slow disease progression (141). The most common approach in 

patients with moderately active disease is to start with a base therapy, such as IFN-β, 

glatiramer acetate, teriflunomide, and dimethyl fumarate (141). Natalizumab and anti-CD20 

therapy are considered higher-efficacy agents and used for initial therapy in patients with 

highly active or rapidly evolving aggressive disease (141). The a-CD20 agent ocrelizumab is 

the only DMT approved to treat PPMS. Nevertheless, each therapeutic approach needs to be 

personalised. Untreated patients were assessed before starting the initial treatment, or were 

treated with a base therapy and had discontinued the treatment for at least three months 

because they were clinically stable. Untreated patients have been suggested to have a lower 

clinical severity and thus they might have shown a milder phenotype (142). Natalizumab 

blocks the interaction between α4 integrins and VCAM-1 that is important not only for 

leukocyte adhesion to the endothelium and transmigration across the brain barrier, but also for 

lymphocyte activation and proliferation (92) and for retention of B cells in the bone marrow 

and secondary lymphoid organs (94). The main mechanism of anti-CD20 therapy is binding 

to CD20, expressed on the surface of all B cells, except early pro-B cells, plasma blasts and 

plasma cells, and inducing lysis by antibody-dependent complement- or cell-mediated 

cytotoxicity (95). Whereas a small fraction of CD20-expressing T cells is depleted (96), T 

cells are mostly diminished because in absence of B cells, they are not supported by antigen 

presentation, and are thus deprived of a stimulus necessary for their activation and 

proliferation (96).  

To characterise Treg compartment we applied multiple experimental approaches, including 

immunophenotyping, functional tests, Treg TCR repertoire analysis and next generation RNA 

sequencing (Figure 28). We used a novel gating strategy, based on the expression of CD45RA 

and GPA33, to identify two subsets of Tregs with a differential gene expression that was 

compatible with their thymic or peripheral origin. In addition, we observed a small subset of 

CD45RA-GPA33+ Tregs that would require additional studies to address whether it is a 
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distinct entity, for instance by transcriptome analysis. We found no evidence for reduced 

numbers of CD25+CD127lo T cells, but we observed a reduced Foxp3 expression in Tregs 

derived from patients, in agreement with previous reports (79, 143). One limitation of our 

study was the unavailability of the absolute blood lymphocyte numbers. As the frequency of 

CD3+CD4+ cells was reduced in patients, it would have been meaningful to check whether 

the absolute number of Tregs was secondarily decreased. Furthermore, we detected an 

increased expression of CD127 and CD39 on Tregs. These molecules identify activated and 

functional Tregs (144). Accordingly, the frequency of CD39+ Tregs inversely correlated with 

the percentage of t-Tregs. Whereas CD39 has been described to be abnormally upregulated in 

patients with active disease (88), CD127 high Tregs have been associated with decreased 

inhibitory function (145). Of note, the reduced frequency of Foxp3+ Tregs and the increased 

CD127 expression on Tregs were predominant in a-CD20-treated in comparison to untreated 

patients. Moreover, we found a reduced expression of CD49d mainly in Tregs derived from 

natalizumab-treated patients. As Tregs constitutively express lower surface levels of CD49d, 

they have been expected to be influenced less by natalizumab. By contrast, we confirmed 

their susceptibility to the treatment (146). Next, we observed a reduced frequency of t-Tregs 

in younger, but not in older, patients with MS. This may reflect a reduced thymic output 

during early disease stages that has already been reported (83). Accordingly, the proportion of 

t-Tregs was correlated with the diversity of Treg TCR repertoire. The etiology of premature 

thymic involution is unknown, but viruses causing intrathymic inflammation, such as EBV, a 

well-known environmental risk factor for MS, might play a role. This hypothesis has already 

been suggested as possible pathogenic mechanism for myasthenia gravis, but additional 

studies are required to fully address this (147). Moreover, the finding of a reduced Foxp3 

expression not only in t-Tregs, but also in p-Tregs, supports the existence of additional 

peripheral pathogenic mechanisms. The total number of Tregs is maintained constant during 

ageing by compensatory mechanisms, such as homeostatic proliferation and conversion of 

