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Introduction

A. La Sclérose en Plaques

a. Historique et Epidémiologie de la Sclérose en Plaques

La Sclérose en Palques (SEP) fut décrite pour la premiere fois par Robert Carswell et Jean
Cruveilhier dans les années 1830. La physiopathologie de cette maladie fut présentée par le
neurologue Jean-Martin Charcot des 1868 (Charcot 1868). La SEP est une maladie chronique
inflammatoire diffuse du systétme nerveux central (SNC), caractérisée par une
démyélinisation. Cette pathologie présente différentes formes, dont I’évolution clinique,
I’infiltrat inflammatoire, le degré de démy¢linisation, d’atteinte axonale et de remyélinisation
varient d’un patient a 1’autre. Les lésions sont généralement bien délimitées et sont
concentrées le plus souvent dans la zone périventriculaire de la substance blanche, le nerf
optique, le tronc cérébral mais aussi au niveau de la moelle épiniére. Les symptdmes, causes
par la perturbation de I’influx nerveux, correspondent en général a des pertes de fonctions
motrices, sensitives ou visuelles mais aussi cognitives. Lorsqu’il se concentre sur une courte
période, ce phénomene est appelé une poussée. Environ une personne sur 1000 en France est
touchée par cette pathologie, les symptémes débutant habituellement entre 20 et 40 ans et les
femmes étant deux fois plus touchées que les hommes. Le diagnostic clinique peut étre établi
lorsque le patient présente des lésions (« plaques »), ¢’est-a-dire des zones démyeélinisées au
sein du SNC, détectées par imagerie a résonance magnétique (IRM). Ces plaques doivent étre
a la fois disséminées dans différents endroits du SNC et leur apparition doit étre disséminée
dans le temps (McDonald et al. 2001, Lublin et al. 2005, Polman et al. 2005). Au niveau du
liquide cephalorachidien (LCR), un profil oligoclonal et/ou une sécrétion intrathécale des
immunoglobulines peut étre observé lors d’une ponction lombaire (Freedman et al. 2005). A
ce jour aucun test biologique, clinique ou radiologique ne permet de s’assurer du diagnostic.

Celui-ci repose donc sur un ensemble d’arguments.
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b. Les différentes formes connues de la maladie

i. La Sclérose en Plagues de forme rémittente

Les personnes atteintes de Sclérose en Plaques de forme récurrente-rémittente
représentent 85% des cas en début de maladie. Les symptdmes alternent entre phase de
poussée et phase de rémission (Figure 1). Au niveau anatomo-pathologique, les plagues sont
multifocales, disséminées dans le temps, avec des plaques dites actives et des plaques

chroniques. Les poussées sont le reflet de lésions focales aigués.

Forme rémittente Forme secondaire
4 progressive
L Hjj 1
© * *
i)
=
@
T Forme progressive Forme progressive
i primaire i récurrente
Temps

Figure 1: Evolutions du handicap pour les quatre formes de Sclérose en Plaques au cours du temps
La forme rémittente est caractérisée par l’alternance de poussées et de phases de rémission. Les formes
secondaires progressives présentent une aggravation graduelle de 1’état du patient et font suite aux formes
rémittentes. Les formes progressives présentent une augmentation ininterrompue de séquelles.

il. La Sclérose en Plaques de forme secondaire progressive

Les formes rémittentes de SEP évoluent en forme secondaire progressive pour 50% des
malades en 15 ans et 90% des malades en 25 ans. Cette forme est caractérisée par une
aggravation irréversible des anomalies neurologiques corrélée avec la perte axonale

généralisée diffuse et le volume du parenchyme cérébral diminue (Khoury et al. 1994 ; Filippi
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et al. 1995). La présence de poussée n’est pas systématique, mais elle est habituellement

suivie de ’augmentation du nombre de séquelles.

iii. La Sclérose en Plaques de forme primaire progressive

La forme progressive primaire touche environ 10% des malades atteints de SEP,
habituellement plus tardivement dans I’histoire du patient. La progression du handicap est
permanente et le déclin neurologique est régulier (Figure 1). Les patients présentent une
inflammation moindre, peu de destruction des axones mais une perte accrue des
oligodendrocytes (Bruck et al. 2002).

iv. La Sclérose en Plagues de forme progressive récurrente

La forme progressive récurrente progressive représente 5% des cas de SEP. Elle associe
une progression permanente et lente des symptémes sur laquelle se superposent des poussées
aigues (Figure 1).

v. Autres formes associées a la Sclérose en Plagues

Plusieurs autres maladies partagent des caractéristiques communes a la SEP, en particulier
deux variantes rares et fulgurantes : la maladie de type Marburg et la sclérose concentrique de
Balo (Capello et al. 2004).

La maladie de type de Marburg présente une évolution fulminante avec une
démyélinisation importante du tronc cérébral ou des hémisphéres cérébraux. Si les malades
survivent a la phase aigie, ils présentent ensuite une forme de maladie rémittente. La
destruction de la myéline survient de facon concomitante.

La sclérose concentrique de Balo est, quant a elle, une forme ou les zones lésées sont
organisées de fagon concentrique, alternant des bandes démyeélinisées et des bandes intactes
ou remyeélinisées.

Pendant longtemps la neuromyélite optique de Devic a été considérée comme une forme
de SEP. Cette pathologie présente des lésions démyélinisantes concentrées au niveau du nerf
optique et de la moelle épiniére. La présence d’anticorps anti-aquaporine-4, une protéine
impliquée dans le maintien de 1’équilibre hydrique du SNC, permet de diagnostiquer cette
pathologie et est un argument supplémentaire la distinguant de la SEP (Weinshenker et al.
2006).

12



Introduction

c. Etiologie
Les causes de la Sclérose en Plaques ne sont actuellement pas connues. Cependant,

1’étiologie de cette pathologie semble indiquer I’influence de facteurs environnementaux et de

la prédisposition génétique sur la survenue de cette maladie.

i. Facteurs environnementaux

La SEP apparait répartie géographiqguement de facon inégale avec des zones de haute
prévalence (en Europe, au Canada, aux Etats-Unis et en Australie) et des zones de prévalence
basse comme I’Amérique latine (Marrie et al. 2004). L’hypothése d’un facteur
environnemental est étayée par les études sur les migrations de populations entre les zones de
prévalence inégale : un individu migrant aprés 1’age de 15 ans présente le risque de la région
de départ tandis qu’un individu migrant avant 1’age de 15 ans présentera le risque de la zone
d’arrivée. Il semble donc qu’un événement décisif se passerait a 1’adolescence (ie plusieurs
années avant le début clinique de la maladie) (Alter et al. 1966 ; Hammond et al. 2000 ;
Rosati et al. 2001).

Plusieurs facteurs de risque ont été étudiés comme les infections, les vaccinations, le
climat et les expositions a des toxines mais les résultats sont contradictoires. Des arguments
épidémiologiques et sérologiques ont suggéré que le virus d’Epstein-Barr (EBV) était
fortement associé¢ avec la SEP mais aussi avec d’autres maladies auto-immunes (Haahr et al.
2006). L’EBV est un herpésvirus, également appelé HHV-4, responsable de la mononucléose
infectieuse. Plus de 90% des adultes portent une trace de primo-infection et ce quelque soit la
répartition géographique. Ce pourcentage est de 1’ordre de 99% dans la population des
patients atteints de SEP. Les études sur les cerveaux prélevés post-mortem de patients atteints
de SEP ont montré un déréglement des lymphocytes B infectés par I’EBV quelque soit la
forme de la maladie. Les hypotheses suggérant I’implication de EBV dans la SEP incluent le
mimétisme moléculaire, la production de clones B immortalisés et un déréglement des
cellules T cytotoxiques contre les cellules B infectées (pour revue Salvetti et al. 2009).

Aucun agent potentiel n’a pu a lui seul &tre mis en cause. La somme de plusieurs facteurs
semblerait donc une cause possible du déclenchement de la maladie (pour revue Marrie et al.
2004).
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ii. Facteurs génétiques

De nombreuses études épidémiologiques sur la SEP ont montré qu’il ne s’agissait pas
d’une maladie héréditaire. Cependant, des facteurs génétiques influenceraient la survenue de
cette pathologie. Seulement 15 a 20% des patients atteints de SEP ont un proche parent
également atteint. Chez les jumeaux monozygotes, le risque de développer la maladie pour le
deuxiéme jumeau lorsque le premier est atteint est seulement de 25 a 30% (Willer et al. 2003 ;
Dyment et al. 2004). Les jumeaux dizygotes, quant a eux, ont un risque de 5% de développer
la maladie (Sadovnick et al. 1993). Il semble donc que la SEP se déclenche plus freqguemment

chez les individus prédisposés génétiquement.

1. Le systeme HLA et la susceptibilité génétique de la SEP

Ce constat a conduit a une recherche intense de genes rendant les individus susceptibles a
la survenue de la SEP. Les seuls liens clairement établis entre SEP et génétique concernent,
entre autre, des genes codant des molécules du systétme immunitaire (Tableau 1). De
nombreuses études génétiques et épidémiologiques ont trouvé le locus du complexe majeur
d’histocompatibilité (CMH) associé a la maladie SEP (Olerup et al. 1991, Sotgiu et al. 2002).
L’allele HLA-DRB1*1501 semble étre un gene de susceptibilité (Haines et al. 1998 ; Fogdell-
Hahn et al. 2000 ; Oksenberg et al. 2005). D’autres alléles codant des molécules du CMH de
classe Il comme les alleles DQA1*0102 et DQB1*0602 apparaissent également associés a la
SEP (Fogdell et al. 1995) ainsi que les alleles HLA-A3 et -B7 pour les CMH de classe |
(Jersild et al. 1972 ; Naito et al. 1972 ; Fogdell-Hahn et al. 2000 ; Harbo et al. 2004).

Concernant le gene HLA-C, I’alléle HLAC*05 semble étre associé, non pas a un risque de

développer la maladie, mais a une protection (Yeo et al. 2007).

2. Les génes non HLA et la susceptibilité génétique de la SEP

D’autres études ont également associé a la SEP le polymorphisme de certains genes
impliqués dans le systtme immunitaire comme le récepteur des cellules T (TCR) et la
molécule CTLA4 (Cytotoxic T lymphocyte-associated antigen-4), cependant selon les
populations étudiées et les méthodes d’investigation, les résultats différent (pour revue
Dyment et al. 2004 ; Bagos et al. 2007).

Récemment, différentes collaborations internationales ont permis de mettre en évidence
I’implication de marqueurs génétiques non li¢ au systtme HLA (Tableau 1). En effet, le

polymorphisme de deux génes codant des récepteurs de cytokines a été identifie comme
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facteur de risque génétique dans la SEP. Il s’agit du géne codant la chaine a du récepteur a
I’IL7 (IL7RA ou CDI127) situé sur le chromosome 5p13 et du géne codant la chaine a du
récepteur a I’IL2 (IL2ZRA ou CD25) situé sur le chromosome 10p15 (Hafler et al. 2007 ;
Gregory et al. 2007 ; Lundmark et al. 2007 ; Weber et al. 2008). L’IL7 est une cytokine
primordiale pour la survie, la prolifération et la différentiation des lymphocytes B et T (Fry et
al. 2005). 1l semble que la SNP identifiée au sein de 1’exon 6 du géne codant I’'IL7RA épissé
alternativement aurait un effet sur les niveaux d’isoformes solubles et membranaires de la
protéine allant dans le sens d’une diminution de la forme membranaire (Gregory et al. 2007).
Dans le cas du récepteur a I’IL2, il semble que le variant génétique impliqué dans la SEP a
pour conséquence de diminuer la forme soluble du récepteur mesurée dans le sérum. Cette
forme soluble de I’'IL2R A pourrait inhiber la voie de signalisation induite par 1I’IL2 mais aussi
pourrait augmenter la prolifération des lymphocytes T ainsi que leur expansion (Maier et al.
2009a ; Maier et al. 2009b).

D’autres génes possédant des fonctions immunologiques sont associés a un risque de
développer la SEP dont LFA3, connu aussi sous la dénomination CD58 (molécule
d’adhérence impliquée dans 1’interaction des leucocytes ; Reich et al. 2005), TYK2 (membre
de la famille JAK impliqué dans la signalisation de I’IFNa, IL6, IL10 et IL12 ; Ban et al.
2009), CD226 (impliqué dans 1’adhérence cellulaire permettant la transduction de messages
de co-stimulation ; Hafler et al. 2009) et PDE4B (phosphodiestérase spécifique de 1’AMPc

intervenant dans la transduction du signal ; Hafler et al. 2007).
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Associated gene*

Immunological genes
HLA-DR

HLA-A

HLA-C

IL2RA (also known as
CDz5)

IL7R {also known as
CD127)

CD58(also known as
LFA3)

YKz
CD226
PDE4E

Neurological genes
ACCNI

KiF18
ALK

ANKRD15

Proposed function

Antigen presentation

Antigen presentation

Antigen presentation

Cytokine receptor; apoptosis

Cytokine receptos; cell
survival

Coli-cell adhesion

Call signalling
Co-stimulation

Signal transduction in
inflammatory cells

Neuronal pH-sensitive lon
channel

Axonal transpoet

Protein tyrosine kinase
receptor; brain development

Specific function unknown;
neuronal development

Genes of other or unknown function

RFLS

CLEC16A

D8C1
FAMEGA

EVI5

Ribasomal protein:
chaperone for the 55 rRNA

Sugar-binding C-type lectin

Cell eycle arrest: apoptosis

Protein binding

Cell cycle control

Chromosome
location

bp21.3

bp21.3

Gp2l.3
10p15

Spl3
1pl3
19p13.2
18q22
1p31
17q11.2

1p36.22
ipi3

Opis

1p22

16p13

0q33
ip22

1pi2

SNP or
allele

DRB1*1501

A*0301
A*0201
Cr0s
52104256

156897932

52300747

rs34536443
rs763361
51321172

rs26936

rs12044852
rs7577363

510975200

156604026

36495168
512708716
rs10984447
1511164838
57536563
rs 10735781
6660576

Position

Entice allele

Entire allele
Entire allele
Entire aliele

Intron 1

Exon 6

Intron 1

Exon 23
Exon?

5 region

3'UTR

Intron 1

Intron 3

Intron 1

Intron &

Intron 22
Intron 19
Intron 5
Intron 1
Intron 1
Intron 11

Intron 2

Risk (odds
ratio)®

50

19
0.6
ND
08

13
L1
11

20

14
14

L1

12
12
117

112
111
L1

Replicated in
independent study

Yes

No
No
No

Yos

Yes
No
No

No

No
No

No

No

Yes
Yes
No
No
No
No
No

Tableau 1: Les génes associés a un risque de développer la Sclérose en Plaques
Ces genes ont été classés en trois sous-groupes fonctionnels : immunologique, neuronal et autres fonctions
connues ou non-identifiées. Cette classification est discutable car certains génes sont liés a plusieurs fonctions ou
sont exprimés par différents types cellulaires. Le risque lié & la maladie est donné en Odds ratio.
Abréviations : ACCN1, amiloride-sensitive cation channel 1 neuronal ; ALK, anaplastic lymphoma kinase ;
ANKRD15, ankyrin-repeat domain ; CLEC16A, C-type lectin domain family 16 member A ; DBCL, deleted in
bladder cancer 1 ; EVI5, ecotropic viral integration site 5 ; FAM69A, family with sequense similarity 69 member
A; IL2RA, interleukin-2 receptor o chain ; KIF1B, kinesin family member 1B ; LFA3, lymphocyte function
associated antigen 3 ; ND, non determiné ; PDE4B, phosphodiesterase 4B cAMP specific ; RPL5, ribosomal
protein L5 ; SNP, single nucleotide polymorphism; TYK2, tyrosine kinase 2. D apres Fugger et al. 2009
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d. Physiopathologie

i. Les différents types de lésions

Les Iésions des patients atteints de SEP apparaissent tres hétérogénes entre les individus.
Certaines Iésions sont dites « actives » et d’autres « chroniques », plus anciennes, illustrant la
dynamique du processus pathologique (Frohman et al. 2006). Les études de tissus humains
prélevés post-mortem et de biopsie ont permis de décrire quatre types de Iésions, résultant de
processus pathologiques différents (Lucchinetti et al. 1996 ; Lucchinetti et al. 1999 ;
Lucchinetti et al. 2000). Les lésions de type | sont caractérisées par une demyelinisation et la
présence de facteurs produits par les macrophages comme le TNFa, des protéinases et des
especes oxygéneées réactives intermédiaires. Au niveau des lésions de type Il, on retrouve des
immunoglobulines ainsi que des molécules du complément. Les lésions de type Il sont
caractérisées par la perte précoce de la glycoprotéine associées a la myéline (MAG) et par
I’absence de remyélinisation suggérant un dysfonctionnement des oligodendrocytes. La
spécificité¢ des lésions de type IV est 1’apoptose des oligodendrocytes présentant une
fragmentation de I’ADN.

I1 est a noté que les 1ésions d’un méme patient peuvent présenter les critéres d’un ou de
plusieurs types (Barnett et al. 2004) mais cela reste trés discuté. Au niveau des lésions
« actives », il a été observé la présence de transsections ainsi que de dommages substantiels
axonaux (Trapp et al. 1998 ; Peterson et al. 2001). Cependant, certaines lésions présentent une
dégénérescence des oligodendrocytes en 1’absence d’infiltrat de cellules inflammatoires
(Barnett et al. 2004). La question de 1’inflammation ou de la neurodégénérescence a 1’origine
de la pathologie reste latente. Il semble d’apres certaines études récentes que 1’inflammation
soit présente a toutes les phases et dans toutes les formes de SEP, mais différente selon les
phases : en particulier avec une compartimentalisation variée des réponses immunes
(Lassmann et al. 2007).

ii. L’atteinte diffuse de la substance blanche et grise

La substance blanche d’apparence normale présente également des lésions diffuses
globales non visibles a I’IRM standard mais appréciées par la spectrolRM. Ces Iésions sont
caractérisées par de I’inflammation (Lindberg et al. 2004), une perte axonale (Evangelou et al.

2000 ; Kornek et al. 2000), un infiltrat de cellules T et une activation des cellules
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microgliales. Malgré la prédominance des lésions au niveau de la substance blanche, les
patients atteints de SEP présentent aussi des atteintes axonales au niveau de la substance grise
comme par exemple au niveau des noyaux profonds cérébraux (Cifelli et al. 2002) et du
cortex (Kidd et al. 1999 ; Peterson et al. 2001). Ces atteintes neuronales peuvent étre dues en
partie aux transsections axonales visibles dans la substance blanche (dégénérescence
rétrogade) qui, cependant, n’explique pas tout. Ces lésions sont moins inflammatoires avec
peu de destruction de la matrice extracellulaire et uniquement des cellules microgliales
comme cellules infiltrantes. La démyélinisation corticale touche 90% des patients, pourtant le
tissu apparait généralement normal a I’IRM standard (Kutzelnigg et al. 2005 ; Albert et al.
2007). L’utilisation d’appareils plus performants (en particulier a hauts champs) permettrait

de visualiser ces lésions.

ili. La rupture de la Barriéere Hémato-Encéphaligue

La barriéere hémato-encéphalique (BHE) est composée de cellules endothéliales, liées
par des jonctions serrées, tapissant les capillaires (Ballabh et al. 2004). La BHE limite les
échanges moléculaires et le passage des cellules immunitaires entre le sang périphérique et le
systeme nerveux central (SNC). Seules les cellules microgliales, cellules sentinelles de
I’immunité sont présentes naturellement dans le SNC, a partir du stade embryonnaire, et
peuvent assurer des fonctions de cellules présentatrices d’antigénes (Aloisi et al. 2001 ; Streit
et al. 2002). Pour franchir la BHE, les cellules immunitaires présentes en périphérie doivent
avoir été activées par des cellules présentatrices d’antigénes et ainsi exprimer a leur surface
des molécules d’adhérence. Celles-ci leur permettent d’entrer en contact avec les cellules
endothéliales. La production de chémokines facilite également l’attraction des cellules
immunitaires et ’activation des cellules endothéliales. Enfin, les cellules immunitaires
sécretent des métallo-protéinases de la matrice extracellulaire (MMP) qui induisent une

rupture de la membrane et permettent la transmigration au travers de la BHE (Figure 2).

18



Introduction

(1) (i) (iii) (iv)
Capture Activation Adhesion Transmigration

Immediaie arrest strengthening

\
\\r& 3 & $
o L >
= ICAM 1

CNS white matter spinal cord ® 4
/rEﬁector \\f
‘ \Th1 Ceu | (1431

wdfi7-
L- se!ectxn

Figure 2 : Passage de la BHE
Lors de I’inflammation du SNC, les cellules immunitaires effectuent un roulement (rolling ou (i) capture). Les
molécules E- et P-sélectinne, leur ligand PSGLI1 et I’a4B1 (od-intégrine ou VLA4) sont impliqués dans ce
roulement des lymphocytes au niveau des vaisseaux superficiels. Les cellules sont activées via des protéines G
(i) et leur adhérence dépend de la liaison de la molécule LFAL1 a ICAML (iii). Les cellules migrent a travers
I’endothélium au niveau des jonctions serrées : ¢’est la diapédése (iv). D aprés Engelhardt et al. 2005.

Chez les patients atteints de SEP, I’augmentation de la prise de Gadolinium révélée par
I’IRM refléte la rupture de la BHE (Katz et al. 1993). De plus, chez les malades, la molécule
d’adhésion intercellulaire (ICAM1) et la molécule d’adhérence cellulaire vasculaire
(VCAML) sont présentes a des taux éleves sur les cellules endothéliales des lésions (Sobel et
al. 1990 ; Washington et al. 1994 ; Cannella et al. 1995 ; Ransohoff et al. 1999). Les cellules
infiltrant les lésions expriment quant a elles I’Antigéne 1 associé a la Fonction des
Lymphocytes (LFAL) et Very Late Antigen-4 (VLA-4) (Bo et al. 1996). Les cellules circulant
dans le sang des patients présentent également des taux élevés de LFAL et VLA4 (Correale et
al. 2003). Les lymphocytes T des patients atteints de SEP ont des capacités d’adhérence plus
grandes par rapport aux individus sains (Lou et al. 1997) et les lymphocytes T CD8+ des
patients atteints de SEP expriment la molécule P-Sélectine Glycoprotéine Ligand-1 (PGSL1)
(Battistini et al 2003). La fréquence des cellules T CD4+PSGL1+ est significativement plus
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importante chez les patients atteints de SEP. Celle des cellules T CD8+PSGL1+, quant a elle,
est similaire entre les patients et les individus sains. De plus, les lymphocytes CD4+ et CD8+
de patients migrent mieux a travers un modele de BHE que nous avons mis au point au
laboratoire en collaboration avec I’équipe du Professeur P.O. Couraud (Bahbouhi et al. 2009).

Au niveau des métallo-protéinases, on note 1’augmentation de 1’expression de MMP-2, -7,
-9, -12 dans les macrophages et lymphocytes autour des zones périvasculaires (Anthony et
al.1997 ; Cossins et al. 1997 ; Lindberg et al. 2001 ; Vos et al. 2003) ainsi qu’une élévation du
taux de MMP-9 dans le LCR et le serum de patients SEP en particulier pendant les poussées
cliniques et pendant 1’augmentation de la prise de Gadolinium sur I’IRM (Lee et al. 1999 ;
Lichtinghagen et al. 1999 ; Waubant et al. 1999). Les leucocytes des patients atteints de SEP
présentent une augmentation des taux d’ARN messagers de MMP-1, -3, -7, -14 et -19
(Galboiz et al. 2001 ; Kouwenhoven et al. 2001a; Van Horssen et al. 2006) ce qui peut
faciliter la migration au travers de la BHE. Effectivement, les lymphocytes de type Thl
migrent plus efficacement que les lymphocytes Th2 et présentent des taux plus élevés de
MMP-2 et -9 (Abraham et al. 2005).

e. Les traitements de la Sclérose en Plaques

Pour I’heure, il n’existe aucun traitement curatif de la SEP. Les traitements disponibles
se divisent en deux grandes catégories : les immunosuppresseurs et les immunomodulateurs.
Les immunosuppresseurs sont des agents ciblant la prolifération des cellules immunitaires et
sont prescrits en général lors des poussées. Les immunomodulateurs, quant a eux, sont utilisés

comme traitement de fond principalement pour la forme récurrente-rémittente de la maladie.

i. Les traitements immunosuppresseurs de la Sclérose en

Plaques
Il existe plusieurs types de traitements immunosuppresseurs: 1’azathioprine, le

mycophénolate mofétil, la mitoxantrone, le cyclophosphamide, les corticoides et le

natalizumab, qui est un immunosuppresseur particulier car sélectif.
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1. AZATHIOPRINE
Historiquement, il s’agit du premier immunosuppresseur utilis€ comme thérapie dans la
SEP. A lorigine, prescrit chez les patients greffés, il a été testé dans la SEP. Ce traitement
diminue probablement la survenue de poussées et peut-étre la progression du handicap, mais
aucune €tude ayant une qualité¢ méthodologique de niveau 1 n’a été réalisée jusqu’a présent
(Yudkin et al. 1991 ; Palace et al. 1997). L’azathioprine n’est donc pas un traitement

recommandé en premiere ligne chez les patients.

2. Mycophénolate mofétil
Cet immnosuppresseur mieux connu sous le nom de Cellcept, est lui aussi utilisé en
transplantation pour prévenir le rejet de greffe. Pour I’instant aucun essai clinique n’a été
réalisé dans la SEP mais il représente une alternative de traitement compte tenu de sa bonne
tolérance. Un petit essai a montré son intérét en association avec I’IFNP (Vermersch et al.
2007).

3. Mitoxantrone (Elsep)

La mitoxantrone est un immunosuppresseur autorisé depuis 2003 dans le traitement des
formes agressives de SEP a évolution rapide. Il diminue les poussées, la progression de la
maladie et le nombre de lésions prenant le gadolinium (Edan et al. 1997 ; Goodin et al. 2003).
Cet agent inhibe la prolifération des lymphocytes T et B ainsi que celle des macrophages en
s’intercalant dans les molécules d’ADN et d’ARN. Il montrerait également des propriétés
d’immunomodulation en diminuant les taux de certaines cytokines pro-inflammatoires
comme le TNFa, I’'IL2, et ’'IFNy. Ce traitement est limité par son potentiel de toxicité

cardiaque et hématologique.

4. Cyclophosphamide
Cet immunosuppresseur aussi connu sous le nom d’Endoxan est habituellement prescrit
dans les cas de formes secondaires progressives de SEP avec aggravation rapide du handicap.
Son efficacité reste cependant a démontrer formellement sur des études prospectives et
actuellement un PHRC est en cours a I’initiative du Pr Brochet (Bordeaux) pour régler cette
question. Le cyclophosphamide a peu d’effets bénéfiques pendant les poussées (Drachman et

al. 1975) mais diminue le taux de poussées.
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5. Corticothérapie
La méthylprédnisolone est généralement injectée sur trois & cing jours lors des
hospitalisations pour une poussee des patients atteints de SEP. Les effets bénéfiques ont lieu a
court terme chez les patients atteints de forme rémittente et de forme secondaire progressive
(Milligan et al. 1987). Ce traitement permettrait d’accélérer la récupération des symptdmes

(Brochet et al. 2001).

6. Natalizumab (Tysabri)

Il s’agit du premier anticorps monoclonal développé pour le traitement de la SEP. Il a fait
I’objet d’une autorisation de mise sur le marché européenne en juin 2006. C’est un anticorps
humanisé dirigé contre la chaine o4 de I’intégrine a4pl (VLA4) (Engelhardt et al. 2008).
VLA4 est exprimée a la surface de tous les leucocytes excepté celle des neutrophiles. Le
Natalizumab agit comme un antagoniste de VLA4 en empéchant la liaison des leucocytes a
VCAML1 et a la fibronectine (O’Connor et al. 2004). VCAML1 appartient a la famille VCAM,
molécules sur-exprimées lors du processus d’inflammation. Ainsi, en presence de
Natalizumab, les leucocytes ne peuvent plus infiltrer les tissus cibles. Apres traitement, le
pourcentage de leucocytes actives produisant des cytokines pro-inflammatoires est augmenté
dans le sang, suggerant une séquestration des cellules activées au niveau de la circulation
périphérique (Kivisakk et al. 2009).

Le Natalizumab est indiqué dans le traitement de fond des formes tres actives de SEP
rémittente-récurrente chez les patients adultes uniqguement.

Les risques liés a ce traitement sont principalement un risque de développer une infection
opportuniste, la LEMP mais qui reste exceptionnelle, voire d’autres infections non-
opportunistes, la survenue de réactions allergiques (environ 5%), I’apparition d’anticorps anti-

Natalizumab et des troubles hépatiques (rares).
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il. Les traitements immunomodulateurs de la Sclérose en

Plaques

1. Les interférons

Depuis les années 1990, trois protéines recombinantes interféron B (IFNB) sont autorisées
comme traitement de la SEP. Leurs effets semblent assez similaires malgré quelques
différences dans leur structure (glycosilation) et dans leur posologie.

Les études cliniques de phase III ont montré une diminution d’environ 30% du taux
annuel de poussée comparé au groupe placebo et 30% des patients apres 2 ans de traitement
étaient indemnes de poussées (Group et al. 1993). Plusieurs effets des IFNP ont été décrits
comme une suppression de la prolifération des cellules T (Rep et al. 1996 ; Pette et al. 1997)
et une diminution de I’expression des molécules du CMH de classe Il induite par I’IFNy
(Joseph et al. 1988 ; Lu et al. 1995). Apres traitement aux IFNB, la production de cytokines
anti-inflammatoires est augmentée (Rudick et al. 1996 ; Rep et al. 1999). Les IFNP semblent
inhiber 1’activation des monocytes (Van Weyenbergh et al. 1998) et agir également sur les
cellules dendritiques via I’inhibition de la production d’IL12 (Bartholome et al. 1999). Ces
traitements sont capables aussi de bloquer le trafic des cellules T en bloquant les protéines
MMP (Stuve et al. 1997) et en diminuant I’expression de VLA4 au niveau des lymphocytes T
des patients (Calabresi et al.1997).

2. L’acétate de glatiramere (Copaxone)

L’acétate de glatiramére est un copolymere randomisé de quatre acides aminés (Acide
Glutamique, Lysine, Alanine et Tyrosine) dont la longueur moyenne et le poids peuvent
varier (Teitelbaum et al.1971). 1l est approuvé et utilisé dans les formes rémittentes de SEP.
Les effets bénéfiques de ce traitement sont une diminution de 30% de la survenue de poussée
(Johnson et al. 1995 ; Comi et al. 2001) et un ralentissement de la progression de la maladie
(Johnson et al. 2000). Les études comparatives récentes ne montrent pas de différence
d’efficacité entre les interférons B et la copaxone sur le risque de survenue de poussée. De
plus, nos observations sur le répertoire T des patients atteints de SEP de forme rémittente,
traités par ’acétate de glatiramére, ne montrent pas de différence dans les variations du
répertoire ni dans celles de la production de cytokines entre malades et témoins (Berthelot et
al. 2009, Annexe ).
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ili. Les avancées thérapeutiques

Jusqu’a présent, I’ensemble des traitements proposes aux patients atteints de SEP ont pour
voie d’admission des injections intraveineuses, intramusculaires ou sous-cutanée.
Récemment, plusieurs études de phase Ill ont été lancées pour étudier I’effet de nouvelles
thérapies dont la voie d’admission est la voie orale (Tableau 2). Si 1’un ou plusieurs de ces
traitements testés a I’heure actuelle recevaient 1’accord de mise sur le marché, il s’agirait

d’une réelle avancée permettant d’améliorer la qualité de vie des patients atteints de SEP.

1. Teriflunomide
Le teriflunomide est un inhibiteur oral de la dihydro-orate déshydrogénase. 1l posséde des
propriétés immunomodulatrices, il diminue la prolifération des lymphocytes (Cherwinski et
al. 1995). En phase Il, ce traitement a eu pour effet de diminuer le nombre de Iésions actives

visible a I’'IRM. Une phase 111 est en cours.

2. Cladribine

La Cladribine (2-chlorodeoxyadenosine) est un immunosuppresseur. Son mécanisme
d’action n’est pas totalement connu. Cependant, cette molécule étant résistante a la
dégradation par la deaminase, va s’accumuler dans les cellules. Cette accumulation est a
I’origine d’un déséquilibre dans le métabolisme cellulaire, de dommages causés a I’ADN et
de mort cellulaire (Beutler et al. 1992). Cette activité cytotoxique touche les lymphocytes en
particulier mais aussi les monocytes. Kopadze et ses collaborateurs ont montré qu’a la suite
d’un traitement des PBMCs par la Cladribine in vitro, les capacités de migration des
monocytes ainsi que des lymphocytes CD4+ et CD8+ étaient diminuées (Kopadze et al.
2009). Les lymphocytes sont plus sensibles a cette action que les monocytes. L’étude de
phase III en cours évaluant I’effet de la Cladribine par voie orale chez des patients atteints de
SEP rémittente-récurrente montre une diminution significative du taux de poussée annuel

pour les deux doses testées.

3. FTY720 (fingolimod)
Le FTY720, connu aussi sous le nom de fingolimod, est une molécule testée par voie
orale. Ces études sont réalisées chez des patients atteints de SEP rémittente-récurrente mais

aussi de forme primaire progressive. Cette molécule se lie au récepteur de la sphingosine-1-
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phosphate, celle-ci est exprimée de fagon prédominante dans les lymphocytes et régule leur
migration des organes lymphoides secondaires vers le site de I’infection. FTY720 a donc une
action de rétention au niveau des organes lymphatiques, aboutissant a 1’absence des
lymphocytes au niveau de la circulation, les éloignant de leur cible. Les résultats de phase 1l
semblent indiquer que le traitement par voie orale de fingolimod est associé a une diminution
de I’apparition de nouvelles Iésions en T2 ou des Iésions actives sur I'IRM ainsi que la

diminution du taux annuel de poussée comparé au traitement par IFN.

4. Laquinimod
Le laquinimod est un analogue de la linomide. Son mécanisme d’action n’est pas
totalement ¢élucidé mais il semble altérer 1’équilibre entre le profil cytokinique Thl et Th2
(Zou et al. 2002). En phase II, ce traitement, comparé a un placebo, diminue le nombre de
nouvelles lésions focales inflammatoires chez les patients atteints de SEP rémittente-

récurrente (Comi et al. 2008). Une phase 111 est en cours.

Phase Il
(indication, comparator)

Phase 1l
(Primary end point)

Adverse effects

Teriflunomide

Cladribine

Fingolimod

Laquinimod

(1) CIS, placebo (2) RR-MS,
placebo (3) RR-MS, IFN-[}

(1) CIS, placebo (2) RR-MS,
placebo (3) RR-MS, add-on
to IFN-f{}

(1) RR-MS, placebo (2) RR-MS,

placebe (3) RR-MS, IFN-
(4) PP-MS

(1) RR-MS, placebo (2) RR-MS,

IFN-

MRIY (mean number of CU
active lesions per scan): 7 or
|4 mg/day: reduction by 61%

Not performed for oral

formulation

MRI* (median total number
of gadolinlum-enhanced
lesions on MRI): 1.25

mg or 5 mg or placebo:

| (P~ 0.001) or 3 lesions

(P =0.008) or 5 lesions

MRF (cumulative number of
active |esions over 24 weeks)
reduction by 44%

G| symptoms, hopatotoxicity,
low risk of pancytopenia, low
risk of ondng«non: infections,

teratogenicity

Not published for oral

formutation

Nasopharyngitis, dyspnea,
headache, Gl-symptoms,
hepatotoxicity, case of

the posterior reversible
encephalopathy syndrome,
cardiovascular side effects

Iritis and burning sensation;
during follow-up acute tonsillitis
one case of breast cancer

Tableau 2 : Les traitements oraux en phase I11 pour les formes rémittente-récurrente de SEP

Abréviations : CIS, syndrome clinique isolé ; CU, combined unique ; IFN, interféron ; G, gastrointestinal ; MRI,
image par résonance magnétique ; MS, Sclérose en Plaques; RR, forme rémittente-récurrente ; PP, forme
primaire progressive. D ’aprés Warnke et al. 2009.
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5. Abatacept (CTLA4-1g)

I1 s’agit d’une protéine chimérique de fusion bloquant la voie de costimulation CD28-
CD80/CD86 (Viglietta et al. 2008). Ce traitement est utilisé dans la polyarthrite rhumatoide.
La phase I a montré qu’il était bien toléré dans la SEP. Ces résultats préliminaires sont
encourageants et suggerent que le blocage de la voie de costimulation peut étre un axe
thérapeutique prometteur dans la SEP.

6. Rituximab
Le rituximab est un anticorps monoclonal chimériqgue homme/souris ciblant le marqueur
CD20 exprimé a la surface des lymphocytes B. Il a été approuvé en 1997 comme traitement
des lymphomes B. Il a pour effet de dépléter les cellules B circulantes positives pour le CD20.
Cette thérapie a déja montré des effets bénéfiques chez les patients atteints de neuromyélite
optique (Cree et al. 2005).

7. Ocrelizumab
L’ocrelizumab est un anticorps monoclonal totalement humanisé proposé a la fois dans le
traitement des formes de SEP rémittent-récurrente mais aussi progressive. Comme le

rituximab, il cible les lymphocytes B en bloguant le CD20. Une phase Il est en cours.

8. Daclizumab

Cet anticorps monoclonal humanisé est un traitement dans le rejet d’allogreffe rénale
approuvé depuis 1997. Il se lie au CD25 (chaine o du récepteur a I’IL2) exprimé sur les
cellules T activées. Cet anticorps va bloquer I’expansion des lymphocytes T. Le marqueur
CD25 est fortement exprimé a la surface des cellules régulatrices. Ce traitement aboutit entre
autre a une diminution des cellules régulatrices (Oh et al. 2009). Le daclizumab n’exerce pas
seulement une action anti-inflammatoire en diminuant I’activation des cellules T mais il induit
aussi une population de cellules NK exprimant fortement le CD56 (Bielekova et al. 2006).
Chez les patients atteints de SEP, ce traitement est a 1’origine d’une diminution de

I’inflammation au sein du SNC.
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9. Alemtuzumab (Campath-1h)

Cet anticorps monoclonal humanisé neutralise la protéine membranaire CD52 exprimée a
la surface de plus de 95% des lymphocytes T et B, des monocytes et des macrophages. Cette
déplétion montre des effets bénéfiques sur le nombre de Iésions visibles sur I’IRM, le taux de
poussées chez des patients atteints de SEP de forme rémittente mais aussi de forme secondaire
progressive (Coles et al. 2006). 11 a un effet remarquable sur 1’évolution du handicap (Coles et
al. 2008). Malheureusement, certains effets indésirables graves ont également été observes :

disthyroidies, purpura thrombopénique en particulier.
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B. L’immunologie de la Sclérose en Plaques

a. Les cellules effectrices

i. Les monocytes et les macrophages

Les monocytes sont des cellules mononuclées circulantes qui migrent dans les tissus,
devenant des macrophages. L’TFNy permet ’activation des macrophages. Ceux-Ci sécrétent
des cytokines inflammatoires telles que 1I’'IL1, I’IL6, I’IL12, I’IL18, le TNFa, I’'IFNy, des
radicaux oxygénés et des facteurs pro-coagulants. Ces cellules phagocytaires jouent de
nombreux roles dans I’immunité adaptative et innée.

Dans le sang des patients atteints de SEP, les monocytes sécrétent plus de cytokines pro-
inflammatoires IL6 et IL12, et expriment a niveau élevé les molécules des voies de
costimulation CD80 et CD86 (Kouwenhoven et al. 2001b). lls expriment également des taux
importants de LFAL et VLA4 (Correale et al. 2003), facilitant leur passage dans le SNC. En
effet, chez les patients, les infiltrats cellulaires sont composés entre autre de monocytes
(Prineas et al. 1978). Les macrophages, contenant des débris de myéline, sont retrouvés au
centre des lésions (Lucchinetti et al. 1996) et dans les ganglions cervicaux (Fabriek et al.
2005). In vitro, les macrophages, contenant les protéines of-cristalline et MOG apres
incubation avec des membranes de my¢line, sont capables d’activer des lymphocytes T

(Barjramovic et al. 2000).

ii. Lamicroglie
La microglie posséde des propriétés de cellules présentatrices d’antigene et de phagocytes.
Lorsqu’elle est activée, elle sécréte des cytokines pro-inflammatoires telles que I’IL1, I’IL16,
I’IL12, I’IL23, le TNFa et du monoxyde d’azote (NO) (John et al. 2003).
Le TNFa et le NO peuvent endommager les oligodendrocytes. La microglie se trouve
fréquemment dans un état activé au niveau des lésions actives des patients atteints de SEP
(Lassmann et al. 2001). Chez les malades, ces cellules produisent de grandes quantités

d’IL23, une cytokine pro-inflammatoire, au niveau des Iésions du SNC (Li et al. 2007).
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iil. Les cellules dendritiques

Les cellules dendritiques (DCs) représentent une population rare de cellules présentatrices
d’antigéne (CPA) dites professionnelles possédant des prolongements cytoplasmiques
caractéristiques et dont la fonction principale est la capture, 1’apprétage et la présentation des
antigenes aux lymphocytes T. Deux grandes populations de DCs peuvent étre identifiées chez
I’homme : les DCs myéloides (mDCs, CD4'CD11¢'HLA-DR") qui comme leur nom
’indique, ont une origine myéloide et les DCs plasmacytoides (pDCs, CD4"CD11c’HLA-
DR™) qui ont, quant & elles, une origine lymphoide (Shortman et al. 2002). Ces deux types de
cellules différent par leur profil de sécrétion de cytokines mais aussi par leur répertoire de
pattern de reconnaissance. Elles interviennent aussi bien dans les réactions de I’immunité
innée ou spécifique et les réponses immunes engagées sont trés différentes car dépendantes
des facteurs environnementaux.

Malheureusement, peu d’études se sont penchées sur I’implication des DCs dans le
contexte de la SEP. Huang et ses collaborateurs rapportent un nombre élevé de DCs dans le
sang périphérique des patients atteints de SEP (Huang et al.1999). Il a aussi été observé que
les mDCs mais aussi les pDCs sont présentes dans le LCR de ces patients (Pashenkov et al.
2001). Serafini et ses collaborateurs ont montré que les DCs présentes au niveau du SNC des
patients atteints de SEP sont préférentiellement localisées dans les zones périvasculaires, aussi
bien dans les Iésions actives que chroniques et elles contiennent dans leur cytoplasme des
composants de la myéline (Serafini et al. 2000 ; Serafini et al. 2006). Des DCs avec un
phénotype altéré ainsi que des interactions DCs/Treg (cellules T régulatrices) non
fonctionnelles ont été décrites chez les malades (Navarro et al. 2006 ; Stasiolek et al. 2006).
La fréquence et le phénotype des mDCs et des pDCs circulantes dans le sang des patients
atteints de forme primaire progressive de SEP suggeérent que les DCs ont un état de
maturation moindre dans ce cas (Lopez et al. 2006). Lorsque les patients sont traités par une
forte dose de methylprednisolone en intraveineuse lors d’une poussée, une corrélation entre
I’augmentation du nombre des Treg et la diminution du nombre des mDCs et des pDCs a été
observée (Navarro et al. 2006). Les DCs des patients atteints de SEP produisent plus d’1L23
ce qui affecte la production d’IL10 (Vaknin-Dembinsky et al. 2008).
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iv. Les mastocytes

Les mastocytes sont des cellules présentes au niveau des muqueuses. Elles sont surtout
impliquées dans des phénoménes d’allergie mais aussi dans I’inflammation. Elles expriment a
leur surface le récepteur de haute affinité pour les immunoglobulines de type IgE (FceRI).

Au sein du SNC des patients atteints de SEP, les mastocytes sont retrouvés plus
fréquemment dans des Iésions chroniques et moins freqguemment au niveau des lésions actives
(Ibrahim et al. 1996). Dans le LCR des patients, les mastocytes sécrétent des taux éleves de
facteurs dirigés contre I’histamine (Tuomisto et al. 1983), la trypase et la protéase spécifique
des mastocytes (Rozniecki et al. 1995). En réponse a la protéine basique de la myéline
(MBP), les mastocytes peuvent dégranuler et induire une déemyelinisation in vitro (Jonhson et
al. 1988 ; Theoharides et al. 1993). De plus, les mastocytes peuvent réguler la rupture de la
BHE (Zhuang et al.1996).

—_———— Innate Immunity 1

(Microglia, monocytes, dendiritic cells)

|_____Adaptive Immunity : -
(Antigen-specific T cells, B cells)
| Disability
P
/

S R S— S—

GD enhancement

>

Relapsing-remitting —— Secondary progressive

Figure 3 : Réactions immunitaires et évolution de la SEP au cours du temps
Schématiquement, le patient atteint de SEP débute la maladie par une forme rémittente-récurrente évoluant
au bout d’un certain temps vers une forme secondaire progressive. La premiére phase de la maladie
correspond a la forme rémittente-récurrente. Elle est caractérisée par des poussées, des prises de Gadolinium
visibles & I’'IRM et un handicap réduit. Ces troubles seraient le résultat de la réaction immunitaire dite
adaptative. La seconde phase de la maladie caractérisée par la forme secondaire progressive est constituée
d’une accumulation progressive du handicap en I’absence de poussées. Ces phénomenes seraient le résultat
de la réaction immunitaire dite innée. D aprés Weiner et al. 2009
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b. Les différentes populations de lymphocytes

i. Les lymphocytes B

Les lymphocytes B interviennent dans la réponse immunitaire adaptative de type
humorale. Les cellules B naives matures caractérisées par 1’expression du CD19 et I’absence
du CD27 et du CD38 a leur surface sont libérées dans la circulation sanguine périphérique
aprés leur développement et maturation dans la moelle osseuse et les organes lymphoides
secondaires. Une fois activeées, les cellules B vont proliférer et se transformer en plasmocytes
(CD19-CD27highCD138+CD38+) sécrétant des anticorps. Chez les individus sains, la
majorité des cellules B retrouvée dans le sang est composee de cellules naives et quasiment
aucun lymphocyte B n’est retrouvé dans le LCR (Tableau 3).

Plusieurs observations suggerent que le systeme humoral est fortement impliqué dans la
SEP. La premiére étude a mettre en évidence un role des lymphocytes B et des anticorps dans
la physiopathologie de la SEP a été réalisée au niveau du LCR des patients. En effet, les
immunoglobulines y étaient augmentées mais pas dans le sérum (Kabat et al. 1948 ; Cross et
al. 2001). Cette augmentation est observée chez 90% des patients et elle est caractérisée par
un profil oligoclonal (Correale et al. 2002). Bien que les lymphocytes B retrouvés dans le
sang des patients aient le méme phénotype que ceux des individus sains (CD19+CD27-)
(Cepok et al. 2005 ; Corcione et al. 2004), des différences importantes existent. Le LCR des
patients atteints de SEP contient environ 4 a 5% de cellules B CD19+, ces cellules présentent
en majorité le phénotype mémoire (CD19+CD27+CD38-CD138-). Les plasmocytes ont aussi
été déecrits comme une population importante du LCR des patients atteints de SEP (Kuenz et
al. 2008).

Naive B cell Memory B cell Plasma blast Plasma cell Centroblast
Surface markers CD19" CD27 CDI19" CD27" CDI9 " Cp27™# CDI9  CD27°% CDI19" CD77" Ki67
cD38 CD138 (D38 CDI138"' CD338' CD138" CD38° Bcl-2  CD3g"»

Healthy persons
Peniphery . ()
CSF
Multiple sclerosis
Periphery $ (4]
CSF - + + +{(+) +

Tableau 3: Distribution des sous-populations de lymphocytes B dans la SEP
+ présent ;- absent ; (+) présent mais a un faible niveau. D’aprés Fraussen et al. 2009.
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Les lymphocytes B ne passent pas la BHE lorsque celle-ci est intacte. Cependant, une fois
I’inflammation démarrée, les cellules B, les anticorps et le complément peuvent entrer dans le
SNC. L’augmentation du niveau des immunoglobulines observée dans le LCR des patients
mais non pas dans leur sérum semble indiquer une production locale.

Les lymphocytes B peuvent exercer différentes fonctions dans la SEP comme la fixation
du complément, la cytotoxicité médiée de fagon cellulaire, la présentation d’antigénes, la
costimulation des lymphocytes T et la production de cytokines et de facteurs neurotrophiques
(Cross et al. 2001 ; Ziemssen et al. 2005 ; Youinou et al. 2006 ; Meinl et al. 2006) cependant
les recherches se sont surtout concentrées sur leur capacité a produire des auto-anticorps. Ces
auto-anticorps peuvent détruire les tissus en recrutant des macrophages exprimant le récepteur
au fragment Fc et en activant le complément. Ces auto-anticorps réagissent contre diverses
protéines de la myéline comme la MBP (Gerriste et al. 1994), la glycoprotéine des
oligodendrocytes et de la myéline (MOG) (Genain et al. 1999), la protéine protéolipidique
(PLP) (Laman et al. 2001), la glycoprotéine associée a la myéline (MAG) (Baig et al. 1991),
la protéine spécifique des oligodendrocytes (OSP) (Bronstein et al. 1999), la transaldolase
(TAL) (Banki et al. 1994), I’ap-crystalline (Agius et al. 1999) mais aussi contre des protéines
ubiquitaires comme celles appartenant au protéasome (Mayo et al. 2002) ou des protéines
chaperonnes neurales (protéines de choc thermique) (Cid et al. 2004). Des auto-anticorps
réagissant contre des protéines neurales ont aussi été mis en évidence (Ehling et al. 2004) et
Mathey et ses collaborateurs ont observé une augmentation de la concentration d’anticorps
dirigés contre la neurofascine dans le sérum de patients atteints de SEP de forme
secondairement progressive (Mathey et al. 2007). Les anticorps les plus décrits sont ceux anti-
MOG (pour revue Reindl et al. 2006). Les cellules B jouent aussi un réle dans les formes
progressives de SEP (Magliozzi et al. 2007).

Les lymphocytes B, ainsi que les plasmocytes, ont été détectés au sein des Iésions et des
infiltrats lymphocytaires chez les patients atteints de SEP (Prineas et al. 1978).
L’augmentation du nombre de lymphocytes B dans le LCR des malades est associée a une
progression plus rapide de la pathologie (Cepok et al. 2001). Il est a noter qu’au niveau du
LCR, on retrouve tous les types de différentiation de cellules B : allant de la cellule B naive
au plasmocyte (Corcione et al. 2004). En outre, il y a plus de lymphocytes B mémoires dans
le LCR que dans le sang de patients atteints de SEP (Cepock et al. 2005). Le traitement par
Rituximab, un anticorps monoclonal déplétant les cellules B, réduit fortement I’activité

inflammatoire de la maladie comme le montrent les IRM, ceci sans affecter le niveau des
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immunoglobulines. Ces résultats suggérent un réle des lymphocytes B dans la forme
rémittente de SEP (Hauser et al. 2008).

Niino et son équipe ont montré que les cellules B mémoires pouvaient exprimer un
important niveau de VLA4, une molécule d’adhérence se liant 8 VCAMI1 exprimée par les
cellules endothéliales. La partie a4-intégrine de VLA4 est une cible du Natalizumab, un autre
anticorps capable de réduire I’activité de la maladie (Polman et al. 2006). Le Natalizumab
réduit I’expression de VLA4 sur les cellules immunitaires circulantes et inhibe 1’entrée des
lymphocytes B et des lymphocytes T dans le SNC (Niino et al. 2006).