Teffs into Tregs (148). The frequency of p-Tregs, which are supposed to derive from Teffs, 

was increased, but not significantly, in our cohort. In older patients we found an increased 

frequency of CD45RA-GPA33+ t-Tregs. This subset might have some similarities with 

memory-like CD45RAlow Tregs that have been detected in older patients with MS with 

longer clinical remission (87, 149). Furthermore, Tregs can recirculate between blood, lymph 

nodes and tissues, where they have been shown to accumulate with age (148). Peripheral 
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Tregs can even migrate to the thymus to regulate T cell development by feedback 

mechanisms. Due to age-dependent Treg compartmentalization, it is still not clear how Treg 

number and function evolve with ageing. Current available evidences are conflicting. Treg 

function has been described to be alternatively reduced predisposing to autoimmunity, or 

increased predisposing to cancer and infections in the elderly (119). Additional studies are 

required to address the age-dependent changes of Treg homeostasis, both in healthy 

individuals and in patients with MS.  

The frequency of t-Tregs was correlated with Treg inhibitory capacity, but we found that this 

was reduced only in natalizumab-treated patients. Numerous studies have reported a 

functional Treg defect in patients with MS (76, 78, 81), but this report was inconstant, being 

Treg function variable during the disease process and more affected in the early phase (82). 

Nevertheless, previous studies were mostly performed on cohorts of untreated patients or 

mixed cohorts of treated and untreated subjects, but did not compare groups treated with 

different immunomodulatory therapies. Some longitudinal studies assessed Treg function pre- 

and after-treatment, for instance Stenner et al. excluded direct changes in Treg function after 

natalizumab infusion (81). The design of our study, that was not longitudinal, limits our 

conclusions regarding a direct relationship between treatment and phenotype. Nevertheless, 

several limitations are related to the in vitro analysis of Treg function: we used a standardised 

number of cells, potentially correcting any numerical Treg defect, and we did not examine in 

depth the intrinsic Teff proliferative capacity. In fact, an enhanced T cell autoproliferation 

with production of proinflammatory cytokines after natalizumab treatment has been reported 

(13). This autoproliferation might be sustained by circulating B cells that are increased (13). 

In contrast, a-CD20 therapy inhibits T cell autoproliferation and proinflammatory cytokines 

secretion (13). When we analysed the TCR repertoire for clonotypes reported in publicly 

available databases to be associated with MS, we observed that we they were augmented in 

natalizumab-treated patients as compared to a-CD20-treated individuals, suggesting a 

retention of autoreactive T cells in the periphery. Consistently, we found increased 

inflammatory cytokines in the supernatants from suppression assays performed in 

natalizumab-treated as compared to a-CD20 treated patients. However, we could not 

determine whether the decreased Treg function in natalizumab-treated patients was due to an 

intrinsic Treg defect or whether Teffs were refractory to suppression due to an increased 

autoproliferation. 
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Regarding the TCR repertoire of Tregs, Föhse et al. suggested that the breath of the repertoire 

influences Treg function (124). Overall, we observed a reduced repertoire diversity of Tregs 

in comparison to Teffs and the overlap between the two repertoires was limited. Treg TCR 

repertoire diversity was not significantly decreased in patients as compared to HDs and we 

did not find a correlation between Treg repertoire diversity and Treg inhibitory capacity. 

However, the number of individuals that we studied by TCR sequencing was limited, and 

additional data are needed to understand the role of Treg TCR repertoire in MS pathogenesis.  

Furthermore, we detected severe gene expression alterations in t-Tregs, but not in p-Tregs 

derived from natalizumab-treated patients. Most of the genes, especially those involved in T 

cell activation, proliferation, and metabolism, were downregulated in comparison to HDs. 