L’identification des follicules B ectopiques permettant la production des lymphocytes B et
des cellules plasmacytoides dans le cerveau de patients atteints de SEP de forme secondaire
progressive renforce 1’idée que I’immunité humorale joue un réle important dans 1’évolution

de cette pathologie (Serrafini et al. 2004).

ii. Les lymphocytes T vy

Les lymphocytes T yd représentent environ 5% des cellules T et sont essentiellement
présents au niveau des muqueuses digestives. Ces cellules expriment CD1 et reconnaissent
des antigénes non protéiques. Ce type de lymphocyte est présent au niveau des lésions du
SNC des malades (Wucherpfenning et al. 1992) et sont plutot du type 82 alors qu’au niveau
du sang des patients atteints de SEP on retrouve le type &1 (Battisitni et al. 1997). Les
lymphopcytes T yd sont capables de lyser des oligodendrocytes in vitro (Zeine et al. 1998).
Des expansions clonales des lymphocytes T yd ont été retrouvées chez les malades en tout
début de maladie (Shimonkevitz et al. 1993) et au niveau des Iésions du SNC (Hvas et al.
1993).

iii. Les lymphocytes aff auto-réactifs

Une fréquenc élevée de lymphocytes T réactifs contre la myéline est montrée dans le
LCR de patients atteints de SEP (Lovett-Racke et al. 1998, Scholz et al. 1998). La présence de
lymphocytes T auto-réactifs contre divers antigenes dérivés de la myéline dans le sang des
patients a été détectée in vitro par de nombreuses équipes en établissant des lignées cellulaires
spécifiques, en partculier contre :

- la MBP (Burns et al. 1983 ; Martin et al. 1990 ; Ota et al. 1990 ; Pette et al. 1990 ;

Jingwu et al. 1992)
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- laPLP (Sunetal. 1991 ; Markovic-Plese et al. 1995)

- laMOG (Kerlero de Rosbo et al. 1993 ; Lindert et al. 1999)

- ’ap-crystalline (Chou et al. 2004)

Cependant, les lymphocytes T auto-réactifs contre la myéline font également partie du
répertoire immun d’individus sains adultes (Tsuchida et al. 1994 ; Burns et al. 2002) malgré la
sélection thymique. La présence de ce type de lymphocytes n’est pas a l’origine du
déclenchement de la maladie mais peut participer par la suite au processus auto-immun.

D’autre part, plusieurs études ont montré un phénoméne d’« epitope spreading » chez les
patients, les épitopes reconnus par les patients varient au cours du temps (Davies et al. 2005 ;
Goebels et al. 2000 ; Muraro et al. 2003).

iv.Les lymphocytes T CD8+

1. Les lymphocytes CD8+ cytotoxiques

Les lymphocytes T CD8+ sont des cellules cytotoxiques, capables de détruire des cibles
cellulaires (exprimant le CMH de classe ). Leur activation s’effectue grace a 1’interaction
entre le TCR et le complexe CMH de classe | / antigene porté par la CPA. lls peuvent alors
agir de plusieurs fagons sur les cellules cibles :

- voie FasLigand/Fas: l’interaction entre FasLigand présent a la membrane du
lymphocyte T CD8+ et Fas a la membrane de la cellule cible entraine 1’activation d’une
cascade de caspases, menant la cellule a I’apoptose.

- voie perforine/granzyme : I’exocytose de vésicules contenant les molécules perforine
et granzyme permet a la perforine de former des pores au niveau de la membrane de la cellule
cible et ainsi permettre 1’entrée de granzymes entrainant également ’activation des caspases
et I’apopstose (Trapani et al. 2002).

- voie du TNFa : la sécrétion de cytokines comme le TNFa participe a la lyse de la
cellule cible.

Le role des lymphocytes T CD8+ a longtemps été méconnu tant I’importance des
lymphocytes T CD4+ de type Thl semblait prépondérante dans la pathologie de SEP.

Les lymphocytes T CD8+ cytotoxiques, présents en nombre au niveau du SNC chez les
patients atteints de SEP, sont donc capables de causer des dommages aux oligodendrocytes
mais aussi potentiellement aux axones au moins in vitro (Neumann et al. 2002 ; Pouly et al.
1999). Ces cellules sont effectivement capables d’endommager les axones, les neurones étant

particulierement vulnérables a la présence des lymphocytes. Dans un modele in vitro
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d’infection virale, les lymphocytes T cytotoxiques ont montré clairement leur capacité a
détruire les axones. Chez les patients atteints de SEP, les dommages au niveau des axones
correlent avec la présence de lymphocytes T CD8+ au niveau des lésions (Bitsch et al. 2000 ;
Kuhlmann et al. 2002).

2. Les lymphocytes CD8+ effecteurs

En 2001, deux nouveaux modéles d’EAE ont été induits par I’injection de lymphocytes T
CDB8+ réactifs contre la MBP (Huseby et al. 2001) et la MOG (Sun et al. 2001). Chez les
patients atteints de SEP, les infiltrats cellulaires au niveau des Iésions sont majoritairement
constitués de lymphocytes T CD8+ (Booss et al. 1983, Gay et al. 1997, Babbe et al. 2000).
Les clones infiltrants peuvent persister dans le SNC, le LCR et le sang de ces patients pendant
plusieurs années et des clones identiques peuvent exister dans différentes régions du cerveau
d’un méme malade (Jacobsen et al. 2002 ; Skulina et al. 2004 ; Junker et al. 2007). Dans le
compartiment sanguin, la production de cytokines par les lymphocytes T CD8+ correle avec
la formation de lésions détectées par IRM (Killestein et al. 2003) et avec les scores de
handicap (Moldovan et al. 2003 ; Sepulcre et al. 2005). Notre équipe a montré que les
altérations du répertoire des cellules T présentes dans le sang des patients atteints de SEP
concernaient principalement le compartiment T CD8+ (Laplaud et al. 2004). Il a été
également montré la présence de lymphocytes T CD8+ auto-réactifs contre des peptides de la
myéline chez les patients atteints de SEP mais aussi chez des individus sains (Tsuchida et al.
1994 ; Honma et al. 1997 ; Crawford et al; 2004 ; Zang et al. 2004). De plus, des
lymphocytes T CD8+ spécifiques d’un peptide de la MBP (MBP110-118) ont montré des
capacités de lyse d’oligodendrocytes in vitro (Jurewicz et al. 1998). Neumann et ses
collaborateurs ont également montré que les lymphocytes CD8+ au niveau de Iésions du SNC
de patients SEP présentent une polarisation des vésicules contenant la molécule granzyme B

dirigée vers un axone démyélinisé (Neumann et al. 2002).

v. Les lymphocytes T CD4+

Selon plusieurs paramétres comme 1’environnement cytokinique ou la reconnaissance
TCR/CMH, les précurseurs alloréactifs CD4 (Th0) ont la possibilité de se différencier selon
quatre voies: Thl, Th2, Th17 ou iTreg (lymphocytes T régulateurs induits incluant les
cellules Th3, Trl,...) (Zhu et al. 2008) (Figure 4). Cette derniere voie de différenciation sera

développée un peu plus tard dans le chapitre « Tolérance périphérique ». Les cellules T
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CD4+, une fois activées par les cellules présentatrices d’antigénes, jouent un role primordial
en activant de nombreuses cellules effectrices par I’intermédiaire de leur production de

cytokines.

1. Les lymphocytes Thl

Dans I’initiation de la réponse Thl, la sécrétion d’IL12 joue un rdle primordial en
permettant la différentiation de type Thl en jouant directement sur les cellules NK et les
lymphocytes CD4+. Les cellules NK activées vont produire I’interféron-y (IFNy) ce qui va
engendrer, de concert avec I’IL12, la différentiation des lymphocytes CD4+ vers la voie Thl
(Murphy et al. 2002). Ces cellules de type Thl activées vont alors sécréter d’importante
quantité d’IFNy, d’IL2 et de lymphotoxine-o (LTa). Les cellules CD4+ de type Thl ont été
largement décrites comme meédiateurs de la réponse immune dirigée contre les pathogénes
intracellulaires (Mosmann et al. 1989, Paul et al. 1994). Le facteur de transcription T-bet a été
identifié comme un élément clef pour la différentiation en cellules de type Thl et pour
I’induction de la production d’IFNy (Szabo et al. 2000).

Le gene de susceptibilité reconnu de la SEP codant une molécule de CMH de clase Il et
les modéles animaux d’EAE étant uniquement induits par 1’injection de ce type de
lymphocytes, un postulat général placait les lymphocytes CD4+ de type Thl comme
effecteurs principaux dans la pathologie SEP. De nombreuses études ont en effet montré une
augmentation des taux de cytokines pro-inflammatoires TNFa et IFNy sécrétées par ces
cellules, aussi bien au niveau du LCR (Benvenuto et al. 1991) que dans le cerveau (Hofman et
al. 1989) ou dans le sang des patients atteints de SEP. De plus, la production de TNFa,
d’IFNy et d’IL2 par les cellules circulantes correle avec les lésions actives visibles a I’'IRM
(Chofflon et al. 1997, Calabresi et al. 1998 ; Killestein et al. 2001a ; Killestein et al. 2001b).
Le taux de cellules CD4+ mémoires, contenant des marqueurs de type Th1l montre également
une corrélation avec I’activité et la sévérité de la maladie (Krakauer et al. 2006). Des infiltrats
de cellules Thl ont été décrits au niveau de cerveau de patients atteints de SEP (Kivisakk et
al. 2003). Les lymphocytes T CD4+ de type Thl sont non seulement capables d’activer des
effecteurs cellulaires mais aussi de causer eux-mémes des dommages aux oligodendrocytes.
In vitro, ’IFNy rend les oligodendrocytes susceptibles a 1’apoptose déclenchée par Fas (Pouly
et al. 2000). Enfin, un essai thérapeutique utilisant un IFNy recombinant a aggravé la maladie

chez les patients testés (Panitch et al. 1987). Une forte augmentation du facteur de
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transcription T-bet a été observée dans les PBMC, en particulier dans les CD4+, des patients
atteints de SEP en phase de rémission (Frisullo et al. 2006).

2. Les lymphocytes Th2
La différentiation de type Th2 est induite principalement par deux cytokines: I’IL2 et
I’'TL4 (Le Gros et al. 1990 ; Swain et al. 1990). Les cellules CD4+ de type Th2 activees vont
alors sécréter de nombreuses cytokines dont I’'IL4, I’IL5, ’'IL9, I’'IL10 et I’IL13. Ces cellules
jouent un role majeur dans la réponse immune vis-a-vis de pathogénes extracellulaires, en
agissant sur le « switch » isotypique des immunoglobulines produites par les lymphocytes B,
notamment par I’interaction CD40-CD40L (Lumsden et al. 2003), mais aussi en induisant
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Figure 4 : La différentiation des lymphocytes T CD4+ naifs dépend de I’environnement cytokinique
Les cellules naives T CD4+ peuvent se différencier en cellules de type Thl, Th2, Thl7, iTreg et Tfh. Ces
programmes de différentiation sont contrdlés par les cytokines produites par les cellules de I’'immunité innée,
comme I’IL12 ou ’'IFNy, deux cytokines importantes pour le profil Thl, ou I’IL4, cytokine primordiale pour la
différentiation en cellules de type Th2. La présence de TGFf associée a celle d’IL6 conduit les cellules vers la
voie Thl7 tandis que la différentiation en iTreg est induite par le TGFp, ’acide rétinoique et I’IL2. La
différentiation en cellules Tfh requiert, quant a elle, la sécrétion d’IL21. D apres Zhou et al. Immunity 2009
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3. Les lymphocytes Th17

Le TGFp joue un role critique dans la différentiation du type Th17. En présence d’IL6
produite par les cellules de I’'immunité innée, le TGFp initie la différentiation du type Th17 et
induit la production d’IL21 et I’expression du récepteur a I’IL23 et de RORyt (Bettelli et al.
2006 ; Mangan et al. 2006 ; Veldhoen et al. 2006). L’IL21 est responsable de I’amplification
de la différentiation Th17 mais peut aussi remplacer I'IL6 dans I’initiation de cette
différenciation (Korn et al. 2007 ; Nurieva et al. 2007). Finalement, I’IL23 qui avait été
proposé initialement comme facteur de différentiation pour les cellules Th17, joue en réalité
le rdle dans le maintien de la fonction de différentiation pour les cellules Th17 différenciées
(Veldhoen et al. 2006). Ces cellules CD4+ de type Th17 produisent de I’'IL17A, de I'IL17F,
de I’'IL21 et de I’IL22. 11 a été démontré que ces cellules jouent un rdle dans la réponse vis-a-
vis de bactéries extracellulaires et de champignons (Weaver et al. 2006). Les cellules Th17
ont été identifiées comme une population cellulaire indépendante de la population cellulaire
«T helper » grace a I’identification de facteurs de différenciation et de transcription
spécifiques de ces cellules. En 2006, trois études indépendantes ont montré qu’une
combinaison entre le TGFP et I’IL6, cytokine pro-inflammatoire, était nécessaire pour induire
la production d’IL17 par des cellules T naives (Veldhoen et al. 2006 ; Betteli et al. 2006 ;
Mangan et al. 2006). Les cellules Th17 ont des fonctions effectrices bien distinctes de celles
des cellules Thl et Th2. Ces cellules jouent aussi un role dans le rejet aigu d’allogreffes
(Afzali et al. 2007) mais aussi dans le développement de maladies auto-immunes dont la SEP
ou la polyarthrite rhumatoide (Betteli et al. 2007 ; Bettelli et al. 2008).

Les lymphocytes de type Thl7 ont un réle dans I’induction de ’EAE (Steinman et al ;
2007). Les souris KO pour I’IL23 ou déficientes en IL17 sont en effet résistantes a I’induction
d’une EAE (Cua et al. 2003 ; Komiyama et al. 2006). Chez les patients atteints de SEP, une
augmentation des taux d’IL17 et d’IL23 dans les cellules mononuclées du sang et du LCR
ainsi qu’au sein des 1ésions du SNC a été notée (Matusevicius et al. 1999 ; Lock et al. 2002 ;
Tzartos et al. 2008). Kebir et ses collaborateurs ont montré I’expression des récepteurs a
I’IL17 et I’IL22 sur les cellules endothéliales constituant la BHE. Ces cytokines
endommagent les jonctions serrées de la BHE in vitro et in vivo. De plus, dans ce modele in
vitro les cellules de type Th17 transmigrent efficacement en exprimant du granzyme B (Kebir
et al. 2007). Une étude immunohistochimique a mis en évidence que I’infiltrat de cellules T
était enrichi en cellules T du type Th17 (Montes et al. 2009). De plus, I’expansion des cellules
de type Th17 est associée a I’activité de la maladie. L’TFNp inhibe les cellules de type Th17 a
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la fois chez les patients et chez les témoins, cet effet n’est pas observé pour les cellules de

type Thl (Durelli et al. 2009).

4. Les lymphocytes Tfh

Une nouvelle population cellulaire au sein des lymphocytes T CD4+ a été mise en
évidence. 1l s’agit des cellules «follicular helper T » (Tfh). Ces cellules régulent le
développement de la réponse immune passant par les lymphocytes B et ce de fagon spécifique
d’un antigéne specialisé (Figure 5) (Fazilleau et al. 2007 ; King et al. 2008 ; Vinuesa et al.
2005). Les lymphocytes de type Tfh sont caractérisés par 1’expression d’un récepteur au
chemiokine : CXCR5 mais aussi par I’expression de ICOS. La différentiation des cellules de
type Tfh a partir de cellules naives ThO requiert un processus faisant intervenir 1’IL21
(Vogelzang et al. 2008 ; Nurieva et al. 2008) et dépendant du facteur de transcription Bcl-6
(Fazilleau et al. 2009) (Figure 4).
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Figure 5 : La différentiation des lymphocytes T CD4+ de type Tth et leur r6le dans ’immunité humorale
CD28, ICOS et I'IL21 costimulent les cellules T CD4+ activées par leur TCR. L’environnement cytokinique, les
molécules de costimulation ainsi que les récepteurs interviennent de fagon ordonnée dans les étapes de
différentiation des cellules de type Tfh. a. Au sein de la zone T des tissus lymphoides, les cellules naives T
CDA4+ sont activées via leur TCR. b. Les cellules activées sécrétent de I’'IL21 et induisent ’expression de CD28
et d’ICOS. c. L’ensemble des signaux conduit a la modulation de 1’expression de molécules importantes pour la
migration et de molécules de costimulation. d. la migration de lymphocytes de type Tfh fonctionnels dans les
follicules va entrainer la sélection de cellules B activées secrétant des immunoglobulines D aprés King et al.
2008
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L’IL21 est un membre de la famille des cytokines IL2 jouant un rdle important dans le
développement des cellules Tfh (Parrish-Novak et al. 2000 ; Spolski et al. 2008). Les cellules
de type Th17, Th2 et Tth sécrétent de I’'IL21. L’absence d’IL21 et de son récepteur a un
impact sur le développement de I’immunité humorale avec une diminution du « switch »
isotypique et un défaut du développement des centres germinatifs (Ozaki et al. 2002, Spolski
et al. 2008). Les lymphocytes de type Tfh produisent des quantités importantes d’IL21
(Nurieva et al 2008 ; Volgelzang et al. 2008) avec une action autocrine du fait de I’expression
concomitante du récepteur a I’IL21 (Chtanova et al. 2004 ; Rasheed et al. 2006 ; Vinuesa et
al. 2005).

L’IL6 peut aussi induire la sécrétion d’IL21 par les cellules de type Tth. Cette production
d’IL21 fait intervenir une voie de signalisation passant par Stat3 (Nurieva et al. 2008).

Le TGFp, quant a lui, n’est pas requis pour 1’induction des cellules effectrices de type Tth
et RORyt n’est pas exprimé par ces cellules (Nurieva et al. 2008). Il semble donc que les
étapes menant a la différentiation des cellules en Th17 ou Tfh soient bien indépendantes.

A I’heure actuelle, I’implication des lymphocytes de type Tfh n’a pas été étudiée chez les
patients atteints de SEP (ou d’autres pathologies inflammatoires du SNC). Il pourrait étre
intéressant de regarder particulierement ce sous-type cellulaire dans les pathologies auto-
immunes impliquant des anticorps pathologiques telles que la maladie de Devic ou

I’Encéphalite de Rasmussen.

5. Les lymphocytes Th9

Tres récemment, une nouvelle population de lymphocytes T CD4+ a été mise en évidence.
Les groupes de V.Kuchroo et B. Stockinger ont décrit une population de cellules T CD4+ de
type Th9 caractérisées par leur forte production d’IL10 et d’IL9 (Dardalhon et al. 2008.
Veldhoen et al. 2008). Ces cellules sont générées en présence de TGFp et d’IL4, cette
derniere cytokine bloquant la différenciation en cellules T régulatrices. Ces cellules ne
présentent pas de capacité de régulation in vitro ni in vivo, malgré leur forte production
d’IL10. En effet, I’injection de ces cellules a des souris RAG déficientes induit I’apparition de

colite et de neurite montrant leur capacité a promouvoir I’inflammation.
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C. La tolérance

a. Latolérance centrale

La tolérance immunitaire spécifique se définie comme une absence de réaction vis-a-vis
de certains antigénes, en l’absence d’immunosuppression, tout en maintenant la réponse
immunitaire contre d’autres antigeénes.

Les lymphocytes se développent dans le thymus a partir de précurseurs provenant de la
moelle osseuse. Le réarrangement des genes codant leur TCR se produit lors de ce
développement, puis le répertoire lymphocytaire est défini par I’intermédiaire de la sélection
positive puis négative. Lors de ces étapes, plus de 95% des thymocytes sont élimines.

La sélection positive permet de conserver les thymocytes capables de reconnaitre via leur
TCR un peptide associé a une molécule du CMH du soi (Fink et al. 1978). Au cours de ce
processus, les cellules épithéliales du cortex thymique présentent aux cellules T des
complexes CMH/peptides et fournissent un signal de survie aux cellules capables d’interagir
avec les molécules du CMH du soi (Benoist et al. 1989). Les cellules T qui reconnaissent trop
faiblement les molécules du CMH du soi meurent par apoptose dans le cortex.

La sélection négative joue un role primordial dans 1’établissement de la tolérance aux
antigenes du soi en éliminant la plupart des lymphocytes auto-réactifs. Cette sélection peut
étre effectuée par les cellules épithéliales médullaires mais ce sont les cellules dendritiques
présentes dans le thymus qui apparaissent comme les principaux acteurs de cette selection
(Anderson et al. 1998). Récemment, il a été montré que le répertoire des peptides du soi
présentés dans le thymus est étonnamment large. En effet, des antigenes exclusivement
exprimés dans certains tissus peuvent étre inclus dans ce répertoire. C’est le cas de I’insuline,
un antigéne spécifique des Tlots pancréatiques (Kyewski et al. 2002 ; Gotter et al. 2004). La
tolérance centrale est un phénomene important dans le contexte de la transplantation car elle
peut avoir lieu lorsqu’un chimérisme s’est créé au sein du thymus du receveur. Un
chimérisme thymique se définit par la présence de CPA du donneur dans le thymus du
receveur. Ainsi les CPA du donneur induisent par sélection négative 1’élimination des clones
T allogénigues reconnaissant les molécules du CMH du donneur.

Les thymocytes réactifs au soi ne sont cependant pas tous eliminés apres la déplétion
négative dans le thymus (Bouneaud et al. 2000). Les mecanismes périphériques du maintien
de la tolérance sont donc également essentiels et peuvent constituer des approches pour

I’induction de tolérance aux allo-antigénes. L’expression au sein du thymus d’antigénes
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restreints a un tissu est probablement sous le contrdle de plusieurs facteurs de transcription
dont AIRE (autoimmune regulator). Les mutations touchant ce facteur de transcription ont
pour conséquence une dérégulation transcriptionnelle menant a 1’expression de nombreux
antigenes du soi par les cellules épithéliales de la medulla thymique ainsi qu’a différentes
maladies auto-immunes spécifiques d’organe (Anderson et al. 2002 ; Liston et al. 2003 ;
Liston et al. 2004).

Différents auto-antigenes du SNC pertinents dans le cadre de la SEP sont exprimés dans le
thymus. En effet, de ’ARNm de la MBP ainsi que la protéine sont synthétisés par plusieurs
types cellulaires dans le thymus dont les macrophages (Liu et al. 2001).

En dépit des mécanismes de tolérance thymique, des cellules T spécifiques de la MBP et
potentiellement auto-réactives peuvent circuler dans I’organisme (Kuchroo et al. 2002). Leur
fréguence et leur avidité peuvent cependant varier ceci étant lié 1’étendue de I’expression de la

MBP au sein du thymus.

b. La tolérance périphérique

Quatre mécanismes principaux de tolérance périphérique, mutuellement non exclusifs, ont

été décrits : I’anergie, la délétion clonale, I’ignorance et la suppression (Figure 6).

i. L’anergie

L’anergie est un état d’inactivation fonctionnelle de la cellule T devenant réfractaire a
toute restimulation par lI'antigéne (Lecher et al. 2001, Schwartz et al. 2003). Elle peut étre
induite in vitro par une forte stimulation des cellules T via leur TCR en I’absence de second
signal de costimulation. L’état anergique se caractérise par une incapacité¢ des cellules T a
proliférer et a produire de I’IL2. Celui-Ci peut étre levé par I’ajout d’IL2 (Essery et al. 1988).
Plus récemment, il a été décrit que de faibles stimulations en présence de costimulation
pouvaient aussi engendrer un état anergique mais uniqguement sur des cellules T mémoires
(Mirshahidi et al. 2001). Ces cellules anergiques peuvent aussi jouer un role
immunosuppresseur en inhibant la prolifération des cellules T naives (Chai et al. 1999) ou en
inhibant la capacité des DCs (nécessité de contact) a stimuler les lymphocytes T naifs
(Vendetti et al. 2000 ; Salcido-Ochoa et al. 2002).
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Figure 6: Les mécanismes de tolérance périphérique
D’aprés Kamradt et al. 2001

ii. La délétion clonale

Nous avons vu que les mécanismes de tolérance centrale permettent d’éliminer les cellules
autoréactives dans le thymus, avant leur maturation. La délétion des cellules T peut également
avoir lieu a la periphérie, lorsque celles-ci rencontrent I’antigéne dans des conditions
particulieres (Kabelitz et al. 1993). Deux situations peuvent aboutir a la mort des cellules T :
soit un défaut de signaux de survie, par exemple en I’absence de facteurs de croissance
comme I’'IL2 (Steller et al. 1995), soit une activation trop importante. Ce deuxiéme
mécanisme est nommé « mort cellulaire induite par I’activation » (AICD) et fait intervenir

principalement le systéme Fas/FasL (Brunner et al.1995).

iii. L’ignorance
Le terme d’ignorance s’applique a une stimulation dans laquelle des cellules T
potentiellement réactives ne répondent pas a une stimulation antigénique. Ces cellules ne sont
pas inactivées, les différenciant des cellules anergiques, mais elles ignorent 1’antigéne (Miller

et al. 1990). Plusieurs mécanismes peuvent étre responsables de ce phénomene d’ignorance.
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Dans un modele d’allogreffe cardiaque chez la souris en absence d’organes lymphoides
secondaires, la rencontre entre lymphocytes T et les cellules dendritiques ne se fait pas,
conduisant a 1’établissement d’une ignorance immunologique et favorisant la tolérance a
I’allogreffe (Lakkis et al. 2000). De plus, 1’ignorance peut résulter de la séquestration de
I’antigéne dans des sites dits « privilégiés », non accessibles aux cellules T réactives, tels que
I’ceil ou le SNC (Barker et al. 1977) ou d’une absence de présentation par les CPA. Elle peut
aussi étre due a une faible concentration d’antigénes, les rendant invisibles aux lymphocytes T
(Kurts et al. 1999).

iv.La suppression

Contrairement aux autres mécanismes de tolérance centrale et périphérique, la suppression
est un phénomene actif dans lequel une population cellulaire controle ou régule 1’activité
d’une autre population. En 1985, le groupe de Hall a montré que I’état de tolérance
allogénique pouvait étre transféré a des receveurs naifs par 1’injection de cellules T CD4+
dérivant d’animaux tolérants (Hall et al. 1985), fournissant ainsi la premiere démonstration du
caractére actif de la suppression.

La suppression est réalisée par des cellules régulatrices. De nombreux types de cellules
régulatrices ont été décrits, certains présents de facon naturelle dans 1’organisme et d’autres
pouvant étre induits dans des conditions de stimulations particuliéres. Les principales cellules
régulatrices décrites sont des cellules T CD4+ mais des cellules régulatrices ont aussi été
décrites dans la population T CD8+ et dans d’autres types cellulaires comme les NKT et les
cellules T yo (Jameson et al. 2003 ; Van Kaer et al. 2004). De plus, les cellules dendritiques

sont fortement impliquées dans la tolérance et dans I’induction des cellules régulatrices.

c. Les cellules régulatrices

Le concept de lymphocytes T régulateurs (Treg) capables d’inhiber une réponse
immunitaire, est apparu dans les années 1970. Le groupe de Gershon et Kondo a montré que
certains lymphocytes T, différents des lymphocytes T « helpers », pouvaient diminuer
I’intensité de la réponse immune (Gershon et al. 1970 ; Gershon et al. 1971). De plus, ce
concept a été renforcé par des études montrant que le transfert de cellules T était capable de
prévenir le développement de maladies auto-immunes, telles que la thyroidite (Penhale et al.
1976), 1’oophorite (Sakaguchi et al. 1982) ou le diabéte (Boitard et al. 1989). Cependant,
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I’incapacité a identifier un marqueur de surface spécifique de ces cellules ou des médiateurs
solubles associés a leur fonction a conduit a I’essoufflement des recherches dans ce domaine
et a la contestation de 1’existence des lymphocytes T suppressifs (Green et al. 1993).

Dans le milieu des années 1990, les travaux de Sakaguchi et de ses collaborateurs ont
apporté un regain d’intérét a ce concept en décrivant pour la premiere fois le phénotype d’une
population de cellules T CD4+ suppressives définies par 1’expression de la chaine a du
récepteur a I’IL2 (CD25), qui étaient cruciales pour le contrdle des cellules T in vivo

(Sakaguchi et al. 1995 ; Asano et al. 1996) (Figure 7).

i. Les lymphocytes T réqulateurs naturels

1. Origine et caractéristiques phénotypiques

Les cellules T régulatrices naturelles ou « innées » (nTreg) sont générées dans le thymus
(Stephens et al. 2001 ; Annunziato et al. 2002 ; Fehervari et al. 2004) et représentent 5 a 10%
des thymocytes matures CD4+ et 2 a 5% des PBMC (Bacchetta et al. 2005). Un des
problémes majeurs a été et continue d’étre I’indentification d’un marqueur spécifique de ces
cellules. Cependant, il est bien établi qu’elles expriment de maniére constitutive la chaine o
du récepteur a I’IL2 (CD25). Chez I’homme, seules les cellules exprimant fortement I’'TL2RA
(CD25high) possédent des propriétés suppressives (Baecher-Allan et al. 2001), alors qu’un
niveau d’expression intermediaire correspond aux cellules activées, mais cette distinction
n’est pas absolue puisque des cellules régulatrices CD25low ont également ¢été décrites
(Tsaknaridis et al. 2003).

En plus du CD25, de nombreux marqueurs ont été proposés pour identifier plus
précisément cette population cellulaire sans qu’aucun d’eux ne soit réellement spécifique du
phénotype régulateur : le marqueur CD45RO (marqueur des cellules mémoires), CD122
(chaine B du récepteur a I'IL2), CD62L (L-sélectine), CD103 (intégrine agf7). lls se
caractérisent également par 1’expression constitutive du CD152 (CTLA4) et de GITR (Wood
et al. 2003).

Plus recemment, un facteur de transcription, Foxp3 (Forkhead box P3), un nouveau
membre de la famille des régulateurs transcriptionnels forkhead/winged helix, a été identifié
comme un facteur de transcription majeur pour le contrdle du développement et de la fonction
des cellules T régulatrices CD4+CD25+ (Fontenot et al. 2003 ; Hori et al. 2003 ; Kim et al.
2006). En effet, I’expression ectopique de Foxp3 dans les cellules CD4+CD25+ leur confére

un phénotype et une activité suppressive. Différentes études ont ainsi montré que les souris ou
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les individus n’exprimant pas ou exprimant une protéine mutée de Foxp3 développent de
graves syndromes lymphoprolifératifs (syndrome IPEX chez I’homme) (Bennet et al. 2001 ;
Brunkow et al. 2001 ; Wildin et al. 2001). Méme s’il a été montré que 1’expression de Foxp3
seule n’était pas suffisante pour conférer une activité régulatrice (Baecher-Allan et al. 2005)
et qu’elle était aussi retrouvée chez des lymphocytes activés chez I’homme (Morgan et al.
2005 ; Ziegler et al. 2007), a I’heure actuelle, il reste tout de méme un marqueur tres
spécifique de ces cellules T régulatrices. Cependant, sa localisation intracellulaire ne permet
pas son utilisation pour trier ces cellules et de réaliser des études fonctionnelles.

Récemment, Seddiki et ses collaborateurs ont montré que la faible expression du
marqueur CD127 (chaine a du récepteur a 1’IL7) combinée a la forte expression du CD25
permettait de mieux différencier les cellules T régulatrices des lymphocytes T activés, que ce
soit dans le sang périphérique, le cordon ombilical ou les organes lymphoides (Seddiki et al.
2006). Ainsi les cellules T CD4+ exprimant fortement CD25 et faiblement CD127
(CD25""CD127"") sont hautement suppressives dans les tests fonctionnels réalisés. Ce
nouveau marqueur CD127 est, de plus, corrélé négativement avec 1’expression de Foxp3
(alors qu’il n’existe pas de corrélation entre CD25 et Foxp3). Cette corrélation négative entre
les deux molécules s’explique par le fait que Foxp3 interagit avec le promoteur de CD127 et
contribue ainsi a la faible expression de cette molécule au niveau des cellules régulatrices (Liu
et al. 2006).

Tres récemment, il a été proposé de combiner le CD49d au CD127 pour obtenir une
population nTreg encore plus pure exempte de cellules effectrices CD25+ (Kleinewietfeld et
al. 2009). Miyara et ses collaborateurs, quand a eux, proposent de combiner uniquement le
CD45RA ou CD45R0 au CD25 pour discriminer au mieux les nTreg. En effet, ils ont montré
que les lymphocytes T humains Foxp3+CD4+ sont composés de trois sous-populations
distinctes aussi bien sur le plan phénotypique que fonctionnel. Ils ont identifié les cellules
CD45RA+Foxp3low « resting Treg » (rTreg), les cellules CD45RA-Foxp3high « activated
Treg » (aTreg) et les cellules CD45RA-Foxp3low sécrétrices de cytokines. Les rTreg et aTreg
possédent des capacités suppressives tandis que la derniére sous population CD45RA-
Foxp3low n’est pas une population régulatrice. De plus, cette derniere population comprend

des cellules ayant un potentiel Th17 (Miyara et al. 2009).
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2. Mécanismes d’action

Les mécanismes d’action d’immunosuppression des cellules nTreg et des molécules
impliquées dans cette suppression bien que largement étudiés sont toutefois encore mal
connus. Cependant, il est clairement établi maintenant que les cellules nTreg sont activées par
leur TCR (Sanchez et al. 2006), sont anergiques et ne produisent pas d’IL2 (Thornton et al.
1998 ; Shevach et al. 2002 ; Thornton et al. 2004). Cette anergie peut étre levée par ajout
d’IL2 (Dieckmann et al. 2001) ou par une forte stimulation de la molécule CD28 (Baecher-
Allan et al. 2001). Les cellules régulatrices sont bloquées dans leur cycle cellulaire, elles
présentent une diminution des cyclines E et A (Li et al. 2005). Le niveau d’activation des
protéines kinases MEK1/2 et Erk1/2 est diminué au sein de ces cellules. La présence exogene
d’IL2 augmente le niveau de cyclines E et A ainsi que les protéines kinases engendrant la
survie et la prolifération des nTreg (Li et al. 2005). Une fois activées par un antigene, leur
action suppressive n’est plus dépendante de 1’antigéne les ayant stimulées. Leur fonction
régulatrice est donc non spécifique (Thornton et al. 2000).

Elles sont alors capables d’inhiber la prolifération et la production de cytokines des
lymphocytes T CD4+CD25-, des lymphocytes T CD8+ (Suvas et al. 2003 ; Camara et al.
2003) et elles sont capables d’inhiber la différentiation Th1/Th2 (Xu et al. 2003 ; Toda et al.
2006). L’action régulatrice des cellules nTreg sur les CD4+CD25- s’exerce en inhibant la
transcription d’IL2 et nécessite in vitro un contact cellulaire (Thornton et al. 1998 ;
Dieckmann et al. 2001). Cette activité régulatrice semble indépendante des CPA puisque leur
fonction suppressive s’exerce dans des cultures en absence de CPA (Shevach et al. 2002).

Les cellules régulatrices T naturelles ont depuis longtemps été décrites comme exercant
leur fonction suppressive par contact cellulaire et non par I’intermédiaire d’IL10 (cellules
Trl) et du TGFP (cellules Th3) (Takahashi et al. 1998 ; Thornton et al. 1998). Cependant, un
role de cytokines ne peut étre totalement exclu (Vignali et al. 2008). En effet, récemment
I’IL35 a été décrite comme une cytokine aux propriétés immunosuppressives. Elle est
nécessaire aux cellules T régulatrices pour que celles-ci puissent exercer une suppression
maximale. De plus, I’IL35 inhibe la différentiation des cellules CD4+ de type Th17 et atténue
la sévérité de I’arthrite dans un modéle murin en diminuant la production d’IL17 (Niedbala et
al. 2007). Contrairement a ces résultats obtenus chez la souris, une récente étude chez
I’homme a montré que les cellules régulatrices n’exprimaient pas I’IL35 de facon constitutive

(Bardel et al. 2008).
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3. Roéle dans la Sclérose en Plaques

Plusieurs auteurs ont pu mettre en évidence des fonctions suppressives altérées de la
population cellulaire T CD4+CD25+ chez les patients atteints de SEP (Viglietta et al. 2004).
Cependant, le taux de cellules T régulatrices CD4+CD25+ chez les patients atteints de SEP
est similaire a celui des individus sains (Feger et al. 2007 ; Haas et al. 2005 ; Putheti et al.
2004 ; Viglietta et al. 2004). Deux équipes ont rapporté ce défaut de suppression envers des
réponses dirigées contre des protéines de la myéline (MOG et MBP) (Kumar et al. 2006 ;
Haas et al. 2005). Frisullo et ses collaborateurs ont observé une diminution a la fois de
I’expression de Foxp3 et de la fréquence de cellules T CD4+CD25+Foxp3+ circulantes lors
des phases de poussées comparées aux phases de rémission chez les patients atteints de SEP
de forme récurrente-rémittente. Chez ces patients, les cellules régulatrices ont une capacité
régulatrice diminuée sur la prolifération des cellules CD4+ exprimant un niveau élevé du
facteur T-bet (Frisullo et al. 2008). Il faut noter que toutes ces études ont été réalisées en
utilisant des cellules régulatrices sélectionnées uniquement grace au marqueur CD25, peu
discriminant et peu reproductible.

Les études réalisées sur les cellules régulatrices T CD4+CD25+ chez des patients atteints
de SEP de forme secondaire progressive n’ont pas mis en évidence de défaut de régulation a
la différence des résultats obtenus chez les patients atteints de SEP de forme rémittente-
récurrente (Venken et al. 2006). Les mécanismes expliquant ce défaut de régulation sont mal
connus a ce jour. Cependant, Haas et ses collaborateurs nous apportent des éléments de
réponse en suggeérant que chez les patients atteints de SEP il y aurait une production altérée de
Treg au niveau du thymus (Haas et al. 2007).

Aprés une corticothérapie au methylprednisolone, la fréquence des cellules T
CD4+CD25high ainsi que 1’expression de Foxp3 sont augmentées chez les patients atteints de
SEP de forme récurrente-rémittente (Braitch et al. 2009). Les cellules régulatrices T
expriment un niveau faible de VLAA4 et se lient moins bien au Natalizumab. Le défaut de
régulation est toujours présent apres traitement (Stenner et al. 2009). Haas et ses
collaborateurs n’ont pas mis en évidence de différence de fréquence des cellules T
CD4+CD25+ dans le sang ni dans le LCR (Haas et al. 2005). Il existe une augmentation des
Treg au sein du LCR comparé au sang chez les patients atteints de SEP de forme récurrente-
rémittente. Pour les patients atteints de SEP de forme secondaire progressive, les Treg sont
moins nombreux dans le LCR que dans le sang (Feger et al. 2007 ; Venken et al. 2007).
L’expression de CD49d et de CD103 a la surface des Treg retrouvés dans les PBMCs suggéere
que ces cellules peuvent migrer vers le SNC chez les patients atteints de SEP.
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D’apreés Curotto de Lafaille et al. 2009

ii. Les lymphocytes T régulateurs induits

Par opposition aux cellules régulatrices T naturelles, des lymphocytes T dont ’activité
régulatrice est induite, ou acquise, ont été identifiées. Ces cellules appelées cellules
régulatrices T induites sont générées in vitro comme in vivo, a partir de précurseurs
périphériques naifs CD4+. Elles sont induites par un antigéne et leur capacité suppressive est
specifique de cet antigéne. Parmi les lymphocytes CD4+ nous pouvons distinguer trois
populations de Treg induits : les cellules CD4+CD25-Foxp3+, les cellules Trl productrices
d’IL10 (Groux et al. 1997) et les cellules Th3 productrice de TGFP (Chen et al. 1994 ; Weiner
et al. 2001). Parmi les cellules CD8+, les principales cellules, décrites a 1’heure actuelle,
présentent le phénotype CD8+CD28-. Cette derniére population sera développée dans le

paragraphe « les lymphocytes régulateurs CD8+ ».

1. Les cellules T CD4+CD25+Foxp3+
Il a été démontré que des cellules ayant le méme phénotype et les mémes propriétés que
les lymphocytes régulateurs T naturels pouvaient étre générés en périphérie par différents
mécanismes (Shevach et al. 2006). D une part, de nombreuses études ont montré que le TGFf3

pouvait induire la conversion de cellules T CD4+CD25- en cellules régulatrices
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CD4+CD25+Foxp3+ in vitro et in vivo (Yamagiwa et al. 2001 ; Chen et al. 2003 ; Fantini et
al. 2004).

2. Lescellules Trl

Les lymphocytes T CD4+ régulateurs de type 1 (Trl) ont été identifiés a 1’origine
uniquement par leur production de cytokines (Groux et al. 1997). Roncarolo et ses
collaborateurs ont observé pour la premiére fois que 1’activation in vitro des lymphocytes T
CD4+ humains ou murins avec de fortes doses d’IL10 permettait la génération de clones T
produisant des cytokines distinctes de celles produites par les lymphocytes T de type Thl et
de type Th2 (Battaglia et al. 2006 ; Grazia et al. 2006). De plus, ces clones sont comparables a
ceux isolés a partir de patients atteints d’immunodéficience séveére combinée (SCID) qui
produisent de fortes quantités d’IL10. Les cellules Trl, aprés activation via leur TCR,
produisent de I’IL10, du TGFp, de I’IL5 mais peu d’IFNy et peu d’IL2 et pas d’IL4 (Groux et
al. 1997). Il est également possible de générer ces cellules a partir de lymphocytes T CD4+
humains en utilisant de I’'I[FNa en combinaison avec de I’'IL10 (Levings et al. 2001). L’IL10
est une cytokine cruciale pour les cellules régulatrices Trl, a la fois pour leur génération et
pour leur fonction. L’ajout d’anticorps anti-IL10 bloque 1’activité suppressive des cellules Trl
(Groux et al. 1997). L’addition de vitamine D et de dexamethasone permet de générer des
cellules Trl in vitro (Barrat et al. 2002). Le groupe d’Atkinson a montré que le CD46 était
impliqué dans la génération des cellules Trl (Kemper et al.2003). L’activation de la voie de
signalisation d’OX40L inhibe la différentiation des cellules Trl (Ito et al. 2006). Ces cellules
ne possédent pas a ce jour de marqueurs spéecifiques. Elles expriment des molécules telles que
CXCR3, GATAS3, CCR3, CCR4, CCR5, CCR8, mais ces molécules sont aussi exprimées par
les cellules de type Th1l et/ou de type Th2 (Sebastiani et al. 2001 ; Cobbold et al. 2003). Ces
cellules sont anergiques in vitro (Roncarolo et al. 2001).

Chez les patients atteints de SEP, I’augmentation de la production d’IL10 est associée aux
phases de rémission de la maladie (Navikas et al. 1995 ; Correale et al. 1995 ; Clerrici et al.
2001) mais aussi au traitement par IFNB (Chabot et al. 2000). De faibles taux d’IL10 sont
associés a la charge 1ésionnelle visible a I’'IRM chez les patients atteints de SEP de forme
secondaire progressive (Petereit et al. 2003). De plus, lorsque 1’induction des cellules Trl via
I’activation de CD46 est observée chez les patients atteints de SEP, celle-ci est
significativement diminuée comparé aux individus sains (Astier et al. 2006). Récemment,

Martinez-Forero et ses collaborateurs ont montré que les lymphocytes CD4+ issus de patients
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atteints de SEP se différenciaient moins bien en cellules régulatrices Trl ex vivo et que ces
cellules produisaient moins d’IL10. De plus, les cellules T CD4+ des patients sont plus
résistantes a la suppression induite par I’IL10 car la cascade de signalisation passant par le

récepteur de I’IL10 est défectueuse (Martinez-Forero et al. 2008).

3. Les cellules Th3

Les cellules régulatrices induites Th3 ont été identifiées chez des souris protégées du
développement de ’EAE (Encéphalomyélite Allergique Expérimentale) par administration
orale de MBP et de PLP (Chen et al. 1994). Lorsque la MBP est administrée par voie orale,
des cellules T capables d’inhiber les réactions inflammatoires sont générées (Faria et al.
2005). La suppression des symptomes cliniques de I’EAE est bloquée par I’injection
d’anticorps anti-TGF[ (Chen et al. 1994). En effet, les cellules Th3 sont caractérisées par leur
forte production de TGFp, leur faible production d’IL10 et d’IL4 et I’absence de sécretion
d’IL2 et d’IFNP suite a I’engagement de leur TCR (Weiner et al. 1997 ; Kitani et al. 2000 ;
Fukaura et al. 1996).

In vitro, les cellules régulatrices Th3 peuvent étre générées a partir de précurseurs ThO en
présence de TGFp, d’IL10, d’IL4 et cette différentiation est inhibée par I’'TL12 (Weiner et al.
2001).

Les cellules Th3 sont capables de réguler les cellules de type Thl (Weiner et al. 2001).
Plus récemment, il a été montré que ces cellules avaient la capacité d’induire la différentiation
des lymphocytes T en cellules régulatrices CD4+CD25+Foxp3+ (Carrier et al. 2007).

Les cellules Th3 agissent, contrairement aux cellules régulatrices T naturelles, par
I’intermédiaire de cytokines immunosuppressives : le TGFB et I’'IL10 (Weiner et al. 2001).
Ainsi, elles sont capables d’inhiber le développement du phénoméne autoimmun dans
plusieurs modéles animaux (Weiner et al. 1997) et inhibent en particulier la prolifération
cellulaire et la synthese de cytokines des clones Thl et Th2 (Weiner et al. 1997 ; Beissert et
al. 2006). Elles agissent de maniére non-spécifique de 1’antigene et par effet « bystander » via
surtout la sécrétion de TGFP. La fixation de cette cytokine sur son récepteur active le
complexe intracellulaire Smad qui est alors transloqué vers le noyau entrainant 1’inhibition de
la prolifération et de la différentiation des cellules T ainsi que le blocage de la maturation des

cellules dendritiques (Vigouroux et al. 2004).
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Figure 8 : L’équilibre rompu entre les mécanismes immunogéne et tolérogene dans la Sclérose en Plaques
L’inflammation semble résulter d’une rupture de 1’équilibre entre les cellules de I’immunité causnat les
dommages (cellules T effectrices) et les cellules ayant des fonctions de régulation (cellules Treg et DCs
tolérogenes). 1. En réponse aux stimuli environnementaux, les DCs (en rouge) peuvent activer les cellules T
CD4+ naives pour produire de I'TFNy (cellules Th1), de I'IL4 (cellules Th2) ou de I’IL17 (cellules Th17). 2. Les
cellules T activées, spécifiques de la myéline, peuvent transmigrer au travers de la BHE pour rejoindre les zones
périvasculaires du SNC ou elles seront réactivées par des DCs présentant des antigénes de la myéline. 3. Ces
cellules T CD4+ exerceront des fonctions effectrices par sécrétion de cytokines proinflammatoires comme 1’
IFNy, I'IL6 et I’IL23...Ceci activera la microglie et les macrophages contribuant a une cascade d’événements
ayant pour effet la démyélinisation et les dommages neuronaux. 4. Les DCs tolérogénes (en bleu) interviennent
de sorte que les cellules T CD4+ naives se différencient en cellules régulatrices (Th3, Trl ou CD8+CD28-). Les
iTreg comme les nTreg semblent pouvoir migrer du sang périphérique vers le SNC en franchissant la BHE. 5.
Au sein du SNC, les cellules régulatrices peuvent directement réguler les cellules T effectrices activées par leur
secretion de cytokines (IL10, TNFa, HLA-G soluble) et par I’interaction cellules/cellules.

D’apreés Zozulya et al. 2008

iii. Les cellules réqulatrices CD8+

1. Les cellules régulatrices CD8+ naturelles
Les cellules régulatrices naturelles CD8+ proviennent du thymus. Elles contrdlent
directement la production d’IFNy et la prolifération des cellules CD8+. Leur mécanisme
d’action ne nécessite pas I’intervention de la présentation de I’antigéne mais agirait par une

voie dépendante de I’IL10 (Endharti et al. 2005). Les cellules régulatrices CD8+CD122+
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reconnaissent les lymphocytes T activés grace a I’interaction des molécules du CMH de
classe I avec le TCR de type af (Rifa’i et al. 2008). Une nouvelle population de cellules
régulatrices CD8+ naturelles a été identifiée chez I’homme. Ces cellules sont caractérisées par
I’expression constitutive de HLA-G. Leur fonction suppressive affecte les cellules autologues

CD4+ et CD8+ via un mécanisme d’action indépendant du contact (Feger et al. 2007).

2. Les cellules regulatrices CD8+ induites
Les cellules régulatrices induites CD8+ se développent en périphérie. Elles ont la capacité
de supprimer la réponse immune en interagissant directement avec les CPA et les rendant
ainsi tolérogénes (Najafian et al. 2003). Elles sont caractérisées par 1’expression de CD103 a
leur surface (Uss et al. 2006), par la sécrétion d’IL10 (Noble et al. 2006) et de TGFp
(Balashov et al. 1995 ; Fukaura et al. 1996) cependant leur mécanisme d’action est dépendant

du contact et spécifique de 1’antigene.

3. Réle dans la Sclérose en Plaques

Antel et ses collaborateurs furent les premiers a suggérer que la fonction suppressive des
cellules CD8+ puisse étre altérée dans la SEP (Antel et al. 1986 ; Bania et al. 1986). Chez des
patients atteints de SEP, les lymphocytes T CD8+ actives ont des propriétés suppressives
altérées (Balashov et al. 1995). De plus, les taux d’IFNy plus élevés dans les formes
secondaires progressives que dans les formes rémittentes, semblent étre inversement corrélés
a des fonctions suppressives (Becher et al. 1999). Correale et ses collaborateurs ont étudié le
role des cellules régulatrices CD8+ lors des phases de poussée et de rémission chez des sujets
atteints de SEP. lls ont observé des cellules régulatrices CD8+ spécifiques reconnaissant et
lysant les cellules T activées réactives a la myéline. Au sein du LCR en particulier, ces clones
sont diminués lors des poussées (Correale et al. 2008).

L’acétate de glatiramére induit une réponse CD8+ chez les patients atteints de SEP dans
des études menées in vitro. L’action bénéfique de ce traitement semble s’exercer, au moins en
partie, via les cellules régulatrices CD8+ (Tennakoon et al. 2006). Cependant, dans un travail
récent, nous avons montré que ce traitement n’entrainait pas de prolifération clonale CD8+ in
vivo (Berthelot et al. 2009, Annexe ).
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iv. Les cellules NKT/CD1d
Les cellules NKT constituent une population présentant des caractéristiques des cellules
NK et des lymphocytes T (Van der Vliet et al. 2002 ; Cava et al. 2006). Elles expriment un

TCR invariant constitué de segments Va24 et VP11 et des marqueurs NK tels que CD161 ou
NKR-P1. Bien que la majorité des NKT soient CD4+, la plupart des cellules restantes sont
CDA4-CD8-. Une petite partie de NKT est CD8+ chez I’homme. Elles reconnaissent les
molécules du CMH de classe | non classiques CD1d qui présente des glycolipides (Goddfrey
et al. 2000). Les NKT possedent des caractéeristiques communes avec les lymphocytes T
régulateurs. En effet, elles peuvent inhiber la prolifération cellulaire et la production de
cytokines (Terabe et al. 2004). Elles peuvent également inhiber la génération des lymphocytes
Thl (Miyamoto et al. 2001 ; Moodycliffe et al. 2000 ; Beaudouin et al. 2002) et CD8+
(Terabe et al. 2004 ; Hammond et al. 2003).

Chez les patients atteints de SEP, une forte diminution du taux de NKT a été observé
(llles et al. 2000 ; Demoulins et al. 2003). Pendant les phases de rémission des patients, une
sous-population de cellules NKT CD4+ aurait un réle immunomodulateur en sécrétant de
grandes quantités d’IL4 et peu d’IFNy (Akari et al. 2003). Chez un patient, une diminution de
la diversité de Vo24 a été observée (Demoulins et al. 2003). De plus, une nouvelle population
de NKT (Va7.2-Ja33) est accumulée au niveau des Iésions du SNC de patient SEP (llles et al.
2004).

V. Les cellules NK

Les cellules NK sont des cellules dites «tueuses naturelles ». Elles constituent une
population hétérogéne contribuant a la défense de ’organisme contre les infections et les
cancers. Ces cellules vont étre activées par I’IL2 produit par les lymphocytes T CD4+. Leur
mécanisme d’action passe par une lyse non spécifique de 1’antigéne. Elles expriment au
niveau de leur surface membranaire les marqueurs CD56 et CD16 (récepteur FcyRIII) et des
récepteurs invariants qui reconnaissent des molécules de CMH non classiques (Lanier et al.
1998). Les cellules NK représentent environ 10% des PBMC humains environ. (Steinman et
al. 2001). La majorité des cellules NK, environ 95%, présente le phénotype suivant :
CD56dimCD16+. Ces cellules ont une action de lyse via la production de perforine. Une
petite proportion des cellules NK, environ 5%, sont CD56brightCD16-. Elles ne produisent
pas de perforine mais secretent de I’ IFNy et du TNFa (Moretta et al. 2001).

54



Introduction

Les cellules NK peuvent lyser les neurones (Backstrom et al. 2003) mais aussi les
oligodendrocytes, les astrocytes et la microglie (Morse et al. 2001 ; Antel et al. 1998).

Cependant, plusieurs études ont suggéré que les cellules NK jouaient un réle dans
I’immunorégulation (Zimmer et al. 2001 ; Kerschensteiner et al. 2003 ; Hammarberg et al.
2000) et possédaient un role protecteur dans la SEP (Takahashi et al. 2004). La déplétion des
cellules NK a pour conséquence d’accentuer I’EAE, ceci suggére que cette population
cellulaire présente des capacités régulatrices (Takahashi et al. 2001). Une augmentation de la
proportion des NK exprimant le CD95 (Fas, récepteur pouvant induire 1’apoptose) a été mise
en évidence dans le sang périphérique des patients SEP de forme rémittente en phase de
rémission. Ces cellules NK sécrétent des cytokines de type Th2 comme I’IL5 et I’IL13
(Takahashi et al. 2004 ; Takahashi et al. 2001 ; Loza et al. 2002). Des défauts dans la fonction
et au niveau du nombre de cellules NK chez les patients atteints de SEP ont été décrits
(Merrill et al. 1982 ; Vranes et al. 1989 ; Munschauer et al. 1995).

Il a été observé une expansion des cellules NK CD56bright chez les patients atteints de
SEP traités avec du Daclizumab (Bielekova et al. 2006). Une expansion similaire de ce sous-
type de cellules NK est observée au niveau du sang périphérique mais aussi au sein des
organes lymphoides secondaires des patients atteints de SEP traités a I’IFNP (Saraste et al.
2007) et pendant le dernier trimestre de grossesse, période associée a une baisse du taux de
poussées (Airas et al. 2008). Ce méme sous-type cellulaire aux propriétés régulatrices est
diminué chez les patients atteints de SEP non-traités comparé aux sujets sains (De Jager et al.
2008).
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La SEP est une maladie a laquelle sont associés des lymphocytes T reconnaissant les
protéines de la myéline. Ces lymphocytes T auto-réactifs sont aussi bien des CD4+ que des
CDB8+. Cependant, peu d’épitopes de la myeline restreints aux molécules de CMH de classe |
ont été caractérisés. L’étude du répertoire VB dans le sang de patients atteints de SEP réalisée
dans notre laboratoire a montré que les patients SEP présentent dés le début de leur maladie
significativement plus d’altérations de la répartition des différentes longueurs de CDR3 que le
groupe d’individus sains (Laplaud et al. 2004). Ce phénomene est retrouvé de facon
prédominante dans le compartiment lymphocytaire T CD8+. De plus, en isolant les
lymphocytes T exprimant a leur surface des VB appartenant aux familles Vf altérées, nous
avons montré que ces lymphocytes sont auto-réactifs. lls répondent en effet a une stimulation
par la MBP et produisent de I’'TFNy.

Etant donné la prépondérance des lymphocytes CD8+ dans les altérations du répertoire
T chez les patients atteints de SEP, nous nous sommes intéressés plus particulierement a ces
cellules et avons cherché a déterminer les épitopes issus de la myéline et reconnus par les
lymphocytes T CD8+ dans ce contexte (Article I dans la partie résultats).

A partir de ces observations, nous avons réalisés une synthése sur la question de la
fréquence des cellules T auto-réactives détectée dans la SEP (Revue | en préparation dans la

partie résultats).

Plusieurs équipes ont rapporté un défaut de régulation au sein du compartiment T
CD4+CD25high chez les patients atteints de SEP. Un autre objectif de ma thése a été
d’étudier la fonction régulatrice de ces cellules T en incluant le nouveau marqueur CD127
(chaine a du récepteur a I’IL7) permettant une meilleure sélection de cette population (Article
Il dans la partie résultats). Cette étude a été réalisée chez des patients atteints de SEP de forme

rémittente, non-traités.

Enfin, suite aux différentes observations obtenues, nous nous sommes & nouveau
penchés sur les cellules T auto-réactives chez les patients atteints de SEP de forme rémittente.
Pour cette étude, une nouvelle technique a été utilisée intitulée TRAP (T Recognition of APC
by Protein Transfer). La nouveauté de ce travail est d’utiliser une technique jamais appliquée

dans le contexte de la SEP mais aussi d’utiliser la myéline totale comme antigéne.
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La méthode TRAP décrite chez la souris, consiste & marquer la membrane (par la biotine
et un fluorochrome) des CPA préalablement incubées avec la protéine d’intérét (Beadling et
al. 2006). Les CPA sont ensuite mises en présence de lymphocytes. Les lymphocytes
reconnaissant les peptides issus de 1’apprétage des protéines par les CPA et dont le TCR a
interagi avec les complexes CMH/peptides auront capté des morceaux de membrane
provenant des CPA et sont identifiables en cytométrie en flux. Cette méthode présente
I’avantage de s’affranchir de la restriction par différents CMH et de 1’utilisation peptides non
restreints et d’étudier tous les lymphocytes potentiellement auto-réactifs. Cette technique chez
I’Homme a été mise au point par notre équipe en utilisant la réponse anti-CMV de sujets
CMV séropositifs et des patients atteints de SEP connus pour leur réactivité a des peptides de
la myéline en ELISPOT. La myéline totale a, elle aussi, été aussi utilisée. Ce travail est en

cours de soumission (Article I11 partie résultats).

58



RESULTATS

59



Résultats

ARTICLE 1: Réponses des cellules T CD8+ du sang
périphérique contre des antigenes de la myéline dans la

Sclérose en Plaques et chez les individus sains.

Par : Berthelot L, Laplaud DA, Pettré S, Ballet C, Michel L, Hillion S,
Braudeau C, Connan F, Lefrere F, Wiertlewski S, Guillet JG, Brouard
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Patients with multiple sclerosis (MS) display significant peripheral blood CD8' T cell
receptor biases, suggesting clonal selection, Our objective was to identify relevant myelin-
derived peptides capable of eliciting responses of fresh blood CD8" T cells in MS patients,
We focused our analysis on the HLA supertypes (HLA-A3, -A2, -B7,-B27, -B44) predominant
in a patient cohort. Three myelin protein (MBP, PLP and MOG) sequences were screened for
HLA binding motifs and peptides were tested for their binding to HLA molecules. The
cellular responses of 27 MS patients and 19 age- and sex-matched healthy controls (HC)
were tested in IFN-y ELISPOT assays only detecting pre-committed CD8' T cells. Sixty-nine
new epitopes elicited positive responses, with MOG-derived peptides being the most
immunogenic and peptides binding to HLA-A3 being the most frequent, However, MS
patients and HC displayed the same frequency of autoreactive cells. The epitopes inducing
the strongest responses were not those with the highest HLA binding, suggesting an
effective thymic selection in MS patients. Our data extend the concept that the frequency of
myelin-reactive T cells in MS patientblood is not increased compared to HC. The description
of this set of myelin-derived peptides (MHC class I restricted, recognized by CD8" T cells)
offers new tools to explore the CD8' cell role in MS.

Key words: CD8" T cells - Multiple sclerosis - Myelin epitopes

Introduction

Multiple scleresis (MS) is an inflammatory and demyelinating
disease of the centrai nervous system associated with the presence
of autcanubodies and T lymphoeytes reactive against myelin
determinants, including myelin basic protein (MBP), myelin
oligodendrocyte glycoprotein (MOG) and proteolipid protein
(PLP) [1-3]. Individuals with the class Il HLA-DR2 are more

Correspondence: Prof. Jean:Paul Soulillou
e-mall Jean-Paul Soullllou@univ-nantes fr

susceptible to the disease [4] and most studies have focused on the
CD4 " Teell response. However, a potential role for CD8" Teells in
MS pathology has recently been emphasized. CD8* T cells
predominantly infiltrate the whire matter lesions and CD8* clones
can persist in the cerebrospinal fluid and blood of MS patients
[5-7|. The production of various eytokines by CD8™ T cells also
correlates with magnetic resonance imaging (MRI) features of
tissue destruction 8] and with disability scores [9]. In agreement

* Deceased
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with these observations, we have shown thar the peripheral
lymphocytes of MS patients present greater biases in their TCR VA
chain usage than those of healthy individuals |10} and that these
biases correlate with the number of Gadolintum-positive lesions at
MRI [11]. T cell repertoire aiterations mostly concerned CD8™
T cells, and sorted T cells with alrered VP TCR usage contained a
high frequency of MBP-reactive cells [10]. In addition, oligo-
dendrocytes can be lysed by CD8" lymphocytes in vitro [12]. In
rodents, passive transfer of MBP-specific or MOG-specific CD8”
lymphocytes from immunized animals can induce encephalo-
myelitis [13, 14]. Collectively, these results suggest that circularing
CD8" effectors can contribute to tissue destruction by direct
cytotoxicity on oligodendrocytes or by indirect release of pro-
inflammatory factors in the local environment (see [15] for
review). There is thus & need to better understand the myelin-
reactive CD8" Tcells and their actual role in MS, Only few studies
have focused on these cells in MS 16, 17]. HLA-A3 is the most
common HLA class | molecule associated with MS [18, 19] and &
single HLA-A3-restricted peptide (PLP4s «y) has been character-
ized [20]. Other myelin epitopes have also been described for the
HLA-A2 allele [17, 21} and HLA-A24 [21), However, no study has
compeared the presence of committed myelin-resctive CD8 ™ T cells
in the blood of MS patients and healthy controls (HC).

The main objective of this work was to extensively characterize
the myelin epitopes restricted to the most representative HLA
class 1 molecules present in MS patents and able o stimulate
blood CDS* T cells. We focused our analysis on the five HLA
supertypes (HLA-A3, -A2, -B27, -B44 and -B7) predominant in MS
patients, The search for HLA-binding motifs was first directed by
the sequence analysis of three myelin proteins {MBP, PLP and
MOG). Next, the selected peptides were tested for their binding to
the five HLA molecules and for their capacity to stimulate the
PBMC of 27 patients with MS and 19 HC in an IFN-y ELISPOT
assay. To avoid any in vitro artifacts, T cells were analyzed directly
following their isolation from fresh blood and the test used only
detected pre-committed CO8 ' I cells, Altogether, 71 HLA class |-
restricted peptides eliciting CD8" T cell responses were char-
acrerized. However, we show that MS patients do not exhibit s
higher frequency of autoreactive CD8" T cells in blood than HC,

Results
Binding of myelin peptides to HLA class I molecules

The most frequent HLA class T molecules in our patient cohort
were HLA-A3 -A2, -B7, -B27 and -B44. Peptides potentially able to
bind to these HLA molecules were first selected by sequence
analysis and detection of HLA anchor residues in myelin proteins,
Peprides were then tested for their binding to the corresponding
HLA molecules, The binding test was performed using purified
HLA molecules incubated with the peptides and human [2-
microgiobulin, When a HLA/peptide complex is formed, it can be
recognized by a conformation-dependent anti-HLA antibody [22],
The number of peptides eliciting binding above the threshold was:

Eur, ], Immunol, 2008, 38: 1889-1899

42 for HLA-AZ {799), 33 for HLA-A3 (75%), 16 for HLA-B7/35/51
(73%), 26 for HLA-B27 (52%) and 15 for HLA-B44 (78%). Thus, a
total of 132 of the 188 tested peptides significantly interacted with
their HLA class | molecules. The method of peptide selection based
on anchor binding sites [23] appesred effective for the
ilentification of HLA binders,

Detection of CD8* memory T cell responses by the IFN-¢
ELISPOT assay

Because cell lines may not reflect the actual profile of blood
autoreactive cells, our study was restricted to the analysis of fresh
blood CD8" T cell reactivity against myelin-derived peptides.
Monocytes, B cells, CD4™ Teells and CD8™ Teells were thus sorted
from fresh PBMC and their reactivity against peptide stimulation
in the ELISPOT assay was studied. A viral pool of peptides (from
influenza virus, CMV and EBV) was systemarically used as a
positive control [24]. Figure 1A shows a representative experiment
indicating that purified monaocytes, B lymphocytes, CD4™ T cells
and naive CD8"' I cells (CD4SRO™) alone or CD8™ T cell-depleted
PBMC did not produce IFN-7 in the presence of the autoreactive
peprides tested in our experimental setting. Only memory CD8"
T cells (CD4SRO ') were able to produce IFN-7 in response to the
stimulation with the class I-restricted peptides derived from virus
and from myelin, Adding anugen-presenting cells (B cells,
maonacytes or imadiared PBMC) to naive CD8™ cells did not
induce a response (data not shown). In contrast, the addirion of
B cells to CD8' CD4SRO" T cells induced an increase in IFN-y
production (p=0.06) (Fig. 1B), which may enhance the sensitivity
of the test when PBMC are used. These results confirmed that the
15-h ELISPOT assay only detected committed effectors from blood
and did not generate detectable in vitro stimulation of naive cells,

MS patient and HC IFN-y-positive CD8' T cell responses
to myelin peptides

Fresh PBMC from 27 patients with the relapsing-remitting form of
multiple sclerosis (RR-MS) and from 19 HC were isolated from
blood every 3 months over & pertiod of 1 year. MS patients displayed
the same number of blood CD8™ T cells as HC (dara not shown).
Withourt peptide stimulation in the ELISPOTassay, IFN-y-producing
CD8' T cell frequencies in MS patient and HC approached 0
(Fig. 2A). The frequency of responding cells against the pool of viral
epitopes was roughly comparable between the two groups (mean:
54.9 = 7.6(SD} spots for HCand 63.0 = 9.72spotsfor MS patients
(not significant)) (Fig. 2D). Because activated CD8™ T cells were
found at sites of major accumulations of EBV-infected B cells in the
brains of MS parients [25], we performed separate stimulation with
EBV peprides in the ELISPOTassay, MS patiems and HC displayed a
comparable frequency of EBV-specific CDS " T cells in their blood.
These results are in agreement with previous studies [26, 27). MS
patients and HC also showed roughly similar autoreactive
responses against the myelin peptides (Fig. 2B) as well as 1o each
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Figure 1. Stimulation of purified PBMC subpopulations with myelin peptides. Subpopulations were sorted with an ARIA sorter with antibodies
against CD19-PE-Cy7, CD14-FITC, CD3-PE, CD4- or CD8-APC and CD4SRO-ECD. The sorted cells (¢ « 10° cells/well) and PBMC (4 » 10* cells/well)
were incubated for 15 h in complete RPMI (containing 10% AB serum), with a viral peptide pool {CMV, EBV, influenza) and a myelin peptide poal

(MOGy4-g3, MOGg7. 105, MOG225. 332, PLPag- 200, MBPge- 250, MBP3g. 147) 0t 10

ug/mL in ELISPOT plates. (A) Membranes of ELISPOT shown in this figure

correspond to the patient MS-9, a representative sample of the four MS patients and two HC tested. (8) Cells were incubated with s myelin peptide

pool, ratio of CD8*CD45R0O" T cells to other cells 1:2 (results are represen

tative of five MS patients and three HC, x axis shows the number of [FN-¢

positive cells per 1 « 10* cells), (C) DC from one MS patient and two HC were derived from monocytes and cultured with GM-CSF and IL-4, CD8* Trells
were stimulated for 7 days with the peptide MBP,, iog. On day 7, cells were incubated n ELISPOT plates at a CD8* T cell to DC ratio of 50:1. Data

represent mean + SEM,

tested pepride (an example for peptide MOG243-51 is given in
Fig. 2C). Collectively, the frequency of IFN-y-producing cells
appeared lower with myelin peptide stimulation than with viral
peptide stimulation, both in MS patients and HC (p<0.01). There
was also no difference between MS patients with or without
immunomodulatory eatment (glatiramer acetate or IFN-f).
Thus, our data, based on a large set of autoantigen-derived
peptides and a large group of MS patients and normal individuals,
show that the frequency of peripheral blood CD8 " T cells reactive
to myelin autoantigens is not significantly increased in MS patients
compared 1o healthy individuals,

Characteristics of myelin epitopes eliciting CD8" T cell
responses

Given that the binding level could be a false criterion of
autoimmunity, we opted to test all 188 myelin peptides selected
for their capacity to induce a cellular response in the IFN-y
ELISPOT assay, regardless of the binding test results. Among the
188 myelin-derived peptides, 71 peptides elicited a response by
the PBMC from either MS patients or HC, indicating that the
human T cell repertoire displays TCR reacting against myelin
autoantigen and that human CO8™ T cells interact with & high
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Figure 2. [FN-; ELISPOT assays in 27 MS patients and 19 HC. Fresh PEMC (4 « 10%well) in duplicate were incubated for 15 h, In the presance of
({A) medium or (B) myelin peptides or (C) in a representative experiment using a single peptide MOGy4.35:, (D) with the pool of viral peptides (EBV,
CMV and influenza), (E) with EBV peptides, at 10 pg/mL. For (E), MS patients (n=10) and HC (n=10). For (B}, the graph represents the mean of

IFN-y-positive ceils obtained with the myelin-derived epitopes,

diversity 1o these epitopes. Given that an enhanced CD4" T cell
response his been described in MS (28], it has been suggested that
citrullinared MBP couid be preferentially recognized by auto-
reactive lymphocytes. However, stimulation with citrullinated
peptides did not induce CD8™ T cell responses in MS patients or HC
(data not shown), Figures 3 shows the overall distribution of the
epitopes and the HLA class | restriction. The MOG protein
appeared to be the most immunogenic with 37 epitopes focused
predominantly in the extracellular part (1-125) as well as a part
that may be an intracellular domain (218-260) (Fig. 3). Among
the PLP sequence, ten epitopes were spread our, being located in
the intracellular, extracellular and membrane domains of the
protein. For MBP, 24 epitopes were detected snd the
151-192 region seemed to be highly recognized with eight
epitopes present. Concerning the HLA restriction of the epitopes,
most of them were HLA-A3 binders (nine from MBP, six from
MOG, one from PLP). Eleven epitopes bound 1o HLA-A2 (two MBP,
seven MOG, two PLP), nine to HLA-B27 {five MBP, four MOG), six
to HLA-B7 (two MBP, three MOG, one PLP) and two to HLA-B44
(one MBP, one PLP).

Recognition of myelin peptides processed by human
cells

In addition, although only CD45RO" (memory) T cells were
responsive to peprides {(see above, Fig. 1A), we wanted ro ensure
that the peptides triggenng [FN-y production were physiologically
generated by processing, We thus used dendritic cells (DC) derived

from monocytes as antigen-presenting cells and incubated them
with MBP protein. CD8* T cells stimulated with MBPyoo 20e
peptide for 7 days produced more IFN-y in the presence of MBP-
pulsed DC than of non-pulsed DC (Fig. 1C). Production of IFN-y by
CD8 " Tceils reached the same level as when the cells were alone or
incubated with non-pulsed DC (Fig. 1C), These CDS" T cells
stimulated with MBPapg.20e pepride were highly responsive
{Fig. 1C). Thus, MBP.g.aoe-specific CD8" T cells can recognize
endogenously processed MBP, indicating thar this peptide is
naturally provessed by human celis.

Individual-specific response patterns and fluctuations
over time

Having characterized the myelin epitopes, we next studied the
distribution of the responses to these epitopes. Each individual
(either MS patients or HC) presented a specific response pattemn
inasmuch as they responded 10 a given combination of epitopes
(Fig. 4A). Some epitopes appeared more immunogenic with a
relatively high frequency of responding cells and a high number of
MS patient and HC responders {such as MOGg;.10s #and PLP 32, 53
in Fig. 4A). To determine time-dependent fluctuarions of the CD8*
T cell responses to myelin peptides during the disease evolution,
we rested the reactivity of the MS patients (n=17) and HC (n=10)
every 2 months over a period of 1 yearand at each clinical relapse,
using the [FN-y ELISPOT assay. CD8" T cell production of IFN-y
upon viral stimulation was stable over time, confirming the
experimental stability of the IFN-y ELISPOT assay (Fig. 48). Most
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of the CD8™ T cell responses to myelin peptides were stable during
the 1-vear follow-up (Fig. 4B). Some peptides never elicited a
response in a given patient (as MBP; .17y and PLP.y s for patient
MS-14; Fig. 4B) whereas others elicited stable positive responses
(such as MBP 34197 MOGosqos and PLPygy 540 for patient MS-14).
Some individuals presented new reactivity against some peptides
during the follow-up (MOGaas 222 and MOGasa aw) whereas
reactivity disappeared in others (such as MOG 7. 186 ). In addition,
no increased reacrivity against myelin autoantigens was observed
in the blood of MS parients during the exacerbating phase of the
disease in the seven MS patients who presented a relupse during
the study period (Table 1),

The immunodominant peptides were weak HLA
binders

To determine whether the binding of myelin epitopes to the
presenting HLA class 1 molecules could be linked to the magnitude
of the response of the CD8" T cells, we anaiyzed the relationship
between the number of IFN-y-positive spots in the ELISPOT assay
and the binding index. Figure 5A shows that the epitopes eliciting
the strongest IFN-y response were not the more efficient HLA

binders. Although the most immunogenic HLA class Frestricted
peptides were effective HLA class | binders, their binding index
was low. This 1s illustrated in Fig. 5A for the HLA-A3-restricted
peptides and was also observed for the other restricting alleles
(HLA-A2, -B27, -B7 and -B44), Moreover, the myvelin-derived
peptides globally exhibited a tenfold higher efficient dose to reach
50% of the maximal response (EDsg = 5 pg/mL) than viral
peptides {EDgy = 0.5 pg/mL) in both MS patienis and HC
(Fig. 5B).

A panel of cytokines involved in the CD8" T cell
response to myelin peptides

IEN<y Is the most commonly produced cytokine following
stimulation of CD8* Teells. However, measurement of only IFN-y
in ELISPOT assays may underestimate the CD8 ™ T cell response. In
addition, healthy individuals could be more prone to producing
anti-inflammatory cytokines instead of the Thl cytokines involved
in autoreactive responses, We thus measured the production of
IL-1f8, IL-4, IL-5, [L-6, IL-8, IL-10, IL-17 and TNF-u in the undiluted
supernatants 15 h afrer stimulation with the peprides. With myelin
epitope stimulation, the levels of 1L-4, IL-5 and IL-17 remained low
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Table L. Clinical characteristics of the patients and HLA typing

Code Age Gender  HLA class I Disease duration  Relapse during EDSS score  Treatment”
(years) (years) study

MS1 47 F -A2-A3-B7-B27 6 2 4 IFN-§

MS2 33 M -A1-A31-B44-B40 3 1 0 GA

MS3 41 F -A1-A3-B8-B14 5 2 2 GA

MS4 42 M -AZ4-A32-B35-B51 4 0 2 IFN-f

MS5 39 F ~A2-A23-B13-B15 14 2 3 IFN-f}

MS6 27 F -A2-B51-B14 2 0 0 GA

MS7 39 F -A2-A3-B7-B57 9 2 2 IFN-f

MSB 21 F -A2-A3-B18-B51 2 0 0 None

MS9 25 M ~A3-A74-B7-B58 1 o 0 IFN-p

MS10 37 F -A2-A3-B7-B27 4 0 15 IFN-f}

MS11 31 M -A2-A24-B51-B45 1 1 1 IFN-§

MS12 33 M -A2-A11-B7-B27 10 0 15 None

MS13 36 F -A3-A11-B35-B44 6 0 25 IFN-f

MS14 24 F -A3-A32-B7 3 1 1 IFN-f

MS1S 42 M ~A3-B7 13 1 35 IFN-f}

MS16 38 M -AZ4-A29-B7-B44 1 0 0 IFN-f

MS17 31 F -A2-A26-B7-B44 7 0 1.5 IFN-f

MS18 28 F -Al-A3-B8-B14 6 1 1.5 GA

MS19 41 M ~A2-A23-B44-B4S 10 o 1 GA

MS20 37 F -A2-A68-B51-B57 2 1 2 None

MS21 35 F -A3-B7-B35 3 0 1 None

MS22 “ F -A3-A32-B7-B15 2 0 0 Nene

MS23 21 F -A24-ARD-B7 1 0 25 None

MS24 56 F -A24-A29-B62-B49 2 1 15 None

MS25 55 F -Al-A2-B8-B62 17 1 35 Nene

MS26 26 F -A2-A11-B35-B57 5 0 25 None

MS27 40 M -A2-B7-B44 1 0 1 None

HC1 28 F -A2-B7-B27

HC2 35 F ~A2-A24-B57-B44

HC3 33 F -Al-A3-B35

HCAa 28 F -A1-A2-B35-B58

HC5 25 F -A2-A3-B35-B44

HC6 32 F -Al1-B7-B37

HC?7 32 M ~A11-A24-B62-B57

HC8 36 F -A24-A26-B7-B39

HC9 44 M -A3-A30-B13-B35

HC10 40 F -A2-A24-B7-B35

HC11 31 M -A2-A11-B49-B51

HC12 46 F ~A2-A29-B7-B44

HC13 35 M ~A11-A24-B15-B27

HC14 32 F -A3-A24-B35-B49

HC1S5 40 M -A2-B15-B57

HC16 26 M -Al-A2-B63-B38

HC17 26 F ~A2-A25-B7-B44

HC18 29 M -A2-A11-B35-B44

HC19 50 F -Al1-B8-B44

“  Bold HLA types belong to the HLA supertypes: HLA-A3 (-A3, -A11, -A31), HLA-A2 {-A2, -A28, -B70), HLA-B7 (-B7, -B35, -B51), HLA-B27 {-B27, -A32,
-B14, -B39), and HLA-B44 (-B44, -A29, -B37, -B45, -B50).
¥ GA, Glatiramer acetate {Copaxone®). IFN-fi treatments consisted of Rebif* or Avonex®,
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Figure 4. Patterns of T cell reactivity to myelin-derived epltopes.
(A} Pattern of T cell reactivity to 18 myelin-derived epitopes and a pool
of viral peptides. Fresh PBMC (4 » 10°/welly were incubated in duplicate
for 15 h, in the presence of & pool of viral peptides or each myelin
epitope at 10 pg/ml. The results from four representative individuals
[two MS patients and two HC) tested in an ELISPOT assay against myeiin
epitopes and the positive viral control, are given. The dotted line
indicates the threshold of the positive response. (B) Time dependence of
ELISPOTresponses. Ivery 3 months for 1 year (MO, M3, M6, M9 and M12),
fresh PBMC {4 » 10%/well) were stimulated in duplicate for 15 h in the
ELISPOT assay with myelin peptides st 10 pg/ml. The dotted line
indicates the threshoid of positive responses. In (B), the kinetics of
reactivity for the patient MS-4 is shown

whereas an increase in IL-1f, IL-6, IL-8, IL-10 and TNF-u levels was
associated with IFN-y production in MS patients and HC (Fig. 6).
HC did not produce more 1L-4, IL-5 or IL-10, or less pro-
inflammatory cytokines ([L-1[}, TNF-a and IFN-y), in response to
autoreactive epitopes than MS patients,

Discussion

There is growing evidence suggesting a role for CD8" Teells in MS
pathology, with a potential involvement of CD8" effectors in brain
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Figure 5. HLA binding efficiency of peptides and T cell responses
{A) HLA binding and magnitude of ELISPOT responses for MLA-A3.
Peptides which can potentially bind HLA-A3 were tested in & binding
assay and in an ELISPOT assay. The binding index, on the x axis, is the
percentage of fluorescence obtained with the tested peptide, normal-
ized with the fiuorescence obtained with the positive control peptide in
the binding test, The mean number of spots obtained for the (HLA-A3-
restricted) individuals stimulated with peptides in the ELISPOT assay s
indicated on the y axis. Points on the left of the vertical dotted line
correspond to myelin peptides with low binding index for HLA-A3and a
strong [FN-y ELISPOT response. Points under the horizontal dotted fine
correspond to myelin peptides with a high binding index for HLA-A3 but
unable to induce an IFN-y response. (B) T cell responses in ELISPOT
assay and different peptide concentrations, Fresh PEMC (4 » 10%/wel])
were incubated In duplicate for 15 h in complete RPMI medium (with
10% AR serum), in the presence of a poal of viral peptides and a peol of
myelin peptides. The dilution ranged from 20010 0.05 ug/mL. The graph
shows a representative example (patient MS-4) of peptide dilution.

lesions |6, 12, 15). Nevertheless, little attention has been paid to
HILA class l-restricted epitopes derived from myelin proteins,
Having compured the peripheral blood CD8' T cell reactivity
against putative myelin autoantigens in 27 MS patients and
19 HC, we report here 69 new myelin-derived peptides able to
stimulate blood CD8” T cells from MS patients and HC. We also
confirmed CD8' T cell reactivity towards the MBP.ag. 226 peptide
(referred to as MBPg; o5 by Zang et al. [21]) and MBP,o 55n
peptide (known as MBPyyp g 0o MBP))y.1y9, depending on
database sequences) |17, 21|. Moreover, using one of our synthetic
peptides (MBPyao_a0n). we showed that MBP oo 206 18 generated by
human antigen-presenting cell processing and can be presented.
The MBPa4saq2 peptide has also been shown to be generated by
endogencus processing [17]. We cannot, however, demonstrate
that all of the peptides described are processed naturally,
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Figure 6, Production of cytokines following myelin epitope stimulation,
Supernatants of IFN-y ELISPOT assays were analyzed for IL-15, [L-4,1L-5,
IL-6,1L-8, IL-10, IL-17 and TNF-a production using 8 Lincoplex kit. Six MS
patients versus six HC were studied. The variation in cytokine
production after myelin peptide stimulation was obtained after
subtracting the values obtained with no stimulation,

Nevertheless, the fact that they stimulate blood CD8 memory cells
strongly suggests that this is the case.

The highest CD8" Teell reactivity for both MS patients and HC
was observed using MOG-derived peptides. When  testing
reactivity to MBP, PLP and MOG proteins, Diaz-Villoslada er al
also showed the same trend for a prevalent response to MOG [29],
Interestingly, Mars et al., using a HLA-A2 humanized mouse,
detected an in vive response 1o MOG 45 1z (referred to in their
article as MOG 4 y22) [30], It is also important to notice that the
MBP, PLP and MOG proteins could theoretically induce different
levels of self tolerance [31]. Indeed, the MOG protein is only
expressed in the central nervous system whereas MBP and PLP are
also expressed in the thymus [32].

Comparing the binding index of peptides and the magnitude of
CD8" Tcell responses in the ELISPOT assay, we found that CDS*
T cells do not preferentially react with high-binding epitopes,
These results suggest that epitopes with a high-binding index
might have induced apoptosis of autoreactive cells,

The HLA-A2 allele is commaonly found in Caucasians, and most
epitopes described previously in MS were, for the majority,
restricted to this HLA allele, However, the importance of HLA-A3,
which is associated with MS. [18, 19], might have heen
underestimated. In this study, we focused on the representative
HLA molecules present in our cohort of MS patients. Interestingly,
A majority of epitopes (36%) were HLA-A3 restricted, suggesting
that HLA-A3 restriction may be involved in MS autcimmunity.

Tranquill et al suggested that MS patients could present
enhanced Tcell responsiveness to citrullinated peptides from MBP
|28]. Nevertheless, the larter results were obtained in a small
cohort (n=5), using & protocol including an in vitro stimulation
step and with 17- to 20-mer peptides. Here, we tested reactivity
against nine citrunillated peptides derived from MBP, but were
unable 1o detect ex vivo responses from CD8™ T cells in both MS
patients and HC,

Eur, J. Immunol. 2008. 28: 1889-1359

Analysis of the 188 myelin-derived peptides in an IFN-y
ELISPOT assay detecting only CD45RO " CD8" T eell responses did
not reveal differences in the frequency of IFN-y-producing CD8*
T cells reactive against myelin-derived peptides between MS
patients and HC. Moreover, autoreactive IFN-y-producing CD8*
T cells from MS patients and HC produced similar amounts of
1L 1, 116, TL-B, 1L-10 and TNF-«. Tsuchida ef l, also found that
both MS patients and normal individuals present autoreactive
CD8" T cell precursors [17]. However, Zang et al. reported an
increased frequency of CD8 " T'cell precursors reacting 1o MBPg; o5
and MBP;;; 110 in MS patients compared to HC, but this difference
was observed after a 7-day stimulation in vitro [21]), Using the
ELISPOT assay, Moldovan ¢t al. tested MBP- and PLP-derived
overlapping 9-mer peptide reactivity and found that MS patients
presented higher cumulative responses, bur after a 48-h incuba-
tion [33). Our results based on ex vivo responses with a 15-h
stimulation indicate that MS patients and HC have the same
frequency of circulating autoreactive CD8" T cells. These data
mimic results that have been reported for CD4 ' Teell reactivity to
myelin auroantigens in ELISPOT assays [34]. Therefore, the
presence of autoreactive Teells in the blood may not be specific to
MS, Moreover, it is possible that these cells may simply not be
involved in MS pathology.

However, resubts of in vitro assays generating autoreactive
T cell lines against myelin-derived autoantigens support the
concept that autoreactive Teells from the blood of MS patients may
present a different degree of activation as compared to those
derived from HC [34, 35). T cells from MS patients seem to
produce more pro-inflammatory cytokines as TNF-«, IFN-y and
IL-1f during the relapse phase [36]. Autoreactive T cell lines also
appear less sensitive to apoptosis [37, 38] and have increased
CD8™ T cell adbesive capacities to endothelium [39]. Therefore, if
autoreactive Teells are found at similar frequencies in MS patients
and HC, cells from MS patients, unlike those from healthy
individuals, may be involved in an active immune process. In
addition, the truly active CD8* Tcells might have already migrated
10 the central nervous system fesion site, and their frequency may
be too low in the periphery for a significant detection. Another
question concerning the “paradoxical” absence of a difference in
frequencies of autoreactive CD8™ T cells berween MS patients and
HC is that, although MBP, MOG and PLP are the major components
of myelin, they might not be the recognized autoantigens in the
human pathelogical process. In fact, several other antigens
compose the myelin sheath and are also specific to the central
nervous system, such as the oligodendrocyte-specific protein
(OSP) or the myelin-associated oligodendrocyte basic protein
(MOBP). For instance, Niland et al. found an increased response in
MS patients compared to normal controls for an HLA-A2-restricted
peptide derived from the ransaldolase protein [40],

Taken together, our data show that autoreactive CD8” T cells
are present in the blood of MS patients and HC. However, CD§'
T cells from MS patients could be in an active state that induces
pathological processes. By providing a better knowledge of the
CDS" T cell repertoire of MS peptides, our data may offer the
opportunity to better explore the role of these cells in MS,
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particularly by comparing the blood pattern with that found
within the cerebrospinal fluid.

MS patients and HC

Twenty-seven patients with RR-MS and nineteen HC were included
and monitored every 3 months for a period of 1 year. RR-MS was
clinically defined using the McDonald criteria [41], All individuals
gave their informed consent before participating in this study,
which was approved by the Ethical Committee. No patient was
under immunosuppressive therapy for at least 6 months before
analysis; twelve patients were treated with IFN-P and five with
glatiramer acetate (Table 1). Typing of HLA class | molecules was
performed by PCR (Olerup SSP™ HLA-A, -B low resolution;
Salwsjobaden, Sweden). MS patients and HC were sex matched and
age matched and displayed a roughly similar frequency of the
supertypes HLA-A2, -A3, -B44 and -B7.

Sequence analysis of myelin antigens and peptide
selection

Ta select peptides able 1o bind to HLA molecules, a search for HLA
binding motifs, as defined by Setre et al. [23], was performed by
the sequence analysis of human MBP {42), MOG {43) and PLP
[44]. A total of 188 peptides (8- to 11-mers) containing anchor
residues required for binding to five HLA class | supertypes were
selected. All peptides were synthesized (Mimotopes, Clayton
Australia) and dissolved in 4% DMSO. Nine peptides from MBP
containing the arginyl residue, a site of potential citrullination,
were selected (citrullinared sequences described in [28]), These
peptides were produced with the arginine residues replaced by
citrullinyl residues (Cambridge Rescarch Biochemicals, UK).
When indicated, peptides from EBV, CMV and influenza virus
were used as positive controls in the ELISPOT assay.

Peptide/HLA class I binding assay

Wells of plates (Nunc Maxisorp, Taastrop, Denmark) were coated
with monoclonal anti-HLA antibodies at a concentration of 10 pg/
mL in PBS for 2 b at 37" C. The following antibodies were used:
BB7.2 1o detecr the HLA-A2 molecule, A11.IM and GAP-A3 for
HLA-A3, BL.23.2 or PA2.6 for HLA-B7/35/51, HLA-BZ7 and HLA-
B44. All antibodies were obtained from ATCC, except for B1.23.2
[45]. The plates were washed three times with PBSTween and
saturated overnight with PBS-Tween/1% BSA at 4'C. HLA class |
molecules were purified from human lymphoblastoid cell lines
transformed by EBV and denatured, HLA molecules {2 pg/100 L)
were incubated with each peptide (107, 10°° and 10°® M) and
2 pg/mlL P2-microglobulin in PBS-Tween/1% BSA, 1 mM p-ami-

Cellular immune response

dino-phenyl-methyl-sulfonyl-fluoride, 10 pg/mL trypsin inhibitor
for 2 h at room temperature. The HLA molecules pre-incubated
with peptides were then added in duplicate to antibody-coated
wells for 90 min at 37°C and the plates were washed three times
with PBS-Tween. To detect the formation of correctly folded HLA/
peptide complexes, the anti-f2-microglobulin antibody M28,
coupled to alkaline phosphatase, was added for 1 h at 37 C.
The enzyvmatic activity was then revealed by adding the MUP
substrate. The fluorescence was measured at 355/460 nm with a
Fluoscan reader (VICTOR; Wallac, Evry, France). The positive
control was a viral epitope: M 58-66 from influenza virus for HLA-
A2; Nef 73-82 from HIV-1 for HLA-A3/11; Nef 68-76 and 71-79
for HLA-B7/35; NP 383-391 from influenza virus for HLA-B27;
and Vpr47-54 from HIV-1 for HLA-B44. Reactions were
considered positive for a given peptide if fluorescence exceeded
at least 30% of those obtained with viral control peptides, The
percentage of fluorescence obtained with a myelin peptide in
comparison with the fluorescence of a positive control is described
as the binding index.

IFN-y ELISPOT assay and cytokine detection in culture
supernatants

Fresh PBMC from MS patients and HC were tested using IFN-y
ELISPOT. PBMC were isolated from 100 mL of blood, then purified
on a gradient Ficoll layer (Eurobio, Les Ulis, France) and directly
assayed with & human IFN-y ELISPOT kit according to the
manufacturer'’s recommendations  (Endogen/Picree, Rockford,
1L). PBMC (4 = 10°/well) or purified cells (4 = 10%/well) were
incubated with 10 pg/mL peptide for 15 h at 37°C, in complete
RPMI medium supplemented with 10% AB serum in antibody-
coated plates, The supernatants were then collected and frozen for
cytokine quantification. The spots were counted by the ELISPOT
reader system (AID, Strassberg, Germany). The criteria in the
ELISPOT assay for epitope selection were: more than 20 spots per
4 % 10° PBMC and a number of spots at least three times the
background.

Cytokines (IL-1[, 1L-4, IL-5, IL-6, IL-8, IL-10, IL-17 and TNF-a)
contained in the ELISPOT supernatants (see above) were
quantified using a multiplex fluorescent bead immunoassay
(Lincoplex. Linco, MO) and measured with a Luminex* device,

Cell purification and culture

B cells, monocytes, CD4" and CDR™ CD45RO” or CD45RO " cells
as well as CD8 " -depleted PBMC were separated from PBMC using
a high-speed cell sorter (ARIA: BD Biosciences, San Jose, CA). Cell
samples (approximately 1 x 10) were incubated for 15 min with
monoclonal antibodies: 20 pL of anti-CD8-PerCP-Cy5.5, 20 ul of
anti-CD45R0O-ECD, 20 pL of anti-CDI4-FITC and 20 pL of anri-
CD19-PE-Cy7 (purchased from BD Biosciences). Purity was =95%
for all sorted subpopulations. For the generation of DC, CD14°
cells were cultivated in complete RPMI medium supplemented
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with 10% AB serum, GM-CSF (500 1U/mL; AbCys, Paris, France)
and 1L-4 (100 U/mL; AbCys) for S5 days, DC maturation was
induced by adding LPS {1 pg/mL) with or without MBP protein
(100 pg/mL) to culture medium and culturing cells for a further
2 days (days 5-7). CD8" T cells were stimulated with the peptide
MBPorg20s (10 ug/mL) at days 0 and 5 and received IL-2
stimulation at days 3 and 5. At day 7, DC and CD8" T cells were
washed and incubared in ELISPOT plates.

Statistical analyses

Non-parametric Mann-Whitney tests were performed for the
comparison of ELISPOT assay responses and phenotypic analyses
berween the MS parient and HC groups and a p value of <0.05 was
considered significant.
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Abstract

Multiple Sclerosis (MS) is considered as an autoimmune disease in which T cell reactivity to
self-antigens expressed in the brain, particularly myelin antigens, play a pivotal role. Various
myelin derived peptides, including peptides of myelin basic protein (MBP), proteolipid
protein (PLP) and myelin oligodendrocyte glycoprotein (MOG) have been studied as putative
target in MS. However, CD4+ and CD8+ T cells recognizing auto-antigens such as MBP and
PLP have been demonstrated in the blood of MS patients and also found in the blood of
normal individuals. Here we review and discuss the studies focused on the assessment of
auto-reactive T cells frequency using different assays such as LDA, IFNy-ELISPOT and
TRAP (T cell Recognition of Antigen by Protein transfer) allowing to assess the frequency of

cells responding to a given antigen.

74



Résultats

Introduction

Despite strong evidences of the inflammatory nature of Multiple Sclerosis (MS) such as the
presence of T cell and monocyte/macrophage infiltrates at the border or within the active
lesions, the autoimmune etiology of the disease is still debated (Lucchinetti et al. Brain Pathol
1996, Fabrieck et al. J Neuroimmunol 2005). According to current hypotheses, mainly based
on the animal model which are different from the human disease (Experimental Autoimmune
Encephalitis, EAE), MS is considered in many aspect as an autoimmune disorder in which T
cell reactivity to self-antigens expressed in the brain, particularly myelin derived peptides,
plays a pivotal role in disease progression and possibly as an exclusive etiology. The current
physiopathological concept sustaining this hypothesis in MS lies on the presence within the
peripheral blood of activated and memory auto-reactive T cells directed against myelin
components. Auto-reactive T cells from the blood of MS patients are able to transmigrate the
Blood Brain Barrier (BBB) endothelium and may gain access to the Central Nervous System
(CNS) and trigger, or contribute to, demyelinating lesions and axonal insuet (Prat et al. Ann
Neurol 1999, Battistini et al. Blood 2003). Various myelin antigens, including myelin basic
protein (MBP), proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG)
have been studied as putative target auto-antigen in MS.

However, both CD4+ (Laplaud et al. Brain 2004) and CD8+ (Laplaud et al. Brain 2004,
Skulina et al. PNAS 2004, Moldovan et al. J Neuroimmunol 2003) circulating T cells
recognizing sequestered auto-antigens such as MBP and PLP have been demonstrated in
normal individuals and in MS patients. Using different approaches such as tissue culture
based techniques (Ota et al. Nature 1990; Martin et al. Ann Neurol 1993), quantitative
polymerase chain reaction (Muraro et al. Brain 2003, Hong et al. Eur J Immunol 2004), flow
cytometry (Crawford et al. Blood 2004) or tetramer (Olsson et al. Eur J Immunol 1992), many
teams have tried to demonstrate a higher frequency of MBP, MOG and PLP auto-reactive
CDA4+ and/or CD8+ T cells in the blood of MS patients. Several groups, including our own
(Berthelot et al. Eur J Immunol 2008), have shown no difference in terms of number of
circulating auto-reactive T cells in MS as compared to aged and gender healthy controls
(Jingwu et al. Ann Neurol 1992, Hellings et al. J Neurosci Res 2001). Whereas, qualitative
differences have been observed leading to the concept that the circulating auto-reactive T cells
from MS patients may have a different state of activation than the one observed in healthy
individuals (Chou et al. J Neuroimmunol 1992; Zhang et al. J Exp Med 1994) allowing a
better BBB crossing (Dressel et al. Acta Neurol Scand 2007). Nevertheless, other groups have
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also suggested an increased frequency of myelin T cells in the blood of MS patients (Pender
et al. J Immunol 2000, Olsson et al. J Clin Invest 1990, Wallstrom et al. Eur J Immunol 1998).
Thus, whether higher numbers of myelin-specific T lymphocytes prevail in the peripheral
blood mononuclear cells (PBMC) of MS patients in comparison to healthy volunteers (HV) is
still a debated question. Here, we will revue the reports on the frequencies of auto-reactive T
cells in MS and particularly, we will discuss the results in the context of the classical methods
such as Limiting Dilution Assay (LDA) or Enzyme Linked ImmunoSPOT (ELISPOT) assay
and of a new method allowing to reassess the frequency of cells responding to a given antigen
without depending on the peptide, the restricting MHC molecule or the type of cytokine
produced (Beadling et al. Nat Med 2006).

Assessment of auto-reactive T cells frequency using Limiting dilution assay (LDA)

T cells with high affinity receptors recognizing MBP (or MBP derived synthetic peptides) and
PLP are part of the normal T cell repertoire and are present in the blood of MS patients as
well as in healthy individuals, most of the studies based on the establishment of MBP specific
T cell lines have shown that there are similar frequencies of 1 in 10°-10° T cells in both
groups (Martin et al. J Immunol 1990, Ota et al. Nature 1990, Pette et al. PNAS 1990).
Moreover, Bieganowska et al. tested two methods in order to evaluate MBPp85-99 specific T
cells frequency. In contrast to frequencies of 1 in 10°-10° as measured by LDA, they observed
an anti-MBP T cell frequency of 1 in 300 PBMC using a T cell receptor sequence-based
approach (Bieganowska et al. J Exp Med 1997).

A. Auto-reactive precursor frequency in unmanipulated fresh T cells in MS

LDA was the first method to calculate the precursor frequency of antigen responsive T cells.
LDA allows to detect an all-or-none (positive or negative) immunoresponse in a dose-
dependant manner in each individual culture within replicates that vary in the number of
responder cells tested. This procedure requires in vitro culture and according to the read-out
implies a selection of cells with preferential properties (for instance: proliferation rather than
cells that respond by producing effectors molecules). Therefore, the frequency of anti-myelin
reactive T cells in vivo is potentially much higher than the one appreciated from the
proliferation based techniques. The frequency of positive cultures is depending on the number
of precursors in the culture well that are given the positive response. The negative response

demonstrates that there are no precursors of a given specificity. The evaluation of the cell
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frequency in the original population is possible by determining the number of cultures that are
negative in the experiment. The percentage of negative cultures is then converted to its
negative logarithm plotted graphically. In addition, the LDA technique, which requires
sophisticated experimentation and a relatively large amount of blood lymphocytes and makes
it difficult to study T cell frequencies of various myelin reactive T cell populations in
individual patients.

Chou and colleagues have used LDA to determine the frequency of MBP and PLP peptide
specific T cells in blood from eight MS patients (stable relapsing-remitting MS patients -
RRMS- and MS patients with chronic progressive disease) and six HV (Chou et al. J
Neuroimmunol 1992). PBMC were cultured with whole MBP (50ug/ml) or PLPj39.151
(50ug/ml). Circulating MBP reactive T cells from MS patients had a mean frequency of 0.61
cells per 10° PBMC that was significantly higher than that of normal individuals (0.10 cells
per 10> PBMC). In contrast, no difference was found in circulating T cell frequencies to
PLP139.151 (Chou et al. J Neuroimmunol 1992).

Using the same method, Jingwu and colleagues analyzed the frequency of blood CD4+ T cells
reactive to whole MBP (40ug/ml) in eight MS patients and four normal donors. However, no
information was available on the treatment and disease state at the time of sampling. MBP
specific T cells occurred with mean of frequencies 6.7 cells per 10’ PBMC in MS patients and
5.6 cells per 10’ PBMC in HV with no significant difference between the two groups (Jingwu
et al. Ann Neurol 1992).

Still using LDA, Zhang and colleagues reported the frequencies of MBP and PLP reactive T
cells using MBP (40pg/ml) or PLP (50ug/ml). No information was given concerning disease
form, phase or treatment. Frequencies of MBP reactive T cells were similar in 19 MS patients
(1.1 per 10° PBMC) and 17 HV (0.9 per 10° PBMC) (Zhang et al. J Exp Med 1994). In the
same study, 16 different MS patients and 10 HV were examined for PLP reactivity. No
statistical difference was reported for PLP auto-reactivity (Zhang et al. J Exp Med 1994).
Pender et al. have tested the peripheral blood T cell response to PLP4;.s5, PLP1g4-199, PLP100-
209, MBPg2.100 (20ug/ml) and MBP (30pg/ml) using LDA, in five patients with RRMS and
four HV. These patients received no treatment at the beginning of the study but three of them
started IFNP during the study and two received treatments for a relapse. For instance, T cell
frequencies for PLP4;.sg were significantly higher in MS compared to HV (1.34 in MS vs 0.7
in HV per 10° PBMC, p =0.019) and similar T cell frequencies for PLP1gs.199 Were observed
between MS patients and HV (2.0 MS vs 0.93 HV per 10° PBMC, p =0.084). The mean

frequencies of T cells reacting to the 41-58 and 190-209 of PLP residues were also
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significantly higher in the MS patients than in the normal controls. However; the mean
frequencies of T cells reactive to PLP1gs-199, MBPg.100 Or whole MBP in MS patients were not
significantly different from those of HV (Pender et al. J Immunol 2000). Results obtained for
PLP190-209, MBPg;.100 and MBP were summed up in Table 1.

Tejada-Simon et al. also compared MBP and PLP reactivity in RRMS patients (n=11),
chronic progressive MS (n=5) and HV (n=9) (Tejada-Simon et al. Eur J Immunol 2001). The
patients did not receive immunosuppressive or immunomodulating agents before the study. T
cells recognizing whole human MBP (40ug/ml in the test) was not statistically significant. T
cell response to a complete panel of overlapping peptides of PLP of MS patients (n=15) and
HV (n=9) were tested. Synthetic peptides of MBP and PLP were used at a concentration of
12pg/ml. Again, no statistical difference was reported between MS patients and normal
controls (Tejada-Simon et al. Eur J Immunol 2001).