Some of the genes with an altered expression are listed among the risk susceptibility genes for 

MS (7). Among these genes, we observed an upregulation of IL7R (CD127) that was 

negatively correlated with Treg function. IL7R is involved in thymic T cell differentiation and 

influences T cell response to immunological stimuli (150, 151). In a mouse model for MS, it 

has been shown that t-Tregs express IL7R during active disease (152). Thus, the increased 

CD127 expression in patients with MS could be a consequence to counterbalance the reduced 

thymic Treg neogenesis and contribute to the functional Treg impairment. Moreover, we 

detected an altered expression of TXK and STAB1. TXK is implicated in Th1 differentiation. 

An altered differentiation program has been shown to render Tregs dysfunctional (85). An 

additional candidate that could account for t-Treg dysfunction is TXNIP. Similarly to IL7R, it 

might be induced in t-Tregs and contribute to their reduced proliferative capacity. 

Interestingly, TXNIP transcript showed the most significant induction in twins with MS 

compared with unaffected twins (153). The evidence of a “pathogenic” transcriptome in 

natalizumab-treated patients suggests an intrinsic defect in t-Tregs that might be related to a 

thymic dysfunction. DiGeorge syndrome, caused by the 22q11.2 deletion and characterized by 

defective heart and thymus embryogenesis, shows the effects of thymic abnormalities on T 

cell homeostasis. Indeed, patients with this syndrome display variable degrees of T cell 

deficiency and loss of Treg suppressive capacity leading to autoimmune manifestations (154). 

Following a reduced thymic output of CD4+ T cells, a compensatory homeostatic 

proliferative response might be induced, leading to the generation of autoreactive T cells 

(155). In conclusion, we found several possible pathogenic mechanisms that could account for 

Treg dysfunction in patients with MS, such as a reduced frequency of t-Tregs, an altered gene 
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expression in t-Tregs, compromising their proliferative capacity, and an increased Teff 

autoproliferation (Figure 28). In addition, we detected compensatory mechanisms that might 

improve or worsen Treg function, such as CD39, CD127 and CD45RA expression (Figure 

28). These findings have implications for the adoptive Treg therapy as strategy to replace Treg 

function. The use of t-Tregs might be preferable to compensate the impaired thymic T cell 

development. The group of patients that would benefit of adoptive Treg therapy has to be 

defined. Natalizumab-treated patients, having a more compromised function, would benefit 

more, but infusing back into such patients defective Tregs might be useless. As there are 

already highly effective treatments for MS, it is not clear whether Treg-based therapy should 

be reserved to the non-responsive forms, such as primary progressive or generally progressive 

patients, or should be the first-line option. Further research is necessary to design the best 

strategy for adoptive transfer of Tregs. Treg-based therapy should be safe, antigen-specific, 

with a low risk of general immunosuppression and conversion of Tregs into Teffs, and more 

durable than conventional therapies. In peripheral blood from a patient with MS, we identified 

Tregs responsive to MBP which expanded under antigen-specific stimulation. Here, we 

provide the first description of functional myelin-specific Treg-derived clones. We found that 

they recognised not only immunodominant MBP sequences, but also sequences located at the 

C-terminal region of MBP, suggesting an epitope spreading in the same patient. Furthermore, 

they did not produce IFN-γ. We also observed that they differ for stability of Foxp3 

expression and suppressive capacity. Three clones showed high Foxp3 expression and were 

fully suppressive. One clone was among the most-frequent expanded clonotypes after antigen-

specific stimulation. Additional investigations are ongoing to understand the origin of these 

clones, whether they are actually Tregs or Teffs, and their potential use as source of TCRs for 

adoptive Treg therapy. 
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Figure 28. Summary of the spectrum of Treg alterations in patients with RRMS. The 

panel on the left shows the experimental strategy used to analyze Treg compartment in 41 

patients with RRMS as compared to 17 HDs. The panel on the right summarizes Treg 

alterations, variably affecting thymus- and peripherally-derived compartments, in patients 

with MS. Black arrow: alteration found in patients with MS; red arrow: alteration mostly 

detected in natalizumab-treated patients; blue arrow: alteration mainly affecting a-CD20-

treated patients. Created with Biorender.com.  
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