In another study by Van der Aa et al., blood samples from nine MS patients (RRMS and with
a progressive disease course) and from five HV were tested with a mixture of four synthetic
MOG peptides (MOG1.-22, MOG34.56, MOGgs.gs and MOGr4.95; 10ug/ml each) (Van der Aa et
al. J Neuroimmunol 2003) Although the LDA estimated frequency of MOG reactive T cell
was much lower than in ELISPOT analysis (ELISPOT paragraph, see below), the frequency
of MOG-reactive T cells was similar in both study groups (13.3 cells per 10’ PBMC from MS
patients and 14.2 cells per 10’ PBMC from normal controls) (Van der Aa et al. J

Neuroimmunol 2003).

B. Estimation of precursor frequency after in vitro culture step and stimulation

Because of low cells not obtained from Cerebrospinal Fluid (CSF), Chou and colleagues have
estimated T cells frequencies based on the number of antigen specific IL2/IL4 reactive
isolates recovered from the CSF (Chou et al. J Neuroimmunol 1992). Nine MS patients (three
RRMS and six with chronic progressive disease) and six other with other neurological
diseases (OND) were tested. First, cells were expanded with a medium containing 1L2 and
IL4 (501U/ml for each). Then, the myelin specificity was tested. The mean estimated relative
frequency of CSF T cells specific for MBP among MS patients was 22.1 cells per 10° CSF
cells and the relative frequency of T cells specific for PLP13g.15 Was 9.5 cells per 10° CSF
cells. These frequencies were significantly higher than those observed in the CSF of OND
subjects (Chou et al. J Neuroimmunol 1992).

Zhang and colleagues also used IL2 pre-stimulation PBMC or mononuclear cells from CSF

before antigen incubation. LDA of CSF T cells exhibited a higher frequency of MBP reactive
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T cells after a culture step of two rounds of IL2 stimulation (40U/ml) in MS patients
compared with T cells from paired PBMC (5.4 cells per 10° CSF cells vs 0.32 cells per 10°
PBMC; p <0.001). The frequency of MBP specific T cells after IL2 stimulation from CSF
was also significantly higher in MS patients (5.4 cells per 10° CSF cells) compared with OND
patients (O cells per 10° CSF cells) (Zhang et al. J Exp Med 1994).

In conclusion, as shown in Table 1, only one study has shown a significantly higher whole
MBP-specific T cell frequency in MS using LDA (Chou et al. J Neuroimmunol 1992).
Whereas, only Pender et al. have obtained significantly higher PLP-specific T cell frequency
in MS using two synthetic peptides: PLP4;.ss and PLP1g0-209 (Pender et al. J Immunol 2000).
Thus, most of LDA studies (Jingwu et al. Ann Neurol 1992, Zhang et al. J Exp Med 1994,
Tejada-Simon et al. Eur J Immunol 2001, Van der Aa et al. J Neurimmunol 2003) did not
show differences in term of myelin-specific auto-reactive T cell frequency between MS
patients and controls (Table 1). However, myelin auto-reactive T cells from MS patients seem
to be more sensitive to IL2 stimulation, suggesting an activation step with higher expression
of high affinity IL2 receptor. Thus, differences in activation threshold and may be function,

instead of differences in frequency, might be involved in MS pathology.

Analysis of auto-reactive T cells frequency using ELISPOT assay

A. Analysis of precursor frequency without prestimulation

ELISPOT assay has been more extensively used to quantify T cells in fresh cells that secrete
IFNy pulsed with myelin derived antigen. A major advantage of ELISPOT is an easier
procedure, which does not require in vitro proliferation. In addition, it requires limited
amounts of blood, making it possible to analyze simultaneously T cell reactivity to a whole
range of myelin antigens. Measurement of the IFNy secretion as a read out for T cell
reactivity may especially be relevant for MS studies as this cytokine is thought to play an
essential role in the disease (Hermans et al. Ann Neurol 1997). However, ELISPOT is based
on the secretion of only one cytokine excludes cells that may secrete other types of cytokines.
Olsson and colleagues have collected blood and CSF samples from 39 untreated MS patients
and controls with or without neuroinflammatory diseases: 16 patients with acute meningitis
and 25 patients with tension headache. PBMC at 2.10° cells per wells or CSF cells at 5-20.10°
cells per wells were pulsed with whole MBP, whole PLP or MBP peptides (MBP13,-150 Or
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MBP174.10: at a final concentration of 10pg/ml). After 48 hours of culture, 2.7 out of 10°
PBMC of MS patients responded to whole MBP, 5.2 out of 10° PBMC responded to MBP3,.
150, 4.9 out of 10° PBMC responded to MBP174.101 and 4.7 out of 10° PBMC responded to
PLP. Frequencies of these auto-reactive T cells were significantly increased compared to
controls (p <0.001 for each tested antigen) (Olsson et al. J Clin Invest 1990) (Table 1). In a
following step of this study, Olsson et al. have estimated auto-reactive T cells frequency in
CSF cells. Due to the limited numbers of CSF cells available for analysis, only MBP reactive
specific T cells were examined. The authors had observed 185 out of 10° CSF cells responded
to MBP in MS patients. T cells auto-reactive to different myelin components and significantly
increased in peripheral blood were also strongly enriched in CSF of MS patients compared
with the two control groups (Olsson et al. J Clin Invest 1990).

Sun et al. have studied MOG reactive T cells in CSF and blood from 16 untreated MS patients
and 18 controls (Sun et al. J Immunol 1991). The control group was constituted with nine
aseptic meningitis patients, seven patients with muscular tension headache and 2 other
patients suffering from other neurologic diseases. CSF cells at 4 to 10.10° cells per wells or
PBMC at 2.10° cells per wells were stimulated with MOG (10pg/ml). After a 48 hours
ELIPSOT, the mean value of MOG reactive T cells in MS patients was significantly increased
compared to controls (p <0.05) (22.1 per 10° PBMC in MS patients vs 7.6 per 10° PBMC in
controls). Mean values of auto-reactive T cells in CSF were 804 per 10° cells in MS patients
and 346 per 10° cells in controls. This suggests that MS patients have higher numbers of
MOG reactive T cells in blood and in CSF compared to controls (Sun et al. J Immunol 1991).
Wallstrom and colleagues have investigated blood T cell responses to synthetic overlapping
MOG class Il peptides in 20 untreated MS patients and 14 HV with the MS-associated HLA
haplotype DR2 (Wallstrém et al. Eur J Immunol 1998). After a 40 hours ELISPOT, there
were a significant increased responses in MS patients compared to normal individuals.
MOGes.g7 evoked the strongest response: 3.5 specific IFNy secreting cells per 10° PBMC in
MS patients vs 0.3 in normal individuals (Wallstrom et al. Eur J Immunol 1998).

Pelfrey et al. examined reactivity using peptides spanning the entire PLP molecule (Pelfrey et
al. J Immunol 2000). MS patients (n=22) with RRMS (n=9), secondary progressive (SPMS,
n=8) or primary progressive (PPMS, n=5) form of disease were compared with 22 HV. Some
patients were under IFN or glatiramer acetate therapy. PBMC at 1.5.10° cells per well were
incubated for 24 hours with 7 uM PLP peptides. These peptides were nonamer peptides MHC
class | molecules restricted, in addition to class Il molecules, bypassing intracellular

processing. Total number of IFNy positive PLP peptides was 4 times higher in MS patients
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than in HV (6.5 vs 1.5 respectively; p =0.022). Whereas no difference was observed between
MS and HV in IL5-ELISPOT assay (1.5 vs 0.6 respectively) (Pelfrey et al. J Immunol 2000).
Hellings et al. have analysed the T cell reactivity to MBP, MOG and to a panel of synthetic
MBP, MOG and PLP peptides in 36 MS patients and 31 HV using IFNy-ELISPOT. MS
patients comprised patients with RRMS (n=24) or progressive disease course (n=12). PBMC
at 2.10° cells per wells were incubated in a 20 hours ELISPOT in the presence of MBP
(40ug/ml), MOG (10ug/ml), synthetic myelin peptides (MBPgs.102, MBP143-165, MOG; .2,
MOG34.56, MOGgs.85, MOG74-96, PLP41.53, PLP1g4-199, and PLP1g0-200; 10ug/ml). The mean
frequency of MBP reactive T cells was comparable for MS patients (4.1.10®) and HV (4.4.10°
®). Similar mean frequencies for anti-MOG T cells were also found for both groups (4.0 per
10° PBMC in MS patients vs 4.2.10° per 10° PBMC in HV). In contrast, no significant
differences in reactivity were observed between MS patients and control subjects to any of
these myelin antigens and peptides (Hellings et al. J Neurosc Res 2001).

Myelin associated glycoprotein (MAG) is a minor component of myelin which counts for less
than 1% of the total myelin protein in the CNS. It is also present, but in lower proportion, in
the peripheral nervous system (Sospedra et al. Annu Rev Immunol 2005). As shown in Table
1, Andersson and colleagues examined the T cell response to MAG or five selected MAG
peptides of 16 and 20 amino acids to elicit CD4+ response. Eleven of the MS patients were
tested during disease exacerbation and fifteen patients were tested during remission. Two
control groups consisted in 23 patients with OND and 17 HV. PBMC (2.10° per wells) were
added with either whole MAG or MBP, or MAG peptides (MAG20.40, MAG41.63, MAG241-260,
MAGsgs-612 and MAGepg-626) in @ 48 hours ELISPOT test. MS patients had significantly higher
numbers of MAG reactive T cells in peripheral blood than HV (2.5 per 10° PBMC in MS
patients vs 0.6 per 10° PBMC in HV). Similar results were obtained for MBP (2.2 per 10°
PBMC in MS patients vs 0.6 per 10° PBMC in HV). MS patients had higher numbers of T
cells recognizing three of MAG peptides tested (MAG41-63, MAGsgs-612 and MAGgog-626), With
frequencies varying from 1 to 2 cells for 10° PBMC in MS patients compared to 0.2 to 0.5
cells for HV. No differences were observed for MAG2o.40 (0.5 per 10° PBMC in MS patients
vs 0.4 per 10° PBMC in HV) and MAG241.260 (0.2 per 10° PBMC in MS patients vs 0.2 per 10°
PBMC in HV) (Andersson et al. Eur J Neurol 2002).

MOG specific T cell frequency was tested in 15 MS patients (including RRMS and patients
with a progressive disease course) and eight HV. PBMC (2.10° per wells) were incubated for
in a 20 hours ELISPOT with MOG (10ug/ml) (Van der Aa et al. J Neuroimmunol 2003).
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Frequency of MOG reactive cells was not statistically significant (14.7 cells per 10° PBMC in
MS patients vs 12 cells per 10° PBMC in HV) (Van der Aa et al. J Neuroimmunol 2003).
Ratts and colleagues examined on frequency of blood T cell against synthetic MBP peptides
in twelve MS patients (six RRMS and six PPMS) and nine HV. PBMC at 5.10° cells per wells
were incubated for 36 hours with 50pug/ml MBP peptides (MBPg3.106, MBP111-129 and MBP143.
171)- The highest frequency of myelin reactive T cells was observed in an MS patient (Ratts et
al. J Neuroimmunol 2006).

Recently, we have analysed fresh blood CD8+ frequency against short myelin derived
peptides of 27 RRMS patients treated or not glatiramer acetate or IFNB and 19 HV (Berthelot
et al. Eur J Immunol 2008). PBMC (4.10° cells per wells) or purified CD8+ cells (4.10* cells
per wells) were incubated with 10ug/ml peptide in a 15 hours ELISPOT assay. PBMC from
the two groups showed roughly similar auto-reactive responses against the myelin peptide
pool (MOG74.81, MOGg7-105, MOG225.232, PLP202-210, MBP244-25, and MBP13g.147) as well as to
each tested peptides. The mean value of reactive T cell was 11 per 4.10° cells without
difference between untreated or treated MS patients. Using purified CD8+ from five MS
patients and two HV, we showed that only memory CD8+ T cells produced IFNy in response
to class | restricted peptides derived from myelin. Similar response was observed between MS
patients and HV (Berthelot et al. Eur J Immunol 2008). Finally, as Tranquill et al. suggested
that MS patients could present enhanced T cell responsiveness to citrunillated peptides from
MBP (Tranquill et al. Mult Scler 2000) citrullinated peptides derived from MBP were tested
but did induced CD8+ T cell responses neither in MS patients nor HV (Berthelot et al. Eur J
Immunol 2008).

B. ELISPOT estimated of precursor frequency following ex vivo culture step

Transaldolase is expressed at selectively high levels in oligodendrocytes and targeted by
autoreactive T cells of MS patients (Banki et al. J Exp Med 1994). These patients have
transaldolase antibodies in their blood and CSF (Colombo et al. J Clin Invest 1997). Niland et
al. analysed 14 patients with MS (RRMS or PPMS or SPMS) and eight patients with OND for
transaldolase committed blood T cells. PBMC at 2.10° cells per wells were prestimulated for
1 week with 5pg/ml of whole transaldolase or transaldolase peptide. Then, PBMC were tested
for a 20 hours ELISPOT either with the protein or peptide. Frequency of IFNy producing T
cells was significantly increased in HLA-A2" MS patients (whole: 40.4.10® or peptide:
48.5.10°) compared to HLA-A2" OND patients in response to stimulation by transaldolase
(Niland et al. J Immunol 2005).
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LDA and ELISPOT assays are the two most common techniques that have been used to
analyse the frequency of myelin reactive cells in MS. LDA is usually based on the
proliferative response to myelin of auto-reactive T cells whereas ELISPOT is based on the
detection of cytokine secreting cells, usually memory cells according to test parameter or
purified memory cells, upon antigen stimulation. Few report compared the two techniques.
Although both techniques did not reveal frequency differences between MS and controls
numbers of cells responsive to myelin were underestimated by LDA (Van der Aa et al. J
Neuroimmunol 2003). Time of incubation, final concentrations of antigen differ between
studies.

Another difficulty in interpreting differences of frequency is related to the different clinical
status of the patient between MS and control cohorts. Indeed, MS cohorts of the different
studies reported in this review are heterogeneous in term of disease forms, treatment and the
size often small of cohorts particularly for comparison. Moreover, the control groups are not
homogeneous, some authors using healthy volunteers, others OND patients.

Measurement of auto-reactive T cells frequency using protein transfer

Trogocytosis is an active membrane transfer of lymphocytes having engaged an immune
synapse with an antigen presenting cells (APC) (Hudrisier et al. Elso Gaz 2002).
Trogocytosis, which involves the transfer of plasma membrane fragments from the presenting
cell to the lymphocyte, has been documented in T, B and natural killer cells, in vivo and in
vitro (Huang et al. Science 1999;,Hudrisier et al. J Immunol 2001, Stinchcombe et al.
Immunity 2001). Protein transfer is specifically dependant on antigen receptor signalling and
might be involved in the immune response and possibly for the control of other cellular
systems (Joly et al. Nat Immunol 2003).

Recently, transfer protein has been used as a global method to quantify antigen reactive T
cells. This method, so-called TRAP (T cell Recognition of Antigen by Protein transfer) based
on trogocytosis, has been set up in a model of induced response against CMV and proposed as
a sensitive method to count antigen-reactive lymphocytes. When used with autologous APC,
TRAP allow to be free from MHC restriction or of the peptide presented, whatever the
proteins tested (Beadling et al. Nat Med 2006). By labelling the plasma membrane of APC
with fluorescent dyes detectable by flow cytometry, it is possible to measure the number of T
lymphocytes that specifically interacted with APC by quantifying T cells which acquire APC
labelled membrane material. The read out is thus not restricted to one of cytokines as in
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ELISPOT assay. An advantage of TRAP is to provide a ‘“global” read out which san
obligatory step of T cell response. The TRAP assay provides the opportunity to test the
response of T cells to all epitopes present in a whole protein processed by APC in vitro.

Using this novel technique, we have recently reassessed the frequency of both CD4" and
CD8" T cells engaging immune synapses with autologous APC, in the presence of myelin
autoantigens. Preincubated APC with whole native human myelin was used to stimulate
syngenic memory CD45RO" lymphocytes overnight, and TRAP was measured in the CD3" T
lymphocytes. At this stage of the study, in the presence of whole native human myelin, the
frequency of TRAP™ cells was 3,6+2,7% in the 13 untreated relapsing-remitting MS patients
and 1,7£2,06% in the 5 HV (p <0,03). The background signal, without the autoantigen, was
comparable between the two groups (1,2+.1% and 1,5£1,9% in the MS and HV; respectively).
All the subjects positive for myelin by the INFy-ELISPOT assay were also positive by the
TRAP assay, but TRAP detected significantly more reactive cells than the ELISPOT assay
(3,6 £ 2,7% vs 0,06 £ 0,03%, respectively, p <0,0001). Furthermore, in the presence of the
human myelin, TRAP signal was positive in two MS patients and two HV who tested positive
previously for myelin-derived HLA-I restricted peptides in the INFy-ELISPOT assay. Finally,
70-80% of the TRAP™ cells were also positive for CD154 (CD40L), confirming their status of
activated cells susceptible to interact with APC in vitro.

By using two different methodological approaches: whole native human myelin as an auto-
antigen and the TRAP assay to recount T cells able to engage immune synapses with APC,
they have found a higher frequency of autoreactive T cells in MS patients as compared to HV.
Further, these autoreactive cells were both CD4" and CD8" lymphocytes with a memory
phenotype and activation markers as CD40L. These two new approaches may yield a new

assessment of the actual level of autoimmunity in MS (Bahbouhi et al. 2009).

Conclusion

Frequencies of auto-reactive T cells in MS patients and HV appear to vary greatly depending
on the methodology. These different studies may suggest that the peripheral autoreactive T
cells in MS patients have qualitative differences rather than being more numerous in
comparison to HV. However, new methods that take into account a more global read out of
immune activation than the ELISPOT (based on a few cytokine releases) or the proliferation

assays are needed.
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Legends

Table 1: Auto-reactive T cell frequencies in peripheral blood from MS patients (NS: No

significant difference; ND: No determinated)

Figure 1: Trogocytosis between myelin loading monocytes and autologous lymphocytes
T.

1. Purified monocytes were incubated with myelin antigens. Then, they were labelled with
antibodies conjugated with fluorochrome. 2. Memory T lymphocytes were mixed with
labelled monocytes. 3. At the end of the incubation, myelin loading monocytes had exchange
labelled plasma membrane proteins with auto-reactive T lymphocytes. These lymphocytes

were analysed for the acquisition of monocyte-fluorescence.
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Table 1
Similar auto-reactive T cell | Higher auto-reactive T cell
References . P
frequency frequency in MS
Chou et al. 1992 whole MBP <0.01
PLP139.151 NS
Jingwu et al. 1992 whole MBP NS
Zhang et al. 1994 whole MBP NS
whole PLP NS
Pender et al. 2000 whole MBP NS
< MBPs;.100 0.39
3 PLP1g4.199 0.084
PLP4; 5¢ 0.019
PLP190-209 0.003
Tejada-Simon et al. 2001 whole MBP NS
synthetic MBP peptides ND
synthetic PLP peptides NS
Van der Aa et al. 2003 MOG1-22 + MOG34 + MOGo4-s6 NS
+ MOG74.96
Olsson et al. 1990 whole MBP <0.001
MPB;35 150 <0.001
MBP;74.191 <0.001
whole PLP <0.001
Sun et al. 1991 whole MOG <0.05
Wallstrém et al. 1998 MBP30.102 <0.01
synthetic MOG peptides <0.05
Pelfrey et al. 2000 synthetic PLP peptides 0.022
Hellings et al. 2001 whole MBP NS
5 whole MOG NS
) synthetic myelin peptides NS
;\J Andersson et al. 2002 whole MAG <0.01
> whole MBP <0.05
é MAG20_40 NS
MAG41 63 <0.05
MAG241-260 NS
MAGs596 612 <0.05
MAGg09-626 NS
Van der Aa et al. 2003 whole MOG NS
Niland et al. 2005 whole transaldolase 2.3.10°®
transaldolase peptide 2.4.10°
Ratts et al. 2006 MBPg3.106 + MBP111.129 + MBP143.171| ND
Berthelot et al. 2008 synthetic myelin peptides NS
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Table 1
Similar auto-reactive T cell | Higher auto-reactive T cell
References . P
frequency frequency in MS
Chou et al. 1992 whole MBP <0,01
PLP139.151 NS
Jingwu et al. 1992 whole MBP NS
Zhang et al. 1994 whole MBP NS
whole PLP NS
Pender et al. 2000 whole MBP NS
< MBPs;.100 NS
3 PLP1g4-199 NS
PLP4; 5¢ 0,019
PLP190-209 0,003
Tejada-Simon et al. 2001 whole MBP NS
synthetic MBP peptides ND
synthetic PLP peptides NS
Van der Aa et al. 2003 MOG1-22 + MOG34 + MOGo4-s6 NS
+ MOG74.96
Olsson et al. 1990 whole MBP < 0,001
MPB;35 150 <0,001
MBP;74.191 <0,001
whole PLP < 0,001
Sun et al. 1991 whole MOG < 0,05
Wallstrém et al. 1998 MBPgq.102 <0,01
synthetic MOG peptides <0,05
Pelfrey et al. 2000 synthetic PLP peptides 0,022
Hellings et al. 2001 whole MBP NS
5 whole MOG NS
) synthetic myelin peptides NS
;\J Andersson et al. 2002 whole MAG < 0,01
> whole MBP < 0,05
é MAG20_40 NS
MAG41 63 <0,05
MAG241-260 NS
MAGs9612 <0,05
MAGg09-626 NS
Van der Aa et al. 2003 whole MOG NS
Niland et al. 2005 whole transaldolase 2,3.108
transaldolase peptide 2,4.10°
Ratts et al. 2006 MBPg3.106 + MBP111.129 + MBP143.171| ND
Berthelot et al. 2008 synthetic myelin peptides NS
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Patients with relapsing-remitting
multiple sclerosis have normal Treg function
when cells expressing IL-7 receptor a-chain

are excluded from the analysis

Laure Michel,'? Laureline Berthelot,! Ségoléne Pettré,' Sandrine Wiertlewski,Z3 Fabienne Lefrére,?
Cécile Braudeau,' Sophie Brouard,' Jean-Paul Soulillou,! and David-Axel Laplaud'2?

'INSERM UB43, CHU Nantes, Institul de Transplantation ef de Recherche en Transplantation {ITERT), and Faculté do Médecine,
Université de Nantes, Nantes, France. 2Service de Neurologie and 7INSERM CIC004, CHU Nantes. Nantes, France.

Multiple sclerosis (MS) is a chronic inflammatory disease that results in demyelination in the central nervous
system, and a defect in the regulatory function of CD4'CD25%5! T cells has been implicated in the pathogen-
esis of the disease, Here, we reanalyzed the function of this T cell subset in patients with MS, but we depleted
cells expressing IL-7 receptor ¢-chain (CD127), a marker recently described as present on activated T cells
but not Tregs. Similar to other studies, we observed a marked defect in the suppressive function of unsepa-
rated CD4'CD25"#" T cells isolated from MS patients. However, when CD127"% cells were removed from the
CD4'CD25"sh population, patient and control cells inhibited T cell proliferation and cytokine production
equally. Likewise, when the CD25 gate used to sort the cells was stringent enough to eliminate CD127%" cells,
CD4°CD25"#" T cells from patients with MS and healthy individuals had similar regulatory function. Addi-
tional analysis indicated that the CD 127" cells within the CD4'CD25%¢h T cell population from patients with
MS appeared more proliferative and secreted more IFN-y and IL-2 than the same cells from healthy individu-
als. Taken rogether, we conclude that CD4'CD25%FCD 127 Tregs from MS patients and healthy individuals
exhibir similar suppressive functions. The decreased inhibitory function of unfractioned CD#'CD25%#h cells

previously observed might be due to abnormal activation of CD127%# T cells in patients with MS.

Introduction
In the adaprive immune syseem. the balance between che efficient
recogminion of pathogens and the control of auroimmune diseases

15 assumed by delecion of auroreactive clones and mechanisms of

peripheral rolerance in which Tregs have a key role (1, 2). Such
a role for Tregs was firse described by Sakaguchi and colleagues,
opening the way for the description of different types of Tregs
(3, 4). The same group idennfied the rranscriprion factor FOXP3
as the hallmark of regulatory function (5-7). However, FOXP3
cannot be used to 1solare living Tregs because of its intracellular
expression. In addition, FOXP3 can also be expressed by activar-
ed cells (8-10). Natural Tregs also express 1L-2 receptor a-chain
(IL-2Ra chain, also known as CD25), a cell surface marker com-
monly used ro distinguish among regularory (CD25%#), actvared
(CD2507) and naive (CD259%) T cells (11, 12) in humans. However,
despite CD25 being a useful marker, the level of CD23 expression
alone does not enable a precise estimation of the content of Tregs
within 2 biological sample. Recently, Seddiks et al. (13) and Liu et
al. (14) showed that, in humans, low expression of IL-7Ra chain
(CD127) combined with high expression of CD25 enables berter
wolation and punficanion of Treg populations among CD4*CD25*
I celis. In functional assays, CD4*CD2SWshCD 127 T cells are
highly suppressive. Furthermore, expression of CD127 negarively

N dard abbreviations used: HL bealthy indvidual; RE-MS, relapang-remur-
nng MS.
Conflictof interesn: The aurhors have declared thar no conflict of inresest esists

Ciration for this arviele: [ Clin, frowr 11834113319 (2006). doi: 101172 JCIAS 365,
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correlates with FOXP3 content, since FOXP3 interacts with the
CD127 promoter, contriburing to the low expression of CD127 in
CD4*CD25%" Tregs (14),

MS is a chrone inflammarory and demyelinaring disease of the
central nesvous system. This disorder is thought to be ininared by
auroreactive T cells recognizing pepudes from myelin sheath pro-
reins {15, 16). Howeser, there is no compelling evidence thae the fre-
quency of autoreactive cells s increased in MS versus age-martched
controls {17). In an initial study, the frequency of CD4'CD25%h T
cells was found to be normal, but the authors did not assess func-
tional suppression (18). Several studies have soughe to prove the
hypothesis of a reduced suppressive funcrion of this T cell subser
i MS (19-21). Viglieeta ec al. (21) reported a decrease in the regu-
latory function of CD4*CD25%#" T cells from the peripheral blood
of patients with relapsing-remitting MS (RR-MS) compared with
healthy individuals (HIs), In addition, the levels of FOXP3 have
also been reported as decreased, boch ar the single cell level and in
the CD4CD25* population (22, 23). Henee, a defect i the control
of the in vitro proliferative response of MS patient CD4° T eells to
myelin proteins has also been reported (19, 20). However, in all of
rthese studies, a single-step CD23 ennchment protocol was used o
isolate the T cell populations rested in a coculture system in which
the regulatory potency assessment was based on the inhibinion of
CDA'CD25 cell groweh following polyclonal sumulaton,

In ehis study, we took advantage of new CDA'CD25% markers
to revisic CD4 T cell regularory funcrion in MS patents. For this
purpose, we used CD127-deplered cells to more precisely clarac-
tenze the regulatory properties of CD4'CD25%# T cells from MS
O¢rabies 2008 Mn
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4 Suppression of
proliteration of CD4*CD25 @
cells by CD4*CD25"" cells

g 8 % 8

2N
=

speed PACS sorter and compared their
mhibitory properties. The gate was set
up to include 4% of the CD4* T cells
(based on a reference umbilical cord pop-
ulanon} (Supplemental Figure 1; supple-
mental matenal available online wich
this article; doa: 10.1172/[CI353651S 1),
A rogulatory function assay was then
performed based on the capacity of the
cells to inhibie polycional proliferation of

O %CD25""inCD4 Tcels

Proliferation of

CD4'CD25"" cell subsets

MS Hi
(4% gate) (4% gate)

Figure 1

CD4+CD25

autologous CDA*CD25 cells Figure |B
shaws the results obrained under these
conditions, when CD4'CD25"" T cells
sorted from MS patients were added
to the coculrure syseem, indicaning an
apparent defective regularory funcrion
as compared with Hls (39.0% + 28.4%
suppression i MS patients versus 64.7%
+ 33% i Hiss P = 0048, Mann-Whitney
U test), However, Figure 1C shows that
under these sortung conditions, the iso-
lated CD4*CD25Me cells of both MS
pacients and normal individuals were

Frequency, prolferation. and supprassive activity of the top 4% of sorted CD4'CD25"" T cells from
MS patients and His. (A) Comparison ol the percentage of CD4*CD25"" T cells from MS patients
and controls, The cut-off 1or high-staining CD25 was placed at 6 x 10? of mean fluorescence inten-
sity. No statistical difference can be shown between the groups (patients, n = 21, HI, n = 17). (B)
Regulatory properties of CD4+CD25M cells were examined in 11 unireated patients with BR-MS
and 11 healthy controls. Cocultures of CD4'CD25 and CD&*CD25M" cells were performed at a
1:1 ratio and under anti-CD3 stimulation. Profiferation was measured by incomporation of *H-thy-
midine after 5 days of incubation. The percentage of suppression of responding cell proliferation
(CDA'CD25") by CD4'CD25" cells was delermined as 1 - (proliferation of coculture / prolleration
of responder population akone) x 100, where proliteration is expressed as cpm, CD4:CD25%h T
cells from MS patlents exhibited less suppressive activity when the gate for sorting was positioned
as shown in Supplemental Figure 1 {P < 0.05, Mann-Whitney U test). Mean values in A and B
ara indicated by horizontal lines. (C) Comparison of the proliteration of CD4+*CD25"% T cells in
MS patients and His relative to the proliferation of the CD4*CD25- T cell subset. Proliteration of
CD4+CD25M cells was not significantly different between patients (n = 11} and His {7 = 11). When
the top 4% of CDACD25M" T cells were sorted, the cells were not tully anergie, suggesting the

not fully aneegrc, with a proliferation of
32.7% in MS patients and 26.3% in His
(the proliferanion of CDA'CD25 T cells
from each group was used as the refer-
ence), The face that the cells were not
fully anergic under this gating ¢ondi-
tion led us to explore the possibalicy char
conraminating cells were inrerfering
with the proliferation assay. To do chis,
Tregs were sorted either by addinonally
taking into account their expression of
CD127 or by using more stringent gar-
mg to select cells at the extreme end of
CD2S posinvity.

presence of activated T cells. Data represent mean + SD.

patients compared with Hls. Based on a scudy of 34 panenrs and
25 healthy volunteers, we now report thar the regularory function
of the CD4*CD25MACD127 T cells 15 similar i MS patients and
HIs. We also show that the isolated CD4*CD25WhCD 2700 T cell
subset of MS patients may proliferate more and produce more mito-
genie lymphokines in coculture assays, resulting in an apparent
penipheral defect of CD4*CD23%# regulation in MS patients.

Results
Suppressive function of the top 4% of sorted CD4'CD257 T calls from MS
patienss. We firse studied the frequency of CD4CD25W# T cells in
MS patients and Hls using flow eytometry, Figure 1A shows that
the mean frequency of CD4'CD23%eb cells within the CD4° T cell
population was 2.5% + 1.4% for Hls and 3.5% ¢ 1.2% for MS patents
(P = NS}, confirming thar there is no difference in the frequency of
CD4CD25Me T cells berween MS parients and His,

Next, in order to confirm the reported suppressive defect of the
CDA'CD25% T cell population, we sorted these cells from the
peripheral blood of patients (r = 11) and Hls {n = 11) using a high-
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Similiar suppressive activaty of the top 2% of
sorted CD4'CD25%* T cells in MS patients
and His. Because contrasting expression
of CD25 and CD127 markers has been
reported (13, 14), we sorted the CD4CD25%h T cells using & more
seringent threshold for CD25 expression (CD25MH less than 2% of
the CD4* T cells) o compare their mhibitory properties in patients
and controls. Figure 2A shows that the gating stringency was indeed
associated with a disappearance of CD127%8 T cells among the
purified CD4 CD25MA T cells, Figure 2B shows that when sorting
the top 2%, the suppression of CD4'CD25 T cell proliferation was
roughly similar beoween the 2 groups (73.3% = 17.8% in MS patents,
# 12, and 76.5% = 20.5% in healthy conrrals, n = 10). Furthermore,
i this sortng condition, the punfied CDA'CD239 T cells were
fully anergic (Figure 2C). Finally, we analyzed the inceacellular
FOXP3 expression in this CD4'CD250 subser. No sigmficant dif-
ference was noted between MS patients {n = 10) and Hls {(n = 9), with
a mean expression of 83,.2% + 9.5% m patients and 78.5% ¢ 6% i His
when gating only on the top 2% of CD4*CD25W cells (Figure 2D).

Thus, these experiments further support the idea thar in MS
patienes, the presence of contaminaring CD 127" cells within the
CD4'CD23%5 T cell subser may explain an apparent alteration in
their regularory function.
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Figure 2

Suppressive activity and proliferation of the top 2% of sorted CD4+*CD25%" calis from MS patients and healthy controls. (A) CD4* lymphocytes
obtained from the peripheral blood of MS patients and healthy controls were stained with Pe-Cy7-conjugated anti-CO3, FITC-conjugated
anti-CD8, Alexa Fluor 647-conjugated anti-CD25, and PE-conjugated anti-CD127, Sorting was perdormed on the CD4'CD25M"CD127 and
CD4*CD25"CD 127" populations. Sorting was also performed on the CD4'CD25™" population with 2 different gates. In the example provided
for 1 MS patient, CD4+CD25 T cells appear in orange, CD4*CD25*CD127%* T cells appear in green, and CD127" cefls appear in viclet. The
presence of CD127% activated cells can be observed in the CD4+CD25%" sorted T cells when the gate is not stringent enough (4% gating
sirngency, area above the red line}, while in the case of a 2% galting stringency (area abova the biue line), only a few CD127"% cells remain
within the CD4-CD25" T cell subset. FSC, forward scatter. (B) CD4:CD25- responder cells were stimulated with antl-CD3 antibody (0.1 ug/ml)
in coculture with the top 2% of CD4-CD25™" sorted cells Data are the mean of duplicate wells. Regulatory properties of CD4*CD25"" cells are
comparable in both Hls (n = 10) and patienis (n = 12). (C) Comparison of the prolileration of the top 2% of sorted CD4*CD25" T cells in MS
patients and His relative 1o the proliferation of the CD4*CD25- T cell subset, The proliferation of CD4*CD25 T cells was minimal and almost
null in both patients and controls. Data are mean + SD. (D) Intracellular FOXP3 staining was performed on the top 2% of sorted CD4+CD25""
T cells in 10 patients and 9 His. In B and D, the mean values for each group are indicated by horizontal lines

Stmilar frequency and seppressive activity of CD$CD25"MCD 27w
cells in MS pationts and His. Because CD25 is not a specific marker
of Tregs (activared and memory T cells can also express CD23),
we used expression of CD127 ro discriminate activated and
memory T cells (CD4*CD253WACD 12705 T cells) from regulatory
cells (CD4'CD25WACD [27' T cells) among the CD4*CD25=¢h
subset (13}, We compared the rvgulan\l y properties of CD127
depleted CD25Me T cells from MS panients and age-marched
indmviduals, T cells were thus fabeled with ant-CD127, and
the CD4°CD23MehCD 12719 cells were sorted (Figure 2A). Fig-

ure 3A shows that there was no difference in the percentage of

CD25MCD 1275 cells within the CD4* T cell populanions of MS
patients compared with Hls, with a mean frequency of 6.8% + 1.8%
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for MS patients and 6,.2% ¢ 1.6% for Hls (P = NS, Mann-Whitney U
test). The cells were then rested for their ability to suppress the pro-
liferanion of CD4*CD25- cellsin response ro irradiated autologous
PBMC and ann-CD3 actvation over 5 days. Under these condinons,
no significant difference in suppression of autologous CD4'CD25-
proliferation was observed berween the CD4CD23MACD 1275
cells of RR-MS patients {n = 25) and those of healchy controls (n = 23)
(Figure 3B). Proliferation of CDA*CD25- T cells was inhibired by
a mean of 75,3% 4 20,9% in MS patients and 78.3% + 15.0% in age-
matched His. Thus, an improvement in the suppressive function of
this cell subset was observed 1n both MS panients and His, as com-
pared wath the use of D25 alone as a marker of Tregs, The pro-
liferation of these cell subsets was then tested and compared wich
Volwene LIH 3413
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Figure 3

Fraquency, proliferabon. and suppressive activity of CD4*CD25"C D127 ¢ells from MS patients and healthy controls. (A) Percentages of
CD25"NCD127 cells within the total CD4* T cell poputation were determined by flow cytometry analysis of PBMCs. No statistical difference
was found between the groups (25 patients and 20 His). {B) Requlatory properties of CDACD25"°CD 127 cells were comparable in both His
(n = 24) and patlents (n = 25}, (C) Comparison of the proliferation of CD4*CD25"CD127"* T cells in MS patients and His normalized against
the proliferation of the CD4*CD25- T cell subset. The proliferation of CD4-CD25"CD1279* T cells was minimal and approaching O in both
patients and controls. (D) Example in 1 patient of vanations of the suppression of proliferation by CD4+CD25"CD127% cells in the cocullures
at varying ratics ol CD4+CD25"*CD127% 10 CD4*CD25- Decreasing the number of CD4*CD25M"CD127 T cells resulted In less suppressor
activity. (E) CD4'CD25"hCD127% T celis from 1 patent with MS inhibited proliferation of responder T cells isolated from either the autologous
individual or the healthy control. Conversely. Tregs from 1 Hl were cocultured with responder T cells from the same subject or those from the
MS patient. MS¥19, MS patient 19; HIV18, HI subject 18, (F) Intraceliular FOXP3 staining was performed an CD4CD25™CD127 T ceils in

10 pafients and 9 His. In A, B, and F, mean values are ndicated by horizontal Enes.

thetr CD4°CD25° counterpares. Figure 3C shows chat in these new
conditions, the basal proliferation of the CD4'CD25Me ) | 275
T cells was very low or absent (a representarive example is shown
in Supplemental Figure 2) and clearly differed from thar of the
top 4% of socted CDACD2SMN cells, In addirion, this lack of pro-
liferation was totally reversed by the addicion of 1L-2 (data noe
shown), suggesung a stare of anergy. The suppressive activity was
dose dependent in that dilution of the CDA*CD25%ACD1270 T
cells {over a range of 1:1 to 1:10) decreased their suppressive func-
tion (Figure 3D). Finally, CD4*CD25%#CD127%* Tregs from MS
patients were able ro suppress effector CD4°CD25- cells from His
ro the same extent as che CDA'CD25MHCD127V cells from His on
CD4CD25 T cells from MS parients (Figure 3E),

Finally, we analyzed intracellular FOXP3 expression in the
CDACD2SMHCD 1279 cells. No significant difference was nored
beeween patients (n = L0) and HIs (1 = 9), with a mean expression
of 92.6% = 4.8% in MS pattents and 96.4% + 2% in His (Figure 3F).

Further, when considenng the production of [FN-y or IL-2 by
CD4'CD25 responder cells after 3 days of polyclonal sumulanion
in the presence of irradiated aurologous PBMCs, the same sup-
pressive capacity of CD4'CD23MeACD 1274 T cells was observed
in patients and controls (n = 4; Figure 4). An 84% and an 83%
reduction in IFN« production was observed in MS patients and

RERE The Journal of Climical Investigation

hirepr/wew joLoeg

HIs, respectively. Similarly, che reduction in IL-2 production was
88% and 87% in MS patients and Hls, respecrively.

Taken rogether, these dara indicare thar CD4"CD255MC D | 270
Tregs from MS patents do not display a defect i their suppressive
propertiesand thatactivated CD1270 cells within the CD4*CD25
I cell population interfere with the proliferation assay.

Significanely higher proliferation of activated CO4CD25MC DI T
cnfls in MS patients sersses Hlis, In order to know whether the apparently
imparred suppressive function of the CD4*CD25%# cell subset (nor
depleted of CD127%5 cells) from MS panients (Figure 1B) could be
due to the presence of actvared CD 1275 cells, we first compared the
frequency of CD4* CD25WCD 1 2709 cells berween MS patients and
His. No difference was observed between the 2 groups (9.2% = 4.8%
in MS patients and 8.2% ¢ 4.6% in controls) (Figure 5A). Next,
the proliferanion of the CD4*'CD25MACD 1270 T cells of both
MS patients (n = 20) and Hls (n = 20) was compared with that of
CD4'CD254ACD 1279 T cells. The dara were normalized against
the proliferation of CD4*CD25- T cells in order to compare individ-
uals, as che absolure values of proliferarion under CD3 sumulanon
can be variable. This type of presentation has been reported before
{14). The raw dara expressed in cpm are provided in Supplemental
Figures 3-5. Figure 5B shows no difference i proliferation of the
CDA*CD25%HCD127% subser between MS parients and His, with a
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Suppression of cylokine production by CO4-CD25""CD127'™ T cells in patents and con-
trols, Cytokines (IL-2 and IFN-y) were measured in supernatants taken from each well
3 days after the initiation of coculture (CD4*CD25- T cells/CDA*CD25MCDI127" T cells
ata 1:1 ratio) using a multplex HNuorescent bead immuncassay. Three days alter inltiation
of the coculture, the same percentage suppression of IFN-y (top panels) and IL-2 (bot-
tom panels) production by CD4*CD25"CD127%* was observed in the cocullures from 4

patients and 4 His, Data are mean = SO

very low proliferation m both groups, On the contrary, the prolifera-
tion of CD4 CD2SMACD 12700 T cells in MS patients was 1.9-fold
higher (42 + 3.9 relative to the proliferation of CD4'CD25° T cells)
than in controls (2.2 = 2.8; P « 0.017. Mann-Whitney U test; Fig-
ure SB). This observation further supports the possibility thar the
CD127"%0 T cells within the CD4'CD25%e subset mighe interfere
in the apparent defective regularion of CD4CD250 T cells in MS
patients. This CD127%h contaminanion can be prevented usmg a
selective sorting of CD1279 cells or more stingent gating sorting

conditions of CD4CD25MN cells (Figure 2A). The contribution of

these activated cells to the apparent alteration in regulatory proper-
ties of the CD4CD25%¢ cells was also demonstrated by the signifi-
cant inverse correlation observed between the suppressive function
of CD4"CD25%%h cells and the presence of CDE27%eh T cells within
this cell subset {Pearson correlation coefficient of v = -0.51; = 0.006,
linear regression tese; Figure 5C). Fioally, we analyzed intracellular
FOXP3 expression in the CD4*CD25MCD 1270h cells. No signif-
weant difference was noted between MS patients (1 = 10) and Hls
(= 9), with a mean expression of 17.7% « 10.8% in patients and
16.8% + 8.6% in controls (Figure SD)

Cytokine secrvtion by the CO$CD23MCDI2AN, CD#CD25, and
CD4CD25YFCDI27 popsdations in MS pasients and HIs. The cytokines
INF-at. IFN-y, and IL-2 were also measured in the supernarancs
of the proliferanion assays from the CD4'CD2SMACD 12758,
CD4*CD25MhCD 1274 and CD4*CD25- cell populations and their
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cocultures after 24 hours of proliferation. No
significant difference was observed between
parients (z < 10) and Hls (n < 10) for the 3
cell subsers (data not shown) after 24 hours
However, CD4'CD25M=CD 1 274k cells from
MS panents secreted significantly higher ley-
efs of cytokines than CDA'CD2Sh#CD | 270w
and CD4*CD25 T cells (Figure 6A; P~ 0.011,
P=00001, and P = 00005 when compared
with CD4°CD25" for IFN-y, TNF-a, and
IL-2, respectively; and £ = 0.0031, P = 0,0039,
and £ < 0.0001 when compared with
CD4'CD255D127% for IFN«, TNF-, and
IL-2, respectively: Mann-Whitney U test), sug-
gesting that these cells had a proinflammarory
potential. In addinon, CDM4CD25MCD [ 270
I cells did not produce 1L-2 or IFN-y when

.I stimulated by anti-CD3, as would be expected

-87% from their regulatory phenotype,

Hence. to study their production of

J cyrokines, CD4' CD253MACD 1275 cells from

MS parients (n = 4) and Hls (n = 4) were cul-

HI tured under CD3 polyclonal stimulagion s the
presence of irradiared PBMCs for 3 days. IFN-y
and TN were subsequently measured using
a multiplex Avorescent bead assay, As shown
in Figure 68, 6 580 + 2,093 pg/ml of IFN-y
was detected in the cultures of MS patient
cells as compared with 2,567 ¢ 1,092 pg/ml
for Hls. Concerning TNF-ce production, thecells
from MS parients produced 3,107 + 346 pg/ml
compared with 1,571 = 629 pg/ml for His [L-2
production was also increased in MS panients
as compared with His (14 £ 3versus 6 1 2 pg/ml,
respectively), The CD4*CD2ShshC D12 7hish
cells from MS parients produced nearly 2-fold more proinflam-
matory cytokines compared with the same cells from Hls, While
statstical significance was not achieved, a trend roward signifi-
cance was observed (IFN-y, P~ 0.06, Mann-Whirney U test; TNF-a,
P=0.09; IL-2, P = 0.1) despite the very low number of patients

and controls studred (n = 4).

FOXP3 comtont of CO4*CD25" und CD4CDZSWCDI27 popralis-
oz in MS patients and His. We compared intracellular FOXP3 expres.
sion between CD4*CD23M and CD4CD2SNSCD 127" cell sub-
sets in patients (1 = 10} and controls (n = 9. The use of ant.CD127
antibody provided a purified CD4°CD25°CD127"" popularion
expressing more FOXP3 i MS patients and His (92.6% + 4.8% and
96.4% £ 2%, respectively), as compared with 83.2% £ 9.5% in patentsand
78.5% = 6% in Hls when garing only on the top 2% af the CD4°CD25Mh
populanion (P« 0.0001, Mann-Whitney U test; Figure 7).

Discussion
CD4CD25' FOXPA* regulatory T lymphocytes have been shown
to play a key role in controlling potentially harmful responses ro
self-determinants in mice (24) and humans (1), Recently, a possi-
bie defect in the function of CD4'CD25Y cells has been reported
in parients with RR-MS (1, 19-21). In chis paper, we revisited this
observation by analyzing rthe properties of subpopularions of
CD4CD25%E T cells, raking into considerarion the recent find-
ings rhar acrivared /memory cells expressing CD 127 are also present
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Comparison of the proliferation of CD4+*CD25%hCD127% T celis and CDA4-CD25%NCD127%n T cells. (A) CDA4* lymphocytes obtained from
the peripheral blood of MS patients and healthy controls were stained with Pe-Cy7-conjugated antl-CD3, FITC-conjugated ant-CD8, Alexa
Fluor 647-conjugated ant-CD25, and PE-conjugated anti-CD127. No statistically significant difference was observed in the frequency of
CD4*CD25"CD127h T cells between MS patients (n = 25) and healthy controls (n = 19). Mean value is indicated for each group. (B)
CD4*CD25""CD 127 T cells or CD4+CD25"*CD127"%" T cells were cocullured with irradiated autologous PBMCs and stimulated with anti-
CD3 antibody. CD25%0CD127 cells were isolated from 25 patients and 23 His. CD25%ACD 127" cells were isolated from 20 patients and
20 His. A significant difference was cbserved in the proliferation of CD25"CD 127 T cells between MS patients and His {P = 0.017, Mann-
Whitney U test). Bar graphs indicate the mean = SD. (C) Suppression of proliferation of CO4*CD25- cells by CD4-CD25"" cells was calculated in
13 patients and 15 His, The percentage of CO127 cells present in the sorted CD4*'CD25M" T cells was estimated in the same manner. A cor-
relation was found between this percentage and the regulatory properties of CD4-CD25"# cells with a Pearson coefficient of r = -0.50 (P = 0.006,
linear regression test). Black tmangles represent data oblained from MS patients, and white squares represent data from His. (D) Intracellular

FOXP3 staining was perlormed on CD4+CD25""CD127%" T celis in 10 patients and 9 His. In B and D. horizontal lines indicate the mean.

within the CD4*CD25* T cell population and can potentially inter-
fere in the classical functional assays for measuring CD4*CD23biss
Treg suppressive properties (13, 14, 25). To our knowledge, this is
the first study using CD127 ro discriminate Tregs in MS patients
and showing that this CD4*CD234SCD 1279 T cell subset actu-
ally has the same regularory porency in patients and in age-marched
control subjects. The frequency of the CD4*CD25%eh T cells also
appeared ro be similar between MS parients and HIs, as reporced
previously (18). However, several studies have reported a defective
suppressive funcrion in CD4CD25%h T cells from MS patients
under polyclonal (21) or antigen-based stimulation (19, 20), sug-
gesting thac chis defece might be involved in the physiopathology of
MS (26, 27). At the nnme of these seudies, CO 27 scaning was not
available for the CD4°CD25%# Tregs, Our investigations suggest
that CD4'CD25Me Treg funcrion may not be altered in MS, since
CD4'CD25MAC D127 T cells display a normal suppressive func-
tion. Rather, a discrece population of CD4CD255MCD 12706 cells
in parients is likely to inrerfere wich the coculrure assay by a trend

16 The Journal of Clinical Investigation
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for hyperproliferation and for producing more proinflammatory
cyrokines able ro enhance CD25" T cell proliferation. Our daca shed
new light on the heterogenety of the CD4CD25% T cell popula-
tion and suggest a passible role for CD4"CD23NCD 1270 cells in
MS. These findings are indirectly supported by recent genomic stud-
tes 1in MS suggesting alterations iy JE2RA and IL7RA genes (28-30).

As expected, we fiest confirmed a defecrive suppressive function of
the CD4 CD25M# T cells in MS patients (39% in MS panients versus
69% in age-matched HIs, P < 0.05), However, because CD2S s not
specific for Tregs burss also expressed by acoivared Teells (1, 31-33),
it was important to take into consideration other markers that
disainguish activated/memory cells not endowed with regulatory
funcrion. Anocher difficulry in assessing Treg function by studying
CD4'CD25" cells comes from the fact thar the CD4°CD25% popu-
lation is difficule to distinguish from the CD4 CD25 population
(thought to contain activated T cells) because there is no clear and
stereotyped cut-ofF beeween high and intermediate CD25 exprey.
ston in humans (1, 2). In face, our daca show thar changing the gat-
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Figure 6

Cytokines secreted by the CD4-CO25M"CD127%", CD4+CDZ5-, and CO4-CD25"*CD 127 populations in MS patients and His. (A) The super-
natants from each well of the proliferation assays were removed 24 hours after the beginning of the incubation. The cytokines TNF-z, IFN-y,
and IL-2 were measured from 10 MS patients in the following 3 cell subsets: CD4+*CD25"W"CD 127", CD4*CD25-, and CD4+*CD25""CD 1274w
Mann-Whitney U tests were performed to compare the 3 cell subsets, (B) Comparison of cytokine production by CD4+CD25*CD127% T cells
under CD3 polyclonal stimutation betwean MS patients (n = 4) and Hls (n = 4). Supernatants were ramoved 3 days after the beginning of the
incubation, The results are the mean + SD from 4 patients and 4 healthy controls,

ing stringency when sorting these cells dramancally affects the sup-
pressive capacity of the CD4'CD25% T cells in the proliferation
assay, probably by introducing activaced T cells in the coculture
assay. Using too low a scringency sorung threshold may thus resule
in an apparent defect in regulatory function in the CD4 C D25V T
cell subser in MS patients as i Hls, bur not in the same proportion
{see Figure 1€ and Figure 2B for the difference obraned in percent

age of suppression when using a 2% or a 4% gating strngency boch
in patients or controls), Indeed, the same cells obtained from MS
patients using a more stnngent sorting threshold did nor present
abnormal regulatory function. [t is thus difficult to compare the
resules obtained in different seudies when Tregs are purified based
solely on their expression of CD4 and CD25,

Recently. CD 127 has been shown to be negatively correlated with
FOXP3 expresston in CD4'CD25% T cells, enabling improved
sornng of viable Tregs (13, 14). Thus, we used ant-CD127 to dis-
criminace the properties of CD127M#-depleted cells among the
CD4CD25% T cell subset in MS patienes and Hls and found
that the suppressive function of the CD4'CD25MhC} 271
cells was simular between the 2 groups, Furthermore, 94% of the
CDACD2SMACD 1270 T cells expressed FOXP3 protein com-
pared with 82% in CD4*CD25M@ cells (P < 0.0001, Mann-Whitney
U test; Figure 7), indicaring that the cells sorced using the CD127
marker are a purer pepulation than those obtamned using only
€25, The comparable high FOXP3* score in the CD127-depleted
CD25%eb cells and the comparable regularory function observed
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in MS pauents and His also suggests thar MS patients have no
defect in their Tregs. Hence, when comparing the production of
[FN-y by CD4'CD25- cells under polycional sumulation in the
presence or absence of CD4'CD2SMACD 127 cells, a ssmular sup-
pressive property was found for this Treg subset, confirming the
dara observed with the proliferation assays. This observation of
a simlar regulatory function between MS patients and His sug

gests that contaminatng CD127M T cells interfere in the sup

pression assays, The presence of activated CD 1279 T cells within
the CDS'CD25" T cells of patients with MS could explain the
discrepancy observed between the 2 groups despite a similar fre-
quency of CDA'CD253"CD 1277 cells in MS patients and Hlis An
enhanced proliferation of this T cell subset was observed compared
with che proliferation of CD23 cells, suggesting that this subpop-
ulanion may exhibir an abnormal acrivation stare in MS panents.
This would ar least partly explain the defect in suppressive func-
tion observed with the CD4 CD25%8 T cells. In addition. in our
experiments the CD4*CD25%hCD 1275 T cells exhibired a pro-
mflammatory profile as measured by the levels of [L-2, IFN-y, and

TNF-t¢ produced in the supernatants of the proliferation assays as
compared with the responder CDA*CD25- cell subset, Hence, when
compared with His, this subset of cells from MS patients seemed to
produce more proinflammatory cytokines (IFN-y, TNF-ee, and [L-2),
The extent to which this mereased production of T cell mitogeme
cytokines (such as 1L-2 and IFN-y: ref. 34) may play a role in the
proliferacion of the CD25- T cell subset within the coculture system
Qcrober 2008 aany
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requires further mvestigation. Recently, CD4*CD25MECT) | 27hieh
cells have also been suggested to play a role in allograft rejection
in humans, Grafes infiltraced by CDA*CD25MACD 1270 T cells
contained allospecific CD4* T cells and also secreted effector
cytokines such as TNF-a and IEN-y (35). Alcogecher. it is possible
thar rhis CD4*CD25WsCD 1270 T cell subset plays a role in MS
ot other inflammarory processes. Our observations also indirectly
cortoborate the results of 3 recent studies on risk alleles associated
with MS, which revealed an alteration of 2 genes, II2RA and [L7RA
(28-30). Recently, Venken and colleagues also used CD127 o dis-
criminate memaory and naive Tregs in MS patients (36), They stll
found a defective suppressive function of the Tregs in MS patients,
even after a sorring serategy based on CD 1274 cells. However, they
also used the counterpart CD4'CD25-CD 1270 cells as respond-
ers. Our dara suggesc thar these cells are different berween MS
patients and Hls, since we show here that CD4*CD25MhCD 12708
cells may be hyperproliferative and produce more promnflammarory
cytokines, also resulting in an apparent defect in regulation,

To conclude, using 2 different parameters (suppression of
proliferanion and cytokine production), our work suggests thar
the inhibitory function of the regulatory CD4'CD235 T cell
subset may not actually be altered in MS when contaminar-
ing CD127%h cells are removed. In addition, the counterpart
CD4'CD25=hCD127%60 T cell subpopulation in MS patients
may proliferate more or produce more mitogenic cyrokines, ar
least partly explaining the previous observation of a decreased
suppressive property of CD4*'CD25M" cells in MS parients. This
CD4*CD25MAC D127 T cell subset will be the subject of future
imvestigations, since it might play a role in the inflammatory pro-
cess observed in MS,

Methods
Pattents, Thirty-four patients with definite MS according ro the McDon-
ald eriteria (37) were enrolled m the study, All panents presented RR-MS
and dhd not receive disease-modifying therapy (including corticosteroad
boluses) forar Jeast 3 monds prior o westing. The patients were berween
the ages of 19 and 60 (mean, 359 = 9,5 years}, and their Kurrzke Expanded
Disability Starus Scale (EDSS) scores (38) were berween 0 und 6.5 (mean,
1,75 = 1.6). The discase duration ranged from 6 months to 17 years (mean,
4.5 + 4.9 vears). MS panents 1-25 were used for suppresston and prolifera-
non expeniments concerming the different T cell subsets studied, whike MS
prients 25-34 were used lor expertments concerning cvtokine producuon.
The chametensncs of all panents asz avatlable in Supplemental Table 1,
Twenty-five Hls, matched for age with MS panents, between the ages
of 21 and 60 (mean. 34.5 + 8.7 years) and with no history of autoimmune
diseases or fecent infection episodes, were alse enrolled in this scudy. All
patents and His gave written iformed consent prior ro the study.
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Figure 7

Comparison of FOXP3 expression in CO4+CD25™" T cells and
CD4+CD25%CD1279* cells. Intraceltular FOXP3 staining was per-
formed in 9 His. A significant difference was observed between the
top 2% of sorted CD4*CD25"# and CD4*CD25"CD127'* T cells
(P < 0.0001, Mann-Whitney U test). The horizontal lines indicate the
mean values lor each group.

Tselation wf COPCD25, CDA'CD2SYE, COICD2SNCDI2N, and
COG'CD2SMCDI27 YA T coll popalationss. PBMCS were tsolated from 100 mi
of EDTA whole blood by densary centrifuganon over Frcoll-Paque (Euro-
bio), Freshlyasolated cells (1.5 x 10%) from each experiment were incubated
for 20 minutes in PRS with 30 pl FITC<onjugared anti-CDR, 30 pl PE<on-
jugated anl-CD 27, 20 ul PECy7 conjugated ant-C D3 (BD Mosciences),
and § pl Alexa Fluor 647 -conpugared ann-CD2S (ann-CD2S from Immu-
notech coupled 1o the fluorochrome using a molecular probe kit from
Invicrogen ). Human CD4CD25M CDY4'CD2S | CDCD25HSC 1275,
and COCR2SMACD 127460 T cells were then separated from PBMCs
using a high-speed cell sorrer (FACSAna; BD Biosciences). Puncy was
systemancally greater than 98% for CD4*CD2S T cells and greater than
95% for CDA'CD2SHHCD 1274 cells. For sorting, pammeters wepe set
once and automanc compensations were performed ssing FACSDiva
software (BD Biosciences), Because we performed ann-CDA staining for
the sorting procedure, we checked that this staining had no influence on
further expennments. We compared the peoliferaton of CD4CD2S and
CDA'CD2SWCDI27 cells as well as chert coculture when the sorting
was performed with or wichout anti-CD3, We did not find any differensce
in Lerms of proliferation or suppression (data not shown).

Profiferation asiey. All experiments were performed on fresh peripheeal
blood lymphocytes. To assess the funcesonal activity of the difterent subsess
ofeells (CD4°CD25M and CDS'CDR2SRCD 270, 2 % 1F responder cefls
(CDH'CD23- T cellsy were cocultured for 5 days wath 2 x 104 CD4* CD25bwh
cells or CDY*CD252C D274 cells (ranoe 1:1) and 1 x 1 aurclogous irra-
diared PRMCs i complere RPMI 1640 medium supplémented wich HEPES,
L-glutamice. penicillin, snepromycin, sodivm pyruvate, nonesseniial armincac-
13, and 1000 human AB seeume All expenments were rumn i duphicate m 96-well
plates bound with anaCD3 (Orthoclone OKT3, Janssen-Cilag) ac L pg/ml
as deseribod previously (39), Ann-CD3 anabody was used as a polyelonal T
celb stimulus, Cudeures were incubated at 377 C in a humidified armaosphere,
After 5 davs of culture, the celis were pulsed wich | uCi perwell of *Hethymi-
dine (Amersham Biosciences) for 16 hours. The cells were then harveszed and
counted in a scinallanen counter "H-thymidine incorporation was measssred
as cpo. The percentage of suppression of the responding odl peoliferanion
was determuned as 1 - (peoliferanon of coculture / proliferition of responder
populacion alone) x 100, wisere proliferanon was expressed as cpm,

In order to compare the prolifesation of each cell subpopulation and
among individuals, and becawse of vapabiliy in proliferation from one
patient to another, the proliferation of the T cell subsets (CD47CR25%,
CD4CD23MACD 1274, and CD4"CD25MC D1 2746%) was notmalized to
the proliferacion of the CD4'CD25 subser in each pattent or control, In
each case, baseline proliferacion tn absolute cpm was checked, and several
represeneative examples are provided, All daca concerning the proliferation
of each subpopubianon of T cells for each padient and HI ave avalaldle in
Supplemental Figures 14,

Measurement of cytokene production, Cytokases (IL-2, TNF-u, and 1FN-y)
were measused in supematants taken from each wetl 24 hovrs after the imi-
tation of coculture using a muloplex Auorescent bead immunoassay (Lin-
coplex) rogecher vath a Luninex device. To assess the suppression of [L-2
and IFN-y producaon by CDACD2S T cells, these cyvtokines were measuted
after 3 days in the cocultured supemarants of CD$ CD25NCD 27 and
Oxtabes 2008
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CD4*CD23 responder cells {ratio 1:1) and | x 10 autologous irradiated
PBMCs under the CD3 polyelonal simulanon as descnbed above.

For companison ol eytokine production by CD4CO2SWSCD 12740 T cells
from patients and controls, COR'CO2SMACD1 270 T colls were cocultured
wath imadiated PBMCs as descnbed above together wirch ann-CD3, Superna-
tants were removed 3 days after the beginning of the assay, and IFN-y, TNF-a,
and IL-2 were measured using the mulaplex fluorescens bead immunoassay
asabove. For s expenment, 4 more panents and His were randomly indud-
ed in the study according to the entena set out in the patienes secnon.

FACS analysiy, PRMCs (10° per sample) were stained with PE-Cy7-con-
Jugated annCD3, FITCconjugated ant-CDR, PECyS -conjugated ana-
CD25, and PE-conjugared ann-CD127 (all from BD Brosciences), followssd
by intracellular staming with human FOXP3 (APC comugice) staining
assay kir (Imgenex).

Stastics, Statistseal analyses were performed using GraphPad Prism 4.0,
Parametric stansncal analysis (mean and SEM) was pexformed using stan-
dard methods. Significant differences were caleulated using the nonpara-
metric Mann-Whitney U tesc. and finear regression analysss was perfoemed
using the Pearson correlanion test. For all teses. P values of less than 0,05
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Résultats

Forts de ces résultats, cette premiére étude sur les cellules CD4+CD25high exprimant la
chaine o du récepteur a I’IL7 chez les patients SEP atteints de forme rémittente et non-traités
a été complétée par la caractérisation phénotypique des deux sous-types cellulaires et par une
étude fonctionnelle visant a étudier les capacités de régulation des lymphocytes T
CD4+CD25highCD127- en présence de MBP ainsi que la réactivit¢ des cellules
CD4+CD25highCD127+ & cette protéine de la myéline.

A. Etude phénotypique des lymphocytes T CD4+CD25highCD127- et
CD4+CD25highCD127+

a.Etude de phénotypiques des cellules régulatrices CD4+CD25highCD127-

i. Répartition des Treq au sein des fractions Fr I, Fr Il et Fr 11l

Récemment, Miyara et ses collaborateurs se sont intéressés a I’étude de I’hétérogénéité
des cellules régulatrices (nTreg) a la fois chez les individus sains mais aussi dans différentes
pathologies auto-immunes. Cette équipe a montré que cette population cellulaire peut étre
divisée en trois sous-populations en fonction de I’expression des marqueurs de surface
CD45RA et CD25. Les trois fractions ainsi obtenues sont définies de la facon suivante : la
fraction | (Fr 1), la fraction Il (Fr 1I) et la fraction Il (Fr II1). Fr | correspond aux cellules
CD25++CD45RA+Foxp3low non-activées possédant une fonction suppressive. Fr 1l
correspond aux cellules CD25+++CD45RA-Foxp3high activées possédant elles aussi une
fonction suppressive. La derniére fraction, Fr 111, correspond aux cellules CD25++CD45RA-
Foxp3low. Cette derniére sous-population n’a pas de fonction suppressive et présente un
potentiel Th17 (Miyara et al. 2009).

Une étude phénotypique incluant ces deux marqueurs a été réalisée pour déterminer si les
cellules nTreg des patients atteints de SEP de forme rémittente et non-traités, différaient dans
la répartition des trois fractions définies, apportant indirectement de nouvelles informations
sur les fonctions associées a ces cellules.

La figure 9A présente la répartition de la fraction Fr | au sein des lymphocytes T CD4+,
celle-ci est similaire chez les patients atteints de SEP et chez les témoins appariés selon 1’age
et le sexe (Fr 1: MS 1,26+0,81% vs HV 1,16+0,57%). La fraction Fr Il est elle aussi
comparable entre les patients atteints de SEP et les temoins (Fr Il : MS 0,36+0,24% vs HV
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0,44+0,28%) (Figure 9B). Aucune différence n’est observée dans la répartition de la fraction
Fr 11 (Fr 111 : MS 1,12+0,47% vs HV 1,28+0,36%) (Figure 9C).
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Figure 9: Répartition des cellules nTreg en trois sous-populations définies par I’expression des marqueurs

CD45RA et CD25
Les PBMC sont marqués avec des anticorps anti-CD3-APC-Cy7, anti-CD4-PE-Cy7, anti-CD25-PE et anti-
CD45RA-APC. Les cellules sont analysées par cytométrie en flux en positionnant une fenétre de sélection sur les
lymphocytes CD4+. A. La fraction | (Fr I) correspond a des cellules nTreg non-activées. B. La fraction Il (Fr II)
correspond & des cellules nTreg activées. C. La fraction Il (Fr 1) correspond a des cellules non-régulatrices
possédant un potentiel Th17. Aucune différence significative n’est observée pour la fréquence de ces trois sous-
populations entre les patients atteints de SEP non-traités (MS=16) et les témoins (HV=18) appariés selon I’4ge et
le sexe.
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Les cellules non-activées possédant une capacité suppressive (Fr 1), des cellules activées
suppressives (Fr 11) et des cellules non-suppressives ayant un potentiel Th17 (Fr I1I)
composant la population régulatrice nTreg sont en proportions semblables dans le sang
périphérique des patients atteints de SEP de forme rémittente, non-traités, et dans celui des
témoins. Ces résultats suggerent donc que les populations régulatrices nTreg possedent les

mémes capacités fonctionnelles que ce soit chez les patients ou chez les témoins.

ii. Expression des marqueurs impliqués dans la SEP au sein des Treq

L’¢étude phénotypique des cellules régulatrices T CD4+CD25highCD127- a été complétée
par la caractérisation de marqueurs de surface décrit comme éventuellement plus spécifiques
de la pathologie SEP. Les récepteurs des chemiokines ont été impliqués dans la SEP en
particulier CCR2 et CCR5 identifiés dans les tissus 1ésés et associés aux phases de poussées
(Ransohoff et al. 1999 ; Huang et al. 2000). Dans les formes primaires progressives de SEP,
CCR2 est surexprimé sur les lymphocytes tandis que CCR5 a une expression diminuée par
rapport aux formes rémittente de SEP (Serensen et al. 2001).

L’expression de molécules d’adhérence impliquées dans la transmigration au travers de la
BHE comme VLA4, LFAL et CD44 a été aussi étudiée. 1l a été montré que les molécules
d’adhérence VLA4 et CD44 étaient plus fortement exprimées au sein de la population T totale
chez les patients atteints de SEP en poussée (Soilu-Hénninen et al. 2005).

L’analyse des PBMC de malades et de témoins ne m’a cependant pas permis de confirmer
une différence d’expression des récepteurs de chemiokines intervenant aussi dans la migration
des leucocytes dans le SNC : CCR2 (MS 16,25+14,52% vs HV 19,92+23,33%) et CCR5 (MS
17,19410,67% vs HV 18,79£9,01%) (Figure 10A) ainsi que pour I’expression de molécules
d’adhérence: VLA4 (intégrine a4 ou CD49d ; MS 46,59£16,08% vs HV 54,65+15,55%),
LFAL (CD11la; MS 99,82+0,21% vs HV 99,68+0,55%) et CD44 (MS 99,86+0,17% vs HV
99,36+0,93%) (Figure 10B).

106



Résultats

A
120+ 120+
ER 100+ & 1004
- -
8 o £8  w
g5 2 25 2
%8 60 2T e
g or 0,0 € ar
€0 40 4,8 0 &0 40 ba 0g0
O % Aa 9, O‘a Dgn
;eg 204 o —p— s 204 —b;-:-:—‘— -QHEEUHO-
v v L T
MS HV MS HV
B
120+ 120+
EE 1004 EE 1004 ~Saddaatuhataads- QORI
50 a 5 0
% O 80 A a 20 80
55 8 o g 8% 8
EL T 601 ALa s EL T 601
T Al a —BBOGU'U‘ -
or a (Q"
;Q 404 Aaa on L0 404
.3 Lo Q.a
atu 204 A o ® 8 204
0 T 0 T
MS HV MS HV
120+
55 100  ~seasiaamasarss- AR
50
% O 80
65 0
E%3 e
28"
o 404
0%y
o
alo 204

A M
MS HV

Figure 10: Fréquences des cellules exprimant CCR2, CCR5, VLA4, LFAL et CD44 au sein des

lymphocytes T CD4+CD25highCD127-
Les PBMC sont marqués avec des anticorps anti-CD3-APC-Cy7, anti-CD4-PE-Cy7, anti-CD25-PE et anti-
CD45RA-APC. Les cellules sont analysées par cytométrie en flux en positionnant une fenétre de sélection sur les
lymphocytes T CD4+CD25highCD127-. A. Fréquence des cellules exprimant CCR2 et CCR5 au sein des
lymphocytes T CD4+CD25highCD127-. B. Fréquence des cellules exprimant les molécules d’adhérence VLA4,
LFAL et CD44 au sein des lymphocytes T CD4+CD25highCD127-. Aucune différence significative n’est
observée pour les 4 marqueurs étudiés entre les patients atteints de SEP non-traités (MS=17) et les témoins
(HV=18) appariés selon I’age et le sexe.
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Ainsi, comme nous I’avons montré dans 1’article II, les cellules régulatrices nTreg des
patients atteints de SEP ne different ni par leur capacité suppressive, ni par leur profil de
sécrétion de cytokines par rapport aux individus sains. Ces cellules ne différent pas non plus
par la répartition des trois fractions Fr I, Fr 1l et Fr Ill, ni par I’expression de surface des
marqueurs CCR2, CCR5, VLA4, LFAL et CD44.

b. Caractérisation phénotypique des cellules T CD4+CD25highCD127+

L’autre volet de 1’étude phénotypique des PBMC fraichement isolés a partir du sang
périphérique des patients atteints de SEP et des témoins est la caractérisation des cellules T
CD4+CD25highCD127+ que ce soit pour des marqueurs exprimés par les cellules nTreg mais
non-spécifiques de ces cellules, pour des marqueurs connus pour jouer un rble dans

I’immunité mais aussi impliqués dans la pathologie de la SEP.

i. Fréquence et MFI du CD127 chez les patients SEP

Dans un premier temps, la fréquence des cellules positives au CD127 au sein des cellules

régulatrices T CD4+CD25high a été étudiée a la fois chez les patients atteints de SEP de
forme rémittente-récurrente, non-traités, et chez les témoins appariés selon 1’age et le sexe.
Comme mentionné précédemment dans I’article I, aucune différence de fréquence de ces
cellules au sein de la population nTreg n’est constatée (MS 7,66+3,9% ; HV 8,05+3,25%)
(Figure 11A). De plus, aucune différence en termes d’intensité moyenne de fluorescence n’a
été observée pour le marqueur CD127 entre les patients atteints de SEP et les témoins (Figure
11B).
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Figure 11: Etude de la fréquence et de ’intensité moyenne de fluorescence du marqueur CD127 au sein

des lymphocytes T CD4*CD25""
Les PBMC sont marqués avec des anticorps anti-CD3-APC-Cy7, anti-CD4-PE-Cy7, anti-CD25-PE et un
anticorps anti-CD127 biotinilé + streptavidine Alexa 405. L’analyse en cytométrie en flux ne met pas en
évidence de différence significative entre les patients SEP de forme rémittente, non-traités (MS=17) et les
témoins (HV=18) appariés selon 1’4ge et le sexe. A. La fréquence des cellules positives au marqueur CD127 est
obtenue en plagant une fenétre de sélection sur les cellules T CD4'CD25"®". B. Intensité moyenne de
fluorescence du marqueur CD127.

ii. Expression des margueurs non-spécifiques des Treq

Pour s’assurer que les cellules CD4"CD25M"CD127" sont bien distinctes de la population
CD4*CD25""CD127 possédant la fonction suppressive, une caractérisation phénotypique
pour des marqueurs non-spécifiques des cellules nTreg a été réalisée (Figure 12). En effet, les
cellules nTreg peuvent étre distinguées des cellules effectrices activées par 1’expression du
marqueur CD62L. Plus de 95% des cellules T CD4*CD25"9" sont CD62L". De plus, ces
cellules isolées a partir du sang périphérique sont majoritairement CD45RO" et CD45RA
(Dieckmann et al. 2001). La grande majorité des nTreg présentent un phénotype de cellules
mémoires centrales. Cette population cellulaire est aussi enrichie en marqueurs impliqués
dans I’immunité comme CD95 (Fas), CTLA4 et CD103 mais n’exprime pas CD28. La Figure
12A montre 1’expression prédominante de CD28 a la surface des cellules T
CD4*'CD25""CD127" (MS 99,3142,67% vs HV 99,94+0,07%) tandis qu’il n’y a pas
d’expression de CD28 a la surface des nTreg. L expression de CTLA4 (MS 11,79+11,37% vs
HV 19,60+24,17%) et de CD103 (MS 1,13+0,88% vs HV 2,5+1,14%) est tres faible a la

surface de ces cellules a I’inverse de ce qui est connu pour les nTreg (Figure 12B et 12C).

109



Résultats

>
w

120+ 120+
£ER 1004 —o-waasssssss- anmEmomn- £ N 1004
50 . 55
20 80+ £ 0 804 o
g5 2 gg e
.5%3 60+ .'th 60+ Qo
8aF S8" o
8.0 404 = Q A DD
Oa Agat o
T Y
xé 1 £ 0 i —~¥§— 7]
0 a L A By Tel
9 T \ o T
ms HV MS HV
C D
30+ 120+
3 S
o
£8 201 §8 80+ i
£ 2 £ 2 ar? W — 9
%9 . %8 604 *Ta ar a
g8~ 482 e 20
é.o 104 §.U 404
A
g - g .l
ol —ddomet  Soodbogo 0 . -
MS HV MSs HV
E
120+
ER 1004  wmnsanms ~00aEDoo-
- = -
£8 804
SE ®
ER% e
™~
28"
o9 i
ﬁu 204
0 - v
Ms HV

Figure 12: Fréquences des cellules exprimant CD28, CTLA4, CD103, CD62L et CD95 au sein des cellules

T CD4'CD25""CD127*
Les PBMC sont marqués avec des anticorps anti-CD3-APC-Cy7, anti-CD4-PE-Cy7, anti-CD25-PE et un
anticorps anti-CD127 biotinilé + streptavidine Alexa 405. L’analyse en cytométrie en flux ne met pas en
évidence de différence significative entre les patients SEP de forme rémittente, non-traités (MS=17) et les
témoins (HV=18) appariés selon ’age et le sexe. A. La fréquence des cellules exprimant CD28 au sein des
cellules T CD4'CD25""CD127*. B. La fréquence des cellules exprimant CTLA4 au sein des cellules T
CD4'CD25™"CD127". C. La fréquence des cellules exprimant CD103 au sein des lymphocytes T
CD4'CD25"™"CD127*. D. La fréquence des cellules exprimant CD62L au sein des lymphocytes T
CD4+CD25hfghCD127*. E. La fréquence des cellules exprimant CD95 au sein des lymphocytes T
CD4'CD25""CD127".
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CD62L semble étre plus faiblement exprimé a la surface des cellules T CD4*CD25""CD127*
mais aucune différence significative n’est observée (MS 63,99+12,66% vs HV 68,44+7,49%)
(Figure 12D). L’expression de CD95 est, quant a elle, similaire dans les deux populations de
cellules (MS 99,49+1,51% vs HV 99,55+1,70%).

De plus, pour I’ensemble de ces marqueurs connus pour étre exprimés par les
lymphocytes T CD4*CD25"9" leur expression est similaire entre les patients atteints de SEP et

les témoins.

ii. Expression de CD45R0O, CD45RA et CCR7
La caractérisation des cellules T CD4*CD25""CD127" est approfondie par I’étude de

I’expression de marqueur mémoire CD45R0, naif CD45RA et CCR7. La co-expression de
CD45RO et de CCR7 nous permet d’évaluer la proportion des cellules mémoires centrales
(CD45RO'CCR7") et des cellules mémoires effectrices (CD45RO'CCR7) au sein de la
population d’intérét.

Chez I’Homme, la molécule CD127 est exprimée a un niveau relativement élevé sur les
cellules T CD4" et CD8" naives. L’expression de CD127 sur les cellules T CD4" naives
augmente avec une stimulation via I’IL7 (Swainson et al. 2006). Lozza et ses collaborateurs
ont montré que quelque soit la stimulation des cellules T CD4" naives, le CD127 est
fortement exprimé et la force de la stimulation peut induire la mort cellulaire ou I’engagement
de ces cellules vers un profil mémoire central ou mémoire effecteur (Lozza et al. 2008 ;
Racape et al. 2009).

Comme le montre la Figure 13, I’expression des marqueurs mémoire/naif a la surface des
cellules T CD4*CD25""CD127" est comparable entre les patients atteints de SEP de forme
rémittente et les témoins (CD45RO" : MS 91,52+8,02% vs HV 96,32+3,29% ; CD45RA" :
MS 81,54+19,1% vs HV 82,26+24,92%). Ces cellules semblent présenter un phénotype
mémoire pour la grande majorité et semblent exprimer a la fois le marqueur CD45RA. Elles
sont en majorité du type mémoires centrales (CD45RO+CCR7+ : MS 69,38+16,33% vs HV
76,83+21,36%) avec une proportion plus faible de type mémoires effectrices
(CD45RO+CCR7-: MS 21,80+£18,21% vs HV 19,58+21,78%). Cette observation est
retrouvée a la fois chez les patients atteints de SEP et les témoins appariés selon 1’age et le
sexe (Figure 13 C et D).
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Figure 13: Fréquence des marqueurs CD45RO, CD45RA et CCRY7 a la surface des cellules T
CD4*CD25""CD127*

Les PBMC sont marqués avec des anticorps anti-CD3-APC-Cy7, anti-CD4-PE-Cy7, anti-CD25-PE et un
anticorps anti-CD127 biotinilé + streptavidine Alexa 405. L’analyse en cytométrie en flux ne met pas en
évidence de différence significative entre les patients SEP de forme rémittente, non-traités (MS=17) et les
témoins (HV=18) appariés selon I’4ge et le sexe. A. La fréquence des cellules mémoires (CD45RO") au sein des
cellules T C_:D4+CD25h'ghCD127+. B. La fréquence des cellules exprimant CD45RA au sein des cellules T
CD4*CD25""CD127+. C. La fréquence des cellules mémoires (CD45RO*CCR7") au sein des lymphocytes T
CD4*CD25""CD127+. D. La fréquence des cellules mémoires (CD45RO*CCR7’) au sein des lymphocytes T
CD4*CD25""CD127+.
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iv. Expression des marqueurs impliqués dans la SEP

La derniére partie de mon étude phénotypique a inclus 1’estimation de la proportion des
cellules exprimant des marqueurs impliqués dans 1I’immunité mais aussi plus spécifiques de la
pathologie au sein des lymphocytes T CD4*CD25""CD127".

La figure 14A ne montre pas de différence de fréquence des cellules positives au CCR2
(MS 19,18+£16,06% vs HV 23,84+24,18%) et au CCR5 (MS 8,51+5,04% vs HV
12,94+6,25%). L’observation de I’expression de surface des intégrines lymphocytaires
impliquées dans le recrutement sur le site de 1’affection et favorisant 1’infiltration dans le SNC
ne révéle pas non plus de différence entre les malades et les témoins (VLA4: MS
68,32+13,01% vs HV 76,32£12,67% ; LFAl: MS 99,89+0,22% vs HV 99,90%+0,17% ;
CD44: MS 99,86+0,26% vs HV 99,38+1,60%) (Figure 14B). L’expression d’IL23R,
marqueur du « profil » Th1l7, ne différe pas entre les patients atteints de SEP de forme
rémittente et les témoins (MS 4,02+3,09% vs HV 3,58+3,63%) (Figure 14C).

La caractérisation phénotypique des cellules T CD4*CD25""CD127* a permis de mettre
en évidence que cette sous-population des cellules régulatrices CD4*CD25"" se distinguaient
de la vraie population régulatrice CD4*CD25"%"CD127  par I’expression et I’absence
d’expression de certains marqueurs.

Cependant, aucune différence dans 1’expression de I’ensemble des marqueurs testés n’a
été observée entre les cellules des patients atteints de SEP de forme rémittente, non-traités et

les témoins appariés selon I’age et le sexe.
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Figure 14: Etude phénotypique des cellules T CD4*CD25""CD127" & partir de PBMC

Les PBMC sont marqués avec des anticorps anti-CD3-APC-Cy7, anti-CD4-PE-Cy7, anti-CD25-PE et un
anticorps anti-CD127 biotinilé + streptavidine Alexa 405. A. La fréquence de cellules exprimant les marqueurs
CCR?2 et au CCRS5 au sein des lymphocytes T CD4"CD25""CD127". B. La fréquence des cellules exprimant les
marqueurs VLA4, LFAL1 et CD44 au sein des lymphocytes T CD4’_’CD25“'9“CD127+. C. La fréquence des
cellules exprimant I’'IL23R 4 la surface des lymphocytes T CD4*'CD25"""CD127". Ces résultats sont obtenus par
analyse en cytométrie en flux, aucune différence significative n’est observée entre les groupes appariés selon
I’age et le sexe (MS=17 ; HV=18).
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B. Etude fonctionnelle des deux sous-populations lymphocytaires
CD4'CD25"9" en présence de MBP

Dans la SEP, le processus inflammatoire aboutissant & la destruction de la myéline
pourrait étre enclenché par les cellules T auto-immunes reconnaissant les composants de la
myéline. Nous avons donc cherché a tester, d’une part la réactivité, des cellules T
CD4*'CD25""CD127" en présence de MBP, I’une des protéines de la myéline. D’autre part,
nous avons testé la capacité des cellules régulatrices T CD4*CD25""CD127" & réguler la
réponse des cellules effectrices T CD4"CD25" en présence de MBP.

a. Prolifération en présence de MBP

Dans le but d’¢tudier la réactivité des cellules T CD4*CD25""CD127* & la MBP, une
culture de ces cellules en présence de PBMC autologues irradiés et stimulés par 1ug de MBP
(concentration finale de 5ug/ml) pendant 5 jours a été réalisée. Les différentes populations
cellulaires CD4*CD25", CD4*'CD25""CD127 et CD4*CD25"9"CD127* sont obtenues aprés
tri cellulaire réalisé au FACSAria®. Cette sélection a été effectuée de la méme facon que
décrite précédemment dans Darticle 1I. La figure 15A ne montre pas de différence de
prolifération pour les trois types cellulaires stimulés par la MBP. Cependant, les cellules T
CD4'CD25""CD127" des patients atteints de SEP de forme rémittente, non-traités,
sembleraient avoir une tendance a proliférer davantage comparées aux cellules des témoins
(MS 794504126800 vs HV 17170+11320 ; p =0,56).

b. Régulation en présence de MBP

La fonction régulatrice des cellules T CD4*'CD25"""CD127 a ensuite été testée en
présence de MBP. Pour cela, les cellules T CD4'CD25""CD127" sont co-cultivées en
présence de MBP avec des cellules T CD4"CD25 autologues ainsi que des PBMC irradiés
autologues pendant 5 jours. Dans ces conditions, la figure 15B révele une capacité régulatrice
similaire entre les cellules T CD4"CD25""CD127 des patients atteints de SEP et celles des
témoins (MS 61,43+33,67% vs HV 64,47+39,56%) sur la prolifération des cellules T
CD4'CD25" autologues.
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Figure 15: Comparaison de la prolifération des CD4'CD25""CD127" et de la fonction suppressive des

CD4'CD25""CD127 en présence de MBP
Les PBMC sont marqueés a 1I’aide d’anticorps anti-CD3-PE-Cy7, anti-CD4-FITC, anti-CD25-Alexa Fluor 647 et
anti-CD127 PE. Les différentes populations cellulaires sont obtenues par tri au FACSAria®. Les cellules sont
mises en culture pendant 5 jours en présence de PBMC autologues irradiés et stimulées avec 1ug de MBP par
puits. Aucune différence significative n’a été observée entre les patients atteints de SEP, non-traités (MS=15) et
les témoins (HV=10) appariés selon I’dge et le sexe. A. Prolifération des cellules T CD4°CD25,
CD4*CD25""CD127 et CD4*CD25M"CD127* aprés 5jours de culture en présence de MBP. B. Pourcentage de
suppression de la prolifération des cellules T CD4*CD25" par les cellules T CD4*CD25""CD127" en présence de
MBP.

Cette derniére observation va a 1’encontre de travaux réalisés par d’autres équipes. En
effet, Kumar et ses collaborateurs rapportent un défaut de régulation des cellules T
CD4*'CD25"%" de patients atteints de SEP en présence de MBP (Kumar et al. 2006). Un
défaut de régulation a aussi été observé chez les malades dans des tests fonctionnels
impliquant des cellules T CD4*CD25"" en présence de MOG (Haas et al.2005).
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ABSTRACT

Although peripheral-blood myelin-autoreactive T-cells (PB-MATC) are thought to play a key role in
multiple sclerosis (MS), they are generally considered to have qualitative differences rather than
quantitative ones as compared to those found in healthy controls. Here we revisited the assessment of
PB-MATC by a new approach based on their combined ability to acquire membrane proteins from
autologous APC (TRAP for T-cell Recognition of self APC by Protein transfer) and to respond to whole
myelin extract as the stimulating autoantigen. Using this approach, the PB-MATC frequency in MS
patients (n=22) was found to be unexpectedly high (median 2.07%. range 0-4.24) and to significantly
exceed that of age/gender matched healthy individuals (median 0.1%, range 0-5.3%, n=18; p < 0.0001).
These data correlated with whole myelin-induced IFNY-ELISPOT patterns although the values obtained
with ELISPOT were 58 times lower than with TRAP. PB-MATC were memory T cells expressing
CD40L with a CD62"™ phenotype, suggesting their ability for homing to tissues. Collectively, these new
data show a very high frequency of autoreactive T-cells during the relapsing phase of the disease lacking

in age/gender-matched healthy individuals, and therefore firmly support an autoimmune etiology in MS.
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INTRODUCTION

Immune system deregulation in multiple sclerosis (MS) has long been suggested by the presence of T-
cells and activated monocytes/macrophages within lesions of postmortem brain tissues from MS patients.
The current physio-pathological concept of MS autoimmune etiology lies in the presence of activated
peripheral-blood myelin-autoreactive T-cells (PB-MATC) able to transmigrate the BBB endothelium (1-
2). To date, however. the PB-MATC frequency has not been consistently shown to differ in MS patients
from that of age-matched healthy individuals (3-8). An alternative hypothesis involves other
abnormalities occurring in MS, such as a particular PB-MATC phenotype (8), a defect in T-cell
regulation (9) or a dysfunction of the blood-brain barrier (BBB) (10). Our failure to confirm a defect in
circulating CD4*CD25*CD 127 T-regulatory cells in MS patients (11) and to discriminate MS patients
from HI in terms of their frequency of myelin-autoreactive CD8" T-cells detected by ELISPOT (3)
prompted us to revisit the frequency analysis of PB-MATC using a novel approach. Current PB-MATC
frequency estimation is either based on the production of a limited number of cytokines (ELISPOT) or on
stimulation by potentially autoimmune peptides or soluble proteins. Precisely assessing PB-MATC
frequency in MS with a minimum of measurement bias and by taking into account all possible

autoantigens is a prerequisite for establishing MS autoimmune etiology.

In this report, we took advantage of the ability of memory T-cells to exchange surface-membrane
molecules with APC in an antigen-dependent manner by a mechanism called mrogocyrosis or T-cell
recognition of APC by protein rransfer (TRAP) occurring during dissociation of immune synapses. The
TRAP was first described in rodents to measure a response against viral antigens or transgenic clones
(12-13) and more recently was adapted to human in the context of cancer or viral discases (14-15)
although in more favorable experimental contexts than autoimmunity including homogeneous T-cell
clones (13) or T-cell detection at the peak of an induced immune response (16). Despite its validation as

a reliable method, the TRAP assay has not yet been used to analyze freshly isolated T-cells from patients
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presenting a possible autoimmune disease particularly with MS. Current techniques do not measure the
global pool of autoreactive T-cells because these cells might have different activation patterns and a
wide-spectrum of activation-thresholds. In this respect, the TRAP assay offers a more global readout.
Finally, we used whole brain myelin extract as a source of autoantigens instead of myelin-derived
peptides or soluble proteins. We demonstrated that endogenous processing of whole myelin extract and
its cross-presentation may enhance PB-MATC detection by increasing both the number and types of

presented epitopes.

This new experimental approach clearly established a high level of autoreactivity against myelin on
blood T-cells of MS patients and showed that MS patients presented an unexpectedly high frequency of
memory T-cell reactivity against myelin determinants. This frequency significantly surpassed that of
gender/fage-matched normal individuals who only weakly responded to the whole myelin autoantigen.

Collectively, our data uphold the concept of an expanded anti-myelin autoreactive T-cell pool in MS.
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RESULTS

TRAP detects antigen-specific T-cell response in selected individuals: We first analyze the TRAP
response in individuals with pre-established reactivity against CMV or MBP-derived MHC class -

restricted peptides.

CMV+ individuals: Supplementary Fig 1A-B show T-cell proliferation in CMV™ donors with median 5%
(range 5-8%) of their CD45RO'CD3" T-cells becoming CSFE™ in the presence of CMV-pp65 protein
compared to only 0.5% in CMV" control individuals (range 0.5-2%). Furthermore, only CD45RO* T-
cells from CMV™ individuals were IFNy-ELISPOT™ (inserts, suppl. Fig 1A) in the presence of CMV-
pp65. Supplementary Fig 2A-B show that only CD45RO™ lymphocytes from CMV ™ individuals (median
3.7% range 3-5.8%) displayed a higher CD3" TRAP signal in the presence of pp65 compared to CMV™
controls (median 0.2% range 0-0.2%). The ELISPOT assay also detected a greater response in CMV ™
individuals (median 86 IFNy-spots range 38-385) compared to their CMV"™ counterparts (median 57
IFNy-spots range 13-60, p < 0.007, suppl. Fig 2C) although at a 94-fold lower frequency compared to the
TRAP-based estimations. There was however a significant correlation between the TRAP and ELISPOT
assays (suppl. Fig 2D, r’=0.82, p < 0.01). Finally. pp65-tetramer sorted T-cells stimulated by pp65
peptide-pulsed ETB-LCL (used here as APC) did exhibit a 6.8 fold increase in TRAP signal (68%, suppl.

Fig 3) compared to stimulation by non-pulsed ETB-LCL (10%).

Individuals with pre-established CDS8* T cells reactive to MHC class I-restricted MBP peptides: We first
looked whether biotinylated and fluorescently labeled myelin (myelin-F#) was internalized in the CD14*
monocytes used for T-cell stimulation. Figure 1A shows that myelin-F* was phagocyted by monocytes
(22%, p < 0.01) and myelin-F* internalization was abolished by the phagocytosis inhibitor APO. In
addition, the percentage of HLA-DR"™" cells was three times higher in myelin-fed monocytes compared
to non-fed controls (Figure 1B) (21+8% for MS patients and 28+ 7.8% for HI versus 7.3+3% and 6.3+4%

respectively, p < 0.002). We previously identified MS patients and HI with circulating CD8* T-cells
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reactive to MHC class I restricted MBP peptides in the [FNy-ELISPOT assay (3). Frozen PEMC samples
from such preselected MS patients and two normal individuals were available and were tested for TRAP
(n=4). Irrelevant peptide served to determine the background signal. A representative TRAP reactivity on
separated T-cells is shown in Figure 2. MBP-derived peptides restricted by MHC class I induced a 6 fold
increase in the % of TRAP'CD3I'CD4™ cells (1.2% versus 0.2% background) but, as expected, not in
CD3*CD4* T-cells. Whole myelin extract induced only a moderate increase in TRAPTCD3"CD4" T-cells
(0.6% TRAP versus 0.3% background). However, an 8-fold increase in CD3*CD4 TRAP* T-cells (1.6%
TRAP versus 0.2% background) was observed with whole myelin extract. CD40L, which is transiently
expressed on activated T-cells consecutively to their antigenic stimulation (17-19) was also increased on
TRAP* T-cells. Finally, two HI with pre-established CD8" autoreactivity against myelin-derived peptides
in ELISPOT assay (3) were also analyzed with similar results (Figure 3A-B, 6% versus 0.1% and 3%
versus 0.2%). These individuals were also positive in the IFNy-ELISPOT assay in the presence of whole
myelin {median 192.5 INFy-spots, range 86-245 compared to background 22.5 INFy—spots, range 8-23. p
< 0.0002; Figure 3C). Collectively, these experiments show that monocytes internalized myelin and

efficiently cross-presented myelin determinants to CD8* T-cells.

Whole myelin extract induces a strong TRAP signal in a cohort of MS patients with remitting

relapsing disease.

Next the frequency of memory CD3" T-cells acquiring monocyte-derived fluorescence in the presence of
the whole myelin extract was analyzed in a cohort of 22 untreated MS patients and 18 gender- and age-

matched healthy individuals (HI).

The median background signal for MS patients (median 1%, range 0-4%) and HI (median 1.45%. range
0.1-4%) was similar (Figure 4A). In contrast, median TRAP signal in the presence of the whole myelin
extract in MS patients (median 3.5%, range 1-10%) was increased and highly significantly different from

related values in HI (median 1.45%. range 0.2-7.5%: p < 0.0077). If the background was subtracted from
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the whole myelin-induced TRAP value in an attempt to measure myelin-specific TRAP signal, MS
patients had 2.07% median (range 0-4.24%) myelin-autoreactive TRAP* T-cells, a value still highly
significantly exceeding that of HI (median 0.1%, range 0-5.3%. p < 0.0001; Figure 4B). MS patients
reacting to whole myelin extract did not exhibit a significantly higher TRAP signal to apoliporotein
prepared using a similar procedure to that for whole myelin (1.2+0.45%), suggesting an absence of a T-

cell response to lipid myelin components (not shown).

Finally, myelin-TRAP reactive T-cell frequency was considerably higher than that of IFNy-producing
cells in the ELISPOT with an approximately 58 fold increase. However, there was a significant
correlation between ELISPOT and TRAP frequencies in samples tested simultaneously (Figure 4C,
’=0.82, p < 0.0001). Collectively, the data indicate that untreated MS patients are characterized by a
high frequency of myelin autoreactive T-cells and substantially differed from healthy individuals on the

basis of the number of circulating memory T-cells reacting against myelin-pulsed autologous APC.

Whole myelin TRAP® cells are activated memory T-cells and anti-MHC class IT blocking

antibodies prevent TRAP induction in CD4* T-lymphocytes.

We have already mentioned that TRAP* T-cells predominantly express CD40L in MS patients and HI
tested in preliminary experiments (Fig 2-3). We next extended the phenotypic characterization of TRAP*
T-cells to the 22 MS patients of the study cohort in addition to other activation markers (CD62L, CD95,
and HLA-DR). As suggested by the preliminary data, CD40L discriminated TRAP* from TRAP
memory T-cells reactive to whole myelin extract (Figure 4D. median 82.5%. range 60-96%.
CD40L'TRAP* versus median 12.5%, range 2-27%., CD40L*TRAP"; p < 0.0002). In addition, TRAP*
cells were more frequently CD62L" (median 72%. range 62.3-95%) compared to the TRAP
counterparts (median 27%. range 26-50.8%. p < 0.0006; Figure 5A). In contrast. TRAP' T-cells had
roughly similar median frequencies of CD95* (Figure 5B, median 33%. range 33-39%) and HLA-DR"

(Figure 5C, median 18%, range 14-20%) compared to TRAP T-cells (median 36%, range 36-40% for
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CD95 and median 18%, range 10-51% for HLA-DR). Finally, whole myelin TRAP reactivity was
detected at similar levels in both CD4 and CD8 T-cells in MS patients (Figure 6A, inserted representative
dot blot). Figure 6B shows that whole myelin-induced TRAP'CD3*CD4" median value in MS patients
{median 3.8%, range 1.5-5%) was decreased to the background levels (median 0.65%, range 0.3-2%, p <
0.0006) by the addition of anti-MHC class I1 blocking antibodies in the test, indicating that the myelin-
induced TRAP" signal was TCR-dependent. It should be noted that the antibodies could not abolish the

background signal, suggesting that some APC molecule transfer occurred in a TCR-independent manner.

Correlations of myelin-specific TRAP values with history of relapses and EDSS scores in MS

patients

Further analysis of the data showed that myelin-specific response was significantly higher in patients
tested at the time of a relapse (median 3.2%, range 2.6-6%) as compared to the remaining MS patients
seen during a remission period (median 1.55%. range (0-4.24%_ p<0.05, Mann-Whitney test) or to control
individuals (median 0.1%, range 0-5.3, p < 0.01, Man-Whitney test; Figure 7A). Both MS subgroups still
had median frequency of memory T-cells autoreactive to myelin significantly higher than controls
(p<0.001, Kruskall-Wallis test). In addition, if MS patients are ranked according to EDSS scores, the data
suggest that those with the highest EDSS scores also had the highest level of myelin autoreactive T-cell
frequency (median 3%. range 2.6-6%) compared to those with relatively lower EDSS-Sc (median 1.6%,
range 0-4.24%) or to controls (median 0.1%, range 0-5.3%:; p < 0.0001; Figure 7B). TRAP values in all
groups still significantly exceeded those in healthy individuals. No statistical significance could be found

between age-matched MS female and male patients in terms of myelin-specific TRAP values.
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DISCUSSION

The question of whether or not myelin-autoreactive T-cells (PB-MATC) are more numerous in peripheral
blood of MS patients compared to healthy individuals (HI) is an important issue for the understanding of
the disease process. Most studies have reported similar frequencies of autoreactive T-cells in groups of
MS patients and HI (4-8, 20-21) including our own on CD&"* T-cells (3). However, some reports have
shown higher frequencies in MS patients (22-24) or a higher level of myelin autoreactivity in MS patients
without a specific estimate of PB-MATC frequencies (25-26). Two important factors might underline
these discrepancies: the type of autoantigens used and the PB-MATC detection method. In fact, none of
these studies have used whole myelin extract as the autoantigen but myelin-derived peptides or molecules
which likely do not represent all determinants that could be involved in the disease. In addition, the
ELISPOT or LDA readouts only detect autoreactive T-cells secreting a limited number of cytokines
(usually INFy) or able to proliferate, but not cells secreting other cytokines or with a high activation
threshold. For example Bieganowska et al (27) reported a frequency of blood T-cells expressing the
MBPp85-99-associated TCR chain transcripts as high as 1/300, which far exceeded the frequencies they

calculated by LDA (1x107-10°%).

In an attempt to better estimate myelin autoreactive T-cell frequency. we adopted in this paper two novel
approaches including the use of whole myelin extract as the autoantigen and the transfer of plasma-
membrane proteins from autologous APC to T-cells upon immune synapse formation, a cytokine and cell
proliferation independent readout which measures T-cell engagement in an immune synapse, an
obligatory step for a T-cell immune response (28) and allows an estimation of antigen-specific T-cell
frequency whatever the restricting MHC allele (12-13,15-16, 29). Utilization of whole myelin extract was
suggested by the in vivo observation where monocytes/macrophages contain myelin determinants in brain
tissue during MS (2). Because the TRAP has been predominantly described in animal models (12-13,

16), our study conducted in humans included certain validation steps. We first tested TRAP using CMV -
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pp65 antigen in individuals with positive CMV serology and by testing the response to whole myelin in
individuals in whom the presence of circulating CD8* PB-MATC had been pre-established by ELISPOT
(3). About 4% blood memory T-cells of CMV™ donors were pp65-TRAP reactive whereas no response
was observed in CMV™ subjects. These frequencies in subjects with positive serology at a distance from
the acute disease are within the range of frequencies reported in human subjects using CMV-specific
tetramers (30) or by flow cytometry intracellular cytokine staining (31). In addition, pp65-TRAP
reactivity correlated to pp65 antigen ability to induce T-cell proliferation (CSFE) or IFNy secretion
(ELISPOT). However, pp65-TRAP" T-cell frequencies were 94 fold higher than those measured by the
ELISPOT, suggesting that using [FNYy as the unique parameter to measure the T-cell response can result
in a gross underestimation of the frequency of committed cells as also reported recently in animals where
the authors (16) have also found comparable differences in the frequencies estimated in ELISPOT
(0.01%) and TRAP assays (4.77%). Importantly, TRAP detected a CD8 response both in the presence of
CMH class 1 restricted peptides and whole myelin extract in the test, indicating cross-presentation o

CD8+ T-cells.

Using this experimental strategy in MS patients (n=22) and age/gender matched HI (n=18), we showed
that 3.5% (1-10%) of MS patient T-cells acquired labeled plasma-membrane proteins from their myelin-
pulsed autologous APC which strongly exceeded the background signal and what was observed in the HI
group. The antigen-specificity of the TRAP phenomenon has also been suggested by linear correlation
with tetramer reactivity, dependence upon MHC loading with the specific antigenic peptide (12-13, 15-
16) and cytotoxic function of isolated TRAP* T-cells towards target cells pulsed with specific antigenic
peptides (13). Despite these studies suggesting that TRAP is TCR-dependent, we found that MHC
blocking did not eradicate the background signal, indicating that at least some memory T-cells interact
with monocytes in a TCR-independent manner. This is also suggested by the relatively high background
signal we observed in the CMV-tetramer-sorted T-cell line. It is thus unlikely that this background only

reflects the physiological size of an endogenous T-cell memory pool against environmental antigens and
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engaging TCR-mediated synapses with APC. Such antigen-independent background signals have also
been observed in other TRAP studies (13, 16, 32-33). For these reasons our data and conclusions were
only based on the net increase in TRAP signal observed in the absence and presence of whole myelin
extract in the test. Interestingly, this antigen-mediated increase was abolished by blocking CMH-II in
CD4" T-cells. In addition, the background levels were identical in MS patients and HI who thus only
differed after the addition of myelin antigens. The importance of using total myelin extract as antigen
was also suggested by the fact that total myelin extract-induced ELISPOT also discriminated MS patients

from normal individuals,

The data also show that whereas the expression of some activation markers (CD95 and HLA-DR) did not
differ between TRAP and TRAP' T-cells, CD40L was expressed at higher level on TRAP* T-cells.
CD40L has indeed been reported to be involved in immune synapse formation, APC maturation and their
ability to prime T cell responses (34-35) suggesting that the antigen-driven TRAP signal was mediated
by cognate interaction of T-cells with autologous APC. Finally, increased CD62L™ cells of TRAP*
phenotype suggests that these cells could gain access to the brain by crossing the BBB. This possibility is
also suggested by the significant correlations between TRAP values and more recent relapses or EDSS

scores in MS patients.

The median frequency of myelin-driven autoreactivity in memory T-cells of MS patients 2.07% (range 0-
4.24%) belongs to another level of magnitude compared to previously estimated frequencies in multiple
sclerosis, including LDA (0.9—].2><]0'6) or ELISPOT studies (I-4><]0'5) (3. 5. 6,8, 21). Thus, estimation
of autoreactive T-cell frequency is highly dependent on methodology and most likely has been
underestimated as shown by Tomaru et al (15) when measuring HTLV and CMV-specific CD8" T-cells
by a modified TRAP assay. Lipids (70% of whole myelin) have been reported to possibly exert a co-
stimulatory function (36-37). A lipid-bound native-like preparation of MBP has been associated with a
higher T-cell proliferation response in MS patients than in HI compared to purified lipid-free MBP (38).

For this reason we tested apoliprotein as an irrelevant antigen, prepared under conditions similar to our
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whole myelin extract, and we did not find an increased TRAP response in MS patients or in HI,
suggesting that the lipid associated with proteins was not sufficient to trigger TRAP. The myelin-TRAP
reactive T-cell subpopulation likely contains multiple antigen specificities, which also partly explains the
high frequency of T-cells responding to myelin extract and might be related in part to a molecular
mimicry phenomenon as hypothesized in MS (39-40). High PB-MATC frequencies in MS patients could
therefore reflect continuous stimulation by environmental antigens expanding the initial anti-myelin
memory pool. Finally, and with the caution required to interpret relatively small (but also clinically
homogeneous) cohorts of patients, our approach was able to discriminate MS patients according to the
presence of recent relapses and severity of the disease (EDSS-SC), suggesting that the test could be

useful in clinics either as a prognostic or a diagnostic tool.

Collectively, our data show a high frequency of anti-myelin memory CD3* T-cells in the blood of MS

low

patients with an activated phenotype CD40L"CD62L"". In contrast to most of the previously published
studies, this finding suggests an abnormal and strongly enlarged autoreactive memory T-cell pool in MS,
therefore strongly supporting the autoimmune etiology of the disease. The measurement of surface
membrane protein exchange in combination with the use of whole myelin extract as the triggering

antigen would thus allow substantial progress in the characterization of the autoreactive T cells in MS

and possibly other autoimmune diseases.
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METHODS

Patients and control individuals. Untreated patients with relapsing-remitting MS (18 females and 4
males, median age 36 vears, range 22-60 years) were enrolled in the study. Three patients were seen at
the time of their first clinical event (Clinically Isolated Syndrome) but finally had MS according to the
MacDonald’s criteria. The clinical information relative to each enrolled MS patient is detailed in Table 1.
MS was diagnosed according to the revised Mc Donald criteria (41) with EDSS scores ranging from 0 to

4.5

and patients were recruited at the Neurology Department of the Nantes University Hospital. Age-
and gender-matched healthy donors (n=18) were selected for comparison (14 females and 4 males,
median age 36 years, 24-62 years). In addition, the blood samples of 5 CMV™* and 5 CMV™ patients under
hemodialysis were used in preliminary TRAP assays. Blood samples of 2 MS patients and 2 healthy
individuals with blood CD8" T cells reacting to MHC class I-restricted linear MBP peptides described in
our previous study (3) were also included in the preliminary TRAP assays. The study design was

approved by the University Hospital Ethical Committee and all the patients signed an informed consent

Blood sample processing. Blood samples from each enrolled individual were coded, and PBMC were
isolated from fresh blood samples on a Ficoll gradient by gently overlaying 20 ml of 2 fold-diluted blood
in PBS Ix on 10 ml Ficoll (lymphosep., Biowest, Nuaille, France) in a 50 ml tube. The tubes were
centrifuged at 2,500 rpm/min for 20 min at 20°C, and the lymphocyte layer at the ficoll interface
collected and washed twice in PBS 1x and counted in 0.2% Eosin (viability at least > 95%). CD45RO*
memory lymphocytes and CD14% monocytes were positively selected with specific microbead-antibody
conjugates in accordance with the manufacturer’s instructions (Miltenyi Biotech, Paris, France). Briefly,
50-100x10® PBMC were first incubated in 400-800 pl staining buffer (0.5% bovine serum albumin
(BSA) and 2 mM ethylene diamine tetraacetic acid (EDTA) in PBS 1x supplemented with 100-200 ul
undiluted anti-CD45R0O or anti-CD 14 microbead-coupled antibodies (Miltenyi Biotech). The cells were

incubated with gentle agitation for 15 min at *4°C, washed, and resuspended in 5-10 ml staining buffer.
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Cells were sorted through manual columns hung on magnets to allow binding of labeled cells and
elimination of non-labeled cells. Labeled cells were finally recovered by removing the columns from the

magnet and flushing with staining buffer to detach the cells. The purity yield was routinely > 95%.

In the preliminary TRAP validation experiment, frozen PBMC of MS patients previously tested for their
myelin autoreactivity were included in the study. Frozen aliquots were thawed by partly melting them in
a water bath at 37°C and the cells rapidly transferred to pre-warmed culture medium. The cells were then
collected by centrifugation at 1000 rpm/min and counted. RPMI culture medium (Sigma, Saint-Quentin
Fallavier, France) supplemented with 100 U/ml penicillin, 100 pg/ ml streptomycin, 2 mM L-glutamine,

and with 2% fetal calf serum (Biowest), served as a culture medium throughout the study.

T-cell clones. Biotinylated pHLA-A2 monomers, pp6Suossoy A*0201 were synthesized as previously
described (42) by the [FR26 protein core facility (Nantes, France). The HLA-AZ2 heavy chain carrying an
Ala to Val substitution in the a3 domain at Position 245 was used to reduce the affinity for CD8 co-
receptor. A tetramer was generated after incubation of biotinylated pMHC pp65/A#0201 monomer with
PE-conjugated streptavidin. The pp6549ss02y/A*0201-reactive sorted T-cell clone and EBV-transformed
B-lymphoblastoid cell line (ETB-LCL) were kindly provided by Alexis Morice and Elisabeth Chalmeau

(INSERM U892, Nantes, France). ETB-LCL was typed by HLA class I DNA sequencing.

Antigens. Cytomegalovirus (CMV) recombinant pp-65 protein (Miltenyi Biotech) was used at the dose
recommended by the manufacturer. Brain-derived myelin basic protein (MBP) and proteo-lipid protein
(PLP) were from ABD Serotec (Oxford, England), they were dissolved in RPMI culture medium and
used at 30 pg/ml for T-cell stimulation. Whole human myelin extract {1 mg lyophilized product) was
from AbD Serotec. Myelin was re-suspended in RPMI at 0.5 mg/ml. roughly vortexed/sonicated. and 10
pg was used for T-cell stimulation. Apolipoprotein (ABD Serotec) was treated as myelin and served as a

control for cell reactivity to lipids. Myelin-protein derived linear peptides were previously described (3)
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and were all synthesized (Mimotopes, Clayton Australia) and dissolved in 4% DMSO. All peptides were

used at 10 ug/ml for cell stimulation.

Myelin labeling and endocytosis. Whole myelin extract (1 mg) was washed in PBS 1x by centrifugation
at 2500 rpm for 5 min, then resuspended in biotin solution (5 mM in PBS 1x) (biotin purchased from
Perbio Science France SAS, Brebieres, France), vortexed for 20-30 s, and incubated for 30 min at 37°C.
Excess biotin was removed by washing. The biotinylated myelin pellet was then labeled with
fluorochrome-streptavidin conjugates (Beckman Coulter) for 30 min at 37°C. The tubes were centrifuged
to recover labeled-myelin pellet, washed in PBS 1x by centrifugation (2500 rpm for | min repeated three
times) to eliminate free fluorochromes, and finally resuspended in 1 ml PBS 1x. Next, 10 pg of labeled
myelin was added to Ix10° enriched CD14" monocytes in 100 ul RPMI overnight in the presence or
absence of 10 uM phenylarsine oxide (APO) (Sigma). Non-labeled myelin or cells incubated alone
served as negative controls. Myelin-fed monocytes were washed at least three times in PBS 1x
containing 2 mM EDTA (Sigma) to eliminate free/surface-adsorbed myelin, permeabilized in PERMFIX
Ix solution (BD Biosciences Le-Pont-de-Claix Cedex, France) and analyzed on a flow cytometer (LSRII,
BD Biosciences). The background signal was defined by cells incubated alone or with unlabeled myelin.
Monocytes phagocyting myelin were characterized by the intracellular presence of the marker initially
used to label myelin. In other assays, monocytes were pre-incubated with whole myelin overnight,
myelin excess was eliminated by repeated washing steps. and then monocytes were analyzed for the

expression of HLA-DR.

TRAP assay. The TRAP or trogocytosis protocol was performed as previously described (12.13) but
with modifications to optimize the direct ex vive detection and quantification of myelin-autoreactive T-
cells in human blood samples. Purified CD14" monocytes (3x10” from each MS patient and HI) were
incubated with antigens overnight (for peptides) or 48 h (myelin and soluble proteins) in 2% SVF-RPMI
in 96 round-well plates. Meanwhile, the autologous CD45RO* T-cells purified on the same day were

maintained under resting conditions in culture medium while the monocytes were “fed” with myelin.
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Antigen-sensitized monocytes were then washed twice at 2,500 rpm for 40s, biotinylated with 50 ul of 5
mM biotin for 30 min at 37°C, then washed and labeled with fluorochrome-strepdavidin conjugates for
30 min at 37°C. Labeled monocytes were mixed with 3x10° purified CD45RO" lymphocytes in the
presence of replenished antigens, centrifuged at 2.500 rpm for 40s to promote cell-cell contacts, and
incubated overnight. At the end of the incubation, co-cultures in the plates were centrifuged to discard
culture medium, and the cell pellets were re-suspended in 2 mM EDTA in PBS 1x containing the
labeling antibodies (200 pl volumes). The plate contents were then transferred to clean tubes for
cytometer reading, vortexed 20-30s to disrupt conjugates, and antibodies left to bind for 20 min at *4°C
during shaking. The lymphocytes, identified on the basis of their FCS and SSC properties and by CD3
staining, were then gated and analyzed for the acquisition of monocyte-fluorescence expressed as [TRAP
{%) = number of fluorescent T-cells / total number of gated T-cells x 100]. At least 20, 000 events were

recorded for each sample tested.

For TRAP assay blocking experiments, fluorochrome-labeled monocytes were incubated with 500 ng/ml
of mouse polyclonal anti-HLA-IT (TU39, BD Biosciences) for 1 h at 37°C or purified mouse 1gG. The

CD45RO™ enriched cell fraction was then added and the TRAP assay performed as described above.

In the TRAP experiments using the pp65-tetramer-sorted T-cells (responder) and ETB-LCL (APC),
ETB-LCL were biotinylated with 1 mM biotin for 30 min, washed, labeled with streptavidin-
fluorochrome conjugates for 30 min, and finally pulsed with 10 uM pp65-derived peptide at 37°C for 1 h.
For the TRAP reaction, labeled and pp65-peptide loaded ETB-LCL were mixed with pp65os
so2/AF0201 T cells at a ratio of 1 to 4 for 1 hour. An anti-CD3 T-cell marker, together with pp65-

tetramer, were used to identify pp65uosso2y A*0201 T cells and to measure TRAP frequency.

Flow cytometry immuno-staining. The human antibodies were conjugated to phycoerythrin (PE),
fluorescein isothiocyanate (FITC), peridinin chlorophyll protein  (PerCP), cy-chrome PE, or

allophycocyanin (APC) including anti-CD4 (clone SK3). anti-CD8 (clone 53-1.7) anti-CD45RO (clone
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UCHL1), anti-CD3 (clone HIT3a). anti-CD8 (clone SK-1), anti-CD25 (clone 2A3). anti-CD62L (clone
DREG-56). anti-CD95 (DX2), anti-HLA-DR (clone L2-43 (G46-6)), and the unlabelled anti-HLA-II
antibody (clone TU39). All these antibodies were purchased from BD Biosciences. Anti-CD40L-PE

conjugate was from Beckman coulter (Villepinte. France).

Proliferation assay. Equivalent numbers of CD45RO" T-cells from CMV™* and CMV™ normal donors
(3x1 05) were loaded with CSFE (5 pM) for 15 min at 37°C, washed three times, and co-cultured with 10°
syngeneic CD14" monocytes (1/3 ratio) in the presence or absence of CMV-pp65 recombinant protein
for 3 days. Proliferation in collected cocultures was defined as the loss rate of the CSFE dye in gated
CD3* T-cells by comparison to those cultured without the antigen (used to set the background quadrants).
Cells were stained for the activation marker CD25 to ensure proliferating cells are activated (by

Sbright

measurement of CD2 expression).

ELISPOT assay. Purified monocytes (10°) were mixed with 3x10° CD45RO* lymphocytes under the
conditions of the TRAP assay in each ELISPOT well plates (Thermo scientific, Rockford, USA), in the
presence or absence of whole myelin, and incubated overnight (longer incubations resulted in a stronger
background signal). As an additional control, CD45RO" lymphocytes were cultured separately in the
presence or absence of myelin extract. The detection of IFNy-producing cell spots was performed in
accordance with the manufacturer’s instructions. The spots were counted by the ELISPOT reader system
(AID, Strassberg, Germany) as previously described’. The ELISPOT positive reactivity of the co-cultures
against myelin was defined as a number of spots at least three times the global backgrounds from
cocultures incubated alone and from myelin-stimulated CD45RO" lymphocytes cultured alone. In these
assays, whole myelin extract added alone without the cells or CD14™ monocytes cultured alone with

myelin did not form characteristic [IFNy-spots after stringent washing of the ELISPOT filters,
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Statistical analysis. The two-tailed non-parametric Mann-Whitney test was used for comparison between
MS patients and healthy individuals. Kruskal Wallis test was used for comparison of more than 2 groups.

Significant differences were set at p < 0.05 (*), p < 0.001 (¥%), p < 0.0001 (**%) (GraphPad Prism 4).
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Figure 1. phagocytosis of whole myelin extract by CDI14" monocytes. A: myelin that |
biotinylated and labeled with fluorochromes (myelin-F*) was added to freshly-isolated m
overnight. Permeabilized monocytes were tested for myelin fluorescence. Phagocytosis of n
blocked by phenylarsine oxide (APO) (n=4, 2 MS patients and 2 HI). B: HLA-DR staining i
monocytes displays HLA-DR*™ and HLA-DR"™™ subpopulations (high surface expression
significant increase in the HLA-DR"*" population when CD14" monocytes had phagocyted mye

figure indicates average value + SD from 4 individuals each tested separately.
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Figure 2. TRAP assay detects myelin reactivity in MS patients with myelin-specific CD8". TRAF
assay was performed with monocytes pulsed with whole myelin extract or other myelin antigens as
indicated. TRAP is displayed in the CD3" gate. The background was set using cocultures with monocytes
pulsed with non-reactive peptide. The figure shows an experiment performed with one of the twc
selected MS patients. The top panels show the background. TRAP signal with MBP-derived peptide tc
which the patient had imtally reacted. and TRAP with whole myelin extract. From left to right, bottom
panels show CD40L expression as a function of the TRAP signal in the presence of irrelevant peptide.

reactive MBP-derived peptide, and whole myelin extract.
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Figure 3. TRAP in healthy individuals with CD8"* T-cells reactive to myelin-derived peptides. Fresh
blood samples from the two healthy individuals were tested by the TRAP. A: one healthy donor with a
positive TRAP signal (6% TRAP™ versus 0.1% background), The histograms indicate CD40L staining in
gated TRAP and TRAP' subpopulations. Bars indicate CD40L positive signal. B: the TRAP signal is
shown in gated CD3" and CD4"" T-cells in the other healthy individual with CD4OL expression in
TRAP" T-cells. C: the same individuals were tested by ELISPOT by coculturing CD 14" monocytes and
CD45RO" lymphocytes in the presence of whole myelin extract overnight. The histogram shows average
vilues from the four individuals tested separately in the presence of myelin (median 192.5 INFy-spots,

range 86-245) and in its absence (22.5 INFy=spots, range 8-23, p < 0.0002. Mann-Whitney test),
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Figure 4. Myelin-TRAP frequencies (%) are significantly higher in untreated MS patients at the
onset of their disease by comparison to age-matched healthy individuals. A: TRAP values in healthy
controls (n=18) or MS patent group (n=19). The difference was significant between MS patients and HI
in the presence of myelin (column C versus D, p<0.01. Mann-Whitney test) and within the group of MS
patients in the presence or absence of myelin (column B versus D, p<0.001, Wilcoxon test). B:
background was subtracted from each TRAP value measured in the presence of myelin in both groups
then myelin-specific average TRAP values compared (p<0.0001, Mann-Whitney test). C: plotting of
%TRAP versus ELISPOT in MS patients shows a significant correlation (r'=0.82. p<0.0001, Linear
Regression test), D: TRAP™ T-cells reacting 10 the whole myelin extract expressed CD40L at higher

levels than TRAP- ones (n=9, p<0,001, Mann-Whitney test).
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Figure 5. TRAP" cells are significantly more CD62L"" than TRAP ones but do not differ in terms
of CDY5 or HLA-DR expression. A: CD3*TRAP® T-cells display significantly more CD62L'™" than
TRAP™ counterparts (one representative dot blot). B: TRAP® and TRAP™ T-cells expressed CD95 at
similar levels. C: TRAP" and TRAP T-cells expressed HLA-DR at similar levels. Corresponding

histograms below show data for each marker pooled from 5 MS patients.
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Figure 6. TRAP' cells are detected at roughly similar levels in CD4" and CD8" T-cells, and anti-
MHC class 11 blocking antibody significantly inhibited TRAP reactivity in CD4" T-cells. A: TRAP
signal in CD4" or CD8" T-cells (insert). The histogram shows median TRAP frequency in CD4" and
CD8" T-cells. Data were pooled from 4 HI and 5 MS individuals. B: blocking of MHC class II at the

monocyte surface during the TRAP assay results in a significant inhibition (n=8).
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Fig 7. Myelin-specific TRAP values are significantly associated with history of relapses and EDSS
scores in the studied MS patients. A: MS patients were subdivided into two subgroups based on their
inclusion at the time of a relapse or a remission. Both groups are compared with the study healthy
controls. B: MS patients were subdivided into 2 subgroups based on EDSS scores (< 3) and (3-5). The

TRAP values were statistically different between the groups (p<(.001. Kruskall-Wallis test).

148



Résultats

Table 1: Clinical characteristics of MS patients. The table displays all MS patients enrolled in the

study at the time of blood collection.

Patient code Age (year) Gender Disease Time until EDSS score
duration last relapse
(years) {months)
MS#L M M 5 5 ()
MS#2 38 F Il 2 3
MS=3 ol F | 12 2
MS=4 23 F 4 I8 25
MS#S 30 F 2 21 I
MS#6 28 M I | I
MS#7 29 F 8 | 2
MSz8 28 F I 12 I
MSz9 27 F 5 6 25
MS#10 50 F 7 48 1.5
MS#£11 7 F 5 60 ()
MS=12 40 F 10 6 1.5
MS=13 35 F 4 2 15
MS#14 35 M 10 3 3
MS£1S 35 F I= I 2
MS=16 24 F | Tee 2
MS#17 42 F 5 3 3
MS£18 34 F 10 Tus 3
MS=19 33 F 9 24 4.5
MS=20 35 F 1.5 I8 2
MS#21 22 M 6° 4 [
MS=£22 I8 F 0.5+ [Ses 2

= indicates times in months; == indicates times in days.
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Supplementary Figure 1. Induction of proliferation and IFNy-ELISPOT response of
memory CD45RO™ T-cells by autologous CD14" monocytes pulsed with CMV-pp65
protein. A: CDI4" monoytes purified from blood samples of CMV™ and CMV" individuals
were pulsed or not with CMV pp63 antigen, and then cultured with autologous CSFE-labeled
CD45RO" lymphocytes for 3 days (1/3 ratio). Cultures were stained with anti-CD3 and anti-
CD25, and analyzed for proliferation. Proliferation is shown by CSFE dilution (shift to the
left) and activation shown by CD25""" expression. ELISPOT assays (round inserts) were
also performed using pp63-pulsed monocytes cultured with CD45RO™ cells overnight. The
CMV" individual exhibits proliferation, and increased IFNy production in ELISPOT. B: The
histogram shows %CSFE-CD25"" average values + standard deviation (SD) in CMV™ (n=3)
and CMV" (n=3) individuals. The asterisk (throughout the figures) denotes statistical

significance (p < (0.05: Kruskal Wallis test).
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Supplementary Figure 2. TRAP induction in memory CD45RO" T-cells of CMV'
individuals by CMV-pp65 pulsed autologous monocytes. A: CD14" monocytes from one
CMV™ and one CMV'" individual were pulsed with CMV pp65 or left untreated for 2 days,
then biotinylated and labeled with streptadividin-fluorochrome. Labeled monocytes were then
cultured with CD45RO-enriched or CD45RO-depleted lymphocytes (1/3 ratio, 10°/3x10°)
overnight. TRAP was calculated by determining the %CD3" T-cells that had acquired
fluorescence from monocytes. The background was defined using cocultures with non-pulsed
monoytes. Representative results in the CMV™ and CMV™ individuals are shown in both
CD45RO" and CD45RO" fractions. TRAP' T-cells were not apoptotic cells and membrane
exchange did not affect their size (forward scatter). B: significantly higher TRAP median
values in CD45RO'CD3"* T-cells in CMV™ (n=4) compared to CMV- individuals (n=4). C;
median of IFNY" spots detected by the ELISPOT was significantly higher in CMV" (n=3)
compared to CMV™ individuals (n=5). D: plotting of %TRAP versus ELISPOT values from 5

CMV and 3 CMV* shows a significant correlation.
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TRAP

ppos tetramer

Supplementary Figure 3. TRAP values in a CMV" sorted T-cell line stimulated by pp65-
stimulated APC (ETB-LCL). TRAP assay was performed with ETB-LCL as APC pulsed or
not with pp-65-derived peptide, biotinylated and fluorochrome-labeled. and then mixed with
CMV™ T-cells sorted by a tetramer. Left panel indicates the TRAP background (10%) with
non-pulsed ETB-LCL and the increased TRAP signal (68%) with pp65-pulsed ETB-LCL

(right panel).
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La sclérose en plaques (SEP) est une maladie supposée auto-immune dans laquelle les
lymphocytes T semblent jouer un role crucial.

Concernant la speécificité des lymphocytes T CD8+ dans la SEP, notre étude a permis de
caractériser 69 nouveaux epitopes restreints pour les molécules de CMH de classe | chez
I’Homme et peut permettre de développer de nouveaux outils d’exploration des réponses des
lymphocytes T CD8+ auto-réactifs dans la SEP (Article I). Il n’y a cependant pas de
différence de fréquences des lymphocytes T CD8+ auto-réactifs entre les patients atteints de
SEP et les individus normaux, ni de différence de niveau de réponses. Chaque patient atteint
de SEP présente de réponses particuliéres, propres a chaque individu et qui peuvent varier au
cours du temps, rendant difficile et aléatoire dans ses conséquences la perspective d’un
traitement basé sur les peptides altérés. Celui-ci implique en effet 1’élaboration de peptides
avec des sequences en acides aminés modifiés et induisant des réponses différentes de celles
auto-réactives. L’absence de différence de fréquence des lymphocytes T CD8+ auto-réactifs
contre des antigénes de la myéline chez les patients atteints de SEP et les individus normaux
pourrait étre due a une différence de régulation des réponses de ces études (Zhang et al. 1994 ;
Hellings et al. 2001 ; Hollifield et al. 2003) ou un défaut de sensibilité a I’apoptose (Zang et
al. 1999 ; Saresella et al. 2005). D’autre part, les lymphocytes T CD8+ des patients atteints de
SEP présentent des capacités d’adhérence augmentées, permettant le passage de la BHE
(Battistini et al. 2003). La migration de ces lymphocytes T dans le SNC pourrait diminuer leur
nombre dans le sang des patients a la différence des individus sains. Par ailleurs, notre test a
montré que les lymphocytes T CD8+ auto-réactifs produisent de I’TFNy (une cytokine Th1l) de
fagon équivalente chez les patients SEP et les témoins. Ce test n’est pas exhaustif et la
production d’autres cytokines pourraient différencier les patients atteints de SEP des témoins,

comme I’IL17 qui semble jouer un role important dans la pathologie.

Les travaux précédemment effectués s’intéressant a la capacité régulatrice des cellules T
CD4+CD25high s’accordaient pour montrer un défaut de régulation chez les patients atteints
de SEP (Viglietta et al. 2004 ; Haas et al. 2005; Kumar et al. 2006 ; Venken et al.
Immunology 2008).

Dans D’article II, nous avons voulu explorer a nouveau cette fonction régulatrice tenant
compte des données récentes concernant un nouveau marqueur, le CD127 (chaine o du
récepteur a I’IL7), pour mieux discriminer les cellules régulatrices. Dans un premier temps,
les cellules T CD4+CD25high sont obtenues a partir des PBMC par tri cellulaire réalisé au

FACSAria® en plagcant une fenétre de sélection triant jusqu’a 4% des cellules
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CD4+CD25high au sein des lymphocytes T CD4+. Dans ces conditions, nous reproduisons
les résultats obtenus par les autres équipes sur le défaut de régulation. Ensuite, nous avons
modifié nos critéeres de tri en placant la fenétre de sélection de sorte que les cellules
régulatrices ne représentent qu’au plus 2% des cellules au sein des lymphocytes T CD4+. Les
cellules CD4+CD25high ainsi obtenues avec cette fenétre de tri plus sélective ne présentent
plus de défaut de régulation suggérant que lors de la sélection avec une fenétre de tri plus
large des cellules activées ont été isolées en méme temps que la population régulatrice
d’intérét.

Dans la suite de ’article 11, nous avons utilisé le marqueur CD127 pour mieux discriminer
les cellules régulatrices au sein des CD4+CD25high. Les cellules CD4+CD25highCD127- des
patients atteints de SEP possédent une capacité régulatrice similaire aux cellules des témoins
appariés selon 1’age et le sexe. A cela s’ajoute les résultats obtenus pour les tests fonctionnels
réalisés en présence de MBP. En effet, dans la suite de 1’étude, nous avons observé que la
capacité de régulation des cellules T CD4+CD25highCD127- sur la prolifération des
CD4+CD25- autologues étaient semblables entre les patients atteints de SEP et les témoins en
présence de MBP. Nos résultats ne confirment pas ceux précédemment publiés. Dans le cas
de tests réalisés avec une stimulation polyclonale, les cellules CD4+CD25high des patients
ont présenté un défaut de régulation des cellules CD4+CD25high (Viglietta et al. 2004 ; Haas
et al. 2005 ; Venken et al. 2008). Lors des tests fonctionnels avec stimulation par les protéines
de la myéline, que ce soit avec de la MOG ou de la MBP, un défaut de régulation des
CD4+CD25high est aussi constaté (Haas et al. 2005, Kumar et al. 2006).

Une seule autre étude & notre connaissance a utilisé le marqueur CD127 pour sélectionner
les cellules régulatrices dans le contexte de la SEP. Ces cellules ont aussi été choisies en
intégrant les marqueurs mémoires et naifs a la sélection. Les tests de régulation réalisés par
Venken et ses collaborateurs ont retrouvé un défaut de régulation. Cependant, les cellules
effectrices utilisées dans leur test fonctionnel n’étaient pas des CD4+CD25- mais des
CD4+CD25-CD127high (Venken et al. JI 2008). Le défaut de régulation observé peut donc
étre d0 non pas a une régulation défaillante mais a un exceés de prolifération des cellules

répondeuses.

D’autres études ne rapportent pas de défaut de régulation des CD4+CD25high. En effet,
Fransson et ses collaborateurs ont montré que les cellules T CD4+CD25high des patients
atteints de SEP ne présentaient pas de fonction régulatrice perturbée aussi bien dans le groupe

de patients en remission que dans celui des patients en poussee par rapport aux individus

155



Discussion et Perspectives

sains. Cette étude met en évidence un niveau plus faible de la proportion des cellules T
CD4+Foxp3+CD25+CD127- au sein des PBMC des patients (Fransson et al. 2009). 1l semble
important de noter que les cohortes de patients et de témoins choisies pour ce travail sont
composées d’un nombre restreint d’individus. Celle des patients est constituée a la fois des
patients en phase de rémission et en phase de poussée, traités ou non par des
immunomodulateurs (IFN ou acétate de glatiramere). Venken et ses collaborateurs, eux aussi,
n’ont pas montré de fonction régulatrice diminuée des CD4+CD25high chez les patients
atteints de SEP de forme secondaire progressive (Venken et al. 2006). Des résultats similaires
ont été obtenus par 1’équipe de Bluestone chez les patients atteints de diabéte de type 1 ou
I’utilisation du CDI127 pour discriminer les Treg ne met pas en évidence de fonction
régulatrice perturbée (Brusko et al. 2008).

Pour I’essentiel de ces études, la sélection des cellules régulatrices ne s’est faite
uniquement que par 1’expression du CD25 et comme nous 1’avons montré dans I’article Il, la
position de la fenétre de sélection des CD4+CD25high est primordiale. Si celle-ci est moins
sélective le défaut de régulation apparait, ceci suggérant que la sélection des cellules
régulatrices en utilisant uniqguement le marqueur CD25 peut comprendre des cellules activées
perturbant & terme les tests de régulation.

Concernant la fréquence des cellules régulatrices CD4+CD25highCD127-, nous avons
obtenu une proportion similaire entre les patients atteints de SEP de forme rémittente et les
témoins. Ces résultats sont en accord avec ceux d’autres travaux (Putheti et al. 2004 ; Haas et
al. 2005 ; Venken et al. 2006 ; Feger et al. 2007). Néanmoins, d’autres équipes ont montré une
fréquence diminuée des cellules régulatrices au sein des PBMC chez les patients atteints SEP
(Huan et al. 2005 ; Kumar et al. 2006 ; Venken et al. 2006 ; Venken et al. 2008 ; Fransson et
al. 2009). Dans ces études, la fréquence peut étre évaluée uniquement en fonction du
marqueur CD25 ou en fonction de FoxP3 et de CD25 permettant pour la derniére
combinaison une meilleure sélection des Treg.

Miyara et de ses collaborateurs ont subdivisés les Treg en trois sous-populations Fr I, Fr Il
et Fr 111 en fonction des marqueurs CD25, CD45 et FoxP3. Ces trois sous-populations sont en
proportion différentes dans certaines maladies auto-immunes (Miyara et al. 2009). Basés sur
cette subdivision, nos travaux n’ont pas trouvé de différence de fréquence pour les trois
fractions étudiées chez les patients atteints de SEP comparées aux témoins. De plus, 1’étude
de I’expression de molécule d’adhérence a la surface des cellules T CD4+CD25+CD127- n’a
pas montré de différence entre les malades et les individus sains. Récemment, il a été suggéré

que la localisation du récepteur PD1 (programmed death receptor 1), permettait de distinguer
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deux populations au sein des Treg: 1’'une naive (localisation intracellulaire de PD1) et la
deuxiéme activée (localisation extracellulaire de PD1) (Raimondi et al. 2006). Saresella et ses
collaborateurs ont montré que la proportion des cellules PD1- et PD1+ Treg au sein des
PBMC étaient similaires chez les patients atteints de SEP et les témoins (Saresella et al.
2008).

La définition phénotypique des Treg semble donc trés complexe. Cette population
cellulaire peut étre divisée en plusieurs sous-groupes selon les marqueurs utilisés. Ces
subdivisions phénotypiques peuvent étre liées a des subdivisions fonctionnelles comme il est

le cas pour les fractions Fr I, Fr 11 et Fr 111,

La diversité des différentes cohortes de patients atteints de SEP et des témoins étudiées
dans les différents travaux exposés précédemment pourrait elle aussi jouer un réle sur les
observations obtenues. En effet, ces cohortes ne sont pas totalement équivalentes sur les
critéres de 1I’age, du handicap et de la durée de la maladie. Haas et ses collaborateurs ont
récemment observé que la fonction suppressive des CD4+CD25high est diminuée sous
stimulation polyclonale. Les cellules régulatrices T CD4+CD25+CD45RA+CD45R0O-Foxp3+
exprimant CD31 (PECAML1) diminuent au sein des PBMC avec I’dge et sont moins
importantes chez les patients atteints de SEP, 4gés de moins de 30 ans. La fonction régulatrice
des CD4+CD25high est altérée chez les patients atteints de SEP agés de moins de 30 ans. Ce
défaut de régulation n’est pas retrouvé dans les deux autres groupes dont I’age est supérieur a
30 et a 45 ans (Haas et al. 2007). Venken et ses collaborateurs ont observe que la fréquence
des cellules Treg naives ainsi que celles des cellules Treg mémoires diminuent chez les
patients atteints de SEP dont 1’dge est compris entre 20 et 40 ans. La méme observation est
faite pour les cellules mémoires chez les patients atteints de SEP dont 1’age est compris entre
40 et 60 ans tandis que pour ce groupe de patients la fréquence des Treg naives est semblable

a celle des témoins (Venken et al. JI 2008).

McKay et ses collaborateurs ont montré que le marqueur CD127 était faiblement exprimé
a la surface des différentes sous-populations de cellules régulatrices (CD4+CD25high,
CD8+CD28-, CD3+CD56+ (NKT)) chez les patients atteints de SEP de forme primaire
progressive ainsi que chez les témoins (McKay et al. 2008). Il a aussi été montré que
I’expression de ’ARNm du CD127 est diminuée dans le sang des patients atteints de SEP de

forme primaire progressive (Booth et al. 2005).
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Les cellules régulatrices T CD4+CD25high ne sont pas uniquement incriminées dans la
pathologie de la SEP. Ces cellules ont été aussi étudiées, en particulier, dans le lupus
érythémateux systémique (SLE). Les résultats sur les frequences des CD4+CD25high (Liu et
al. 2004 ; Crispin et al. 2003 ; Fathy et al. 2005 ; Yates et al. 2008) et sur leur capacité de
régulation (Bonelli et al. 2008 ; Lyssuk et al. 2007 ; Valencia et al. 2007 ; Venigalla et al.
2008) sont eux aussi contradictoires. Deux groupes ont inseré le CD127 a leurs criteres de
sélection des Treg et la proportion de Treg observée n’est plus diminuée (Venigalla et al.
2008 ; Yates et al. 2008). Horwitz propose la méme hypothese que la notre, suggérant que la
sélection des Treg uniquement sur le CD25 ne permet d’obtenir qu’une population hétérogéne
contaminée par des cellules activées (Horwitz et al. 2008). Néanmoins, aucun test de
régulation n’a été réalisé pour le SLE en incluant le CD127 ceci ne permettant donc pas de
savoir si le défaut apparent de régulation résulte d’une résistance des cellules répondeuses ou

d’une capacité altérée des cellules régulatrices.

Notre hypothése expliquant le défaut de régulation observé dans la pathologie SEP est une
contamination de la population CD4+CD25high par des cellules activées. Dans 1’article I,
nous montrons que lorsque nous utilisons une fenétre de tri plus sélective ou lorsque 1’on
ajoute le marqueur CD127 permettant d’obtenir une population de cellules régulatrices plus
pure, la capacité de régulation est semblable entre les patients atteints de SEP et les témoins
appariés sur ’age et le sexe. Les cellules suggérées comme contaminantes seraient donc les
lymphocytes T CD4+CD25highCD127+. Dans I’article 11, nous montrons que les cellules de
patients atteints de SEP de forme rémittente semblent hyperprolifératives sous stimulation
polyclonale et présenteraient un profil pro-inflammatoire avec sécrétion d’IL2, d’IFNy et de
TNFo. Lors des tests de prolifération en présence de MBP, la réactivité des cellules T
CD4+CD25highCD127+ des malades semblait plus importante a celle des témoins mais pas
significativement  différente. A notre connaissance, aucun travail n’a étudié¢ les
caractéristiques de ces cellules. Notre étude phénotypique n’a pas révélée de différence de
fréquence entre les patients SEP et les témoins pour 1’expression de marqueurs impliqués
dans I’immunité, pour 1’expression des récepteurs aux chemiokines mais aussi pour
I’expression de molécules d’adhérence impliquées dans la migration des cellules au sein du

SNC.
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Figure 16 : Etude de la fonction suppressive des CD4*CD25"""CD127" en présence de
CD4*CD25"™"CD127*

Les trois sous-populations cellulaires sont obtenues apres tri au FACSAria® avec les mémes critéres de sélection
utilisés dans I’Article I. Les cellules sont mises en culture, pendant 5 jours et stimulées par un anticorps anti-
CD3 (1pg/ml) et un anticorps anti-CD28 (5pg/ml). Aucune différence significative n’a été observée entre les
patients atteints de SEP, non-traités et les témoins. A. Prolifération des co-cultures de cellules T CD4*CD25, de
cellules CD4'CD25""CD127" et de cellules CD4'CD25""CD127" autologues. Les cellules CD4"CD25 et
CD4*CD25""CD127" sont incubées & 20.10° cellules par puits chacune tandis que la quantité des cellules
CD4'CD25""CD127" ajoutées varient de 20.10°, 10.10% 5.10° & 2,5.10° cellules par puits. B. Prolifération des
co-cultures de cellules CD4*CD25""CD127" et de cellules CD4'CD25"""CD127 autologues. Les cellules
CD4'CD25""CD127* sont incubées & 20.10° cellules par puits tandis que la quantité des CD4"'CD25""CD127"
varie de 160.10°, 80.10°, 40.10° & 20.10° cellules par puits.
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Une étude est en cours pour évaluer le réle que peut jouer cette sous-population cellulaire
dans la perturbation de la régulation. Dans un premier temps, nous avons montré dans 1’article
Il que lorsque les cellules CD4+CD25high étaient sélectionnées en enlevant les cellules
CD4+CD25highCD127+, la capacité de régulation était similaire entre les patients atteints de
SEP et les témoins. Nous cherchons a étudier si 1’ajout de cellules CD4+CD25highCD127+
autologues, a différent ratio, perturbe la régulation des CD4+CD25highCD127- sur les
CD4+CD25- autologues. Les resultats préliminaires présentés dans la figure 16A suggérent
un potentiel « perturbateur » des CD4+CD25highCD127+ lorsque ces cellules sont ajoutées
au test de régulation classique et ceci quelque soit le ratio. Cependant, aucune différence

significative n’est observée et les cohortes des patients et des individus sains est a compléter.

Nous avons montré dans 1’article 1l, lors des tests de régulation allogéniques, que les
cellules T CD4+CD25highCD127+ des patients atteints de SEP possédaient des fonctions
régulatrices comparables a celles des témoins. Nous avons cherché a déterminer si les cellules
CD4+CD25highCD127- pouvaient inhiber la prolifération des CD4+CD25highCD127+
autologues. Des tests de régulation ont été réalisés avec les cellules régulatrices
CD4+CD25highCD127- mais, dans notre cas, les cellules répondeuses utilisées ont été les
lymphocytes CD4+CD25highCD127+ autologues au lieu des CD4+CD25- classiquement
utilisées. La figure 16B suggére que la prolifération des cellules CD4+CD25highCD127+
pourrait étre inhibée par les lymphocytes CD4+CD25highCD127-. Cette régulation semblerait
étre effective chez les témoins mais pas chez les patients atteints de SEP. Ces résultats
préliminaires devront €tre complétés en augmentant le nombre d’individus dans chaque

cohorte.

La caractéerisation phénotypique n’a pas mis en évidence de différence d’expression du
récepteur a I’IL23, 1'un des marqueurs du profil Thl7, a la surface des lymphocytes T
CD4+CD25highCD127+ entre les patients atteints de SEP et les témoins. Néanmoins, les
résultats préliminaires obtenus sur la production d’IL17 dans les surnageants de culture
semblent indiquer que les cellules des patients atteints de SEP sécrétent plus d’IL17 que les
cellules des témoins (Figure 17). Dans un premier temps, d’autres tests fonctionnels seront
réalisés et 1I’IL17 ainsi que d’autres cytokines comme I’IL9, I'IL21 et I’IL22, cytokines
impliquées dans les profils Th récemment décrits, seront dosées dans les surnageants congelés

avec un kit de dosage Luminex. Ceci nous apportera des informations complémentaires et
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permettront de diriger nos investigations futures vers tel ou tel autre profil Th auquel semblera
appartenir les lymphocytes T CD4+CD25highCD127+.

IL-17 pg/mi

MS WV

Figure 17 : Etude de la sécrétion d’IL17 par les lymphocytes CD4"CD25""CD127*
Les surnageants de chaque puits des expériences de prolifération ont été prélevé au bout de 3 jours de culture
sous stimulation polyclonale. La production d’IL17 par les cellules CD4"CD25""CD127" a été mesurée pour
quatre patients atteints de SEP et quatre témoins. Aucune différence significative n’a été observée.

Cette nouvelle technique qu’est le TRAP (Article 111) nous permet de détecter et de
dénombrer les lymphocytes mémoires CD4+ et CD8+ indépendamment du contexte HLA, des
peptides présentés et de la production de cytokine(s). En utilisant la méthode TRAP, nous
pourrons directement caractériser les cellules T vivantes spécifiques de la myéline mais aussi
les isoler, grace au FACSAria®, pour les manipuler ex vivo.

Dans un premier temps, 1’investigation qui sera entreprise, visera a caractériser plus
précisément les cellules TRAP+ en regardant I’expression des marqueurs de surface tels que
des marqueurs de migration comme PSGL1, LFAL et VLAA4, des marqueurs de co-stimulation
comme CD28 et CTLA4 mais également le marqueur de homing vers les organes lymphoides
secondaires qu’est le CD62L. Cette ¢tude phénotypique permettra aussi d’évaluer d’une part
la fréquence des cellules T CD4+CD25highCD127+ auto-réactives mais également
I’expression de nouveaux marqueurs a la surface de ces cellules en utilisant le protocole mis
au point au sein du laboratoire (Article 11).

Un autre volet de 1’étude des cellules TRAP+ sera la caractérisation de leur capacité de
transmigration au travers d’une barriére de cellules endothéliales immortalisées de la BHE en
se basant sur le travail préalablement réalisé au sein de notre laboratoire (Annexe I1). Nous
nous intéresserons a la transmigration des lymphocytes T CD4+ et CD8+ auto-réactifs mis en
évidence par la techniqgue TRAP mais aussi des cellules T CD4+CD25highCD127+. Pour
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cela, les cellules TRAP+ seront isolées par cytométrie en flux puis mis en présence de notre
modele de BHE. Nous avons montré précédemment que les lymphocytes T
CD4+CD25highCD127+ expriment a leur surface des molécules d’adhérence importantes
pour la migration dans le SNC comme LFAL et VLA4 (partie résultats). L’expression d’autres
marqueurs tels que PSGL1 chez les patients atteints de SEP sera elle aussi étudiée et
comparée a celle des cellules circulantes provenant des individus sains.

L’ensemble de ces expériences a pour but d’apporter un éclaircissement sur certains
points comme : 1. les lymphocytes T spécifiques de la myéline ont-ils une capacité de
transmigration a travers le modéle de BHE supérieure par rapport aux autres lymphocytes ? 2.
leur migration est-elle conditionnée par 1’ajout d’antigéne provenant du SNC ? 3. ces cellules
sont-elles plus activées, plus cytotoxiques apres avoir migré dans le SNC ? 4. Quelle(s) est la

molécule(s) d’adhérence prépondérante(s) impliquée(s) dans leur transmigration ?

Le profil transcriptionnel des cellules TRAP+ sera, lui aussi, étudié en utilisant la

technique des microarrays. Les résultats obtenus seront ensuite validés par qPCR.

Pour étudier I’implication clinique des cellules TRAP+ observées dans le sang
périphériques des patients atteints de SEP, nous déterminerons la fréquence de ces cellules au
sein du LCR des patients comparée a celle obtenue dans le sang. De plus, un groupe de

patients atteints d’autres maladies neurologiques sera inclus comme groupe témoin.
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Abbreviations:

MS: multiple sclerosis

GA: Glatiramer Acetate

TCR: T-cell receptor

CDR3-LD: Complementary determining region 3- length distribution
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Abstract

Glatiramer acetate (GA) is a random copolymer used as an immunomodulatory treatment in
relapsing-remitting multiple sclerosis (RR-MS). Its mechanisms of action are poorly
understood and several hypotheses have been put forward, the majority of which rely on in-
vitro studies. It has been hypothesised that further to processing by APC, GA could provide a
large number of different epitopes with a possible sequence similarity to auto-antigens, which
are able to stimulate a large proportion of T cells. Given that in a previous study we showed
that the circulating T cells of MS patients present more alterations of the V3 T-cell receptor
(TCR) usage than normal individuals, we explored the possible effects of GA on ex vivo T
cell repertoire of MS patients. Here we used Quantitative-PCR and electrophoresis to
longitudinally analyse (and without any ex vivo stimulation), the CDR3 length distribution
(LD) and the amount of VB TCR, as well as various cytokines, in the blood T cells of 10 RR-
MS patients before and after 3 months and 2 years of GA treatment. In addition, we also
determined the status of responder and non-responder patients after 24 months of GA
treatment based on clinical and radiological criteria. We found no significant modification of
cytokine production, V§ TCR mRNA accumulation or CDR3-LD in the patients after short-
term and long-term treatment. In addition, we did not observe any difference in CDR3-LD in
the GA responder patients (n=6) compared to non-responder patients (n=4). Focusing our
study on responder patients, we performed TCR repertoire analysis in the CD4+ and CD8+
compartment. Alterations of CDR3-LD were predominantly found in the CD8+ compartment,
without any significant influence of GA treatment. Finally, the T cell repertoire variations in
MS patients treated with GA and healthy controls were equivalent. Collectively, our data
suggest that GA therapy does not induce significant variations in cytokine production or TCR

usage in MS patients.
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Introduction

Multiple Sclerosis (MS) is thought to be a T cell driven disease characterized by the
presence of inflammatory and demyelinating patches throughout the white matter of the
central nervous system [1]. One of the approved drugs used as a disease modifying therapy
for relapsing-remitting MS is glatiramer acetate (GA, Copaxone®), a random copolymer of
the following four amino-acids: glutamic acid, leucine, alanine and tyrosine, with various
molecular weights ranging from 40 to 100 residues.

The mechanism of action of GA has still not been completely understood and different
hypotheses have been formulated [2; 3]. Firstly, as the presence of GA-reactive CD4+ T cells
with a Th2 polarisation has been shown in the blood of MS patients, a shift in cytokine
production has thus been suggested, with a bystander suppression induced by the GA-reactive
CD4+ T cells [4; 5; 6; 7]. This modification in the cytokine profile could also be due to a
complex action of GA on antigen presenting cells (APCs), as recently suggested [8; 9; 10;
11]. In addition, GA could also act as an altered-ligand peptide and induce the apoptosis or
the anergy of myelin-peptide reactive CD4+ T cells, as suggested by Aharoni et al. [12; 13].
Finally, the production of CD4+CD25high regulatory T cells could also contribute to the
therapy of GA [14; 15; 16]. In parallel to its immune properties, another potential action of
GA is the production of the neurotrophic factor BDNF from GA-selected T cells, suggesting a
possible role in remyelination processes [17; 18]. Nevertheless, the majority of studies
focusing on the mechanisms of action of GA have been conducted in vitro after cell culture.
Direct ex-vivo analyses of fresh T cells are rather few and far between so as to provide a
fuller description of these mechanisms.

As GA is a random copolymer of variable sequences and lengths, its processing by APCs
could theoretically generate a high diversity of peptides with different sequences. As a result,
it could be hypothesized that GA would modify the peripheral T cell repertoire by selecting
various T cell clones. In fact, GA stimulation has been suggested to induce a focused
oligoclonal CD8+ T cell repertoire [19]. In previous studies, using the TclLandscape
methodology [20], we demonstrated that the T cell repertoire of MS patients is significantly
more altered than that of healthy individuals, regardless of the disease stage of the patients
(from the clinically isolated syndrome to the clinically confirmed and worsening forms)[21].
In addition, in a longitudinal study, the appearance of new altered V3 families in the blood of
MS patients correlated with new lesions in the brain of MS patients [22].
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In this study, we compared the ex-vivo peripheral T cell repertoire of GA-treated MS
patients before and after GA treatment, to test whether GA could result in the selection of T
cell clones. In addition, because not all of the MS patients had a clinical response to GA
treatment, after a 24-month follow-up the GA responders and non responders were selected in
accordance with the criteria of Rio et al [23] and the peripheral T cell repertoire was
compared at the CDR3 level for the two groups as well as a group of healthy individuals.

Materials and methods

Patients and healthy individuals

Ten patients with relapsing-remitting multiple sclerosis (RR-MS) as defined by the
McDonald’s criteria [24] and 7 age-matched healthy individuals (HI) were included in the
study and followed for a two year period. Blood samples were collected at the outset of the
treatment and after three and 24 to 34 months of Glatiramer Acetate (GA) treatment. Informed
consent for participation in this study was obtained from MS patients and healthy individuals
in compliance with our local university hospital ethical committee. The clinical characteristics
of the patients are summarized in Table 1. The patients were considered as responders or non-
responders to the therapy in accordance with Rio et al [23]. Briefly, after a follow-up of at
least two years, patients were considered as responders to GA treatment if they had neither a
relapse nor an exacerbation of the disease (no new lesions or gadolinium-enhancing lesions
detected by MRI at the end of follow-up) and displayed no disease progression in terms of
disability (assessed by the EDSS score).

Isolation of cell populations

Peripheral blood mononuclear cells (PBMC) were extracted from blood using Ficoll (Eurobio,
Les Ulis, France). Some of the PBMC (10x10°) were directly frozen in trizol® at -80°C and
the rest were frozen in autologous plasma/20% DMSO. Cells were later thawed for cell
sorting and phenotype analysis. PBMC were labelled with anti-CD3 coupled with PE-Cy7
and anti-CD8 coupled with APC (all antibodies were purchased from BD Biosciences) prior
to CD4+ and CD8+ T cell isolation in a high-speed cell sorter (ARIA, BD Biosciences).
DAPI solution was used to exclude the dying cells. Sort purity was >98% for each population.

CD4/CD8 ratios were not modified by cryopreservation.
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T cell repertoire analysis

PBMC and CD4+ and CD8+ T cells were frozen in trizol® reagent for RNA extraction. RNA
from PBMC was extracted in accordance with the manufacturer's instructions. The
concentration and quality of RNA for each sample was accurately determined using
nanoRNA Chips (Agilent®, United Kingdom). Next, 2 ug of RNA were reverse transcribed
using an Invitrogen cDNA synthesis kit (Boeringher Mannheim, Indianapolis, IN) and diluted
to a final volume of 100ul. Complementary determining regions (CDR3) were amplified by
quantitative PCR using 26 different VP primers and a CB primer in a 9700 thermocycler
(Applied Biosystems). The PCR fragments were migrated in an acrylamide gel and the
distribution of the different CDR3 lengths was analysed using Immunoscope® software [25;
26; 27]. The percentage of CDR3 length distribution (CDR3-LD) alteration for each Vf
family and the global percentage of CDR3-LD alteration for each individual or each group
was calculated as described [28]. Briefly, the percentage of alteration was defined as the
difference between the frequency of each CDR3 length in the distribution profile of the V3
family being studied and the mean control distribution, calculated from 14 healthy
individuals. Data from quantitative PCR and percentages of CDR3-LD alterations were
represented in a global three-dimensional diagram known as the TcLandscape®. In this
diagram the X axis displays the 26 human V families; the Y axis shows the CDR3 lengths
and the Z axis the gquantitative ratio VB/HPRT. The colour code from deep blue (<—30%) to

dark red (>+30%) represents the percentage of CDR3 alterations.

Quantitative PCR of cytokine and neurotrophic factor transcripts

We performed quantitative PCR in order to assess GA-induced Th2 bias and the production of
neurotrophic factors, as described previously [17; 18]. In short, 11puL of cDNA from PBMC,
CD4+ or CD8+ T cells were added to 12.5uL Master Mix (Applied Biosystems) and 1.5uL of
each primer mix (Applied Biosystems). The transcripts analysed included Thl cytokines
(IFN-y, TNF-q, IL-2, IL-6, IL-8 and I1L-12) Th2 cytokines (IL-4, IL-5, IL-10, IL-13 and TGF-
B), cytotoxic factors (Perforin and Granzyme B) and neurotrophic factors (BNDF, NGF, NT3
and GNDF).

Statistical analysis
A two-tailed Mann-Whitney test was used to compare MS patient and healthy control group
values, i.e., percentages of CDR3-LD alterations and quantitative PCR values. A non

parametric paired Wilcoxon test was performed for time variation studies in each group. A
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two-way ANOVA was used to study the variation of the two groups for the required duration
A p-value <0.05 was considered significant.

RESULTS

Repertoire analysis of non-separated T cells after GA treatment

GA stimulation has been reported to induce TCR biases in vitro [19]. To assess the potential
modifications of the T cell repertoire induced by GA treatment in vivo, we performed
quantitative PCR to measure V[ family mRNA accumulation and to analyze the distribution
of the different lengths of CDR3 for each V3 family from fresh blood samples collected from
MS patients before and after short-term (three months) and long-term (24 to 34 months)
treatment with GA. Figure 1 shows three representative Tclandscapes® (see Materials and
Methods for details), the graphic representation combining the VP family mRNA
accumulation (shown as the VB/HPRT ratio) and the CDR3 length distribution (CDR3-LD).
The colour code indicates the degree of CDR3-LD alterations (the percentages of alterations
exceeding 30% are shown in red). Vf mRNA accumulation. To determine the specific
modification induced by GA treatment in terms of the level of VB family mRNA
accumulation, we first studied the VB/HPRT ratio for the 26 different V3 families obtained by
quantitative PCR. There was no global trend towards either an increase or a decrease in V3
MRNA accumulation after GA treatment for any of the ten MS patients or between the
responders and non responders. When analysing each VB/HPRT ratio for each VP family, we
observed modifications characterized by only a low level of variation (Fig 2 gives two
representative patterns of the VB/HPRT ratio before and after three months of GA treatment).
Each individual presented certain V families with an increased VB/HPRT ratio and other V3
families with a decreased ratio after GA treatment, regardless of whether or not they
responded to treatment. Collectively, no significant increase or decrease in mRNA levels was
observed after GA treatment. Analysis of CDR3 length distribution We then studied the
CDR3 length distribution (CDR3-LD) of the ten MS patients before and three months after
GA treatment. The global percentages of CDR3-LD alterations (compared to the Gaussian
profile, see Materials and Methods) did not change with GA treatment (16.18+2.85% before
GA treatment, 16.79+2.74% after three months of GA treatment and 15.96+2.49% after long-
term treatment, p = ns). Analysis of each Vf family, for each patient before and after GA

treatment, showed minor variations of alteration, specific to individual and not specific to the
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GA treatment. Repertoire alterations of responders and non responders also remained
unchanged (Fig 3; for responders: 15.13+1.95% before GA treatment, 16.30+2.76% after
three months of GA treatment and 15.77+3.03 after long-term treatment, p = ns, and for non
responders: 17.76+3.53% before, 17.52+2.94 after three months of GA treatment and
16.33£1.27 after long-term treatment). Non responders presented a slightly more altered
CDR3-LD than responders but the difference did not attain statistical significance. Variations
in CDR3-LD (a decrease or increase in the percentage of alterations) were observed for
several VP families after GA treatment (Fig 4). However, these variations did not concern a
unique VB family and were equally distributed between the two groups of MS patients
(responders and non responders).

T cell repertoire analysis in the CD4+ and CD8+ compartments

We previously described that CDR3-LD alterations were predominantly found in the CD8+
compartment in MS patients [21]. We thus studied the T cell repertoire in the CD4+ and
CD8+ compartments in 5 responding MS patients before and after GA treatment. The CD8+
compartment appeared more altered in terms of the CDR3-LD (19.04+4.04%) than the CD4+
T cell compartment (15.2+1.66%) before GA treatment (p<0.05). However, three months of
GA therapy did not induce significant modifications in the percentages of alterations
(22.1+2.51% for the CD8+ compartment and 16.1+£1.91%. for the CD4+ T cell compartment
after GA treatment; Fig 3). There is also no difference for the VB/HPRT ratio after GA
therapy (data not shown). As for total T cells, there was no major modifications of the T cell
repertoire in the CD4+ or CD8+ compartments in the blood of MS patients after GA

treatment.

T cell repertoire modification in GA-treated MS patients compared to healthy controls

To assess whether the small variations observed after three months of GA treatment could be
due to the GA therapy, we analysed the T cell repertoire of seven healthy controls without
treatment after an interval of three months. As shown on a representative example in Figure 5,
roughly similar variations in V/HPRT ratio for the 26 different VB families and in CDR3-LD
alterations also appeared in healthy control samples. Collectively, there was no significant
difference between the variations of the T cell repertoire observed in MS patients after GA

treatment and the variations observed in healthy controls.
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Expression of Cytokine and neurotrophic factor transcripts after GA treatment

Because a Th2 shift and a production of the neurotrophic factor BDNF were described in MS
patients treated with GA, we performed quantitative PCR in order to measure the level of
MRNA of several cytokines and neurotrophic factors. There was no significant difference in
quantity of mRNA for any of the tested cytokines (IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12,
IL-13, IFN-y, TNF-a, TGF-B, perforin and granzyme B) or for the neurotrophic factors
(BDNF, NT3, NGF and GDNF) measured before and after GA treatment. Figure 6 shows the
quantity of IFN-y, TNF-a, TGF-B, IL-2, IL-4 and IL10 mRNA. Neurotrophic factor
transcripts were not detectable in the PBMC of MS patients, before or after GA treatment.
There was also no difference between responders and non responders. However, compared to
healthy controls, MS patient PBMC significantly accumulated more TNF-a and IL-10 and
less TGF-B transcripts (p<0.05).

DISCUSSION

In comparison with healthy individuals, MS patients present more CDR3 length distribution
alterations in their blood T cell repertoire [21]. It has been shown that GA treatment acts on T
cells and induces a Th2 shift in cytokine production [2]. In this paper, we revisited the effects
of GA treatment on the T cell repertoire in the blood of MS patients. We used a global
method taking into account both alterations in TCR VB CDR3 length distribution and the
magnitude of clonal selection based on the quantity of V[ transcripts [20]. With this method,
modifications of CDR3 length distribution were detected after vaccination in tumor-bearing
patients [29]. Despite the data of in vitro GA stimulation of T cells [19], we showed that
treatment with GA for three months or longer does not induce significant TCR biases in MS
patients. In addition, TCR changes during GA treatment in MS patients were similar to those
observed in healthy individuals assessed during the same period of time. We were also unable
to detect differences between responding and non responding MS patients despite the fact that
our method is sensitive enough to detect variations in blood TCR alteration over time [30].
Collectively, these data suggest that GA treatment does not affect the peripheral blood T cell
repertoire. The difference between the in vitro and in vivo effects of GA could be explained
by the high amount of GA during in vitro stimulation or by the specific culture conditions.
However, we cannot vouch that GA did not create clonal expansion of T cells in tissue
compartments such as the brain, which were not explored in this study. In fact, it has been

demonstrated in animals that GA-specific T cells can migrate into the brain [31].
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Nevertheless, GA treatment has positive effects in MS patients and helps decrease relapse
events (see [32] for review). Our data suggest that the mechanism of action of GA may not be
T cell-mediated and may involve other cell types. In fact, GA treatment seems to induce type
2 monocytes [8; 9; 10; 11]. Antigen presenting cells (APC) could also be the major targets in
GA treatment. Along these lines, it has been shown in animals that GA-primed DC can induce
neuroprotection in a T cell-independent manner, and could act directly on neurons [33]. In
addition, MBP liberated from the myelin sheath, presents a particular conformation and can
bind aMb2 integrin expressed by phagocytes, an interaction that could be inhibited by GA
[34] and could thus prevent the presentation of auto-antigens by APC to T cells.

Concerning B cells and antibody response to GA, polyclonal and not monoclonal antibodies
against GA crossreact with MBP (Myelin Basic Protein) (Teitelbaum et al. 1991). GA has no
effect on antibody response against MOG protein (Myelin and Oligodendrocyte Glycoprotein)
(Khalil M et al. 2006). Specific anti-GA seem to switch from IgG1 to 1gG4 in MS patients
treated with GA and could drive the Th2 response (Brenner T et al. 2001, Farina C et al. 2002,
Basile E et al. 2006). In an animal model of demyelination (Theiler’s virus), the antibodies
against GA seem to induce a remyelination (Ure DR et al. 2002). The effect of GA on B cells
could partially explain the benefits of this treatment in MS patients.

We have shown that MS patients present an increased production of TNF-o regardless of
whether or not they were treated with GA, confirming an activated state of immune cells from
MS patients, as described previously [35; 36; 37]. GA treatment seems to induce the
production of TGF-f and IL-10 in MS patients, suggesting the induction of regulatory
mechanisms. Nevertheless, we were unable to detect any differences in the quantity of mRNA
of several cytokines and neurotrophic factors before or after three months or longer of GA
therapy. Other studies reported increased IL-5, 1L-13, IL-4 and TGF-f in the blood of MS
patients treated with GA compared to non treated patients [6; 38] and these studies examined
MS patients treated long-term (more than fifteen months of GA therapy). Wiesemann et al
stimulated PBMC with GA in vitro, which may cause a major bias and explain the
discrepancy with our study. In the paper by Miller et al, PBMC were collected from 10
patients treated with GA for one year. The follow-up of the patients was shorter than in our
study and no control group was analysed in parallel. These differences in methodology may
explain the differences observed between the two studies.

Finally, our results suggest that the clinical effect of GA in multiple sclerosis probably does
not rely on the direct modification of T cell properties (clonal selection or cytokine

production) but rather on its actions on other cell type(s).
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Legends

Table 1: Clinical data of MS patients

GA= Glatiramer acetate. Patient status was evaluated in accordance with Rio criteria [23]
after 24 months of follow-up. NR= non responding patients and R= responding patients.
Briefly, MS patients were considered NR if they presented relapse or increased number of

lesions at MRI. during the 24 months of follow-up

Figure 1: Three Tclanscapes® of patient MS-8 before and after GA treatment

Data from quantitative PCR and percentages of CDR3-LD alterations are represented in a
global three-dimensional representation named TcLandscape®. The X axis displays the 26
human Vp families, the Y axis shows the CDR3 lengths and the Z axis the quantitative ratio
VB/HPRT. The colour code from deep blue (<—30%) to dark red (>+30%) represents the
percentage of CDR3 alterations.

Figure 2: VB/HPRT ratio for VB2 and V6.4

MRNA were extracted from PBMC of MS patients before and after three months of GA
treatment and quantitative PCR was performed using CB and Vp primers. Here two
representative examples of VB/HPRT ratios are featured for the ten MS patients and for the

responding and non responding MS patients.

Figure 3: Percentages of CDR3-LD alterations

To analyse CDR3-LD, the percentage of CDR3-LD alterations was calculated for blood
samples obtained before, after three months of GA treatment and after long-term treatment
with GA (M20-34). Percentage of alterations of the ten MS patients (A), of the four non
responding MS patients (B), of six responding MS patients (C), of the CD4+ T cell
compartment of 5 responding MS patients (D) and of the CD8+ T cell compartment of 5
responding MS patients (E).

Figure 4: Profiles of CDR3-LD distribution
Most of the CDR3-LD profiles of MS patients before and after three months of GA treatment
were stable. However, some V[ families presented an increased or decreased percentage of

alteration after GA treatment.

205



Annexe |

Figure 5: Two Tclanscapes® of one healthy control at Month 0 and Month 3.

Seven healthy volunteers were monitored for 23 months. They received no treatment during
this period. On this figure is shown a representative example for one healthy control. For this
individual, the profile of VB 9 CDR3-LD became more altered after three months and the
profile of VP 18 CDR3-LD stayed stable, it was not observed for all healthy individuals.

Figure 6: mMRNA amount of cytokines before and after GA treatment

-AACt
2

The relative quantification ( ) are calculated from quantitative PCR raw data

andrepresented for each cytokine.
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Table 1
_ Ec?o?ri EDSS Score IEEQ?(?;: ;?t;rrz Nu_mber of relapses
Patients Age Sex After 24 months during the 24 months  Status

Before GA of GA treatment two years of study

treatment
MS1 26 F 15 15 + 0 NR
MS2 45 F 4 4 + 2 NR
MS3 36 F 2 2 + 2 NR
MS4 32 M 15 1.5 + 1 NR
MS5 49 F 4.5 4.5 - 0 R
MS6 57 F 2 2 - 0 R
MS7 42 F 2.5 2.5 - 0 R
MS8 49 F 3 2.5 - 0 R
MS9 41 F 2.5 2 - 0 R
MS10 29 F 15 0 - 0 R

Figure 1
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Figure 4
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Figure 6 :
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ANNEXE Il : Les lymphocytes T CD4+ du sang périphérique des patients
atteints de Sclérose en Plaques sont caractérisés par une forte expression de
PSGLI1 et d’une capacité de transmigration a travers la barriere hémato-
encéphalique
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by higher PSGL-1 expression and
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ABSTRACT

Mechanisms of T lymphocyte trafficking in the brain
remain unclear in MS. We hypothesized that MS is as-
sociated with increased CD4+ and CD8+ T lymphocyte
trafficking across the BBB. To test this hypothesis, we
calculated the frequency of PSGL-14/CD4 + and PSGL-
14CD8+ or LFA-1+/CD4+/CD8+ T cells in the PBMC of
27 patients with a RR-MS (21 untreated and six IFN-§-
treated) and 18 Hl. Next. we measured their ex vivo TR
across resting and TNF-e-activated human BBB-derived
hCMEC/D3 endothelial layers under static conditions.
The frequency of PSGL-1+CD4+ T lymphocytes was
significantly higher in treated or untreated MS patients
than HI. Furthermore, resting hCMEC/D3 TR of CD4 +
lymphocytes (purified or in PBMC) from treated or un-
treated MS patients were significantly higher than
those of Hi and associated with significant enrichments
of CD4+PSGL+ or CD4+PSGL-1+CD45R0O+ T cells in
thelr transmigrating fractions. The TR of CD4+ and
CD8+ from MS patients across TNF-c-activated hCMEC/D3
were also significantly higher than that observed in HI.
Resting hCMEC/D3 transmigration was blocked signifi-
cantly by anti-PSGL-1/anti-LFA-1 in all groups, and anti-
VLA-4 inhibited transmigration of MS T cells specifically.
Purified PSGL-1-negative CD4+ lymphocytes transmi-
grated resting hCMEC/D3 with <10% of transmigrating

Abbesigtions APC=aophycocyann BEB=biood-bvan bamier, CSF=
cerebrcepinal i, EAE=axpanmental autoimmuns encepnaionyedtis
EGM-2 ~andothelial growth media-2, H=haalttry ncividuslis). MG -
mudtiple sclerasis, PSGL-1=P-2alectin gycoprotein bgand-1 (CDWS2),
FR=raepen-ramittng, TR=tansmigration rate, wwi=von Wiksbrared
factar

cells re-expressing PSGL-1, suggesting PSGL-1-inde-
pendent transmigration mechanisms. The frequency of
PSGL-1 was unchanged in CD8+ cells from MS pa-
tients, whereas CD8+LFA-1"9" were reduced signifi-
cantly In IFN-g-treated patients specifically. Collec-
tively, MS is associated with an expanding pool of
PSGL-1+CD4+ T lymphocytes able to transmigrate
the BBB endothelium in vitro and possibly contributing
to brain pathology. J. Leukoc, Biol. 86: 000-000;
2009,

Introduction

Ihere 1s compelling evidence for an amtaimmnne process in
MS [1-3]. Qualitative changes in the expression of surlace re-
ceptors or in talficking properties of immune cells may play a
wiajor role in MS pathology. The capicity to transimigrate
arrass the BBB is likely 10 be a0 key factor in MS pathology il
pertpheral effectors are involved [ 1<3], In fact, inhibition of
lenkoovie adhesion to BBE cells by the peripheral administra-
ton of antibodies inhibiting a+integrin seduces the munber
of gadolimiunrenhanced lesions s the CNS of patients with
MS [4-9].

PBMC transmigeate acrass the endothelinm following a ses
quental and coordinated process mvolving selecting imtegrins,
and other adhesion molecules [100 11}, The fmmune cells fiest
wiher and roll on the endmbelinm by binding 1w eadothelial
selectins in a PSGL-I-dependent mannes and thew adhere

1. These amhors conmbuted equally so this work.

Correspondence INSERM, UMR 642, Inssieor de Transplaneston e de
Rechierchies en Transpantadon, ITERT, 30 Boulevurd Jean Monoer,
Nantes, 44900 France. Bl paanepanbsoulillons univ-nartes i

[
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firmly 10 the endothelivan by protein of the integnn Gunily
andd cress adjacent endothelial cells [10, 11} Several wpes ol
activated lenkooytes, including T and B lvmphoeyies, dendritie
cells, and monocvies, can mansmigrate across BIB-derived en-
dothelinl colls ex vivo [12-14].

A inereased number of PEMC with adhesion and waffick-
g mavkers and their increised tralficking across BBB endo-
thelinm can potentially initide the padhological influnmatony
yesponse in the brain in the course of MS disease [ 15-20]
Previows ex vivo tamigration studies have in e shown an
mcreased mansmigrinon potency of PEMC isolated from MS
patients across BRBBderved endothelial eells [15, 17, 207,
More specifically, some reports have demonsomated than the
CId4 T cells of MS patients huve a higher transmigration
ability than those of HT [ 18], and others have shown that
CDA and CDS4 T hmphocytes from MS patients wse ditfer-
et receptors, VEA-L and PSGLAL pespectively, 1o bind the
brain endothelinm in animal studies [ 6], To dare, only a few
stuchies have evaluated the sransmigration patern ol blood T
Iymphocytes from MS patients relative 1o those from HI [15-
201, Despite this Now of informarion, there is also a debate on
which type of T lymphocoyte ransmigrates more efficienty in
patents with MS.

To provide more wdormaton about T nphoovie affick-
g i MS, we measured the ex vivo capacity of PBMC 1o trans-
wikgeare across the hCMEC/ DA cell Hne, previously isolaed
frong loman BBE (21, 22], PEMC gansmigration stadies were
combined with the messurements of the frequencies of
PSGLAL+ and LEA-1+ 1 dymphocytes present in PBMC from
piatients with MS and from sex- and agesmatched HI PSGL-
wnd LEA-1 were selected becanse of their sequential and cone-
plementary roles in the ransmigration process, wherehy
PSGL-L mediares the fisst steps of leukoovie caprure on the
endotheliom, and LEA-T intervenes in bater pluses of leako-
ovie adhesion 1o the endothelinm [10, 11,

We deseribe a complex immunological alteration in MS in-
volving an merease in the number of PSGLAL+HCDAS T cells i
the peripheral blood being able to tansmigrte BRB<derved
endothelial monolayers 1o levels ssgnificantly hagher than the
cquivalens population isolaed from HIL

PATIENTS, MATERIALS, AND METHODS

PBMC preparation and phenotyping

PBMC were isulated from blood samples by Ficoll gradiemt (Evmphosep™,
Biowest, Nuaille, France), counted, and frozen untl ose in ligquid niteogen
in 10% DMSO (v/v in the donor plasma). When thawed, the cells were
mspended in prewarmed RPMI cliire medium (Sigma, SaineQuentin Fal-
liser, Feance), suppdemented with antibotics and Lglutamine and on-
taining 15 FCS (Biowest). Frozen PEMC aliquoes (205 10" ‘aliquot) from
MS patients and HI were analyzed directly or used for parification of
COA+ and COB+ lymphiocytes, Viable cells in thawed PBMC sanples
were counted using 2% eosin (Sigma). PEMC samples with >30% mor-
tality were discarded. CDS+ CDA+ and CDS+ hmphocytes were ob-
taned from bulk PEMC by magnetic selection using antibody<oated
mugnetic beads, sccording to the factures’s rec dan
(Miltenyt Baotech, Pasts, France ). For mphocyte purificaton, PEMC
were first incubated in stining buffer made with 0.5% BSA and 2 mM
EDTA kn PBS and containing microbead-coupled antiC’D3, ann-CD4, or
anti-CDE antibodies diluted 10 1710, The cells were incubated under
gentle agitaton for 15 min ar +4°C, Afver washing, the cells were posi-
tvely selected using an Automacs (Milteny Biotech). The punity yield
was routinedy =909

PEBMC o purshed CD3 4, CIDM+, and CDE+ hmphocytes were analyzed
by How cvtometry (LSRIL BD Biosciences, LePontdeClax Cedex, France)
using a panel of mAb conjugated 1o PE, FITC, PeeCP, cy<hrome-PE, or
APC (BD Baosoences), The antibodies wsed incoded ann-CO1Ta (LFA-L
clone HTI1T), anti LFA. L blocking antibody (clone TN, antiCDU
(chonne SEN), anti-PSGLAL (clone KPLAL), ant-PSGE-1-blocking antibody
(chone KPL-1) ant:-CIMGRO (cone UCHLT), ant-CDS (clone HITH),
anti-Paclectin (done AKS), anti-CDN9 (clone 9F10), ant VEA Lblocking

bodly (HP2/ 1, ) wh, Masseitle, France), and blocking ant-

NCAML (CD1HMG BD Biosasences). Antibody notypes were selected 1o
match the speafic antibodses descnbed. Cells were incubated with the ang-
hodies at optmal concentrations in the staintog buffer (1.5% BSA in PBS)
for 0 min st room temperatne in the dirk and then fixed with 2% form-
aldehyde. A gate was danen on mononpclear cedls on the basis of forward-
ant sidescarter parametees aod analveed for the requency of the indicared
markers by combining two markers (dot plots) or one marker (hasto-
grums) . Unstained cells o oelis stained with ogypeanatched antibodses
were e o subiract nonspectfic sigiads, Unstained cells aod colls stasned
with antibodies alone were also inchuded in all of the experiments o come
persate for spectral overlaps. Each sample ncladed in the study was tested
in duplicue or rplicase.

BBB-derived hCMEC /D3 cell line

This endothedial cell line was derved by sequential hmiting dilution clog-
g of notmal Tnunan beain adcoovasonbar endothelial cells dat had been
transduced by lentiviral vectors encoding human telomersse amd SV40 T
antgen. This human brain endothelial cell Bine has been demonamated 1o
mionc the BBE Qosely wnovive [21, 22] ROMECG/ DS cells were cultured
ECM-2 {Cambrex Bio Sciences, Vervier, Belgimm), supplemented with FCS
and growth Factons provided by the manutacturess ot 37°C in o humidified

Study populations

Twentyseven patienss RRMS and 18 age-masched HE were envolled in this
stuudy. RR-MS was clinically defined using the McDoaukd criteria [29],
There were 18 females and 9 males (median age of 37 years: range 1957
years) with o medin Expanded Disabality Status Scale score of 2 (0.5) Sis
patients wete treated with immmuncmodilatory diugs (N85 for at Teast 4
months, and the reasalning 21 patients bad no treatiment at the toe of
blood sampling. The HE included 10 females and vight males (medan ago
of 3.5 vean, mnge 22-62 vears) who were inteniewed 1o rule out recent
inflammatony or infectionn diseases. All indnaduals gave their informed

c betore participating in the study, The University Hospatal Ethical
& i and the Cy i for the Protection of Patiens from Biologi-
cal Risks approsed the soady design.

phere with 5% OO The cells seably express noomal endothelial

markers, including CD31, vascular endothelialcadhenin, and vwf, as well as
BRE markens, sich wn clandin-5 and sona occlodons 1. Preliminy pheno-
type assavs lsave shiown that the hCMEC /DS cell line used comtitutively
expeesses ICAMI but noe VCAM-E under resting conditions. hCMEC,/ D3
cells were also treated with 100 U/ mi TNFo (eBaosciences, Montrongy,
France) to study the expeession of Paelectin and to induce the expeession
of VCAM-L

To analyze PBMC adhesion, 25 > 100 PBMOC were aflowed 1o adhere o
conflvent WOMEC/DY cells grown on collagend.coated plastic plates tor 8
hounder resting conditions in the absence of exogenons peosnflammatorny
evtohnes. Next, the nomadherent cetls were removed, and WOMEC /DY
monolavers were washed and treated with EDTA (0.1 M) for 10 min to res
mone adl colls from the wells. The mised cell suspension was washed with
PBS, stained for keukootespecific antibodies, and anadyvzed by low cvtom-
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etry upon gating of the mononicdears cell population. The bystasdes eodo-
thedinl cell gate identified by specific markers, mainly vwf, wis analvzed for
the espression of adhesion modecules including Pselecun, ICANE], and
VCAM-1, In blocksngadesion sssavs, PEMC were bncubated for 2 b wath
blockng unts PSGLA] or antiLFAL at 100 ng/ml, washied 10 remove anti-
body excess, and then used in the adhesion asans as described. lsorpe-
et hed 126s were used as negative controds, Blocking antibodies wese re-
plenished once after 4 of lneubation,

Transmigration assay

BEE-derived ROMEC/ DY endodielial cells (20 10°) were grown on colli-
gendpretreated, 8 gm pore filter insenrss in Transwell plates (Millipore, St
Quentin en Yeline, France) under resting conditions in the absence of
proinflammarory cytokines. The sume numbers of MCMEC, D3 Soaded on
the filters were abso used For gronth on collages-precoated plastic plates to
monitor conflience, und trmnsanigration assavs with Qlter inserts were pet-
formed 1-2 days after complete confluence on control plastic wells,
BOMEC/DS colls conld be detachod from Blwes or plastic wolls Iy tryspin
and EDVTA. When hOMEC/ DA reached confluence, the inserts were
washed three tmes with fresh media 1o discard dead and nonadherent
oolts, and the adherent colls were transterred to pew plates, A 5050

(v /v) mixtare of complete RPMI and EGM-2 was theo added 1o the top
and bottom compartments at a fimal voluoe in accordance with the

manufaciirer's recommendations, Equivalent numbers of PEMC (2-
LX10%) or purified Iymphocytes (107 from HI or MS patients were
added gently o the wp chamber on BCMEC/ D3 Layers grows oo the
insert htters and then feft o tansimgrate o the botom chamber for
Ky (the optimal time for maximum recovery of the transmigrating cells,
an defined in preliminary assaw). The eotire tansmigeating coll popula-
tons present in the bottomn chamber were collected by centrifugation at
1500 rpm /min, counted, and analyzed by flow oytometry. The bottom
siden of the insert filters were also med with 0.1 M EDTA 10 detach
any adherent PEMC.

The T hmphescyie TR was desermined by aaleulating (the number of T
Iymphocytes or PEMC in sransanigeting fractions, the number of input T
lymphocytes or PEMC) % 100 and by calenlatiag the frequency of a
markes in the transmigrating and pontransmograting fractions. Blocking
transamigration assays were performesd using antiPSGL) and antil FA-
anubody concentrations as described abave for the blocking-adhesion
Ansave

VLA-1 (CD49d)-blocking transmigration assay

CD3%4 T lymphooytes were purified with antiCDS microbeads as descrited
from PMBC samples of MS patients and HL and then 1 pucted colls
were beft to transmigrate for 8 b acroms TNFastimulsted hCMEC /DS lay.
e In pamllel, resting tansmigraton assays were performed under similay
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Figure 1. PSGL1+ CD4+ T lymphocyte detection in total PBMC of MS patients and age-matched HL
(A) Total PBMC from MS patients and healthy donom were stained for (D3, CD4, CDE, and PSGLL
A gate was drawn on the mononuclear cells on the basis of forward- and sidescatter properties, and
then the percent of PSGL-L expression in CDH4-CD34+ or CDSHCD3H+ T Iymphocyies wis determined
by subtracting nomperific signals of matching sotype antibodies. Examples of PSGL-1 antigen distsibie

tons in the CD44 and CDEH T lymphocvtes of o representative healty donos and o MS patient are
shown by hiswograms. (B) The pooled frequencies 15) of PSGL1+CD4+ and PSGLA+CDE4 T lymphocytes present in ol PEMC solated
from age-matched HE (Contobs; w=11), untreated MS patients (w=14), and [FN-g (INFBlueated patients (r=6). Dat are expressed as the
median percentage of PSGL-T+ in CD4+ and CDE+ T celle, *%, £ D001 **% < 00001,
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conditions for ¢«

¥ The ber of ing cells was
counted in the tmnsmigratng fmactions. and then tansmigratng ratios
were calculated. Blocking uansmigration assays were performed with act-
vared hOMEC /DA by using CD3+ T cells pretreated with 100 ng/ml spwe-
Ghe antVEAA o ant-PSGLAL ssotypes or with anti-VEA o ante-PSGL-)
antibodies for 2 e The antibodies were replenshed 4 b Larer ducing the
assay to ensire the receptors were hlocked conti Iv. For inhibiton of
VCAMAL (CD106), restng or activated hCMEC,/ D3 Lavers were overlaid
with antiC’D106Gblocking antibody solution for 2 h and then used for the
transmgration assay.

Indirect isolation of PSCGL-1-negative CD4+
lymphocytes

Untouched CD4+ lymphocytes were first purified by a negative selection
using an Automics and & commercial kit (Milwenvi Biotech). Purified
CDa+ cells (52 107) were incubated with 500 ng, ml mouse antihuman
PSGL-1 (clone KPL-1) b 200 ul staining badfee for 20 min at +4°C un-
der genthe shuking. The libeled cells were washed thiee tines by centri-
foging at 1500 rpan/min for 5 min and resuspended in 200 e ssaining
budler (starting fractions). PSCL-1 abeling was verified in an aliquot of
the starting fraction by staining with a secondary antiunouse APC and
amdvzing oo a flow cytometer, The remaining starting fraction was incu-
bited with antianouse microbeads for 15 min s +4°C. After washing,
PSGE-1+ colls were cemovesd by & posstive selection. The PSGE-1-nega-
tve fraction was collectod and passed a second tme through & magnetic
Colimn to remove sy remaining labebed colls Aliguots of the PSGL-
negative fraction were stained with antianouse APC or with ant-PSCL-
I-PE and a matched sotype. PSCL-1aegative CD4+ Iymphocytes (10%)
were wsed for the transmigration assay, and then transmigrating and
nontransmigrating fctions were stained for the CD4, PSGL-L. and
CDASRO mprkers,

Statistical analysis

The nonparametne Mano-Whitney st was used for comparson between
two groups, and the nonparametnie Kruskal Wallis test was used for com-
parison of more than two groups. Differences were defined as *, P < 0.01;
6P < (0L and 4%, P < L0001
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RESULTS

Significantly more PSGL-1+CD4+ T lymphocytes are
detectable in the peripheral blood of patients with
MS compared with HI

PEMC from MS paticnts and HI were screened for the ex-
pression of mafficking markers under similar expenmental
conditions. The presalence of CD4+ or CDS+ T lympho-
ovtes and CD19+ B lvinphocytes did nor staisacally differ
between frozen PEMC aliquots of MS patients and age-
matched HI (not shown). PBMC were first 1ested by flow
cvtometry for the expression of PSGL-1 by anribody staining
for €D3 (pan T cell marker), CD4. CDE, and PSGL-1. The
mononuclear lenkocyvies were gated on the hasis of forward-
and sidescatter properties, and the percent PSGLAD was as-
sessed in the CD4+ and CD8+ T cell subsers. The percemt
PSGLAI+CIDM+ | lvmphocytes was higher in MS patients in
comparison with HI (Fig. 1A, 78% vs. 48% i the tlustrative
MS patient and HI shown), In contrast, no significant differ-
cnce could be found with CDE+ T cells (Fig. 1A, 58% v,
H0% i the ilhistrative MS patient and HI shown). By pool-
ing all of the frequencies calonlated in MS and HL the me-
dian percent PSGL-L in gated CD4+ T Ivmphocytes was
81% = 11 m the mmtreared MS patients versus 58% = 7 in
HI (Fig. 1B, P<0,0001). This higher percentage of PSGL-
L+CD4+ T lymphocoytes was insensitive 1o IFN-8 veaunent,
as no difference could be found between IFN-B-treared
(7% =14) and wnrreated MS panents (81% 211}, and by
contrast, both MS subgronps had the percent of PSGL-

I +CD4+ T cell significamdy higher than HE (untrested
P<O0001; reated P<0.001; Fig. 18). Finally, the median
frequency of CDR+PSGLAL+ T lvmphocytes did not differ
between MS paticnts and HI nor bemween MS patient sub-
groups (Fig. 1B). The next step was that CD4+ lymphocyres

Untreated
MS patient

INFS-Treated
MS patient

.62

65

WL AW N 5
wll

T T T e

Controls
INFf-Trestod

Figure 2. PSGL1 frequency in puritied CD44 T hmphocytes. (A) CD4+ lmph

v

PSGL-1

lated from a total PBMC of HI {(n=10), untreated

vies were

MS (n=9)_and IFN-Streated patients (n=6) and then staned for PSGL-1, CD4. and CD3. Data are expressed as the medimn percentage of
PSCGL-1 expression in purified CD4+ lmphocytes from all groups, *2%, P< 00001, (B) Representative examples of CD4+PSGLA+ frequency in
MS patents compared with thase of HI showing equivalent purity levels of CD4+ cells.
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purificd from PBMC of all groups were assessed [or PSGLA
expression. PSGLAL frequency remained significantdy highe
in purified CD4+ lvimphocyies from unoeated (665 £4)
and IFN-B-treated MS patients (58% =8} compared with HI
(37% 26: Fig. 24, *<0.0001). The isolated CDA4 Ivmpho-
eytes were of equivalent purity levels i MS patienis and 11
(=00% purity) bur clearly differed in percent PSGL-1 (Fig.
2B). On the whole, PEMC from MS patients contiined o
larger pool of circulating PSGL-1+CD4+ T cells.

The CD8+ T lymphocytes of IFN-f-treated MS
patients display significantly fewer LFA-1"" cells as
compared with age-matched HI

We next analyzed another irafficking morker, LFA-T, expressed
on admost all of the CDE+ T cells, The LEAI 4+ popalation
conld be separated into LFAST™ and LFA1"" subpopula
tions based on the position of the two peaks osing the same
scale in PBMC of MS patients and HI (Fig. 3A), To com-
pare LEAT expression in MS patienis and HL percent

A

Count

LR P YL
w
% LFA-1% T.lymphocytes

D Healthy individual

S 8 8 8

2883 8

-
o

o

INFg-Treated MS patient

LEAT™EY cells were enleulated in the mononuclear gate ns-
tng the same experimental procedure applicd for PSGL-1. A
significant difference was only observed when patienis were
separated into those treated with TEN-B and those withom
The percent of CDR+LFA"" T lymphocytes was indeed
down-regulned significantdy in IFN-B-treared MS paticis
(IR% =11 compared with unreated patents (39% 211 o
HI (49% 2 15; Fig. 3B, P<0.05), therclore suggesting LFA-]
modulation by the regnlatory effects of TFN-B. Contrarily,

1" were abserved

no significant changes in percent LEA-
in CD4+ 1 lvinphooytes, CDS+ lymphocytes were then puri-
fied from PEMC of TFN-B-treated patients and HI 1o yeassess
the percent LEAIY cells, which in purified CD8+ lyime
phocytes, was again significantly lower in [FN-B-treated MS
patients (20% 241 relative o HE (375 =10; kg, 5C, <
G001}, CDE+ cell purification did not alter the classical
poattern of LEA-L parttion into a low and a high subpopula-
non, but the latter was decreased significantly in the [IFN-8-
tremted MS patiens (Fig, SD). At leasr two key iradlicking
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Figure 3, LFA-1"* down-regulation in the
CDE+ T lymphoeytes of TFN-f-treated

MS patients. (A) Typical LFA-1 stining
profile by How cytometry with distinctive

1
"

AAAL

29

ALLA

) s 0 s
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19 Tow and high LFA-1+ sabpopulations that
can be enumerated. (B) Total PEMC iso-
lated from ageamatched HI and MS pa-
tients were stained for CD3, CD4, CDX,
and LFA-1 markers, and then percentages
of LEAI"™Y celly in CD3+CDA+ and
CD34+CDE+ gates were recorded. The
figure indicates values pooled from HI
(w=8), untreated MS patents (=),

and [FNB-treated MS patients (a=6).
P (C) CDE+ Ivmphocytes were punified

LFA-1hieh

from HI (n=6) and IFN-Breated MS
patients (n=6) and then analyzed for
LFA-I"" frequency, as described for

wtal PBMC. (D) Representative examples of LFAI™ frequency in purified CDS8 4+ lymphocytes from one HE and one 1FN-f-treated MS

paticnt, *, < 001 ** P < 0.00],
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mrkers (PSGL-D and LFA-L) wore therelore differentially
regubinted in MS patienss

CD4+ T lymphocytes from MS patients transmigrate
more efficiently across resting human BBB-derived
hCMEC /D3 monolayers in comparison with those
from HI

Fhe variations in percent PSGLA14HCDE+ and percent LEA- 5"
CDE+ T lvmphocytes found in PRMC of MS patents sug-
gest a possible modulaton of their transendothelial migra-
tHon i MS discase. TRs were 2% = 0.5 for MS PBMC
P = 0.5 tor HI PBMC (P=0.07). In the absence of endo-
thelial cells wnd in die sole presence of collagen on the G-
ters, at least 95% of input PBMC was recovered from the
bottom chambers. To determine whether tradlicking of
CD4+ and CDB+ T lvmphocvies differed in MS parients
and HIL percent CD4 and pereent CDS markers were first
calenlated i the transmigranmg and nontransmigrating
celis of MS patients and HEL The data show that percemt
CD4+ T lvmphocytes were significantly lugher in the mans-
migrating fractons of untreated (657 £5) pnd 1FN-g-
treatedd MS patientss (609 £9) compared with HI (409,27,
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Fig, 4A. <0.0001). However, percent CDE+ T lvinphiocytes
n teansmigrating frichons were similar bewween untreated
MS patients (23% 25) and HI (21%25) bue significantly re-
duced i the IFN-Bareated patients (3G 2 10 Fig. 4A), Ina
good accordance, percent CD4+ T cells in the pontransmi-
gration fractions of HE (71%27) became significantly
higher than those of MS patienis (6452 10: Fig. 41, <
0,001, suggesting thut distinet PEMC subsets may tansini-
grite in the MS and healthy groups and that MS CD4+ T
cells are more prone 1o resting hCMEC/ DS tansmigration.

To demonstrace that the CD44 T cell transmigration capac-
iy was not dependent on other cells in ol PEMC, CD4+
and CON+ lvinphocvies were purified from the smdy groups
and analyzed for transmigeation (10% inpa cells). Puyified
CDA cells of vntreated (240024491) or IENBareated MS pa-
tents (27940 LA il mmmsmigrated o o greater extent din
CIM+ cells from ageanarched T (12302 805; Fig. 4C,
PO00] and P<O0L, respectively), theredore conlivming the
higher inherent capacity of MS CDA+ T cells o transnigrate
BBEB-derived endothelial cells.

We then determined whether LA downeregulion, i
tally found on CDS+ T cells of IFN-B-ureated MS paticns,

c s
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Number of transmigrating cells
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Gated CD4+  Gated CDB+

%
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Figure 4, CD4+ T lymphocyies of MS patients transmigrnted across resting WCMEC D3 Lavers at a higher rate than those of HE PEMC were
addded 1 the top of hRCMEC/DS msonolayers wnd left 1o mussmigrate 1o the botom chamber for 8 b The entire transmigrating and nostoossimni-
grang cells were then collected, counted, and stained for the markers shown. (A) Percentages of CD44 and CD84 T lvmphocytes in the wansmi-
grating fractions of HI (v=14), onteated MS patients (n=10), and [FN-B-treated patients (n=6) pooled from independent expenments. (B) Per-
centages of CDA= T hmphocytes in nonansmigrating fractons of Hl and grouped MS patients. (C) Equivalent numbers (ot input cells) of po-
nfied CD44 and CDS 4+ cells from HI (n=13), untreased MS patients (u=111, and IFN-Sareated MS patients (n=6) were lefl w transmigrate
across BUMEC/DS layers under conditions similar to those used for bulk PEMC, The entire transmigraung cells were counted by Tight microscopy
and Now cytometry. Values were from three independent experiments. *, 2< 000, **, P < 0.001; and ***, P< 0.0001,
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e 5. Transmigrating CD44 T lymphocytes of MS paticats ex-

ed PSGL to a higher level than nontransmigrating cells. [n all
¢ panels, the wansunigrating and noatransmigrating cell popubs-
from each PEMC sample were staimed for PSGL-1 or LFA-1 plin
ot CDS markers, The mononuclear gate was defined, and then
ercent of cach marker was assessed. (A) Percentage of PSGL-1+
n wansmigratng or nontaosmigratng CD4+ and CDS4 T -
aes of HE (0=7), intreated MS patients (#=7), and 1TFNS-

«d MS patients (n=6} across resting endothelial layers, (B Simi-
periments were performed with purified CD44- cells from un-
«d MS patients (w=6) to confirm PSGLA 1 enrichment in the
mgrating fraction. *, < .01; **, P < 0001

Non-transmigrating

would alter their TR In accordance with ol PBMC findings,
punilied CDS+ cells from untrented MS patients (749£210)
and T (958=2243) had stmilar TR, and by contrast, those
from TFN-Breated MS panents ismsmigrvied significantly less
(HTZI08; Fig, 4C, P<O0001), Untreated MS patients and T
could not thus be diserimunated by CDS4 T cell transmigra-
non levels,

PSGL-1+CD4+ T lymphocytes accumulate in
transmigrating cell fractions from MS patients

Next, we asked whether PSGL-L+CDA+ T cells were more
likelv 1o transmgrate hRCMEC/ D2 Lavers, thus leading to a
greater transmigranon of the CD44 T subpopulaton in MS
patienss, To evaluate this possibality, percent PSGL1+CD4+
or CDE+ 1 cells were compared between tansmigrating and
nontransamigrating actions in MS patienis and HE A higher
median of mansmigmnng CD4+ T cells from antreated MS
patients expressed PSGLA (825 250 compared with nontrans
migrating CD4+ cells (459 £20; Fig. 5A, P<0.001), This dif-
ference was not found in FIT (5% 215 w485 2 18). The fre-
quency of ransmigrating PSGL-L4+CD4+ (8379 217) was addi-
tomally significantly higher than in nontransmigrating
fractions (429% %20) of IENBareared MS panents, Purified
CD4+ cells Brom antreated MS patients also displayed o signil-
want enrichment of PSGL- in their ransmigrating fractions
(G5 = 10) compared with the nonwansmigrating ones

(%= 12: A<0001, Fig. 4B), In contrast, percent PSGL-
THCDEA T cells did non differ siguificantly between transmi-
grating andd nontrnsmigratng fractions from MS patients and
HI (Fig. 6A). Considering the reduced percent LEA-1"5Y
CDR+ T lymphocytes observed inidally i PBMC of IFN-3-
wreared MS patients (Fig. 3), pereent LEA-T"" cells were then
evaluated i transmigrating and nonteansmiganing e
fons. LFA-T"" was not enrichied in the ransmigrating
CDE+ cells of TEN-B-treared MS patients (Fig. 6B, 48%.25
v, ARG T, respeatively), However, HI tansmigrating CD8+
vmphocytes were enriched in LEA-IY" (48927) compared
with the nontransmigrating cells (30% =5; Fig. 6B, /<
0011 As o result, the PSGL-L and LFA-l enrichments in
the transmigrating [ractions suggest their positive involve-
ment in hCMEC/DE Laver iransmigration.

Accumulation of memory PSGL- 1+ CD45RO+CD4+
T lymphocytes in transmigrating fractions in MS
patients

1o confirm the PSGLAL role in MS CIM+ T cell ransmigramion amsd
s PSGLA s Rmcionally activied on primed T nonphocves, per
cent PSGLAL wis calenlaced in CIMBRO+CD4+ memory anpho-
eytes bedore and alter BOMEC/DS tamsmigration by staining
transmigrating and nontmasmigrating fractions for CD4,
PSGLAL, and CDASRO markers: o the unweeated MS pa-
tents, memory pereent PSGLA+CDE+COMGRO+ Tymphocyres
were significantdy higher in transmigrating frwctdons compared
with the nontrnsmigrnng ones (Fig. 7A). Higher pereent
PSGL-I+CDHGRO+CDA+ cells in tmnsmigring rctions were
still nored i unreated MS patients tested (85% 2 11) as com-
pared with the nontransmigrating connwrpares (365 =8; Fig,
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Figure . Transmigrating CD8+ T lymphocvtes of TFN-Breatod MS
patients did not become enriched for LFA1"#" afier transmigration in
contrast to those from HL (A) Percentage of PSGLA 4+ cells in trans
migratmg or nontransmigrating CD8+ T hmphocytes from HE (w=7)
und IFN-Bareated MS patients (n=6). (B) Percentage of LFA-I™"
cells in CDS8+ T hmphocytes of transmigrating and nontransmigratng
fractions of HE (#=8) and IFN-Bueated patients (0=6). **P < 001,

TB, P<00001 ). In contrast, no sigoificant differcnce could be
Tound with CDACD45RO+ memony cells.

PSGL-1 and LFA-1 are functionally required for
PBMC transmigration across resting hCMEC /D3
endothelial layers

Next, PSGLA and FFASL frictional rodes in bimding 1o and /or trns
migration scross hCMEC/DS monolyers were aabzed. The
PSGLAT Tigand Psedoonin was expressed in 545 of hOMEC/ S cells
(Fig. 8A_ i) by comparison with o matching isotvpe control
(Fig. 8A, 1) PBMC and hCMEC/ DS cocnlinre under trans-
migration assay conditions resitlted i Paclecan nperegula-
tion in gated WCMEC/ DY cells (189, Fig. 8A, iii). This co-
culture also imduced TCAM-T up-regulation bue not VEAM-1
in hOMEC/ DS cells (not shown) . As expected, TNF in-
duced o strong Pselectin upregulation m hCMEC/ DS cells
(Fig. 8A, ). Blocking anti-PSGLAD antbodies (100 ng, ml)
reduced cell adheston to hCMEC/DE cells by threes 1o fowr-
fold in CDA+ (A0=12%) and CDE+ T lymphocytes (153-4%;
Fig. 8B). PSGL-1 Dlocking also vesulted in twos 1o theeelold
redoction in percent CDA+ and percent CDS4 T cells prisent
iy the ansmigraing subpopulatons (Fig, 8C). Furthennore,
LFA-1 blocking vesulied in o stong inhibinon of hOMEC D23
monolaver tosiigration (Fig, SD). These findings indicaed
thiat PSGLA and LEAD were instnomental for hCMEC/ TR trms-
miggration. Although MS and FIEPBMC daffered by percent
CD4+PSGLAT+ and percent CDS+ LEAT™" T cells, the inhibi-
non of their tmnsmigranon by PSGLAD and LEA-1 blocking oc
curred a simikar Tevels,

Small increase in PSGL-1 expression after complete
transmigration of resting hCMEC /D3 monolayers
PSGLAL enrichment in the ransmigrating frctions may also
suggest its inducaon by hCMEC/ D3 imnsmmgration. To west
this hypothesis, indirectly isolated, PSGL-1-negative CD4+
cells (iniual fraction: Fig. 9A) were left 1o irnsmigrate rese-
ing hCMEC DS Lavers, and then transmigeating fractions
were stained for CD4/PSGLAL/CDASRO markers and com-
parved with the mitial fraction. Tonsmigeating Tractions had
more PSGL-Texpressing cells than the inial fraction (Fig.
OB), suggesting PSGL-T up-regalation during tramsmigra-
ton. However, this PSGE-D increase was low (<1095 and
similar i HE and MS patients, Meanwhile, there was a
threctold corichment in CDASRO+ memary cells in the
transaigriating cells (=< 60%) compured with the inbial frac
tion (=20%) in HE and MS paticnis (Fig, 9C). As o resull,
PSGL-L induction wis oo low 1o mediate the reansmigration
of PSGLAnegune CDAGRO+ memony cells across the BOMEC /TS
Tavers.

VLA~ (CD49d) inhibition suppresses CD4+ and
CD8+ T cell transmigration across resting but not
TNF-a-activated hCMEC,/D3 layers in untreated

MS patients

Equivalent numbers of enriched CDS+ T cells from HE and
wnireated MS patients were used for VEA-blocking assiys.
CIMA i CDE+ T cells were commted in nontoansmigrating
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A Gated on CD45RO+ lymphocytes
Non-transmigrating
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% PSGL-1+CD4+

5

7. Relative distribution of memory CD45RO+ lymphocytes
essing CD4+ and PSGL-1 after trassmigration across resting
2703 monolayers, (A) The wansmigrating and nontransmi-
*cell subpopulatons from PBMC samples were stained for
O plus CD4 or CDS markers. (A) A representative experi-
howing the relative predominance of memory CD45RO+
PSCGL-1+ T lvmphocytes in transmigrating and nontransmi-
Meactions. (B) Result for the untreated MS patients {(n=7).
< 0.0001.

andd tansmigrating fractions 1o calenkae TR VECAM-1-hinding
inhibition by blocking anubodies did not inhibic HE and MS
CDA+ and CDS+ T lvinphocytesresting tansimigration. The
CD4+ and CDS+ 1 cell TRs were mdeed similar in the iso-
type- and ani-VCAM-Lareated cultures (Fig. 10, A and B). De-
spite unchinged ansmigration with ant-VCAM-L, ani-V9EA4
dicl inhibir resting ansmigranon of CH+ and CDE+ cells
from MS patients specifically, The imhibitory effects of ant-
VEA were depicted in MS CIM+ (0.009% 20,019 with anti-
VEA-S w82 1.4% isotype or 3% 223 with ant-VCAM-1;
P<O00) and MS CDE+ T cells (0L008% =003 with anti-VEA-4
compared with 1% £0.8 with the isotype or L4% 21 with anu-
VCAM-1; PA<0001). These effects were lacking i HI CD4+
(019 20.85 with anti-VLA- v, 01421 with the isotype or
O 5% 2035 with VOAM-1) and CD8+ T cells (0.8% 208 with
AantVEA=E v (0] 20455 motype or 0.29520.7 with a6 VCAM-1),
probably as a result of the low levels of rransmigrasion

in HL

The wansmigrations assavs with TNF-aacuvined, BBB-cle-
rved hCMEC/DS kwers resulied i inereased TR in MS pae
uents and HE compared with resting conditions. MS CDa+
and CD¥4+ tmmsmigrated activated endothelial lavers two- to
threefold more than related cells from T (Table 1), thus indi-
cating the greater MS T limphocyte capacin (o iomsamigeate
resting or cvtokinesactivated, BBB«enved endothelial Lyers.
Anii-PSGL-1-blocking antibadies displaved a nonsignificant
end o inhibit INFaeactvared hOMEC DS transmigration by
CDAat and CDEA T cells in MS patients (Table 1), and VA~
imhibition did not impact on the tansmigranon of HE and MS
CD4+ or CDS+ T cells (Table 1),

Finally, purified CD4+ Innphocvies from MS patients and
HI were enriched in PSGLA1 upon ransmigration of TNFa-
activitted hCMEC/ D3 lavers. As shown by tepresentative expers
iments in Figure 10C, 85% of the transmigrating cells from
the untreated MS patients were PSGE-1+ versus 70 of the
nontnsmigrating cells, and the equivalent vilues were 80%,
versus 485 a0 HIL This contrasted with imnsmigration across
resting, nonstimulated hCMEC DS Lvers, where only tansmi-
gradng MS CD4+ T cells were enriched in PSGL-LL probably
as aresult of selectin overexpression iduced by TNFa so 1ha
cells adbering o selectin by PSGL-D were more Tikely 1o tnans-
migrate,

DISCUSSION

Although e remains o maer of controversy as 1o whether MS
paticnts and TIE differ in their frequency of myelin anorec
uve CDS+ and CDA+ T vmphocytes [ 24-29] or regulatory
coll lunction {30, 31|, cirealatung blood effectors have been
shown 1o present o different level of activation in this disease
122, 33, Furthermore, a major difference between MS pa-
tents and HE oy an it lie in the capacity of activated blood
T cells o penerrate the brain [34]. Only a few smadies have
focused on the ransmigranon of blood mononuclear cells
across endothelial cells in MS [15, 17, 200, and only one has
addressed the mechanism involved, highlighting the role of
PSGLAL and VEA-E in 1 cell adhiesion 1o BBB endothelinm in
a heterologons system in which human 1 cells were tested on
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Figure 8. Detection of Paelectin in B(CMEC 13 culnwed under different experimental conditions and the critical robe of PSGLL in T lymphocyte
adhesion to hCMEC/D3 layers. (A) Human BEBdevived hCMEC/ D3 endothelial cell stining with anti-buman Paclectin antibody. (<iv) Tsotype
controbstained hCMEC/DS, Pselectin signal in hOMEC/ D3 cultured alone, Paclectin in the hOMEC/ DS gate from hOMEC/DS and PEMC coculk
tures s those wsed for the transmigeation wssay, and Pselectin in TNFatreated hCMEC, DY, respectively. (B) PBMC were pretreated for 2 h with
untiPSCL 1-blacking antbody or a matching sonvpe conwrol and then left to adhere to hCMEC/ DS confluent monobayers for 8 b (blocking ant
bady replenished after | h). After washing unbound PBMC, the adberent PEMC and endothedial cells were detiched by treatment with 0.1 M
EDTA and stained for CD4 and CDE markers. The T lymphooyies and hCMEC/ D3 cells were discriminated on the basis of forward- and sidescos-
ter properties. The percentage of pisitive mononoclear cells 1 stated in cach panel. The experiments were repeated ut least three ames with simi-
lar results from the study groups (threes 1o fomfold inhibinon of the adhesion of CD4+ and CDR+ T cells fram the IFNftreated MS patients
arsd HD. AC and D) PSGEA and EFAL medipte PEMC uansmigration across the BBBderived hCMEC/DS endothelial cell Layers. (C) PBMC pre-
treated for 2 h with a matching isotype control ar the ant-PSGL-1-blocking antibody were allowed to tunsmigrate hCMEC,/ DS for 8 b, The entire
transmigrating cells were then stained for CDS, CIM, and CDS markers, and then the percent of CD44+CD34 ar CD8+CD3 4+ was caleulated in
the mononuckear gate. Results are from three MS patients, and similar results were found with healthy donoes or IFN-Bireated MS patients. (D)
PEMC pretreted for 2 1 with a maaching sotvpe contol or the blocking antr-LFA-1 antibody were allowed 1o transuigrate hCMEC/DS for 8 e As the
numbers of cells in the transmigrating fractions from ant-lFA-l4reated cultures were wo low to be analvzed for marker expression. the cells were
counted by Light microscopy and by How cviometry. Results of L¥A-1 mhibition are expressed by cadculating the TR = (ol number of wansmi-
grating cells/total number of nput cells) % 100 from theee MS patients witly sinilar results obtainod with HE ar TIN-B-treated MS patients (TR in
all groups with ant-LFA-1-blocking antibodies were <0,2')

mouse endothelial cells [T6]. Two stadies have exaunimed T cells have been detected i CSE of TH [85] and shown 1o
CD4+ and €D+ cell transmbgration separately using in vitro teansagrate yestipg BBE endothelinm io vivo [36]. BRE in-
models of human BBE and repored that CDE+ T cell trans- [hunmation possibly resules from mansmigration of autoin-
mibgration s enhanced in MS 18] and thar CD4+ aoed CDS+ mune T lymphocvies across resting BBB endothelivim. Here,

I cells preferentially nse VEA andd PSGLAD to imteract with we report on a significant imerease, not only i the nmber of
the brain endothelinm | 16} PSGLAL+CDA+ T lvmphoovies circulating in the peripheral
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igure Y. Low induction of PSGL expression in PSGL Ldepleted CDM4 lymphocytes transmigrating across resting hCMEC) DS layers. (A) Left
panels show PSGL-1 expression in the initial friscdon (used tor PSGL L depletion) and CD4+ PSGL-1depleted fractuons Right panels show equiva
lent CIM staming in the two fractions. (B) PSGLTdepleted CD4+ cells (10°) were allowed o transmigrate resting, confluont hOMEC/ DS layers
for 8 b, and then ranvengrating cell were collected and staimed for PSGLLL CD4L and CDA5RO or matching wotypes. The percent of PSGLAL before
tranrigration (Pre TRSM) wid after transmigrason (Post TRSM) o PSGL-T<epleted fractions i shown, (€) The figure displns the percent of CD45RO
expression i PSGL-Tdepleted CD44 fractions befoee and alter transmigraton. Data shown are from HE (v=%) and untresed MS patients (n=%)

blooel of MS patents bt also in thelr mte of tansmigration
across BBB cudothelial colls. These properties of CDE+ T cells
i MS patients were detected in punfied CDE+ cells or i
PBRMC, The rates of T cedl tmmsmigration found (1-29) were
fower tian those obtamed i other studies with longer imcnb-
tion thmes 18=24 b (TR 2-5'% and 68, respectively) | 15,
17, 19], However, preliuminary diata indicae thise oprinl con-
ditions with our own BBB-denved cell line were 8 b with a
Tower TR, Furthermone, tsing blocking anthodies, we show
thise adhesion o and transmigration across resting hCMEC/ T3
monolasers are fancononally mediaed by PSGLAD aned LEA-T
similar leveds ool of the groups studied. Despite vanable fre-
quencies of LEA-L and PSGL-1, these molecules were key ele-
ments in 1 cell adhesion or transmigration, and transmigra-
non inhibinon by ant-PSGL--blocking antibodies was asso-
clated with the amtibody's capacity 1o reduce the adhesion
of CD4+ and CDE+ T Ivmphocvtes o HOMEC/ DS Lyvers

\ltogether, these lindings suggest that PSGL-L, which is in-
volved more in CDA4 T cell transmigration in MS patients,
may be responsible for their lagher msangration capacity.
This is in kecping with o report showing predominance of
central memory CD4+ T cells expressing PSGLAT in the CSE
of T [35] Although our i imply that PSGL-1 functions
as a cell ndhesion molecale (nor only resoced o lenkooyvie
rolling [ 1G]}, previous reports have shiown that E-, L<, and
Paclectin arve also capuble of mediating leukooyvie adhesion
1o endothelinl lavers under stne and fow dypamic condi-
tions using endothelial cells of cerebral or extracerebral
sources |10, 37-40]. Ani-VEA-#-blocking antibodies also
mhibited resting tramsmigration of MS CD4+ and CDS+ 1
cells despite the inability of anta-VCAM-T antbodies 1o block
transmugranon. Altogether, these date suggese tha BBEB
transtugration s a complex process mvolving different sets
of ndhesion molecules.
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Figure 10. Effects of anti-VCAM-I and anti. VEA-4-blocking

antibodies on CD34+CD44 or CD34+CDE4 transmigration across resting hRCMEC/ D3

layers. Enriched CDA+ T lymphocytes from PBMC samples of HE (0=5) or untreated MS patients (#=5) were left untreated or treated with ant
VLA-+blocking antibodies or sotypes. Meanwhile, hCMEC/DS Liyess were left untreated or treated with anti-VCAM-1-blocking antibodies (Ant-
CD106). Treated or untreated cells were used for munsmigration assays, the npat and tansmigrating cells were suined for CD3/CDY/CDS, and
then TR were calculated, (A) Blocking effects on the CDA+CDE+ T cell subser. (B) Blocking effeces on the CD34+CDS+ T cell subser. Meduan TR
from euch group is shown. |C) Representative examples from one HI and one untreated MS patient showing equivalent PSGL-L ennchment i

CIM+ lymphocytes

) ; 5

Nevertheless, despite the absence of exogenous prroinflam-
mtory eytokines under resting conditions, hCMEC,/ D3 cells
cocultured with PEMC (in the adbesion or the tansmigrason
assays) were not in a complete restng state and did overex-
prress markers such Pacdectin and JCAM-1. These observiations
suggest that o “physiological” production of local eviokines
by PBMC or cell=cell contacts with PEMC provided some
activation sigids in the assay. The PEMC of MS patiens
woere found o display alteranons in their wallicking proper-
tes associared with an elevated CD44 PSGL-1+ frequency
and the lugher TR of these cells, which was independent of
artificial in vitro evtokine stimulanon of BBE endothelial

ing across INFa-treated BUMEC/ DY Livers, *, P < 001 %%, P< 0,001

cells similar 1 previous reporss |15, 17] Even after I'NFa
activittion of RCMEC/ DY Layers, CDA4 and CDE+ T cells
from MS paticors stll wansmigrared at higher levels than
controls. On the conary 10 resting conditions, PSGL-1/
VEA-blocking antibodies were unable to block transmigra-
tion across eytokine-stmulated hCMEC/ DS, Previous reporis
have indeed shown that VEAL interaction wath VEAM-| s
essential for adhesion but not for the diapedesis siep [41-
451, Stmlar o our hndings, increased imasmigration of
CD4+ T cells from MS patients in comparison with healithy
control indwiduals has been reported recentdy by Diessel et
al. 18], However, the anthors did not investigate the adhe-
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TABLE 1. Neither Anti-PSGL-T Nor Anti-VLA-4 Significantly
Blocked CD3+ T Lymphocyte Transmigration Across
TNF-o-Pretreated hCMEC /D3 Layers

CD4+ T eell Isotvpe  AnePSGE-T - AniVEA-
1l 2204 42046 34 = 066
Untrcated MS patients 7.6 49 8752007 114 = LIS
CDR+ T el Isotype  AntiePSGEAL AniVEA
I 4559 12514 hz0
Untreated MS patients. 133 £ 225 47205 128 =45

sion molecnles imvolved m this process. It can be argued
that the enlunced PEMC transmigration ceporcted previ-
ously 11 MS disease was largely a result of the inereased rals
ficking properties of CDAE T cells In addition, BBB endo-
thelivm is well reported o be mare activated and perme-
able in the conrse of MS disease [46, 471, which would
merease PEBMC intlux further 1o the hain,

I our study, PSGLAL 4 cells were significantly more numer
ous i tansmigratnng CO4+ T vmphooyes of MS panenrs
compared with their corresponding nontransmigrating cells
wnder resting conditions, and this difference was not observed
with the CD4+ lymphooyies of HE PSGLAL 4 cells were there-
fore recrited o o greater extent i the transimigration of the
CDA-positive limphooytes e MS patenis, a phenomenon likely
enhanced by the expansion of the PSGL+CDA+ T cell pool in
the peripheral blood of patients with MS, Tn addition and in
accordance with the Bt it post-transhationally activawed
PSGE-L ds preferentially expressed on memory cells [48-50],
we lonnd that transmigrating CD4+CDAGRO+ memory cells
expressed PSGLAD an o level dha significantly exceeded thae of
the nooransnugrning memory CDASRO+ cells. Comversely,
INFaa stimmibation of BOMEC/ DS Lavers vesulted in PSGLAL
enrichment o the ransmigraring fractions of HI and MS pa-
tents, sugeesting o aaportant role of PSGL-L o stimuliaed
wransmigranon. Although our daw it with the previoas report
of Battistini er al. [16], we did nor conbirm that PSGLAL has
stk importance in hCMEC DS innsmigratdon by CDE+ T
Bmphooes, which did nor exhibit ennched PSGE-1+ cell fre-
quency after nsmigraton. Remarkably, a redoced mmnsini-
gration of CD8+ T cells in IFNB-reated MS patients wis asso-
ciated with reduced percentages of LEA"" ¢DE4+ T lympho-
avtes in their peripheral blood, LEA-] downeregulation has
actally been hypothesized to be one potential meclunism by
which IFN-B modulaies PBMC transmigeation across the brain
endothelimm [51, 52] In contrast 10 LEA-L the higher expres
ston of PSGLA i bulk PEMC or punificd CDA+ T cells from
MS patenes was unchanged by the paticnt’s exposure 1o
IFN-B. Althongh LFA-l was a key elemem on its own for
PEMC transmigration acvoss hOMEC/D3 Layers, it may syner-
gize with PSGLAE ae the cell surlawce. Atavashi e al, [53] have
demonstrated thor PSGL-L colunces LFA-L Binding o 1CAM-1.
which may also explan why CDA+ cells trmsmigrated in
hagher numbess than CDR4 T lvmphocytes i MS patienis,

It shouold alsa bo noted that other adhesion molecnles not
analyzed may be involved in PBMC transmigration, snchy as the
vecently repored activaed-leubooyte-cellFadbesion-molecule
154), which might adso have a distineove role in D44 and
CDS4 cell irnnsmugraton. OF note, o mimornsy of CIH+ and
CDE+ T lvmphocytes sill adhered Suanssgraed BCMEC /D!
layers. despite the addition of ani-PSGL-E-blocking antibaod-
ies, In addition, PSGLA-pegative memory CD3SRO+CDE+
vells were able o nansmigrste BOMEC/DS Layess. Although
tansmigraton induced PSGL-L re-expression in some trans-
migrating cells, as reponted previously tor CERS on BBR-
mansmigrating monocytes [54], it was wo low o acconnt
for the overall ransmigestion of memory PSGL-I-negative
CDA4 cells, These data therelore suggest that some PSGLA-
independent mechanisims were also crncial for the ex vivo
CDA+ T cell transmigration across resting BBB. Blocking
selectin and imtegnn uncdons improve the inflammation
process in animal models [56]. Although humasized anti-
bodies against the ad-integrin subunit were proven efficient
i antoimmune diseases such MS, there s o controversy

about the PSGLAT or Paelectin role i brain miflanmmaton.
On one hand, PSGL-1 has been reported to be unneccssary
tor the development ol EAE i animal stuclies (57, 58] on
the other hand, Kerfoor and Kubes [549] lave shown thin
P-nelectin expression in hrain vasculaore is fncreased carly
during EAE and mediates lenkocoyte rolling on brain venules
and thar akintegr-medined leukoovie adhesion was en-
tirely dependent on Pselectin,

Finally, the present study was ot pedonmed mnder dynamic
shear stress conditions. However, in the dynamic system, the
cells with low=affinity receptoss roll withone adhesion/ ransmi-
gosathone [0, 60, 61 ], Lo the dyveaumies siudy by Bantising er sl
116, o Large dose of LPS (25 pg )/ ml) b o be adminisiered
o experimental animals to promote activation of the BBIY cn-
dothelinm and o ncrease the detection sensitivity of the roll-
g adberent cells.

T conchusion, our data suggest that an expanded pool of
PSGL--expressing CDA+ T lvmphocyies would increase the
vate of lenkoovie rolling and transmigration across the brain
endothelinm, thus potentally leading up o o pathological -
mune mblication i the bramn,

ACKNOWLEDGMENT

This work was suppored in part by the Assockation pour Ta
Recherche s n Sclérose En Plgues (ARSED: Pans, France).

REFERENCES

1. Gav. D, Esiri, M. (1991} Bloodtiam barmier damage m acuie mulaple
sclovoeds: an imnenoorochenncal sondy. B 114, 557-552

2, Hanung, H_ P, Kieseter, B C. (2000) The cole of matrix mewdloproiesn-

ases in autoimmme damage to the contral and penpbeml pemvous sy

i f Newmommmnal 107, 140-147

Cannella, B, Raine, C. S, (199%) The adhesion molecule and cvsokine

profite of muluphe sclerosis Jesions. Aum Newd. 37, 424315

Baron, J. L., Madn, ). A, Ruddle, N. H.. Hashim, G, Janeway Jr.. C. A

(1004) Surface expresson of ot invegrin by CD4 T cells o requited for

thewr enury kiro brain parcochyma. § Exp Mad. 177, 57-68,

. Yednock. T, A Cannon, C.. Froz, L C, SanchezMaxdnid, F., Stesnman,
L, Karin, N (19021 Proswntion of expermmenieal surosmmune encephbalo-
myelite by antbodies againn od B1 inegrin, Natuee 958, G946,

o

» -

o

228



Annexe 11

JIB

i Kent S J, Rarlik, S, ] Canion, €, Hines, 0 K, Yednoek, T A, Frivz,
L C., Homer, H C. (1995) A monodoaal anubody 1o ad integrin wp-
presses and revenes actve experimenical allergic encephalomyelios,

Novrwwmanol 58, 110

7. Theien, B. E., Vandedtugy, C. L., Eagar, T. N, Nickersoo-Nuner, €, Naza-

reno, R, Kuchroo, V, K. Mifler, S, D, (2001) Discordam effecs of anti-

VEAA weatment betore sl ateer onser of velapsing expeenmnental a-

immune encephalamyelis, 1. Clin, fuvest 107, 9951000

Polman, C. H.. O'Connor, P- W.. Hawrdova, E, Hinchimon, M.. Kappos,

Lo, Milles, ll I, Phidlips, |1, Lalidin, F D, (mrumum. G Wi, A

Toul, M, Lynn, F.. Panzara. M, A, Sandrock, A. W. (2006) A random-

i, placebiocontrolled il of nasbaimab for nebpclnu oultipie scleyo-

sis, N, bingl. | Mot 354, 5000101

Miller, D. H., Khan, A O, Sheremara, W. A, Blumbards, L. D, Rice,

G Libooas, MCAL Wilker-Huloe, A |, Dalon, G M., Misehiel,

K. AL O'Cannor, 1. W, (2009) A conerolled teead of naalimmab foe ve-

Lapsing multiple sclerosis. N, Engl. [ Mad. S48, 1525,

10, Woog, D, Praosesa, R, Darostie-Zis, K (1999} To vinro adbesson ansd n'zr.»

ot of T-ymphocyes acros monolayers of i hean microvwessed
thelial cells: regulation by [CAM.1, VCAML. Eselectin and PECAML [, Aeo-
rpatbed. K Newred. B8, 138152,

11 Spricger, 1A (1995) Teaftsc sigoals on endoshelivm for T-hmphocyw
recircutation and leukocyie emigration. Anne Sl . 57, 87872

12, Aler, A, Doddy, M., Hebert, S, Baernakid, K, Prar, AL -\mrl 1. P Yong,
V, W, Nieall, R K., Penmingron, C. ) Edwards, D, R Bar-Or, A (2005)
De ol b B cell i across brado endothelal cells,

T 170, $307- 45015,

18, Zozubya, A L., Reinke, E., Baiu, D. C., Karaan, |.. Saadoe, M., Fabey, S.
(2007) Dendritic cefl wansmigration tirough brain microvessed endulye
Hinees o rogudated by MIP-1 chemnokine andd matrix mwralloprotesnass,

- Pmmnad 178, 520529,

14 Gay, oW, Beye, T )L DRk, | W, AL Exin, MM (1997) The applicition

of imultifaceonial Clister asalysis in the staging of plagues in early mul-

pe sclesosis: idemdicanon and characsorieation of the pramary demyoli-
nating lesion. dvem 120, F461-1453,

- Poac AL ARAsmi, A l)uqomr | )% Amz-l.] P. (1990 Ivhmphumc i

granon and mudtiphe solecosis: rofa ds conrse ansd th A

Ann. Newnd 46, 253256

10, Barebseind, L, Poccio, L, Rossi, B, Bach, 8., Galgani, S.. Gasperind, C, On
woband, L., (uhlm. D., Caramis, M. D.. Bernardi, G., Laudanna, ¢ e § Scas-
pind, E., McEver, R. P, Butcher, £ C,, Mno.(».(mmmn.

(010) CO8+ Tecells from patients with acute muliple sclesosis display
selective increase of adhesveness w brain venules: 2 critical rode for P-
selectin gheoprotein ligand-1, Rised 101, 47754782,

17, Prat, A, Beernacks, K, Lavose, | F. Poarier, | Duguetie, P, Aol ) 1
(2002) Migragon of muldgle stlerosis T-hmphocytes through brain endo.
thelim. Arch. Nooad 59, 901007

1N Dressel, A, Migowska-Guzel, I, Gerlach, ., Weber, F. (2007) Migration
of T coll subrets in mubtiple sclerows and the elfect of inrederon-Bla
Acte Neurod. Scomd 116, 164-168,

19, llﬂwn.l W-.-k. K. (:an R, Kitnr, H., Avger, C, Bernard, M.,

v Ay N R, Duguewse, P, Prar, A. (2000) Seatans re-
duce human blood-brain barrher pecmeabuliey and restricy Imlonw -
granoer refevance w multiple sclerosts. Aun. Newold 60, 4555,

Ubm, J. ., Daaley, N, P, Stave, O, Francis, G, 8, Duguene, I, Ansel,

TP Yomg, VoW (19980 Migratory beliavior of Thmphocsees solared

fram mubigle sclerosis pavenis: elfects of inwereron B-1h therapy, Ann.

Newredl. 46, 319824,

20 Weksler, BB, Subilean, E A Perridre, N, Charmean, P, Holloway, K.,
Leveque, M., Triceare-Leignel, H, .\u‘mm. AL Rounltmlmn. S Tumm\h
P, Male, D. K Roux, F.. Gree LA, G d, P. O.
(20051 Blood-brain barrier-aped Eupnurl of & hoosan adult beamn
endoelal oefl line. FASER | ID. 18721874

22, Cucullo, L. Couraud, P. O.. Weksler, B. B, Romero, L A, Hossain, M.,
Rapp. E.. Jansgro, D (2007) bnmortalized buman brain endothelial cells
aned oo vascutar modeling: o marrtage of convermency for ranonal
neurovascolar stadses. f Coreh. Hlad How Matab, 28, 312-524,

25 McDaorakd, W L, Compston, A., Edan, G, Goodkin, D, Hareng, 1L P,
Lublin, ¥. D., McFarhand, H. F_, Pary, D. W, Polman, . H., Reingokl,

5, €. Sandbeng-Wollhenn, M., Sibley, W., Thompson, A, wan den Noorr,
S, Wainshonker, B Y., Wnlim&y.l \ mm) llermmmﬂ«l diagniossic
criteria for muldple seleross: g from the Inee soual Paned on
the diagnosin of mmltiple sclecosis. Aun, Nend 50, 121127,

24, Rohowsks-Rochan, €, Modisaro, D, Cook, S D (2000) Cnokine secre-
non peolile of wyvela basic prowinapeclic T cells in mudigle scleross,
Mulr, Scler. 6, 6977,

25 Berthedon, L, Laplaad, DDA Peatre, S, Machel, L, Hillion, S l'lnwllun.
C., Baller, €, Comnan, V., Lefrése, 1., Wierthenski. 8... Guilker, )
ouard, S, (huwm Lo Soulifen, | P CA0OR) Clasel vestrineed mwhn
epuopes ehuung hlcad €D+ T cell respanse in muliple sclevosis p-
venw, Kux, f| Jmmisol. 38, 18891899,

M, Hellings, N, Barde, M., Verhoovwen. G, [Fhoogle, M B, Medaer, R Bes-
nand, (‘ C, Raas, 1., Sunissen, P (2001 T-oell reacuviny mmuluplr mve

lin in muduple sclerasis padents and healdy JN

Bl 03. 200402,

=

=

=

N

2,

20

il

s

an,

S5,

Rl

=3

an

=

48

45,

@,

. Pryee, G, Male, D, Campbedl, [, Coeenwood,

. Minagar. A, /

Pender, M. P, Csurties, P AL Greer, | M, Mowar, P D, Henderson,

R D.. Caneron, K D, Pusdie, D M., McCombe, P, A, Good, M. F.
12000) Surges of moreased T el reactivi o an encephialitogersic yegion
of myvedin proteolipid progein occns more often o patiens wih ovbugle
sclervais thuan i healdhy subjecis. [ fwmunol 165, BAZ2_5513]

. Pelfres, €, M., Rudick, R A, Cotlenr. A C,, Lee, J. C, TarpLeluman,

Mo Lebimann, PV, GO0 Quantheation of selécecogniton in muluple
sclerasts by seagle<ell anahysis of cyiokine producton. f, fewanal. 165,
16411651,
TepsdaSamon, M.V, Hong, |, Rivern, VM Zhang, | 2 (2001) Reaciv-
uv wern and onokine b of T colls primed by mvelin popteles in
tiple scherosts and I Fur J. fmwunof. 31, M7-07,
Muﬁd L., Benthelon, L, Pewre, 5., Wieridowski, S Lefrire, F., Braudean,
€., Bromard, 8., Souliliou, 4., Lapland, DAL (2008) Patienes with rekaps.
mg-«-minillg miuluple scherosis have noomal Treg functon when cells
expressiag 1.7 cocepror a<hinin are exduded fiom ibe saabysis, | (in
Iniwnst. 118, uu-uf
Astier, A L. Meffren, G, Freeman, S, Haflee, DA (2006) Alterations
n CIMtmedaated Tol regulasors T ety i parients withy aiulople schero-
sis. [ Cliw tusese. 116, 32523257
Karni, AL Abraham, ML Monsapego, A, Cai, G Freeman, G |, Hafler,
D, Khoney, S, 1, Weiner, Ho L (GX000) Tnnare S i monfisple sole-
rosis: myeloid dendriuc cetls i secondary prugn.'mw multiple sclerosis
are activated and drive a proiaflammmory mmmune respoose. | Smmimed.
177, 41964202 .
Bakstion, K. E, Smish, D R, Khawry, S, Haflee, DA Weiner, H L.
(1097) Increased fomerleukin 12 produe ml n projressive mulupk sle-
rosis: inducton by acdvared CDE+ T cells via CD ligand. Muc Nl
Acod, Su USA 94, 5996019,
Craford, M. P Yan, SO X, Ovega, S B, Mehta, S, Hewi, B E.,
Price, D. A, Suswyy, P, Dovek, D. (., l\mqt.ll..Lllxtr MK, Kann-
dikar, N J. (2004) High prevalence of tne, precific
CDE+ T colbs i mudiple selerasis revealed by novel flow ymemc as-
vay. Rbed 108, 42224231
Knvisikk, P, \hlud.D_l.. Calhhan.)tl K., Tretwt, C., Tocky, B, Wei, T,
Wu, L. Backkevoldl. E. S, Lasamunn, FL, Stigaits, S M., Campbell, ], |,
Rassohatt, R M. (200%) Human n-nhnq:in i conral ey
CDa+ T el evidence for matficking choroxd plexus and me-
mimges via Paelectn. P, Natl Acad, Sof. USA 100, H385 58,
Vajkacay, P, Laschinger, M., Engeltaards, B, (2001} ad-Insegrin.VCAM. |
birwking tediaes G prmcunndcprmlm: capture of encepbalisgens T
celd biliasts 10 ONS whise mateer microvesels, § Clin, frvet. 108, 557-505.
Worg, D, Pameya, R., DorovniZis, K (2007) Adhesion and migraton
of pobvmosphionucler leukooytes across human beain microvenel endo-
thelial cells are d-ﬂrrmmlly veguiaed hv mdmhwhnl ool mthesson ke
cules and mod; pes o < 184, 136~
148,
Easton, A S Doroving-Zas, K (Mll) Thwe kinetics, I\mmun. aml wwln-
rion of Paslecin expresssd by healn | cells
M_gn-ury cultire. Micmrase. flos. 62, 135345,

Iyt A, Calwe, I, Kastrukoff, L, Docovans-Zas, K, Oger, | (1000}
Riood mnononuclear cells in padenes with HTEV-Bassociated myelopaaby:
lmlphuqua are highly acovased and adbesion 1o endothelsal cells & in-

creased. Cell fwmanul 198, 110
Guvaezs, R, Foppolo, M., Dossi, R, Remneza, A (199%) Rolling and ad
hesion of b timor ool on vsodlae endodelivm under physologi-
cal flow condidons. | Clin. furest. 92, W088-3044
Greenwood, | Wang, Y., Calder. V. L. (1995) Lymphooie adbeson and
tearpsenelothelal mgtoton in the central nervous sysiem the cole of
LEAL, WCAM-1, VA and VOAM-L. frm 86, Js-415.
(1997} Facxors conrrol.
lng T-cell tagracion actos rac cerebral endothelium in vitro, J Newnuw-
wunaf, 75, 84-04
Faveeuw, C Di Maveo, M. E., Price. A, AL, Ager. A (2000) Roles of afd)
ntegrans /VCAML and LFA)/ICAMGT in dhe bunsdingg and sumsendothe
Bl magration of T lvmpbocyies and T lymphoblases across high endothe-
Teal senules, fnt. fmwwssd, 12, 241-251.

- Oppenheimes-Masks, N, Davis, L. 8., Bogue, D, T, Ramberg, |, Lipsky,

POE (1991 Differential ualizanon of ICAM-1 and VCAM.| dunng the
adheson and transendothell migravon of human T hmphocyes. [ fis
wunof. 147, 2015201

Oppenbeimer-Marks, N, Davis, L. S, Lipsky, P.E 1]990) Huwan T tymn-
phocvie wdhesion w mdmlu-lhl oells and
Altevation of receptor e relates 1o the scivation umu uf Dol the T
eell and e endothelial cell. ) fwwunad, 145, 140148,

. Mariom C.E (2007 Interferong mechannm of acoon and dosing

tasingy, Niew 68, S8-811,
exander, |. S l!ll)‘).?mud—bmn tarther distuption in

mulaple scherosis, Muk S 9, 550

. Moote, K1, Thumpam. LoF (1992 Paelecun (CIG2) binds wr subs

ves and narural Eiller cells

puop Ty,
Traociuom M Hex. Covemun lﬂ‘.l $-181.

Vuchino, G., Chang, X. [, Veldmaa, G. M., Kumar, R, $ako, 1., Fouser,
L AL Bernd, M. €, Camming, D. A, (1995) Pselectm ghcoprotein b
gand] is the magor countertecepnos for Fselecun on stimulated T celly

229



Annexe 11

Babbouke et ol PSGL-1+CD4+ T cells in multiple sclerosis

50,

=

5

52,

5%,

.'hS.

andl is widely distributed in nonduncional form on many hmphocytic
celly, [ Biod. Chow, 270, 21900 -21007,
McEver, R P Commiogs, R D. (1907) Perspectives series cell adhesann
i wsculas biology. Role of PSGLAL binding 1o selectins in lenkocyve re-
nnmnml.{!('lm. Twvest, 100, 485491,
Avolin, C., Ruggien, M., Catiocio, P, Giuliani, F. Silvesios, F,, Dam.-
iacco, F., Liveea, P, Trajano, M. (3001) LEA-T expressson on
UN(H(‘DL-ROIH penpheral blood Ty tes i R MS! effecn
induced by dFNB-Ja. | Newrol. Sol 186, 65~
Kalbmann, B, A, Hummed, V., Lindenkwb, T, Ruprechr, K. Toyka, K V.,
Rx.«lunun. " l“ﬂﬂ(‘) Cywkineanduced modalation of cellulae xdibesson
w0 h dothelial cells s uu-dhud by solable vascular cell
adhesion molecule1, froim 123, 687
Ararashi, K, Hiva, T, Masumoto, M., l\.mmlmn N, Mevisaka, M
(2005) Rolling of Thi eells vin Paclectn g Inpmd ol
LEA-J-metdaed coll binding 1o HCAM-1, It 174, 1424-1432,
Cayrol, &, Wosd, K., Berurd, ). 1, Dodeler-Denillers, A, ltergan, L, Ke
bir, HL, Haqgani, A. S,. Krennbone, K, Krug. S, Moumdjan, R.,
Bouthilber, A, Becher, B Arbour, N, Duvd, S, Stanimronic, 1, Prat,
A (200E) Activaed lenkoone coll adhesion molecule promows leakocne
lnlﬁchng into the cenral nervous system. Nad fomanol 9, 157-145%

L EE Calladun, M. K. Tocky. B M, lbu-phnff. R M. (2006)

txpnﬂnun an monocytes and T celly: mod

47 Engelbards, B, Kempe, B, Mesfeld-Clauss. 8., Laschinger, M., Funie,
B, Wild, M. K. Vestweber, D). (2005) Paelectin xlycoprou"m Yiggandd 1
is not required for the development of experimental autoimmune en-
cephalomyelitis in SIL and CATBE/S muce, | Immwnad. 175,
1267~1275,
a8 Diring, A Wild, M., Vestweber, D Dewmschy, l Engolhards, B 12007
E-and Pselecun are not reqquired for the d pient of experimencal
astoimmuoe sncephakomyelin in CHTRL G and STE mico, . Fmmms,
179, 84708475,

0. Kerfooe, 8. M., Kubes, P (2002) Overlappiayg roles of Pselecin and a |
insegrin to recruit lewkooytes 3o the central nervois ssaem in experimen-
tal aneotsenene enceplialonyelieis 'J Twamanal 168, 1000-1000

0. Morig, M., Zoga, €, Bigliuzzi, M., Fappolo, M., Machederd, G.. Bowm-

;wlh M., Saronni, M., Remuza, G, Resouzes, A, (19955 Floid dhiear stress
1} :-mrhu- p ol adk: modecules by endathelial cefls
Flowf 85, 10061708

61. Rajima, N, Shiow, M., Sadatura, Y., Haoda, K., Hakomori, S4, (1992)
Cell wdtiesion m o dvoamic flow syseem as comparned o static system
S B Chem. 267, 1726417270,

uon acron 1 Diood-brain barvier 0 viero, Gell, Fewunnl. MS. 19-24,
Rychly, | Nebo, B, (2000) Therapeutic seraeegies in aunsmmune deeases
by ieddering with leakovie endochelium imeraction. Curr. Pharm. D
12, 2790 8800,

KEY WORDS:
LFA-1 - VLA-4 - p-selactin - VCAM-1 - ICAM-1 « Inflammation - endo-
thelum

230



Annexe |11

ANNEXE 111 : Implication de TRIB1 dans la physiopathologie de la Sclérose
en Plaques

TRIBL1, aussi connu sous la désignation C8FW, GIG2 ou SKIP1, est un homologue
intracellulaire de Drosophila tribbles, une famille comprenant 3 génes. Chez les mammifeéres,
il a été suggéré que TRIBL pourrait étre un régulateur de la signalisation cellulaire et,
notament, agirait sur la voie des MAPKkinases. En effet, il inhiberait spécifiquement la voie
menant a ’activation d’AP-1, un facteur de transcritpion impliqué dans [’apoptose, la
prolifération et la différentiation (Kiss-Toth et al. 2004). Néanmois, 1’expression et le réle
endogeéne de TRIBI n’a pas encore été bien établi. Le profil d’expression du transcrit de
TRIBL1 a été étudié dans la greffe de rein et il a été montré que TRIB1 était un biomarqueur a
la fois dans le sang périphérique et le tissu du rejet chronique humoral (Ashton-Chess et al.
2008). Méme si la physiopathologie du rejet de greffe et de la SEP est différente, il existe
certaines caractéristiques communes comme I’allo et I’auto-immunité.

Nous avons donc cherché a caractériser 1’expression de TRIB1 dans les différentes
formes et phase de la SEP. Nos résultats préliminaires suggeérent que ce gene est surexprimé

dans le sang de patient ayant cette maladie (Figure 1).

TRIB1

HV RR MS PP/SP

Figure 1: Expression de ’ARNm de TRIB1 au sein des PBMC.
L’expression de ’ARNm de TRIB1 est étudiée pour les patienst atteints de SEP de forme rémittente (RR MS), et
de forme progressive (primaire et secondaire, PP/SP) et chez les individus sains appariés selon 1’age (HV). Cette
expression est mesurée par RT-PCR. Les résultats sont exprimés en unités arbitraires. * indique p < 0.05. Entre
11 et 16 patients sont inclus par groupes.
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Dans la suite de 1’étude, la caractérisation de 1’expression de TRIBI dans la SEP a été
limitée aux patients atteints de SEP de forme rémittente, non-traitées (RRMS n=5). Un
nouveau groupe de témoins a été ajouté. Celui-ci est composé de patients atteints de la
maladie de Devic (NMO n=5). L’inclusion de ce groupe a été rendue possible grace a la
collaboration de 1’équipe de Lille du Professeur P. VVermersch. Nous avons aussi observé
I’expression de TRIB1 au sein des PBMC de sujets sains (HV n=5).

De plus, cette étude a été approfondie en mesurant 1I’expression de ’ARNm des deux

autres membres de la famille TRIB : TRIB2 et TRIB3, pour les trois cohortes d’individus.

A
TRIB1
1.5
5 1.04 |
Z
=
G
b
™ 054
0.0+ Y
HV RRMS NMO
TRIB2 TRIB3
- -
1.6+ 1.5+ x
| -
g 1.04 g 1.0+
z z
g g
N 0.5 I W 0.5 I
0.0 T ™ 0.0 T T
HV RAMS NMO HV NHO

Figure 2 : Expression de PARNm de TRIB1, TRIB2 et TRIB3 au sein des PBMC.
L’expression des transcrits de chacun des trois membres de la famille TRIB est mesurée par RT-PCR et rapporté
a I’expression du géne rapporteur HPRT. Ces expressions de transcrits sont mesurées chez cing individus sains
(HV), cing patients atteints de SEP de forme rémittente et non-traités (RRMS) et chez cinq patients atteints de la
maladie de Devic (NMO). A. L’expression de I’ARNm de TRIB1 est comparable pour les trois groupes étudiés.
B. L’expression de ’ARNm de TRIB2 est mesurée chez les témoins sains, les patients atteints de SEP et les
patients atteints de la maladie de Devic. C. L’expression de ’ARNm de TRIB3 est mesurée dans les trois
groupes d’intérét. * indique p < 0.05.
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Comme nous pouvons 1’observer sur la Figure 2A, aucune différence significative n’est
obtenue concernant le niveau d’expression de ’ARNm de TRIBI1 entre les trois cohortes
d’individus. Le niveau d’expression de TRIB2 est, quant a lui, significativement augmenté
dans les PBMC des patients atteints de maladie de Devic comparé a celui des patients atteints
de SEP. Aucune différence d’expression n’est observée avec le groupe des individus sains
(Figure 2B). Le niveau d’expression de TRIB3 est significativement augmenté chez les
patients atteints de la maladie de Devic comparé aux patients atteints de SEP mais aussi
compare aux témoins sains (Figure 2C).

Ces résultats seront a confirmer en augmentant le nombre d’individus au sein des trois
populations étudiées.

Cette étude sera complétée en isolant différentes populations cellulaires du systeme
immunitaire a partir de prélévements sanguins de patients. Nous chercherons ainsi a identifier
le(s) type(s) cellulaire(s) responsable de 1’augmentation de I’expression des membres de la
famille TRIB. Enfin, si 1’augmentation de TRIBI1 est confirmée dans la SEP, nous
chercherons s’il existe une corrélation entre cette surexpression de TRIB1 et la présence
d’auto-anticorps anti-myéline, comme cela est suggéré par ’association de ce géne avec des

anticorps dans le rejet de greffe de rein.
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ANNEXE 1V : Caractérisation phénotypique des Lymphocytes B dans le sang
de patients atteints de Sclérose en Plaques

Les lymphocytes B (LB) interviennent dans la réponse immunitaire de type humorale. Ils
jouent un role central dans le développement et le controle de I’'immunité. Ils peuvent agir
dans I’ontogénése des cellules dendritiques folliculaires mais également comme cellule
présentatrice d’antigénes dans 1’activation des lymphocytes T CD4+ et CD8+. Il est méme
suggéré I’existence d’une catégorie de cellules B régulatrices productrices d’IL10 (Serra et
al. 2006). Ces cellules pourraient a I’instar des cellules T CD4+CD25high, réguler les
différents phénomenes immuns et auto-immuns. Le systéme humoral est fortement impliqué
dans la SEP. En effet, les lymphocytes B, en particulier les plasmoytes, ont été détectés au
niveau des lésions et des infiltrats lymphocytaires chez les patients atteints de SEP (Prineas et
al.1978). Tous les types de différentiation des cellules B, c¢’est-a —dire du lymphocyte B naifs
au plasmocyte, sont présents dans le LCR des malades (Corcione et al. 2004).

Notre étude a pour objectif de caractériser phénotypiquement les LB chez les patients
atteints de SEP de forme rémittente non-traités. L’analyse fine des différentes sous-

populations n’a pour ’instant jamais été réalisée dans le contexte de la SEP

L’ontogenese des LB se déroule dans la moelle osseuse. Au terme de leur maturation, les
LB quittent la moelle pour migrer vers la périphérie en tant que LB transitionnels. Les LB
matures sont présents dans les organes lymphoides secondaires (OLII). Ce sont eux qui
participent a la réponse immunitaire et constituent les follicules lymphoides. Les LB matures
vont suivre une voie de différenciation qui va donner naissance aux LB mémoires et aux
plasmocytes sécréteurs d’anticorps. Ces sous-populations peuvent étre identifiées grace a un
marquage IgD/CD38 qui caractérisent fonctionnellement les sept populations de B matures
(Hillion, Saraux et al. 2005): les LB naifs Bml IgD*/CD38", les LB activés Bm2
IlgD*/CD38", les cellules fondatrices du centre germinatif Bm2’ IgD*/CD38"%", les cellules du
centre germinatif (centroblastes et centrocytes Bm3 et Bm4) IgD/CD38""  les cellules B
mémoires précoces EBm5 (IgD/CD38") et les cellules B mémoires Bm5 IgD/CD38". Les
plasmocytes sont 1gD/CD38"9" CD138* (Figure 1). On peut retrouver les diversités des
phénotypes des LB dans le sang périphérique, elle peut constituer une image fonctionnelle de

I’activation LB d’un individu. En effet, elle peut étre anormale dans certaines pathologies
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auto immunes (Youinou, Hillion et al. 2006) ou dans des infections virales comme 1’hépatite

C (Fournillier, Freida et al. 2004).
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J’ai réalisé un monitorage spécifique des LB pour mettre en évidence et caracteriser les
différentes populations de LB matures a I’aide de marqueurs membranaires. Des marqueurs
associés aux différentes sous-populations de B matures comme les marqueurs associés a la
présentation d’antigéne CD86, CD80 ont été analysés. Les marqueurs des LB mémoires ont
été évalués comme CD27 ou CD62L. 27 patients atteints de SEP de forme rémittente et non-
traités (MS) ont été inclus a 1’étude. Deux groupes de témoins ont été constitués : 1’un
compose de 21 individus sains (HV) ’autre de 22 patients atteints de la maladie de Devic
(NMO). Ce dernier groupe a pu étre constitué grace a la colaboration des équipes de Lille du
Professeur P. Vermersch et de celle Strasbourg du Professeur J. De Séze.

Dans un premier temps, je me suis interessee la fréquence des LB CD19+ au sein des
trois cohortes d’individus. Cette population cellulaire présente une fréquence similaire que ce
soit chez les patients atteinst de SEP, les patients atteinst de NMO ou bien les témoins sains.
Nous faisons le méme constat concernant la répartition des six sous-populations composant
les LB (Figure 2).
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Figure 2 : Répartition des différentes sous-populations de lymphocytes B périphériques

Les PBMCsont marqué avec des anticorps anti-CD19-PE-Cy7, anti-lgD-FITC et antiCD38-PE-Cy5. Les cellules
sont analysées par cytométrie en flux en positionnant une fenétre de sélection sur les lymphocytes B CD19+.
Aucune différence significative n’est observée pour I’ensemble des sous-populations étudiées entre les patienst
atteints de SEP non-traités (MS=27), les patients atteints de la maladie de Devic (NMO=22) et les sujets sains
(HV=21). Freq LB = Fréquence des LB, eBm5 = Fréquence de la population eBm5 au sein des LB, Bm5 =
Fréquence de la population Bm5 au sein des LB, GC= Fréquence de la population GC (Bm3/4) au sein des LB,
Bm2 = Fréquence de la population Bm2 au sein des LB, Bm2’= Fréquence de la population Bm2’ au sein des
LB et Bm5 = Fréquence de la population Bm5 au sein des LB.

L’étude phénotypique des lymphocytes B a été complétée par la caractérisation de
I’expression des différents marqueurs : CD27, CD62L, CD80 et CD86 a la surface des LB
CD19+ (Figure 3). Aucune différence significative n’a été observée pour 1’expression de ces
quatre marqueurs au sein des LB des patients atteints de SEP, des patients atteints de NMO et
des sujets sains.
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Figure 3 : Fréquence des cellules exprimant CD27, CD62L, CD80 et CD86 au sein des lymphocytes B
périphériques. Les PBMC sont marqué avec un mix d’anticorps composé d’anti-CD19-PE-Cy7, anti-lgD-FITC
et d’anti-CD38-PE-Cy5. Puis, un quatrieme anticorps couplé PE est ajouté (ciblant soit CD27, soit CD62L, soit
CD80 ou soit CD86). Les cellules sont analysées par cytométrie en flux en positionnant une fenétre de sélection
sur les lymphocytes B CD19+. Aucune différence significative n’est observée pour 1’ensemble des sous-
populations étudiées entre les patienst atteints de SEP non-traités (MS=27), les patients atteints de la maladie de
Devic (NMO=22) et les sujets sains (HV=21).

Les conclusions de ces résultas préliminaires sont en concordance avec ceux obtenus par
Fraussen et ses collaborateurs. En effet, dans leur travail, la distribution des LB périphériques
est comaprable entre les patients atteints de SEP et les individus sains (Fraussen et al. 2009).
Cependant, chez les sujets sains, les cellules B sont rarement présentes dans le LCR a

I’inverse des patients ou 1’on observe une expansion clonale de cette population cellulaire.

Cette étude préliminaire sera complétée par I’analyse de la présence et la caractérisation
des cellules B régulatrices dans nos trois cohortes d’intérét. La population de LB régulatrice
sera caractérisee sur sa capacité a secréter de I’'IL-10 en association avec d’autres marqueurs

tels CD1D. Les molécules de costimulation du récepteur d’antigéene (BCR, B cell receptor)
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seront également analysées : les stimulateurs positifs comme CD21 ou CD19 et les
régulatrices négatives comme CD22 ou CD32. Les plasmocytes circulants seront identifiés
gréace au marqueur CD138.

Le role de ces populations B sur d’autres populations lymphocytaires comme les
lymphocytes T pourra ensuite étre évalué par des cultures mixtes.

Les différentes sous-populations de LB matures seront séparées grace au trieur cellulaire
FACSAria®. Le profil transcriptionnel de chacune d’entre elles sera établi. Nous ciblerons
I’analyse transcriptionnelle des LB sur I’expression différentielle de cytokines pro- ou anti-
inflammatoires. Une analyse globale sur les PBMCs de I’expression des différents récepteurs
pour le fragment Fc des immunoglobulinnes de type activateurs CD32a ou inhibiteur CD32b

sera également effectuée.
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Etude du role effecteur et régulateur des lymphocytes T dans la Sclérose en

Plaques

La sclerose en plaques (SEP) est une maladie chronique inflammatoire du systéme nerveux
central associée a la présence de lymphocytes T auto-réactifs. En dépit de la prépondérance
des lymphocytes CD8+ dans les altérations du répertoire T dans la SEP, nous avons observé
une fréquence similaire des cellules CD8+ auto-réactives dans le sang des patients atteints de
SEP et des individus sains. Ceci nous a conduit a étudier la fonction régulatrice des cellules T
CD4+CD25high en incluant le marqueur CD127 (chaine o du récepteur a 1’IL7) et a proposer
d’auters approches de calcul de fréquence. Notre étude a montré que les cellules
CD4+CD25highCD127- des patients atteints de SEP possédaient la méme capacité
régulatrice que celles des individus sains. En outre, les cellules CD4+CD25highCD127+ des
patients atteints de SEP semblent étre hyperprolifératives et présenter un profil cytokinique
pro-inflammatoire. Pour la premiere fois, notre équipe a mis au point la technique TRAP (T
Recognition of APC by Protein Transfer) dans le contexte de la SEP, limitée a I’utilisation de
la myéline totale comme antigéne. Cette nouvelle méthode a permis de mettre en évidence
une fréquence tres élevée des cellules T auto-réactives dans la SEP. Les lymphocytes T auto-
réactifs positifs au TRAP sont caractérisés par un niveau d’expression plus important de
CDA40L et de CD62L"". A 1a différence de la technique de référence qu’est ’ELISPOT-IFNy,
le TRAP présente I’avantage de s’affranchir des différents CMH et peptides et d’étudier
directement tous les lymphocytes auto-réactifs quelques soient les peptides reconnus. Nos
résultats portant sur des patients non-traités en debut de maladie plaident fortement pour une
étiologie auto-immune de la SEP.

Mots-clés : sclérose en plaques, lymphocyte T, auto-immunité
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Study of effectory and regulatory role of T lymphocytes in Multiple

Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of central nervous system
associated with auto-reactive T cells. Even though MS patients show increased alterations in
T cell repertoire, predominantly in CD8+ T cell compartment, we observed that there was no
difference between the auto-reactive CD8+ T cell frequency in blood of MS patients and
healthy individuals. Furthermore, we used CD127 (IL7 receptor a chain) in order to describe
the regulatory function of CD4+CD25high T cells. We have shown that
CD4+CD25highCD127- T cells present similar regulatory capacity in MS patients compared
to healthy individuals. Moreover, CD4+CD25highCD127+ T cells from MS patients seem to
be hyperproliferative and present a pro-inflammatory cytokine profile. We are the first
laboratory to use a new method, called TRAP (T Recognition of APC by Protein Transfer) in
the context of MS. This new assay revealed a significantly increased frequency of auto-
reactive T cells in MS patients with respect to healthy individuals. Auto-reactive T
lymphocytes are characterized by higher CD40L and CD62L"" expression. Compared to the
classically used ELISPOT-IFNy assay, the main interest of TRAP employing whole myelin as
an antigen is to study the entire population of auto-reactive T cells allowing at the same time
to distinguish between CD8+ and CD4+ T cells. In conclusion, activation and/or regulation of
cell effectors seem to be important in MS pathology.

Key words: Multiple sclerosis, T lymphocyte, auto-immunity,
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